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Fire history and the global carbon budget: a 1° x 1° fire
history reconstruction for the 20th century
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Abstract

A yearly global fire history is a prerequisite for quantifying the contribution of previous
fires to the past and present global carbon budget. Vegetation fires can have both direct
(combustion) and long-term indirect effects on the carbon cycle. Every fire influences the
ecosystem carbon budget for many years, as a consequence of internal reorganization,
decomposition of dead biomass, and regrowth. We used a two-step process to estimate
these effects. First we synthesized the available data available for the 1980s or 1990s to
produce a global fire map. For regions with no data, we developed estimates based on
vegetation type and history. Second, we then worked backwards to reconstruct the fire
history. This reconstruction was based on published data when available. Where it was
not, we extrapolated from land use practices, qualitative reports and local studies, such
as tree ring analysis. The resulting product is intended as a first approximation for
questions about consequences of historical changes in fire for the global carbon budget.
We estimate that an average of 608 Mhayr ' burned (not including agricultural fires) at
the end of the 20th century. 86% of this occurred in tropical savannas. Fires in forests
with higher carbon stocks consumed 70.7Mhayr ' at the beginning of the century,
mostly in the boreal and temperate forests of the Northern Hemisphere. This decreased
to 15.2Mhayr ' in the 1960s as a consequence of fire suppression policies and the
development of efficient fire fighting equipment. Since then, fires in temperate and
boreal forests have decreased to 11.2 Mha yr_l. At the same time, burned areas increased
exponentially in tropical forests, reaching 54 Mhayr ' in the 1990s, reflecting the use of
fire in deforestation for expansion of agriculture. There is some evidence for an increase
in area burned in temperate and boreal forests in the closing years of the 20th century.
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Introduction

With the exception of deserts and sparsely vegetated
lands, fires occur in almost all biomes (Mack et al.,
1996). The development of satellite remote sensing has
dramatically enhanced the monitoring of fires at the
global level (Kasischke & Penner, 2004), although
further developments are still needed to accurately
calculate yearly burned areas, especially at the global
scale (Boschetti et al., 2004). Many models predict fire
regimes from an empirical humidity index, plus fuel
biomass (Thonicke et al., 2001). These approaches
contribute little, however, to quantifying burned areas
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before the start of the satellite era. Ecosystem models
that represent fire typically have little or no access to
anthropogenically driven changes in fire regimes,
including effects of ignition, suppression, and preven-
tion. The models that include anthropogenic factors are
mostly quite coarse, estimating area burned and carbon
and pollutant emissions (Seiler & Crutzen, 1980), based
on the needs of the local population, fire return interval,
and agricultural practices. However; only partial data
are available before the 1960s (FAO, 2001, Pyne, 2002).

Until recently, studies on global fires aimed to
quantify present trace gazes by fuel combustion
(Crutzen & Andreae, 1990, Hoelzemann et al., 2004,
Ito & Penner, 2004, Tansey et al., 2004), but analyses of
the global carbon budget generally ignored fires
(Houghton, 2003). The general assumption was that
fires have no net effect on a steady-state world, where
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losses because of combustion in some places were
compensated by gains because of biomass accumula-
tion in others (Crutzen & Andreae, 1990). This steady
state view is relevant only if total carbon release from
fires is constant over time. If it is not, then fire can
generate a carbon source or sink. A trend of increasing
combustion through time generates a net source of
carbon, while a trend of decreasing combustion causes
a sink (Chen et al., 2000, Tilman et al., 2000). In addition
to the direct emissions (Crutzen & Andreae, 1990), fires
can also have a long-term indirect effect on the global
carbon cycle, as ecosystem responses to past fires can
generate both sources and sinks (Field & Fung, 1999).
Every fire influences the carbon budget for many years,
with effects from, decomposition of killed biomass,
regrowth of vegetation, vegetation succession, and
equilibration of soil organic matter. A complete assess-
ment of the current and future consequences of fire for
the carbon cycle depends on a global map of burned
areas over the time scale of the ecosystem responses, up
to several centuries for some forest ecosystems. The
importance of a long-term perspective for carbon cycle
studies is well established for land use. Several efforts
have already addressed land use changes since the 18th
century (Ramankutty & Foley, 1999, Goldewijk, 2001),
mainly by linking cultivation to human population
increase.

For recent fires, we have the capacity to observe
global fire activity from space at a range of spatial
resolutions (Eva & Lambin, 1998a, Dwyer et al., 2000,
Arino et al.,, 2001, Schultz, 2002, Giglio et al., 2003,
Kasischke et al., 2003, Van der Werf et al., 2003, Simon et
al., 2004). Several sensors have been used for rapid and
efficient detection of fires, from the landscape to the
global level (Levine, 2000). These sensors use a variety
of methods to estimate burned areas, including inter-
pretation of smoke, unusually hot surface tempera-
tures, and fire scars (Eva & Lambin, 1998b).

Historical information on fires is very incomplete.
Human population size provides a starting point for
accessing fires related to deforestation, but it is less
useful for estimating forest fires ignited by other
sources or fires in grasslands and shrublands. Through
the twentieth century, record keeping on fires gradually
improved, but the data are still far from comprehensive.
Given the potential importance of changes in fire
regime for the current and future carbon budget, we
developed a fire history that synthesizes a number of
different kinds of historical data, mostly at the country
scale. The data are too inconclusive to support a fire
reconstruction with high quantitative accuracy, but they
are sufficient to support an analysis of broad trends and
patterns. In that spirit, we synthesized historical
records to produce a realistic spatial and temporal
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interpretation of global fire history for the twentieth
century. Our approach starts by developing an estimate
of burned areas for the 1980s, based on fire statistics
and global remote sensing studies. We then worked
backward in time, reconstructing a historical trend by
integrating fire statistics, plus spatial and temporal
interpolations and extrapolations. The resulting pro-
duct is intended to provide a starting point for asking
questions about consequences of historical changes in
fire for the global carbon budget and the composition of
the atmosphere.

Materials and methods

Fire database

Our database of recent fires combines three compo-
nents. One is the within state or country distribution of
recent fires activity, from the Along Track Scanning
Radiometer (ATSR) satellite sensor (Arino et al., 2001).
The second is published fire data, at the national or
regional scale. The third is interpolation and smooth-
ing, to minimize the impact of errors from differences in
standards and reporting, and to estimate fires for areas
without data.

As a source of information on the distribution of fires
within states and counties, we used data from the
ATSR, a 1km resolution sensor for environmental
monitoring in the visible and infrared wavebands
(Arino et al., 2001). ATSR has a swath width of
512km, allowing resampling every 3 days at equator.
The satellite cycle is 35 days. The ATSR-2 thermal
channel (3.7 pm) is very sensitive to radiation emitted at
temperatures from 500 to 1000 K, especially with night-
time acquisitions, which are typically used for fire
mapping. The use of night-time data complicates the
task of mapping high-latitude fires, because the fire
season corresponds to the shortest night length (Ka-
sischke et al., 2003). Monthly fire products from 1995 to
the present are publicly available at http:/ /shark].esri-
n.esa.it/ionia. The information in this atlas provides the
spatial pattern of fire activity, but not burned area. As a
reference year for spatial pattern, we selected for each
1° x 1° pixel, the year with the largest number of fires,
from the period 1997-2000. We estimated the fire risk,
on a continent-by-continent basis, on pixels that did not
burn during 1997-2000, based on the assumption that
fire risk declines linearly with distance from a pixel that
did burn during this time.

We developed a global estimate of area annually
burned from state and national data (Appendix A). We
collected all of the available data as they were found in
the literature, and rejected the ones with obvious errors
in official statistics (Kasischke et al., 2000). The data we
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used are from studies based on a range of methods,
including field observations as well as interpretation of
aerial photographs and satellite data. The data sources
for Appendix A are official statistics (forestry services,
fire fighter reports)) FAO estimates, and scientific
surveys. This uncorrected global estimate has four
kinds of limitations. The first is that it provides data for
many, but not all, countries. Second, sharp contrasts at
regional and national borders suggest differences in
source data or interpretation, including remotely
sensed data (Fraser et al., 2000, Levine, 2000, Garcia-
Haro et al., 2001). Third, the quality and quantity of fire
data drops rapidly as a function of time before present.
Before the satellite era, most of the available informa-
tion is based on aerial photography, field measure-
ments, or fire-fighter reports. Fourth, the fire statistics
vary greatly in what they report and how much detail
they provide. At a global or regional level, remote
sensing studies report all sources of fires without
differentiation. Official reports often consider only a
subset of the total area burned and may or may not
classify fires based on intent (intentional, accidental or
natural), land ownership (private or public), or vegeta-
tion type (forest or shrubland/grassland).

The best-documented fires in our database are
‘Wildfires’. This class includes both ‘forest fires’ and
shrubland/grassland fires — called ‘other lands’ in the
FAQO statistics. Fires on other lands are not, however,
always included in the statistics. This is particularly the
case in boreal and tropical areas, where fires on other
lands burn on a regular basis and involve little biomass,
which recovers quickly. Unfortunately, the definition of
a forest is not entirely consistent among countries and
through time. For example, FAO defines an area as
forest if it has trees at least 5m tall with a cover of more
than 10%, whereas others use a 30% threshold.
‘Prescribed fires’ are generally not included in official
reports, as they are supposed to be controlled, should
not lead to firefighter intervention, and are often used
in deforestation or landscape clearing. ‘Agricultural
fires’ (the burning of agricultural wastes, like sugar
cane in South America, rice in Asia, or wheat in
temperate countries) impact large areas but are not
considered in our analysis, because of the combination
of limited statistics and their generally nonsignificant
impact on the long-term global carbon budget. To
compare our fire product with a global fire product, our
estimates of burned area would need to be augmented
with estimates for prescribed and agricultural fires,
perhaps based on land use maps (Goldewijk, 2001).

To address the limitations in the available informa-
tion, we made two kinds of adjustments to the data.
First, for areas with no data, we assumed that the
fraction of the area annually burned is equal to that of

the nearest area within the same biome for which we
have data. This hypothesis was built on analyzing
accurate statistics for Europe (temperate vs. Mediterra-
nean), USA, Canada, and Africa. In cases where there
were sharp contrasts at borders, we treated these as
reflecting differences in reporting, and we assigned the
higher value to both sides of the border. The implica-
tions of these corrections are detailed in Appendix A.

We compiled data on a yearly basis when available,
so we could calculate a standard deviation (SD) for each
10-year interval and represented in Fig. 2.

Historical reconstruction and interpolation

From a representation of burnt areas for the 1980s and
1990s, we built the temporal trend backwards to the
beginning of the century, based on the approach
developed by Ramankutty and Foley (1999). For
regions with fire statistics, we used those.

Some of the regions without quantitative statistics
had useful amounts of qualitative information, from a
variety of different sources. Much of the qualitative
information on fire histories comes from tree-ring
reconstructions (Swetnam, 1993, Burrows et al., 1995,
Kitzberger et al., 2001). These provide strong constraints
on temporal trends, even though they do not provide
information in terms of burned area. Tree-ring recon-
structions of fire histories are based on analyses of
hundreds of widely distributed fire-scarred trees
among a region. Burrows et al. (1995), however, point
out that scars represent only the effects of the relatively
high intensity subset of all fires. Low intensity
prescribed fires, for example, may not be recorded as
a scar. This method is also useless in case of very high
intensity fires that kill every tree or for shrubland/
grassland fires. Additional information on fire histories
can be obtained from the distribution of stand age in
contemporary stands (Kurz ef al., 1995, Chen et al.,
2000). We also took qualitative information from
historical writings on fire regime or land use. Finally,
the trajectory of land use change is an important
constraint on fire used in deforestation. The qualitative
information was especially useful for estimating
whether the prevalence of fire increased or decreased
for a given decade and region. The yearly rates of
change were deduced either by the difference between
burned areas at these two periods when knowing (or
deducing) them, or by setting an empirical yearly rate
of change compared with other regions with accurate
data. Whatever the method used, both rates of changes
and deduced burnt areas were compared - and
eventually adjusted — to similar biomes and regions
having experienced a similar process for an ultimate
homogeneity in the database.
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For regions without historical fire data, we used the
following approach. For large countries without sub-
national statistics or information, we scaled historical
trends in fire by vegetation type (DeFries & Twon-
shend, 1994). For countries with no historical data, we
assumed that the fire trends in each country were the
same as those in nearby countries with comparable
social systems and levels of economic development.
This approach has been used in land use change
reconstruction (Goldewijk, 2001) and is supported by
the long-term fire time series available for Europe and
North America.

Deforestation

Deforestation is a major contributor to vegetation fires
in the tropics. It is usually assumed that the area
deforested, quantified with remote sensing or aerial
photography, is the same as the area burned. The actual
area burned is, however, probably substantially larger.
At least two processes contribute to this. First, burning
efficiency is so low that burning is typically repeated 3—
4 times to clear an area sufficiently for planting (Seiler
& Crutzen, 1980). Second, more than half of the areas
deforested in the past have been replaced by relatively
flammable, savanna-like, abandoned land (Houghton,
1994). In addition, Nepstad et al. (1999) conclude that
the actual burned area in a tropical forest is at least
twice as large as the observed deforested areas. We
estimate the burned area B for each year i as half of the
cumulative surface deforested until the present (p),
divided by r, the fire return interval, plus five times the
total amount of area deforested yearly (D)

D:
By=05) [ —+5D,. (1)

The second term represents the sum of the burning for
deforestation +land burned but not deforested + 3
reburnings. We validated this algorithm against an
accurate spatial gradient of burned areas from savannas
to tropical forest in Amazonia and then applied it to all
tropical forests.

Mapping

Based on the fire statistics on burned areas B (in ha) in
each region in each year i, and the area of this region S
(ha), the burned fraction F is F(i) = B(i)/S. Based on the
global data sets based on remote sensing at 1°x1°
resolution (Arino et al., 2001, Giglio et al., 2003), an
increase in the burned area of a region is usually
correlated with an increase in the number of pixels with
fire activity, rather than an increase in the burned area
within each pixel. We calculated the probability P(x, )
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of a fire in a pixel x in year i with
P(x, i) = A(x)(1e"15FW), (2)

where A(x) is the ATSR fractional fire activity for a pixel
x, calculated as
Alx) = X 3
O o
where n(x) is the number of fires in pixel x from the
1997-2000 ATSR data set, and k is the number of pixels
in the entire region. Each pixel x is considered ‘fire
prone’ (x*) if a random number between 0 and 1 is
lower than P(x,i). Effectively, this is a mechanism for
capturing the observation that high fire frequency areas
remain in the same place over time. For the historical
data, we inserted additional year-to-year among-pixel
variability in fire locations through introducing + 10%
variability in A(x). This did not lead to a regional
interannual variability, but a spatial variability in the
distribution of fires within these regions.

To generate historical fire maps, we merged the
estimate of total burned area B, with the spatial map,
distributing the burned area within each region to each
pixel (x*), in proportion to A(x*), the ATSR fractional
fire activity for the selected fire prone pixels (x*). The
final output is a 1° x 1° map of percentage of burned
area of each pixel for each year of the 20th century.

Results

The reconstructed historical fire maps present areas
burned as 10-year averages from 1900 to 2000 (Fig. 4).
Trends in burned area since 1900 for the 14 world
regions — based on country boundaries and biomes in
Fig. 1 — are in Fig. 2. Burned areas, contributions to the
global burned area, and the fire return interval are
given in Table 1. We also illustrated in Table 2, the
accuracy of the data set and the main causes of fire
along the century.

Consistent with Mack et al. (1996), we found no
reports on fires in deserts (Sahara, Antartica, Green-
land), wetlands, or Tundra (Table 1). Fires are generally
absent at latitudes poleward of 70°N and 70°S (Fig. 3).
They progressively increase towards the tropics and
drastically drop at the equator. We estimate that an
average 608 million hectares per year (Mhayr ')
burned at the end of the 20th century. This has been
increasing gradually since the 1950s. Around 86%
(522Mhayr ', Table 1) of the fires occur in the tropical
savannas and grasslands (55.7% in Africa, 15.5% in
South America, and 9.5% in Australia, and 6.2% in
South Asia for the 1990s). Forest fires represent only
11% of the yearly burned area (9% in the tropics, 1% in
the boreal forest, and 0.9% in the temperate forest), but
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Fig. 1 Map representing the 14 regions of the world chosen to present the fire statistics. They are assumed to be homogeneous
according to their political history. The text refers to some internal subdivision according to vegetation types. NB, the boundaries

between the regions usually follow country boundaries. We preferred biome boundaries for large countries like Russia and China

covering different vegetation types.

1, North America (boreal); 2, Russia (boreal); 3, Europe; 4, USA (west Mississipi); 5, USA (East Mississipi); 6, East Asia; 7, Middle East
and Northern Africa; 8, Central Asia; 9, South Asia; 10, Africa (sub-saharian); 11, Central and Northern South-America; 12, South East

Asia; 13, Australia/New Zealand; 14, Southern South-America.

involve more biomass. In general, burned area de-
creased throughout the century at higher latitudes but
increased in the tropics. Forest fire in temperate
ecosystems burned 70.7Mhayr ' (13.18%) from 1900
to 1920, mostly in the boreal forest and the temperate
forests of the new European settlements. This decreased
to 15.2Mhayr ' (3.06%) in the 1960s as a consequence
of fire suppression policies and the development of
efficient fire fighting. Since then, fires in temperate
forests have continued to decrease, falling 11.2 Mhayr'
by the end of the 20th century. Meanwhile, burned area
increased exponentially in tropical forests, reaching
54 Mha yr_1 in the 1990s, driven largely by the fire-
processed deforestation for the expansion of agricul-
ture. Near the end of the 20th century, there is some
evidence of an increase in the burned area of temperate
forests (Fig. 2), perhaps reflecting fuel accumulation
since the initiation of effective fire prevention in North
America and changes in landscape management in
Mediterranean Europe.

In the following section, we discuss spatial aspects of
these historical patterns.

Fires in the tropics

The tropics cover northern South-America, Africa, India,
South-East Asia, and Northern Australia, with a total
land area of 4400 Mha. Two main vegetations types
(Hansen et al., 2000, IPCC, 2001) are broad leaf evergreen
rainforest (1832Mha, 13.42% of land surface) and

wooded grassland savannas (2589 Mha and 18.96%).
The savanna biome has the highest fire risk of any zone
in the world, combining sufficient primary production
to generate substantial amounts of fuel with hot dry
periods when the vegetation is highly flammable.

Africa. African savanna (1184Mha, or 48% of global
savannas) is the region with the largest area of recent
fires, burning an average of 311 Mhayr ' in the 1980s.
Our estimate is the lower estimate from the continental
study by Barbosa et al. (1999); burned areas could be up
to 60% higher.

Within the African savanna, the part in the northern
hemisphere combines large areas burned (240 Mha yr ')
and low interannual variability (CV = 16%). The Southern
and Eastern regions experience higher variability. Fires
burn 70Mha yrfl, but with interannual variability
higher than in the North (CV =50%). These two
regions also have contrasting trajectories of fire
history. Since the 1950s, when 95Mha yr’1 burned,
fires in the southern and eastern less populated region,
particularly in South Africa, Botswana, and Zimbabwe,
have tended to decrease, probably as a consequence of
fire prevention. The northern region may have
experienced a slight increase in fires, perhaps as a
result of an increasing human pressure. In this region,
the relatively low interannual variability suggests that
fires are largely set and controlled by humans as a land
management tool, almost independently of climate
conditions. The increase in land use by a growing
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Fig. 2 Temporal trend of burned areas (in Mha), averaged by decades for the 14 regions showed in Fig. 1. Sub-regions have been shown
for Europe (Northern Europe in dark grey, Mediterranean Europe light grey), USA west (North light grey, south dark grey), Asia (North
Korea dark gray), Africa (southern and eastern, dark gray), South America (coastal brazil, dark gray).

population might have increased the number of
ignitions, but may have decreased fire size as a result
of landscape fragmentation and lower fuel biomass,

leading overall to a slight increase.

Fires in the African tropical forest burned a relatively
small area, probably reflecting low to modest human
activity. Deforestation occurred mostly in savanna

rather than forest (Ramankutty & Foley, 1999). African
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406 F. MOUILLOT & C. B. FIELD

Table 2 Reliability (four classes: ‘very poor’ (!!), “‘poor’ (!), ‘good’ (*) and ‘accurate’ (**)) and data sources (statistics (S), remote
sensing (R), interpolation (I) or extrapolation (X)) of the global fire data set

1900-1910 1910-1920 1920-1930 1930-1940 1940-1950

Boreal forest Reli. Proc. Data Reli. Proc. Data Reli. Proc. Data Reli. Proc. Data Reli. Proc. Data

1 N. America ! N I ! N I ! N I * N S * N S

2 Russia ! N,s X ! N,s X ! N,s X ! N,s X ! N,s X
Temperate forest

3 Europe ! Sn X ! Sn X ! N X ! N I * N Is

4&5 N. America !! CN 1 ! CN Ix ! CN I ! Nc Is * N Is

6 E. Asia 1 N X 1l N X 1 N X 1 N X ! N I

13B Australia 1! Nd X 1l Nd X 1 Nd X 1 Nd X ! N I
Temperate grasslands

7 Middle east ! cn X ! cn X ! cn Is ! cn Is ! cn Is

8 Central asia !! Nc X ! Nc X 1 Nc X 1 Nc X ! Nc X

15 S. America !! CN X ! CN X 1 CN X 1 CN X 1l CN X
Savanna/Grassland

9 South Asia !! CN X il CN X 1 CN X 1 CN X il CN CN

10 Africa 1 CN X ! CN X 1 CN X 1 Cn X 1l Cn X

11A S. America !! CN X 1l CN X 1 CN X 1 CN X ! CN X

13A Australia 1 CN X il CN X 1 CN X 1 CN X ! CN X
Tropical forest

10 Africa * Sn I * Sn I * Sn I * Sn I * Sn

11B S. America ¥ n I * n I * n I * n I * n I

12 SE Asia ! Sn X ! Sn X ! Sn X ! Sn X ! Sn X

1950-1960 1960-1970 1970-1980 1980-1990 1990-2000

Boreal forest Reli. Proc. Data Reli. Proc. Data Reli. Proc. Data Reli. Proc. Data Reli. Proc. Data

1 N. America * N S ** N S ** N S ** N S ** N S

2 Russia * N S * N S * N S ** N RS * N S
Temperate forest

3 Europe * N S ** N S ** N S ** N S ** N S

4&5 N. America * N SI ** N S ** N S hd N S ** N S

6 E. Asia * N S * N S * N S * N S * N S

13B Australia * N S * N S ** N S ** N S ** N S
Temperate grasslands

7 Middle east ! cn Is ! cn Is ! cn Is * cn Si * cn Si

8 Central asia ! CN Ix * Nc Si * Nc Si * Nc Si * Nc Si

15 S. America !! Cn X ! Nc I ! Nc Is * Nc Si * Nc Si
Savanna/Grassland

9 South Asia !! CN X 1 CN X 1 CN I ! CN Si ! CN Si

10 Africa " Cn X ! Cn X * Cn I x* Cn R * Cn I

11A S. America ! Cn X " Cn X 1" Cn X * Cn I * Cn I

13A Australia ! Cn X ! Cn X ! Cn X * Cn X ** Cn RS
Tropical forest

10 Africa * Sn I * Sn I * SD I * DS I * DS I

11B S. America ¥ n I * Dn I * DC 1 * DC 1 * DC 1

12 SE Asia ! Sn X ! Sn X ! SD X ! DS X * DS I

Fires are classified according to their causes along the century: Natural fires (IN) are either accidental or caused by lightings or other
natural sources; ‘deforestation’ (D) is used for direct (burning of the forest itself) or indirect (reburning, or secondary forest burning)
effects of forest clearing on the fire regime. ‘Clearing’ (C) is used for recurrent fires affecting vegetation for grazing or fuel reduction
(hunting, fire prevention. . .). ‘shifting cultivation’ (S) is used for fires affecting regrowing forests on abandoned cultivations where
farmers moved to another place when the land became exhausted. We used capital letters for the dominant processes.

© 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 398-420
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Fig. 3 Latitudinal distribution of burnt areas for the periods
1900-1910, 1930-1940, 1960-1970, and 1990-2000.

tropical forest covers mainly Zaire, which experienced a
1.2% increase in burned areas per year, over the last half
of the century.

South and Central America. Savannas in South America
cover an area of 380 Mha, mainly in the eastern part of
Brazil, most of Bolivia, northern Mexico, Paraguay, and
Venezuela. They are subjected to frequent fires despite
lower human pressure than African savannas. 125Mha
burned annually in South American savannas in the
1980s. In this ecosystem type, fires are extensively used
in landscape clearing for cattle grazing. Since the 1960s,
fires have increased dramatically in the Brazilian
Cerrado as a result of deforestation and agricultural
development of the central plateau. In contrast, burning
has decreased along the Brazilian coastline since the
1970s, reflecting the pattern of long-standing human
settlement and a recent switch to permanent agri-
culture. Fires have also decreased in northern Mexico, a
consequence of fire prevention in connection with
permanent agriculture.

Over the last century, fires have increased
dramatically in the forested parts of South America, a
series of landscapes in which fires are an infrequent
element of the natural disturbance regime. Defore-
station contributed to this increase in two ways, both
through its direct use in clearing land and also through
replacing the existing vegetation with a more flam-
mable grassland/shrubland community. Fires were
essentially absent from the Amazon Basin before the
1960s but became significant between 1975 and 1980,
when deforestation doubled from the rate in the 1960s.
Burning rapidly increased in the 1980s, reaching
18Mhayr !, particularly in the ‘arc of deforestation’
along the south-eastern edge of the Amazon Basin and
Bolivia (sensu Cochrane et al., 1999). In Mexico and
Central America, which cover a smaller area, defore-
station began earlier, in the 1930s, when population
growth and changes in agricultural policies increased

© 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 398-420

the pressure for agricultural land. The rate of
deforestation reached 7Mhayr " in the 1990s.

In the absence of published data, we estimated
burned areas in South and Central America from
deforested area based on the algorithm described in
Eqns (1)-(3). This approach produced a reasonable
transition between the forest and savanna biomes for
the 1980s and 1990s and indicating that the inter-
polation method might be satisfactory for application
throughout the tropics.

South Asia. South Asia covers an area of 400 Mha, with
grasslands and savannas as the dominant biomes.
South Asia, with a dense population, has a long-
standing history of fire use for landscape clearing and
shifting cultivation. Fires are common, burning
35Mhayr ' in the savanna/grassland regions, and
3Mhayr™"' in the forest. Based on the ATSR ‘hot
spots” used in this study, vegetation fires in India are
relatively evenly distributed, but with less activity in
the Ganges floodplain, with its dense cultivation and
human habitation. The conclusion that fires are less
frequent in the Ganges floodplain than in surrounding
regions contrasts with the pattern in TRMM satellite
data (Van der Werf et al., 2003). This discrepancy
highlights the challenge in using global products based
on different sensors. Much of the contrast between the
two estimates may be a consequence of the sensitivity
of the TRMM data set to low intensity agricultural fires
that do not register as fires in the night-time ATSR data
set. The temporal trajectory of burned areas decreased
slightly from 1900 to the 1920s as a result of forest
conservation policies of colonial governments. Burned
areas then returned to the levels of 1900 and continued
to increase in response to population growth and an
increase in shifting cultivators (Pyne, 1994).

Australia. Almost all vegetation types in Australia are
fire prone, with the exception of North Queensland’s
tropical rainforest (Pyne, 1991). The climate of Australia
is characterized by extreme year-to-year variability, so
that even the arid interior can carry extensive fires
following wet years, which favor the development of
continuous fuels (Dixon et al., 1996). Average fire return
intervals range from 2 to 3 years in northern Australia
to 10 years in drier central Australia, with some of the
control reflecting aboriginal burning practices.

The current fire frequency in Central and Northern
Australia (total area =455Mha) is typical of that for
tropical regions. Low population density, the
maintenance of some aboriginal fire practices, and the
absence of significant changes in land use led to a
temporal trajectory of only slight decreases in the
burned areas dropping from 66 to 58 Mhayr ' over the
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last several decades. Human intervention to protect
grazing areas probably contributed to this decrease.
The southern part of Australia, covered by temperate
forest, will be discussed further.

South-east Asia. Savannas, characterized by a high fire
frequency, cover a small portion of South-east Asia.
Most of the demand from a growing population for
increased agricultural land has led to deforestation of
tropical forest (Hao & Liu, 1994, Ramankutty & Foley,
1999). Early in the century; fires burned 10Mhayr ™",
mostly in the savannas. Burning increased rapidly in
the 1970s as a result of forest clearing and the
conversion of forest into more flammable savanna
vegetation, reach 38Mhayr ' in the 1990s. During
extreme climate anomalies such as El Nino years (82-83
or 97-98), fires tend to be much more widespread in
tropical forest, leading to high interannual variability.

Fires in Central Asia and the Middle East

Grassland steppes cover 709Mha in central Asia,
including parts of Ukraine, Kazakhstan, Mongolia,
Northern China, and Southern Russia. These regions
are very fire-prone, a consequence of a strong summer
drought and use for extensive grazing. In the 1990s,
burned areas increased from 3.79 to 15.5Mhayr '
because of decreased investments in fire management
following the dissolution of the USSR. Earlier in the
century, fires burned an average 7 Mha yrfl, peaking at
10Mhayr ' in the 1950s during a period of cropland
expansion in which 100 Mha were cleared in 10 years
(Ramankutty & Foley, 1999).

The drier, sparser steppes of the Middle-East experi-
ence a very low fire occurrence with only 0.5Mhayr "
(0.1%) burning annually. Most of this is distributed
along the Mediterranean coast and around irrigated
valleys. This value was stable throughout the 20th
century, with very few changes in land use practices in
this region.

Boreal forests

Boreal forest covers 600 Mha in North America and
1088 Mha in Eurasia. This biome is not heavily
exploited by humans, and climate is still the principal
driver of fire in this biome in both Canada and Russia
(Flannigan et al., 1998). Although 60% of ignitions are
anthropogenic, most or the large fires are natural
(Eastwood et al., 1998). The development of fire fighting
technologies played a key role in limiting wild fires
during the 20th century. In Canada, fires burned
5Mhayr ' at the beginning of the century but no more
than 0.8Mhayr ' in the 1950s. This increased to an

average of 2.8 Mhayr™' during the 1990s, with a high
interannual variability (SD = 2.4 Mha). Fires in Canada
occur mostly in the mid-latitudes, South of the tundra
and North of the temperate broadleaf forest, with some
variation from province to province.

In Russia, burning decreased from 6.8 Mhayr ' at the
beginning of the century to 3.1Mhayr ™' in the 1970s.
This was the consequence of active fire suppression,
beginning in the 1920s, improved fire prevention
methods in the Far East, and abandonment of the
shifting cultivation in western-Russia. Large fire events
are associated with drought (Ivanova, 1998). During the
most extreme fire year of the century (1915), fires
burned 181 Mha. Only 14 Mha of these, however, were
crown fires. Surface fires dominate the fire regime in
Russia, a major contrast with the crown fires that are
most common in Canada. Burned area has increased
since the 1980s, probably a reflection of decreased
funding for fire fighters. Fires occur mainly in the
southern part of Far East Russia, within the taiga forest
at the border with China and Mongolia.

Forests in Scandinavian countries are generally
highly accessible and intensively managed. As a result,
large forest fires are almost completely absent. Total
burned area currently averages 0.0025 Mha yr ' (Stocks,
1996). At the beginning of the 20th century, fires in the
Scandinavian countries burned 0.2 Mhayr ™', mainly in
association with swidden agriculture (shifting cultiva-
tion) (Parviainen, 1996).

Temperate forest

The temperate zone includes most of the ‘developed’
countries, where human activities, especially fire pre-
vention, dramatically modified natural fire regimes
throughout the 20th century. The fire regime in this
region is far from natural control by fuel biomass and
climate. Instead, the abundance and distribution of fires
is strongly influenced by factors like population
density, landscape pattern, prescribed fire, and fire
prevention policies. All of these changed dramatically
between 1900 and 2000, particularly in regions where
human settlement is relatively recent.

Europe. Burned area in Europe is negligible, currently
about 0.62 Mha yrf1 (0.11%), in comparison with that of
other continents (FAO, 1999). As a result of a long
history of permanent agriculture, a high population
and land use density, and rainfall evenly distributed
throughout the year, fires have never been important in
northern Europe. Burned area was O.OZMhayrf1 in
1900 and fell gradually to the current pattern of total
fire exclusion. Southern Europe (Albania, Italy, France,
Greece, Portugal, Spain, and the former Yugoslavia) has

© 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 398-420
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a significant dry season, making it much more fire-
prone. Despite increased investments in fire prevention,
fires in southern Europe increased from 0.2 Mha yrf1 in
the 1960s to more than 0.6Mha in the 1980s. It is
unlikely that climate was responsible for this change, as
the neighboring middle-eastern countries have not
followed the same trend, despite being in the similar
climatic areas. Much of the increase is a result of the
relatively recent establishment of forest and shrubland
on abandoned land, reflecting changes in agricultural
policy (Moreira et al., 2001, Mouillot ef al., 2003) and
rural population, which in Mediterranean countries
decreased from 22.5 million in 1980, to 12 million in
1996.

USA. The fire regime in the United States changed
significantly in the 20th century (Pyne, 1982). As
statistics were available by states, we did not use
vegetation types for the US but considered two large
regions. West of the Mississippi River, the conservative
estimate is that fire in 1900 burned about 14 Mha yr‘l,
mostly in the forests of the Rocky mountains (North)
and grasslands of the Great Plains (South and East)
(Fig. 4). Forests of the Rocky Mountains experienced
recurrent ground fires. Fire prevention became a
significant factor at different times in different parts

409

of the country. Its effects were relatively by the late 19th
century in the Northeastern US, ca. 1930 in the
Southeast, and ca. 1910 in the West. Fire prevention
was so successful that in the South East, only
1.29 Mhayrf1 burned in the 1970s. The area was
1.3Mha in the West, with an additional 3 Mha yr’1 in
the agricultural landscapes (Leenhouts, 1998). Since the
1970, fires have tended to increase in the West,
especially in the Rocky Mountains. This may be a
consequence of fuel accumulation during 40 years of
continuous fire prevention.

Australia. Wild fires in Australia burned between 0.053
and 1.061 Mha yrf1 of temperate forest over the period
1956-1996. This is a decrease from earlier areas and also
a negligible part of total Australian fires, which are
mostly on savannas. Managed burning has a long
history in Australia. Prior to the consolidation of
European traditions, aboriginal burning in much of
the country was probably similar to that the aboriginals
currently practice in North Australia (Cheney, 1995).
Aboriginals in Australia managed a sophisticated fire
regime, burning areas only at times when fires did little
damage. European settlement led to a change in the fire
regime over much of the country. In Southwestern
Australia, light annual burnings were replaced by

>

1900 -1910

S

e
=

1960-1970

0% burnt |

1980-2000
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Fig. 4 1° x1° maps of burned area (% of cell burned) for the periods 1900-1910, 1930-1940, 1960-1970, and 1990-2000.
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larger fires every 3—4 years. Widespread fire, burning
about 12Mhayr ™" persisted until 1920 or as long as it
was widely used for clearing bush. After 1920, the
policy switched to ‘complete protection’ or ‘fire
exclusion’, decreasing the burned area to an average
7Mhayr ' in the 1930. This change in policy induced a
rapid recovery of understory vegetation, leading to an
increase in major fires and an increase in area burned to
10Mhayr ' in the 1940s. Despite extensive policies to
diminish the dangers from bushfires, major changes
occurred only in the 1950s. Since then, burning for
grazing has continued to decrease.

South America. Fires in Argentina and Chile burned an
average 3.5Mha yrf1 in the 1990s, mostly in the
Northern savannas and grasslands that cover most of
the region. This fire regime was relatively stable
throughout the 20th century, with continuing
landscape clearing for cattle grazing. Fire prevention
began in Argentina between the 1910s and the 1930s. At
that time, 23 Mha yrf1 burned.

Eastern Asia. Fire is relatively uncommon in East Asia, a
region characterized by a high population density, as
well as extensive agriculture and grasslands. Forests
cover a limited portion of the area, mainly in Northern
China, and North Korea. Fires burned an average of
0.8 Mha yr’] in the 1980s, with 0.35 Mha yr’] in China,
and 0.55Mhayr ' in North Korea. Earlier in the
century, burned area were larger, reaching 2 Mha yrf1
in China, and 0.8 Mha yrf1 in the other countries of the
region. Japan and South Korea experienced decreases in
burned area from fire prevention, parallel the case in
the other developed countries. Fires increased in North
Korea in the 1990s (1Mhayr '), probably as a
consequence of decreased investments in fire fighting
expenditures.

Conclusion

The global fire history discussed here is based on yearly
statistics, plus interpretation of qualitative data, inter-
polation, and extrapolation. The resulting product
should be viewed as a spatially explicit best guess,
subject to a number of caveats and uncertainties. We
managed to present a critical overview of the data
available at this time, identified the major caveats, and
offered a best guess of the global fire history, in a
spatially explicit manner.

These results highlight the large contribution of
grassland and savanna fires to the global total,
representing more than 86%. In forested regions, fires
in the early decades of the 20th century were con-
centrated in the temperate latitudes. Since the 1970s the

center of forest fire activity has switched to the tropics,
with continuing pressure from deforestation.

The task of translating burned areas into global
carbon budgets is fraught with challenges. These range
from uncertainty about vegetation types to challenges
in estimating combustion factors. This database must
be coupled with vegetation type maps to know how
much biomass is affected, and how much of this
biomass is actually combusted and emitted in the
atmosphere. Still, this database should be a useful tool
for estimating the effects of fire on the 20th century
carbon budget. Useful estimates will include not only
the carbon emitted to the atmosphere during fire
events, but also the carbon dynamics reflecting decom-
position and regrowth, as well as potential combustion
in future fires. This kind of long-term analysis of fires
and their consequences is only beginning to appear in
carbon balance studies. Future challenges include
improving both the estimates of burned area and fire
intensity.
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Appendix A

We summarize here the references we used to rebuild
the fire history, and the different methodologies we
used to extrapolate missing values. The data set (maps
and statistics) is available online at http:/ / globalecology.
stanford.edu/DGE/CIWDGE/CIWDGE.HTML and
http:/ /www.cefe.cnrs-mop.fr/fe/staff /Florent Mouillot.
htm

Africa

The major source of information is the study from
Barbosa et al. (1999) for the 1981-1990 period, for all the
African countries (referenced as region 10, Fig. 2).
Among the two scenarios proposed in that study, we

chose the lowest values, in comparison with previous
estimates (Hao & Liu, 1994, Houghton, 1994, Delmas et
al., 1996, Scholes & Andreae, 2000), and the 2000-2001
remotely sensed estimations (GBA, 2000, FAO, 2001).
No information before 1981, to our knowledge, exists
for African countries. We interpolated backwards
burned surfaces based on land cover changes and
human intervention in fire setting: (i) for the northern
hemisphere part of Africa, we related population
growth — and the subsequent human pressure by
extensive subsistence agriculture — to a fire increase
(Lambin & Ehrlich, 1997, Ramankutty & Foley, 1999).
We used the 25% increase rate for the 1975-2000 period
(overall leading to a + 1% year ') proposed by Crutzen
& Andreae (1990) and Delmas et al. (1996), decreasing
down to 0.5%year ' for the 1950-1975 period and
0.1% year’] before that, based on the land use change
dynamic in the region (Ramankutty & Foley, 1999). ii)
for the southern hemisphere part, we set a fire decrease
based on fire ecosystem conservation policies since the
1950s (Brown et al., 1991a), and substantial woody
encroachment observed in the area (Hudak & Wess-
man, 2001, Ringrose et al., 2002). Tourism in natural
parks has been considered as a better source of benefits
than extensive grazing, and protected cultivated lands
have expanded (Ramankutty & Foley, 1999). We fixed a
burnt area for the 1900-1955 period in accordance with
the one obtained for the northern part of Africa at this
period. Then, we linearly interpolated the burnt areas
between 1955 and 1981 (date after which we have
available data) for all the southern hemisphere coun-
tries (Mozambique, Namibia, South Africa, Zambia,
Zimbabwe), as well as the Eastern-African countries
where tourism is well developed (Tanzania, Kenya).
The resulting decrease obtained from this interpolation
reached the rate of —1.5% year .

We deduced the trend for fires in the tropical forest
(mostly covering Zaire) from Achard et al. (2002) and
Lambin & Ehrlich (1997), where 0.85Mha yrf1 have
been deforested between 1990 and 1997. We set a burnt
area at 0Mhayr ' in 1960 and linearly interpolated
between the two dates. We calculated the subsequent
burnt surfaces following the algorithm used for tropical
forests and described in ‘Mapping’.

South America

The sources are as follow: FAO statistics in Hao & Liu
(1994) and Cochrane (2002) for general statistics in
South-America in the 1980s. Data from the SEcretaria
del Medio Ambiante y Recursos NATurales (SEMAR-
NAT) (http:/ /www.semarnap.gob.mx), CENCIF (Cen-
tro National de Control de Incendios Forestales) and
(FAO, 2001) have been used for Mexico (1970-2000). We
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observed that the spatial representation of the SEMAR-
NAT statistics available by states for Mexico, produced
an unrealistic low fire frequency, compared with the
neighboring regions of California, New Mexico and
Arizona (USA), and remote sensing studies. We suspect
these data to be as underestimated as the data obtained
in Argentina from the same Agency. We corrected the
data in the same proportion as the underestimation
found for Argentina ( x 3). Before the 1970s, the fire
history in Mexico actually followed the same fire
prevention process as in the south-western US (Fule
& Covington, 1996, Barton, 2002), but in a lesser extent
compared with California (Minnich, 1998). We fixed a
fire regime for the beginning of the century in Northern
Mexico, matching the fire regime obtained for Califor-
nia, New Mexico and Arizona (USA). The rate of
change obtained between 1900 and 1970 lead to a 50%
decrease, accurately lower than the 80% decrease
observed in the western US states.

For Brazil, we used the studies of Skole & Tucker
(1993) and Skole et al. (1994) for the spatial and
temporal history of fires. Before 1970, most of the
conversion of savanna (Cerrado) into cultivated/
grazed areas had occurred in Southern Brazil and
along the coast. We considered two zones: (i) the coastal
range, experiencing a fire increase until the 1970s,
followed by a fire decrease and (ii) the central plateau,
experiencing a continuous increase until now because
of government policies to stimulate agricultural devel-
opment (Laurance et al., 2002). Without any further
information on the importance of the fire decrease, we
chose the —1.5% year ' rate observed in southern Africa.
Regarding the fire increase in the central plateau,
(Houghton, 1996) estimated a 25% increase from 1945
to 1970, and a 50% increase of fire-prone grasslands. We
finally chose a 50% increase of in burnt areas in the
Brazilian savanna biome between 1970 and 2000
(2% year ')-which is, to our knowledge, accurately
higher than the 1% year ' rate observed in Northern
Africa-, 1% yearf1 between 1945 and 1970, and 0.5%
before 1945. We considered this rate to be actually a fair
assumption, as Central Brazil has been experiencing a
faster growing human pressure compared with the long
lasting fire regime in Africa. In turn, we fixed, at first, a
fire return interval in the Cerrado at 4.5 years for the
1980s (Seiler & Crutzen, 1980), and interpolated forwards
at a rate of 2% yearfl, and backwards at the rate of
successively 2%, 1%, and 0.5% year_l. We used the same
pattern for the neighboring countries (Bolivia, Paraguay).

Within the tropical forest of South America, forest
fires because of deforestation are not taken into account
in statistics (Quadri della Torre, 2002). Then, we derived
burned areas from deforestation values (procedure
described in ‘Mapping’), as fires are an infrequent
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element of the Amazon natural disturbance regime
(Cochrane et al., 1999). The data sources from the 1960s
to the 1990s for deforestation in Amazonia are as
follows, including census data and remote sensing
studies:

Area deforested

(Mhayr?) Year References

1.18 Hao & Liu (1994)

2-3 1966-1975 Seiler & Crutzen (1980)

1.36 1975-1980 Skole & Tucker (1993)

1.12-2.7 1978-1998  Brazilian Space Agency in
Houghton et al. (2000)

2.1 1978-1988 INPE http://www.grid.
inpe.br/ + (Skole &
Tucker, 1993) + (Skole
et al., 1994)

5-8 1985-1990 Myers (1991)

4 1987 Setzer & Pereira (1991)

2.8 1988 INPE http://www.grid.
inpe.br/

2.1-5 1989 Molion (1996)

1.9 1988/1989 Fearnside (1993)

1.4 1989/1990

1.1 1991

1.49 1993-1994 SEMARNAT + (Nepstad
et al., 1999)

2.9 1994-1995

1.8 1995-1996

1.81 1996 INPE http://www.grid.
inpe.br/

1.28 1997

34 1990s Cochrane & Laurance
(2002)

2.5 1990s Achard et al. (002)

The significant deforestation in the Amazon began
between 1975 and 1980, when deforestation might have
doubled (Crutzen & Andreae, 1990), and followed
afterwards an exponential increase (Skole et al., 1994).
Before 1960, deforestation in Amazonia has been
documented as negligible (Houghton et al., 2000), so
we interpolated linearly deforested areas between 1960
and 1975, and we calculated the subsequent burnt
surfaces following the algorithm used for tropical
forests and described in ‘Mapping’.

For Mexico, we retained that more than 0.5Mha are
deforested every year in the 1990s (CENCIF). The
deforestation followed a constant increase since the
30’s, when the need in agricultural land started to
increase because of population growth, and postrevolu-
tion agricultural policies were installed (Quadri della
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Torre, 2002). We used a linear trend for deforestation
interpolation, from 0 in the 1930s to 0.5Mhayr ' in
1990. This trend was used as a general model for the
Central American countries, but we considered a recent
decrease in the 1990s regarding the fire statistics
available for Nicaragua (FAO, 2001). We calculated
the subsequent burnt surfaces following the algorithm

used for tropical forests and described in ‘Mapping’.

South Asia

The sources for India, Nepal and Sri Lanka are FAO,
2001.

For India, additional sources are as follows for the
1980s:

Burned area (Mha yrfl )

Savanna Forest Year References
1.39 0.28 Hao & Liu
(1994)
0.13-0.4 Skole & Tucker
(1993)
37-80 Pyne (1994)
12.2 1 Pyne (1994)
1.45 1995 FAO (2001)
3.73
12.2# Joshi (1991)
9.474#
1981
0.26 1968-1972  Joshi (1991)
0.98 1985-1986
0.97 1986-1987
1.05 1987-1988
3.74 1985-1986
1.012 Haripriya
1985-1988  (2003)
1980-1985
0.11
1 Elvdige & Baugh
(1996)

Regarding the heterogeneity in the data set, we retained
the intermediate value of 35Mha from (Pyne, 1994)
critical review and estimations from the Environ-
mental Information Center (EIC, USA) (http://www.
cleantechindia.com/eicnew /NatForestProg/pressure.
htm).

To our knowledge, and despite the main concern
about fires in India found in the literature, no long-term
statistics exist for South Asia, except qualitative notes.
The temporal trend of fire frequency is described as
slightly decreasing until the 1920s, because of the
colonial forest policies to protect lands from fires,
followed by a recovery of the initial fire pattern and a
continuous increase because of the need in cultivation
as a response to population growth (Pyne, 1994, Prasad
et al., 2002). Then, from the 35Mha obtained for the
1990s, we extrapolated backwards at a conservative
fire increase of 0.6% year ' until the 1930s (slightly
lower than the 1% year™ ' in Northern Africa because of
a long land use history but a higher population
density). From Indian statistics, extrapolations to
Pakistan have been performed proportionally to the
country surface area.

Australia

The sources are as follows for the Australian Savanna:
the Australian National Greenhouse Gas Inven-
tory (NGGI), 2000 (http://www.greenhouse.gov.au/
inventory/) for the 1994-1999 period and the FAO
data for the 1998-2000 period (GBA, 2000, FAO, 2001).
We compared these data with previous general
estimations (Hao & Liu, 1994, Cheney, 1995), as well
as the highest value observed for the year 1974 (Dixon
et al., 1996). In absence of any big land use change
within the Australian savanna (Ramankutty & Foley,
1999), and a still low population density, fires have
slightly decreased along the 20th century, because of
some human intervention to protect some grazing areas
(Burrows et al., 1995, 2002, Moore et al., 2001). We
interpolated burnt areas backwards from the 1990s
downto the 1950s according to the same 1% year ' rate,
slightly lower than the one obtained for southern
Africa.

The main sources of information for forest fires in
temperate Australia are FAO statistics delivered by
states for the 1956-1996 period (FAO, 2001), despite
their authors point out that some changes in the
methodology along the process have occurred. Long-
er-term information is also available for South Western
Australia for the 1915-1996 period (Gill et al., 1997), and
Victoria for the 1972-1981 period (Rawson & Rees,
1982), showing a significant decrease in fire frequency
along the century. After a huge fire prevention policy in
the 1930s, fires burnt again in the following decades
because of important fuel build-up (Pyne, 1991). To
reconstruct Australia’s forest fire history, we interpo-
lated burnt areas in temperate forest at the beginning of
the century based on the present aborigines fire return
intervals (Pyne, 1991). Then, we linearly interpolated
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burnt areas between the 1970s for which we have
accurate statistics, and the effective year of change
in the fire regime for which we have the aborigene’s
fire regime. This year of change was different in each
state (Cheney, 1995): 1944 in Victoria, 1968 in New
South Wales, 1961 in Western Australia, and 1967 in
Tasmania.

South East Asia

Forests mainly cover South East Asia, and burned areas
are closely related to deforestation. The sources are as
follows for the most documented deforestation in the
Indonesian forest in the 1990s:

Burned area (Mhayr™)

Savanna  Forest Year References
2.4-3.6 1982-1983 Makarim et al.
(1998)
4.5 1982-1983 Malingreau et al.
(1985)
3.7 0.56-0.85
Hao & Liu (1994)
0.5 1991
Barber &
Schweithelm
(2000)
49 1994
0.5 2.7 1982-1983
1.7-2.5 1997
Levine (2000)
4.67 4.79 1997-1998 Barber &
Schweithelm
(2000)
0.55-1.2
Skole & Tucker
(1993)
4.56 1997-1998 Liew et al. (1998)
2.5 1990-1997  Achard et al.

(2002)

Additional data for Malaysia (Woods, 1989, Brown
et al.,, 1991b), and Thailand for 1985-2000 (FAO,
2001) (http:/ /www.oepp.go.th/ projects/climate/comm/
inventory, for deforestation), are also available. Defor-
estation in South-eastern Asia increased at a rate esti-
mated to be between +1% and +88%year ' in the
1980s (Seiler & Crutzen, 1980, Houghton, 1994, Barber &
Schweithelm, 2000, Fox, 2002), the highest in the tropical
zone, because of a huge population increase, and very
few savanna available for agricultural expansion (Hao &
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Liu, 1994). We retained a conservative rate of 5% year ',
and we used the tropical forest algorithm (‘Mapping’) to
convert deforestation data into burnt areas. By using this
algorithm on Indonesian deforestation data, and starting
the deforestation process in the 1960s (Barber &
Schweithelm, 2000), we reached the 4.9Mhayr’1 esti-
mated to have burnt in Indonesia in 1990, combining
shifting cultivation and savanna/grassland fires (ALGAS
1997: Indonesian national greenhouse gas emissions
inventory, http://netweb03.asiandevbank.org). Larger
burnt areas are obtained during dry years. For the neigh-
boring countries (Burma, Cambodia, Laos, Thailand, Viet-
Nam), we extrapolated the temporal trend obtained for
Indonesia proportionally to the size of the country, and
based on country deforestation data from (Fox, 2002).

To our knowledge, no data are available for tropical
southern China. Zaizhi (2001) points out that, even if
natural wildfires are actually not frequent in tropical
China, because of a humid climate, human induced
fires occur in the secondary forests, and are not taken
into account in the statistics. We retained Zaizhi’s (2001)
burning estimations for the year 1994 in secondary
forest (0.276 Mha) and shifting cultivation (0.4 Mha),
assumed to burn 3 times for a complete clearing as
previously observed in the tropical forests. We extra-
polated backwards forest fires in southern china using
the same rate as the one observed in South-Eastern
Asia, because of the increase in population density and,
in turn, the need for decreasing the fallow period for
shifting cultivation, (Zhang et al., 2000, Zaizhi, 2001,
Fox, 2002).

Central Asia

The sources cover mostly Mongolia for the period 1963-
1997 (Mongolia fire update. Int. Forest Fire News No.15,
34-35.), updated for the year 2000 (GBA, 2000). Official
statistics for Kazakhstan (1950-1998: (Arkhipov et al.,
2000)), Russian steppes (1990s by Shvidenko & Gold-
ammer (2001) and Zhang et al., (2003)) and China (1997-
1998: Report on the State Of the Environment in China,
1999: http://www.sepa.gov.cn/soechina99/forest/ for-
estdown.htm), might be highly underestimated in
comparison with the Mongolian estimations and GBA,
2000 data. We made corrections by following the
Mongolian database to provide a homogeneous pattern
within the region.

We then assumed the Mongolian trend for the 1963—
1997 period to be the model for the neighboring
countries with the same biome, as suggested for the
Chinese inner Mongolia (FAO, 2001). Before this period,
fires may have burnt larger areas in absence of fire
prevention and fire fighting policies, which only started
between the 1920 and the 1950s (Goldammer & Stocks,
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1999). We interpolated this fire decrease backwards
from the 1960s at a rate of —1.5% year ', by comparison
with the fire decrease in the grasslands of Southern
Africa. By using this rate, we reached in 1900 an
intermediate value of 10.2 Mha, in between the lowest
value of 3.79Mha observed in the 1970s and the
extreme value of 15.5Mha observed in the 1990s. We
increased burnt areas in the 1960s in the Russian
steppes because of landscape clearing for crop devel-
opment (Ramankutty & Foley, 1999).

Canada

The sources are as follows: Canadian council of forest
ministers, Compendium of Canadian forestry statistics
(http:/ /nfdp.ccfm.org/) for the 1970-1998 period,
where data are available by province, a nation-wide
database for the 1946-1998 period (Weber & Flannigan,
1997). We corrected incomplete statistics before 1946
(particularly for the northern territories) by estimates
based on tree ring analysis and tree community
composition as performed by Chen et al., (2000).

Russia

The sources are as follows: official statistics are
available since 1961 (Shvidenko & Nilsson, 1999), but
are highly underestimated, based on a comparison with
the boreal forest of Canada (Kasischke et al., 1995, 2000),
and observed fire return intervals (Conard & Ivanova,
1997). Kasischke et al. (2000) refer that the local forest
officials use to under-report fires in Russia because of
financial incentives provided to those regions that
achieved a high fire suppression. Alternatively to
underestimated official statistics which cover only
controlled regions (Goldammer and Stocks, 1999), we
used corrected data based on additional studies for the
year 1987 (Cahoon et al., 1994, Stocks, 1996), for the
1980-1995 period (Dixon and Krankina, 1993), and
averages for the 1980s (Schulze et al., 1999, Shvidenko &
Goldammer, 2001, Zhang et al., 2003). Despite data are
only available at the national level, Dixon and Krankina
(1993) report that 61% of the burnt areas occur in the far
east Russia, 34% in the east Siberian, whereas no more
than 5% occur in Ural or West Siberia, supporting the
use of ATSR data for this large country, overall leading
to a higher fire frequency in the Far East (Ishikawa et al.,
1999). To build the database, we divided the boreal
forest part of the country into the western part, and the
Eastern part, respectively, according to vegetation types
‘needleleaf evergreen trees’ and ‘high latitude decid-
uous trees’ or ‘broadleaf deciduous trees’ (DeFries &
Twonshend, 1994).

We used historical records of fire use by humans in
western Russia (Pyne, 1997), observed fire return
intervals (Conard & Ivanova, 1997) and highest fire
events (the year 1915 for example) (Goldammer &
Furyaev, 1996, Ivanova, 1998, Lavoue, 2000) to estimate
fire activity at the beginning of the century. Based on
Conard and Ivanova (1997)’s estimates, we fixed the
burnt areas at the beginning of the century to be
13 Mha. Actually, we used 10Mha for 1900-1910, and
16 Mha for the 1910-1920 with the huge fire of 1915 that
burnt more than 100Mha (Goldammer & Furyaev,
1996). We linearly interpolated the decrease for the
1920-1950 period in eastern Russia, as a result of the
soviet fire exclusion policy (Goldammer & Stocks,
1999). For the whole century, we kept using the same
ratio (90-10%) as the one observed in the 1980s, to
distribute fires between Eastern and Western Russia,
respectively. However, we increased the proportion of
fires occurring in Western Russia to 30% for the 1900-
1910 period, and 20% for the 1910-1920 period, when
fallow system of agriculture was still in use, and was
progressively abandoned in the 1920s (Pyne, 1997,
Lavoue, 2000).

Europe

The source for the 1980-2000 period are FAO (1999),
FAO (2001), Schellhaas et al. (2003) for the Mediterra-
nean countries since the 1960s. Data were compared
with GBA (2000) estimations, and the State of the
Environment for Georgia (http:/ /www.grida.no/enrin/
htmls/georgia/soegeor/english/forest/fexploit.htm).
We used statistics for the 1980-1995 period in Latvia
and Lithuania (FAO, 2001) as the model for the recent
fire history in eastern Europe (Czech republic, Hungary,
Poland, Romania, ex-Yugoslavia, Slovakia).

Longer-term statistics are available for Germany and
Finland (FAO, 1999, Goldammer & Stocks, 1999, FAO,
2001). We wused these data sets as a model for,
respectively, the whole northern Europe and Scandina-
via before 1960, and statistics for the 1874-2000 period
in Spain for Mediterranean Europe (Pausas, 2004).

USA

The sources are as follows: US forest service. Forest fire
statistics. Annual issues. Government printing office,
Washington, DC for the 1926-1967 period, US forest
service. Wildfire statistics. Annual issues. Government
printing office, Washington, DC, for the 1968-1982
period, US forest service, 1988. Wildfire statistics.
Government printing office, Washington, DC. For the
year 1983, US forest service, 1992. 1984-1990 Wildfire
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statistics. Government printing office, Washington, DC.
For the 1984-1990 period, and US forest service, 1998.
Wildland fire statistics. Government printing office,
Washington, DC, for the 1991-1997 period. These
statistics have already been used in several studies
(Swetnam & Betancourt, 1990, Tilman et al., 2000). For
Alaska, we used data available from the ‘Alaska fire
Service’ for the 1940-1997 period, and rough estima-
tions for the 1900-1940 period (Barney, 1971). However,
prescribed burnings (1.2Mhayr ™' occurring in the
South Eastern part, 0.8 Mhayr ' in the western part)
are not taken into account in the statistics and have
been added as a constant value since the 1950s
(Leenhouts, 1998, FAO, 2001).

We can deplore some obvious inconsistencies in the
historical statistics for the western states compared with
the general knowledge of the American fire history
(Pyne, 1982). Statistics alone lead to an overall under-
estimation compared with other studies (Leenhouts,
1998, Hurtt et al., 2002).

For example, statistics for the southwestern states
(Arizona, New Mexico) show a low fire regime at the
beginning of the century increasing after the 1970s.
However, fire scars studies tend to prove a large
decrease in the fire frequency in these states since the
beginning of the century (Swetnam, 1993, Swetnam &
Betancourt, 1998). The northwestern statistics are more
in accordance with the fire scar study performed by
Barrett et al. (1997) or MacKenzie et al. (2000) in the
interior Columbia basin (Washington, Oregon, Idaho,
Montana, Wyoming). For this region particularly, the
trend observed before 1926 on tree rings and not
available in terms of statistics, has been used for the
temporal interpolation. For instance, we extrapolated a
peak of fires in 1920 and 1910, and we retained the
hypothesis that fires were burning on a yearly basis, at
the beginning of the century, the same surface as the
large fires of 1988 and 1994. The use of this hypothesis
lead to a general fire regime in accordance with the
trend obtained for the neighboring Canadian boreal
forest. Additional low intensity prescribed burnings
might have occurred without any signal neither in the
statistics, neither in the tree scars, and have not been
considered in this study due their limited impact on the
carbon budget.

Our main concern was about the Midwest states,
where almost no fires have been registered during the
1940s, and swap to a high fire regime in the following
years. Regarding that these states (Nebraska, Iowa,
Kansas, N/S Dakota) were also the latest states to
produce fire statistics, we considered these statistics to
be accurate only after the 1960s. We then relied on local
studies dating and describing fire suppressions, ca.
1920 in Colorado (Brown et al., 2000, Donnegan et al.,
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2001, Sheriff et al., 2001), ca. 1920-1930 in Wyoming
(Loope & Gruell, 1973, Kipfmueller & Baker, 2000), or
1890-1910 in Minnesota (Clark, 1988). We fixed burnt
areas at the beginning of the century according to the
fire return intervals observed in other grassland biomes
at this time, as southern US, Argentina and central Asia
or present Brazil as stated in Pyne (1982). We then
linearly interpolated burnt areas between the fire
suppression date and 1960.

Argentina

The source is FAO (2001), and SEMARNAT for the 1980-
1998 period. These data appeared to be low compared
with local studies (Bran et al., 2001, Bravo et al., 2001)
and national statistics from other agencies (Proyecto
LEMU, http://orbita.starmedia.com/~lemuproyecto/
not8.htm) estimating up to three times the official
statistics. As a general comparison with other biomes
and neighboring countries, we retained the highest
value as the most accurate.

Regarding the temporal trend along the century,
studies on tree scars (Kitzberger et al., 2001), land use
(Adamoli et al., 1990), and land cover changes (Raman-
kutty & Foley, 1999) converge towards a strong fire
suppression occurring since the 1930s. We then stated a
fire activity at the beginning of the century in
accordance with the one observed in the south-eastern
US, and interpolated the temporal trend of the decrease
along the century using the tree scars studies to reach
the actual burnt areas in the 1980s.

Eastern Asia

The unique source for China is Wang et al. (1996) for the
1952-1995 period, and the state of the environment for
the years 1997-1999 (http://www.sepa.gov.cn/soe-
china99/forest/forestdown.htm). Average statistics are
available for each Chinese province, providing a gross
spatial distribution of fires, highlighting that most of the
referenced fires occur in the northeastern part of china
similar to the ATSR data for China. Regarding the
relatively constant temporal trend observed between
1952 and 1970, and a burnt area in accordance with the
fire regime in the neighboring Russian Far-east, we fixed
burnt areas at the beginning of the century to be in the
same order of magnitude as the one observed in 1950s.

The source for Japan and South Korea is FAO (2001),
and the GBA (2000) for North Korea. We interpolated
the North Korean fire history based on the Russian
temporal pattern, and the Japanese and South Korean
one, based on the western Europe pattern.
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Middle East/North Africa

The sources are: Madoui (2002) for the 1876-1915 and
1958-2000 period for Algeria, IFFN No. 17-July 1997, p.
15-21 for Turkey, and IFEN, 25, July 2001 for Marocco
during the 1960-1999 period corrected according to the
GBA, 2000 database.

Additional data from GBA, 2000 were used for
Algeria, Egypt, Iran, Iraq, and Turkey. The temporal
trend was supposed to remain constant according to the
long-term data obtained for Algeria.
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