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Abstract Fire is an important component of the
Earth System that is tightly coupled with climate,
vegetation, biogeochemical cycles, and human activities. Observations of how fire regimes change on
seasonal to millennial timescales are providing an
improved understanding of the hierarchy of controls
on fire regimes. Climate is the principal control on
fire regimes, although human activities have had an
increasing influence on the distribution and incidence
of fire in recent centuries. Understanding of the controls and variability of fire also underpins the development of models, both conceptual and numerical, that
allow us to predict how future climate and land-use
changes might influence fire regimes. Although fires
in fire-adapted ecosystems can be important for biodiversity and ecosystem function, positive effects are
being increasingly outweighed by losses of ecosystem services. As humans encroach further into the
natural habitat of fire, social and economic costs are
also escalating. The prospect of near-term rapid and
large climate changes, and the escalating costs of large
wildfires, necessitates a radical re-thinking and the
development of approaches to fire management that
promote the more harmonious co-existence of fire and
people.
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Introduction
Fire is a natural, recurring episodic event in almost all
types of vegetation, although most prominent in savannas, Mediterranean woodlands, and boreal forests.
Climate has a strong influence on all aspects of the
fire regime, from the seasonal timing of lightning ignitions, through temperature and humidity control of fuel
drying, to wind-driven fire spread. Climate also influences the nature and availability of fuel, through its
influence on the productivity and type of vegetation.
As the major form of vegetation disturbance, wildfires are important in regulating ecosystem dynamics,
diversity and carbon cycling. Trace gas and particle emissions associated with wildfires have a major
impact on atmospheric composition and chemistry and
through this on climate itself. The increase in large
fires seen in recent years in many parts of the world has
caused major concern – not least because, while these
large wildfires have probably become more frequent
in response to anthropogenic climate change, the devastation caused has been exacerbated by land-use and
socioeconomic changes. Indeed, the natural fire regime
is being increasingly influenced by human activities.
Humans set and suppress fires and use them to manage agricultural and natural ecosystems. Humans also
have indirect effects on natural fire regimes – the modification and fragmentation of the natural vegetation
cover through agricultural expansion and urbanization during the twentieth century, for example, has
tended to reduce the incidence of wildfires. However,
when wildfires do occur in proximity to settlements,
the consequences from a human perspective are much
greater.
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Wildfires are fires that are uncontrolled and
unplanned, regardless of whether they are ignited by
lightning or humans. Wildfires are thus differentiated
from controlled burns and agricultural fires, although
agricultural fires that escape may become wildfires.
The complexity of fire behaviour is often simplified
by characterizing wildfires in terms of regional fire
regimes (see, e.g., Lavorel et al., 2007). The term fire
regime is loosely used to describe multiple characteristics of the regional fire record, including whether the
fires are a result of human or natural ignitions, the timing or seasonality of fire, the type of fire (surface or
crown), the typical size of the fire (which is related to
fire type), the intensity of the fire and hence its severity in terms of the amount of biomass burnt, and the
characteristic frequency of fires, or return time (see,
e.g., Gill, 1977; Bond and Keeley, 2005). Changes in
the external controls on fire may provoke simultaneous changes in several of these characteristics, but they
can also change independently. Furthermore, given that
climate varies continuously on decadal to millennial
timescales, characterizing regional regimes solely in
terms of frequency or return time is not helpful. Thus,
while it is useful to continue to use the term fire
regime to describe various aspects of fire behaviour, it
is important to realize the dynamic and ever-changing
nature of fire regimes.
From an Earth System perspective, fire is an important global process that is tightly coupled with climate, vegetation, biogeochemical cycles, and human
activities. Improved understanding of the role of fire
requires an approach that recognizes this interconnectedness, and as Bowman et al. (2009) have recently
argued, there is an urgent need to develop a coordinated and holistic approach to fire science in order
to manage fire better. In this chapter, we draw on
empirical observations and modeling work to characterize pyrogeography, emphasizing the links between
climate and fire (e.g., via examination of the variation of fire in time and space), fire and climate (e.g.,
via effects on radiative forcing), fire and vegetation
(e.g., via feedbacks to the climate system that in turn
drive further vegetation changes), and fire and human
activities (e.g., via explicit as well as hidden economic
costs). This holistic approach provides a long-term and
broad-scale context for current fire regime changes
and draws attention to the role of fire as a catalyst
as well as a consequence of global environmental
change.
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Observations of Wildfire Regimes
There are many different sources of information on
wildfire. However, these sources differ widely in their
purpose, type, scale, quality, temporal and spatial
resolution, and processing methods, making comparisons and integration of information about fire across
a range of temporal and spatial scales challenging.
Nevertheless, there are global-scale data sets that document how the spatial patterns of fire change on a
variety of different timescales ranging from seasonal,
through interannual, decadal or centennial, and to the
multi-millennial or longer-term variability shown in
geologic records (Fig. 1).

Contemporary Fire Patterns
Satellite remote sensing systems are now the primary
means for studying the contemporary and recent temporal (Fig. 1a) and spatial (Fig. 2) variability of fires
because only remote sensing can provide detailed and
consistent information from regional (e.g., Sukhinin
et al., 2004; JRC-EU, 2005; van der Werf et al., 2008a)
to global scales (Carmona-Moreno et al., 2005; Giglio
et al., 2006; Mota et al., 2006; Randerson et al., 2007;
Frolking et al., 2009). Such data are especially critical for documenting fire in remote areas, such as in
the boreal forest, where ground-based data are exiguous. Remote sensing systems identify the areas burnt
by fires and also can detect active fires (i.e., the energy
radiated by fire: Ellicott et al., 2009). Emissions of
trace gases and particulates are not measured directly
but are commonly estimated as the product of burnt
area, fuel load, and combustion completeness for a particular time interval and spatial domain (van der Werf
et al., 2006). Burnt areas from past fires are determined
by analyzing the unique signatures left by charred
vegetation and patterns of regrowth after fires (Giglio
et al., 2006).
Most of the fire-related global products available
document variations in burnt area (e.g., CarmonaMoreno et al., 2005; van der Werf et al., 2006; Riaño
et al., 2007; Roy et al., 2008; Tansey et al., 2008) or
in the presence and timing of active fires (Giglio et al.,
2006). There are still substantial differences between
the available products, in part a result of the different sensors and approaches used and in part because
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Fig. 1 Variability in global fire on different timescales. a Global
area burnt from 1997 to 2006 derived from satellite-based remote
sensing (GFED v2.1, van der Werf et al., 2006). b Global
area burnt over the twentieth century, estimated by combining data from tree-ring, historical and remotely sensed sources
(Mouillot and Field, 2005). c Estimates of global biomass burnt
over the past two millennia, based on compositing ca. 400
sedimentary charcoal records worldwide (Marlon et al., 2008).

d Estimates of global biomass burnt since the Last Glacial
Maximum, ca. 21,000 years ago, based on compositing ca. 700
sedimentary charcoal records worldwide (Daniau et al., submitted). e Estimates of global biomass burnt during the last glacial
(ca. 80–11,000 years ago), based on compositing 30 sedimentary
charcoal records worldwide (Daniau et al., in press). f A qualitative index of global fire over the past 1 billion years based on
discontinuous sedimentary charcoal records (Berner, 1999)

each product covers a different interval of time. van
der Werf et al. (2006) have reconstructed global variations in fire from 1997 to 2004 (Fig. 1a) by combining fire data from several remote-sensing instruments including the Moderate Resolution Imaging

Spectroradiometer (MODIS), Along Track Scanning
Radiometer (ATSR), the Visible Infrared Scanner
(VIRS) and the Advanced Very High Resolution
Radiometer (AVHRR). Newer satellite products provide additional information about the radiative energy
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Fig. 2 Spatial patterns in fire regimes under current climate conditions. a Annual fractional burnt area and b observed month
of maximum burnt area for regions where the fractional burnt

area is greater than >0.1%, both averaged over 1997–2006, from
GFED v2.1 (van der Werf et al., 2006)

released by fires (Ickoku et al., 2008) and thus provide information about fire type (Smith and Wooster,
2005).
According to the GFED 2.1 data set (van der Werf
et al., 2006), 3–4 Mm2 of land burns every year, and
fires are relatively frequent on about a third of the land
surface (Chuvieco et al., 2008). The largest fractional
areas burnt occur in tropical and subtropical regions
of South America, Africa, Southeast Asia, Indonesia,
and Australia (Fig. 2a). Africa accounts for 40% of the
global area burnt. Most African fires are concentrated
in the Sahelian and Sudanian regions of sub-Saharan
Africa and in southern Africa (Silva et al., 2003). There
is much heterogeneity within these broad regions, with
semi-arid regions burning less due to fuel limitations,
and wetter areas burning more as a result of greater
fuel availability (van der Werf et al., 2008b; Archibald

et al., 2009). Fire is also a common feature in the
tropical and subtropical regions of South America and
Australasia. There has been a long history of fire in
seasonally dry tropical forests in these regions, but the
present level of burning in Amazonia and Indonesia
was attained only in the last few decades and reflects
human use of fire to clear forests for crops and pastures
(so-called deforestation fire). Fires in temperate and
boreal forests are less frequent than those in the tropics but, when they occur, consume large quantities of
biomass (Kasischke and Bruhwiler, 2002; Campbell
et al., 2007).
The most striking pattern in the timing of the
fire season is the transition between a tropical region
with winter (dry) season dominance and an extratropical region with summer (warm) season dominance
(Fig. 2b). This pattern is seen in both hemispheres.
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Superimposed on this pattern is the tendency for
drier, fuel-limited regions in the subtropics to experience peak burning in the autumn, as fuel dries after
the peak growing season. Thus, maximum burning
tends to occur from December to February in the
Sahel, India, and Central America, during October
and November on the Saharan margin, and during
July through September in southern Europe and North
America. In the southern hemisphere, peak burning in the tropics and subtropics of southern Africa,
Australia and South America occurs during July
through September, while December through February
marks the peak fire season in the southern mid-latitude
regions.
The global record of fire over the last decade
(Fig. 1a) is dominated by the northern hemisphere
seasonal cycle. Nevertheless, the GFED record shows
interannual differences of the order of 10% (ca.
0.3 Mm2 ) around the long-term mean value of area
burnt (van der Werf et al., 2006). There is no discernible trend in the total area burnt over this relatively short interval (1997–2006), but an AVHRRbased reconstruction of relative changes in burnt area
covering the period 1982–2000 (Riaño et al., 2007)
shows a trend toward increasing fire over this longer
interval. This latter data set also shows substantial
interannual variability, including a marked transient
reduction in global burnt area after the El Chichon
(1982) and Pinatubo (1991) volcanic eruptions.
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2000; Kitzberger et al., 2001) and forest stand-age
data in areas with high-severity, stand-replacing fires
(Kipfmueller and Baker, 2000; Hallett et al., 2003).
Both sources can provide records covering several
centuries or even, in rare instances, millennia but
only provide information at local to subcontinental
scales.
Mouillot and Field (2005) combined data from historical, dendrochronological, and satellite-derived fire
records with information about vegetation, population,
and land-use changes to reconstruct trends in annual
area burnt during the twentieth century (Fig. 1b).
Interpolation and smoothing techniques were used to
fill gaps and remove artifacts introduced by the different data sources. As a result the estimates are highly
uncertain but, despite these problems, a smoothed
summary trend of the data shows features consistent
with independent evidence of variations in twentieth
century burning, including a decline in fire activity
at the beginning of the century and an increase in
area burnt during recent decades. The early twentieth
century decline in burning is consistent with a longterm global decrease in biomass burnt that has been
independently inferred from charcoal data (Fig. 1c)
and dendrochronological studies (Veblen et al., 1999;
Grissino-Mayer et al., 2004; Drobyshev et al., 2008),
and the late twentieth century increase in area burnt
is consistent with local- to regional-scale observations
(Cochrane, 2003; Girardin, 2007; Fisher et al., 2009)
and with satellite and model-based reconstructions
(Pechony and Shindell, 2009).

Historical Records of Fire
Although many countries now collect statistics
on fires, these records rarely extend back more
than a few decades (http://www.fire.uni-freiburg.de/)
although there are some records, e.g., national parks
or managed forests that extend back to the first
decades of the twentieth century (see, e.g., Fulé
et al., 2003). Information on earlier fires is largely
anecdotal, inferred from historical documents, photographs, ethnographic records or other archives
(see, e.g., Habeck, 1994). Much of the available
information is biased toward fires that resulted in
destruction of infrastructure, even if these fires
started naturally. More consistent longer-term fire
records can be obtained from fire scars in treering records (Swetnam, 1993; Kipfmueller and Baker,

Paleofires
Burning vegetation produces charcoal, black carbon,
and carbon spherules that accumulate naturally in
lake sediments, peat, soils, and marine sediments
(Tolonen, 1986; Ohlson and Tryterud, 2000; Conedera
et al., 2009; Power et al., 2010). The rate of sediment accumulation, which depends on the type of
site, its geomorphic setting, and the control on erosion rates exerted by topographic, land cover, and
climatic factors, determines the temporal resolution
of these records. In some cases, annually laminated
sediments have been used to explore year-to-year or
multi-year variation in biomass burning (Clark, 1990;
Atahan et al., 2004; Power et al., 2006) but in general
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paleo-records provide continuous reconstructions of
changing fire regimes on decadal or centennial
timescales (e.g., Walsh et al., 2008). Many hundreds of
individual charcoal records have been generated, from
all regions of the world. Although these records cannot provide quantitative estimates of biomass burnt,
they can be interpreted in terms of relative changes in
biomass burning at subcontinental to global scales (see
e.g., Haberle and Ledru, 2001; Carcaillet et al., 2002;
Marlon et al., 2008; Power et al., 2008; Daniau et al.,
in press; Daniau et al., submitted).
The global sedimentary charcoal records for the past
two millennia (Fig. 1c) show a long-term decline in
biomass burning between 1 AD and ~1750 AD, with
centennial-scale variability associated with known climate fluctuations including the Medieval Warm Period
and the Little Ice Age (Marlon et al., 2008). The
largest changes in global biomass burning occur during the past ~250 years, when warming after the Little
Ice Age coincided with major changes in population
and land use. The records show an initial increase in
biomass burning, but after ca. 1850 AD there is a pronounced decrease. Marlon et al. (2008) have argued
that because this downturn pre-dates the introduction
of active fire-fighting, it is most plausibly explained as
an inadvertent consequence of human activities, resulting from landscape fragmentation and reduction of fuel
in intensively managed agricultural landscapes.
Charcoal records also provide information for longterm trends during the last climatic cycle (Power et al.,
2008; Daniau et al., in press; Daniau et al., submitted).
Biomass burning was low during the coldest intervals
during the past climatic cycle, Marine Isotope Stage 4
(73.5–59.4 ka) and Marine Isotope Stage 2 (27.8–
14.7 ka), increased during the warmer, interstadial
interval of Marine Isotope Stage 3 (59.4–27.8 ka),
and has generally increased toward modern levels
since the Last Glacial Maximum ca. 21,000 years
ago (Fig. 1d). There are sufficient sites covering
the last deglaciation to show that fire regimes in
the northern and southern hemispheres during the
deglaciation (Daniau et al., in press), a relationship
first identified in temperature records from the polar
ice caps (EPICA Community Members, 2006) and
consistent with the association of these temperatures with changes in the strength of the Meridional
Overturning Circulation. Both the past 21,000 years
and earlier periods of the last glacial (Fig. 1e)
are characterized by millennial-scale variability
in fire regimes, tracking the Dansgaard-Oeschger
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(D-O) climate cycles seen in the Greenland ice core
record and the Heinrich Stadials recorded in the North
Atlantic (Marlon et al. 2009; Daniau et al., in press).
There is an increase in fire, seen both at a global scale
and at a continental scale in North America, during
the rapid D-O warming events (Fig. 1e). Fire initially
decreases during D-O or Heinrich cooling intervals,
but then recovers to pre-cooling levels. Analyses of
multiple climate cycles suggest that the response of
fire to the recorded climate changes is extremely fast
(Fig. 3).
There are fewer highly resolved records of biomass
burning over time scales longer than the last climatic
cycle. The longest continuous record of biomass burning is a million-year-long black carbon record from
marine sediments in the eastern equatorial Atlantic
(Bird and Cali, 1998; Bird and Cali, 2002). This record
represents fires in sub-Saharan West Africa and shows
large episodic increases in fire activity. Periods of high
burning occur during some interglacials; no fire is
recorded during glacial periods.
Older geological records of fire (Fig. 1f, Bowman
et al., 2009) show that burning occurred on Earth at
least as long ago as the Silurian (ca. 420 million years
ago) and Carboniferous (ca. 400 million years ago)
(Glasspool et al., 2004). The Permian (ca. 250–300
million years ago) was also characterized by high levels of fire. On such long time scales, variations in
atmospheric oxygen are thought to be the primary control on whether and how much fire was possible (Scott,
2000; Scott and Glasspool, 2006). Experimental studies suggest fire cannot be sustained when the oxygen
content of the atmosphere is below about 15% (Jones
and Chaloner, 1991; Belcher and McElwain, 2008). At
oxygen levels above ca. 35%, wildfires would consume
most terrestrial vegetation (Scott, 2000; Lenton, 2001).
Modeling experiments suggest that the abundant charcoal found in Carboniferous and Permian sediments
may reflect widespread wildfires that occurred once
atmospheric oxygen increased above ~21% (Berner,
1999). The Paleocene-Eocene thermal maximum (ca.
65 Ma) was also characterized by major increases in
biomass burning (Collinson et al., 2007; Marynowski
and Simoneit, 2009). Peaks in charcoal in marine
sediments ca. 7–8 million years ago (Fig. 1f) are contemporaneous with the expansion of open grasslands
and savanna vegetation globally (Keeley and Rundel,
2005).
There is a high degree of variability in fire-regime
patterns at different temporal scales, and this is more
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Fig. 3 The response of fire regimes to rapid climate changes.
a Superposed epoch analysis of ice-core and biomass-burning
records over the interval 80–10 ka, showing the response of fire
to rapid cooling and warming intervals during the DansgaardOeschger cycles (Daniau et al., in press). b Comparison of

the temporal evolution of composite charcoal records from the
northern extratropics through the Younger Dryas chronozone
(Daniau et al., submitted), which, as shown by the ice core
record, was characterized by rapid cooling and subsequent rapid
warming on the order of 10◦ C in Greenland in about a decade
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than a reflection of differences in data sources and
methodological approaches. Satellite data show clear
seasonal cycles in fire, but at longer timescales changes
in fire are more episodic than periodic. Although
regional fire regimes are often characterized in terms of
return times, such regularity can only be maintained as
long as the major drivers of fire activity, including climate conditions, vegetation cover and ignition sources
remain unchanged. Both historical and paleo-records
suggest that stability is the exception rather than the
norm.

Controls of Fire
Globally (Fig. 2a), fire is controlled by climate
(Carmona-Moreno et al., 2005), which on short time
periods produces the familiar cycle of seasonal burning (Fig. 1a). Seasonal variations in climate are driven
by gradual increases and decreases in insolation that
result from the movement of the Earth around the Sun.
These insolation-driven climate changes are generally characterized by large temperature changes during
the year at mid- and high latitudes, and by changes
in precipitation at lower latitudes. Temperature and
precipitation interact to determine vegetation growth,
composition, and structure, which in turn influence
the patterns of fuel loading and moisture that directly
determine fire spread, severity, extent, and related factors (Stephenson, 1998; Dwyer et al., 2000), and hence
the seasonal variations in the incidence of fire (Fig. 2b).
The importance of fuel load versus fuel moisture varies
across climate gradients. In arid environments, lack
of precipitation constrains vegetation growth making fuel availability the primary limiting factor on
the occurrence and spread of fire. In moist environments, fuels are abundant but their flammability is
limited by the length and intensity of the dry season
(Westerling et al., 2003; van der Werf et al., 2008b).
In the wettest climates, fuels never dry sufficiently
to burn.
Fire tends to occupy intermediate environments in
terms of climate, vegetation, and human population.
This generalization is supported by the distribution of
area burnt along climate and vegetation-productivity
gradients, such as available moisture versus net
primary productivity (Fig. 4a). The largest annual
area burnt tends to be in regions with net primary
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productivity between about 400 and 1,000 gC/m2
and with intermediate levels of moisture availability
(between 0.3 and 0.8 on an index of actual to potential evaporation, AE/PE). Fire is largely absent from
extreme environments, such as low tundra, deserts, and
semi-arid regions where sparse vegetation results in
discontinuous fuel loads that prevent the spread of fire.
Fire is also rare in temperate oceanic margins and in
tropical rainforests, where the fuel is too wet to burn.
It is remarkable that the extremely heterogeneous pattern of fire in geographical space (Fig. 2a) reduces to
a single broad maximum of fractional area burnt when
plotted in climate and vegetation space (Fig. 4a).
Comparing the distribution of fire against those of
biomes along NPP and AE/PE gradients shows that
seasonally dry tropical forests, savanna and dry woodlands have the largest annual area burnt (Fig. 4b),
while grassland and dry shrublands, and temperate
and boreal forests have intermediate annual area burnt.
Deserts and tundra have the lowest annual area burnt.
These patterns are consistent with the preferred “habitat” of fire in woodlands, shrublands, and seasonally
dry forests with intermediate levels of biomass accumulation and seasonal moisture stress.
Fire similarly is prevalent at intermediate levels of
lightning and population densities (Fig. 4c, d). Fire
is rare where lightning is infrequent, not necessarily because ignition is a limiting factor but because
climate limits both lightning and fire for different reasons: lightning is less frequent in high than in low
latitudes because of lower convective activity in high
latitudes, whereas fire is less frequent at high than at
low latitudes because of limited fuel availability. Fire
is also rare where lightning is most common – in tropical rainforests – because the fuel is rarely dry enough
to sustain combustion. Lightning is only rarely considered to be an important limiting factor, such as in the
Chilean mattoral and in North American coastal rainforests during the early Holocene (Fuentes et al., 1994;
Brown and Hebda, 2002). Comparison of the distributions of lightning, vegetation, and fire (Fig. 4a, c)
shows that there is abundant lightning in most regions
of low burnt area, except in the tundra.
Population densities and fire are not related in any
simple way (Fig. 4d). Regions with the highest burnt
area have intermediate levels of population. Overall,
the distribution of population resembles that of vegetation more fire, with low population densities in
tundra, boreal forest, and tropical forest biomes. In
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Fig. 4 Theoretical relationships between climate, lightning,
vegetation, population density, and fire at a global scale based on
satellite remotely sensed burnt-fraction data (GFEDv2.1) (van
der Werf et al., 2006). Model-based estimates of net primary productivity (NPP) are from Cramer et al. (1999); values of actual
to equilibrium evapotranspiration (AE/PE) were calculated using

the CRU CL 2.0 data set (New et al., 2002). The distribution of biomes is plotted in climate space for comparison.
Lightning data are from the LIS/OTD HRMC V2.2 dataset
(http://gcmd.nasa.gov/records/GCMD_lohrmc.html) and population density from the HYDE 3.0 data set (Klein Goldewijk and
van Drecht, 2006)

many areas, fire is uncommon at both very low and
very high population densities (Archibald et al., 2009).
A conceptual model of the major controls on fire
must include climate, vegetation, and human activity
(e.g., Lafon and Grissino-Mayer, 2007; Balshi et al.,
2007; Krawchuk et al., 2008). Climate controls fire
activity through changes in fire weather, which include
factors such as temperature, precipitation, wind, and
the length of dry spells between storms, all of which
show complex geographic variation. Fire weather also
determines the occurrence of natural ignitions through

lightning. Vegetation regulates fire because its composition and structure determine fuel characteristics
(amount and flammability). Net primary productivity (NPP), for example, is a strong predictor of fire
occurrence (Krawchuk and Moritz, 2009). However,
at broad spatial scales and on multi-annual timescales,
vegetation type and productivity are themselves determined by climate. Topography is a secondary control on fire that strongly influences fire behavior at
finer spatial and temporal scales (Heinselman, 1973;
Gavin et al., 2006; Parisien and Moritz, 2009). The
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atmosphere and soil link fire effects back to fire controls through feedback processes (e.g., via trace gas
and aerosol emissions and via nutrient supplies that
affect vegetation productivity). Fuels, ignitions, and
fire weather are proximate determinants of fire that
are themselves determined by vegetation, climate, and
human activities.

People and Fire
There is a long and varied history of interactions
between people and fire (Pyne, 1995; Pausas and
Keeley, 2009). The interpretation of this history has
often been the subject of controversy, and much
of the debate is informed more by perception than
observation.
People can alter fire regimes directly both by lighting fires, either deliberately or accidentally, and by
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excluding or suppressing fires. Available data suggest that people are responsible for igniting the largest
number of fires today (FAO, 2007), except in boreal
forests where lightning is still the primary ignition
source. In southeast Asia, northeast Asia, and South
America, where fire is used extensively for land clearance and the maintenance of pasture and agricultural
lands, people are estimated to light over 80% of all
fires (FAO, 2007). In the western US, about half of all
fires – and almost all fires that occur during the winter –
are ignited by people (Bartlein et al., 2008) (Fig. 5a,
b and c); however, more fires are started by lightning
during the summer fire season, and lightning-ignited
fires account for most of the area burnt (Kasischke
et al., 2006). This appears to be a common pattern:
although people have a strong impact on the number
of fire starts, they have a much smaller impact on the
amount of vegetation burnt, and thus comparatively little influence on the magnitude of fire-induced changes
in the Earth system.
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Fig. 5 The influence of people on key aspects of fire regimes.
Number and timing of fires caused by a lightning, and b humans
compared to c total fires in the western USA (redrawn from

Bartlein et al., 2008). Percent d burnt area and e fire activity
(number of fires) as a function of population density in South
Africa (redrawn from Archibald et al., 2009)
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The high economic and social costs of fires have led
to active policies of fire suppression in many countries
(FAO, 2007). The impacts of fire suppression, however,
are not always as intended. The exclusion or suppression of fire has been claimed to contribute to dangerous
fuel build-up (Donovan and Brown, 2007; Mitchell
et al., 2009), changes in forest stand structure (including a paradoxical reduction in carbon storage: Fellows
and Goulden, 2008), undesirable changes in species
composition, and pest and disease outbreaks (Castello
et al., 1995). Fires that do occur in areas where fire has
been suppressed by fire fighting can burn larger and
hotter, and thus become increasingly destructive rather
than restorative (Moritz and Stephens, 2008).
People also have an indirect but important impact on
fire regimes, through altering land use (e.g., Heyerdahl
et al., 2001; Marlon et al., 2008; Carcaillet et al., 2009;
Krawchuk and Moritz, 2009). Similar changes in land
use do not necessarily have the same effect in different
ecosystems. Evidence from South America indicates
reductions in fire occurrence associated with increased
grazing in prairies and savannas, but increases in fire
are associated with increased grazing in rain forests
(Bella et al., 2006). In fire-sensitive regions, such as
in seasonally dry tropical forests, the effects of human
“deforestation” fires are well known. Large fires are
novel to these ecosystems (Cochrane et al., 1999;
Bush et al., 2007a; Bush et al., 2007b; Field et al.,
2009), and there is concern about the effects of such
fires on ecosystem services and biodiversity (Cochrane
and Barber, 2009).
The pervasive use of fire by people have led some
modellers to estimate past fires and emissions by scaling changes in fire to changes in population growth
(e.g., Dentener et al., 2006). Fire data from South
Africa, however, indicate that population density is
not linearly related to burnt area or number of fires
(Archibald et al., 2009). Instead, burnt area was found
to be inversely correlated with changes in population
density; burnt area declines very slightly at low levels and then more rapidly declines as densities increase
further (Fig. 5d). Numbers of fires increase with population density at low levels, but then decreases as population density continues to rise (Fig. 5e). Temporal
trends in fire history at the global scale show a similar correlation between increasing population levels
and increasing biomass burnt up to a certain level (i.e.,
when global population reached about 1.6 billion at
1900 AD) followed by a rapid reduction in fire activity
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as global population grew from 1.6 to over 6 billion in
2000 AD, significantly reducing the “available habitat”
for fire through land-use changes (Marlon et al., 2008).

Fire and Vegetation Dynamics
Wildfire is an agent of vegetation disturbance, initiating succession and promoting short-term changes
in biogeochemical cycling (Liu et al., 2005). Fire
also shapes population dynamics and interactions
(Mutch, 1970; Biganzoli et al., 2009). In the shortterm, smoke haze from large-scale fires reduce light
availability sufficiently to noticeably decrease photosynthesis (Schafer et al., 2002) and thus potentially jeopardize the yield of annual species and
crops. Paleoecological data shows that changes in fire
regime associated with rapid climate changes have
lead to abrupt reorganizations of vegetation communities (Shuman et al., 2002; Williams et al., 2008).
Abrupt changes in fire regimes associated with the
relatively recent human colonization of regions such
as New Zealand appear to have promoted large-scale
and permanent changes in vegetation (McGlone and
Wilmshurst, 1999; McWethy et al., 2009). Similarly,
the use of fire for deforestation in tropical forests or the
introduction of invasive grasses in the more recent past
have led to the conversion of forests and woodlands
to more open, flammable communities (D’Antonio and
Vitousek, 1992; Cochrane et al., 1999). In tropical rainforests, deforestation fires initiate a positive feedback
cycle, whereby fire creates canopy openings, leading
to reduced fuel moisture and low relative humidity and hence increasing the risk of fire (Cochrane
et al., 1999; Nepstad et al., 2004). In contrast, fires
in arid regions can destroy vegetation cover and fuel
continuity and prevent a recurrence of fire until the
system recovers. Increases in human-caused ignitions
can increase fire frequency beyond the range of natural variability thereby altering species composition and
decreasing soil fertility (Tilman and Lehman, 2001;
Syphard et al., 2009). Deliberate protection from fire
promotes the growth of closed forests. In some regions,
these changes in vegetation lead to changes in the type,
intensity and frequency of fires. For example, regrowth
of forests after fire exclusion leads to a switch from
frequent, low-intensity surface to less frequent but
high-intensity crown fires (Allen et al., 2002). Local
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circumstances that exclude fire may favour the persistence of fire-sensitive vegetation types, such as tropical
rainforest, such that the occurrence or absence of fire
may be responsible for alternate stable ecosystems
within the same climate zone (Grimm, 1984; Wilson
and King, 1995; Bowman, 2000).
Many species possess survival or reproductive traits
that allow them to persist in fire-prone areas (Bond
and van Wilgen, 1996; Schwilk and Ackerly, 2001;
Pausas et al., 2004; Paula et al., 2009). The development of thick bark, for example, allows trees to
survive low-intensity fires, while epicormic resprouting after damage favours rapid regrowth after fire.
The association of plant species with distinct reproductive and survival characteristics under different fire
regimes suggests that fire is a powerful biological filter on plant distribution, and has led to speculation
that fire has had a pronounced evolutionary effect on
the development of biotas. It has been suggested that
the expansion of savannas around 7–8 million years
ago, for example, was a result of increases in wildfire
that led to a drier climate through biophysical and biogeochemical feedbacks to climate, and thus promoted
expansion of drought-tolerant vegetation (Beerling and
Osborne, 2006). Similar arguments have been made
for the aridification of Australian vegetation following
aboriginal colonization ca. 45–50 thousand years ago
(Miller et al., 1999), although in this case there is evidence for similar changes in fire regime in regions
not colonized until much later (Dodson et al., 2005;
Stevenson and Hope, 2005) and the observed aridification can be explained by external forcing alone
(Hope et al., 2004; Pitman and Hesse, 2007). Traits
that promote fire or recovery following fire are not
unambiguously the result of natural selection by fire
(Schwilk and Kerr, 2002), and both the expansion of
savannas and drought-tolerant vegetation at various
stages in Earth’s history is susceptible to a more direct
climatic explanation.

Potential Feedbacks to Climate
Changing climate and human activities lead to change
in fire regimes, but wildfires could in principle themselves contribute to changes in climate – via emissions
of long-lived greenhouse gases (CO2 , CH4 , N2 O),
other trace gases including biogenic volatile organic
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compounds (BVOCs), and aerosol precursors, and
physical land-surface changes resulting from changes
in vegetation structure induced by fire (Galanter et al.,
2000; Winkler et al., 2008; DeFries et al., 2008).
Disentangling the relative importance of different putative feedbacks among vegetation, fire, and climate is
challenging (Bonan, 2008) and represents an area of
Earth System Science that remains poorly quantified.

Carbon Cycle Feedbacks
Fires consume vast quantities of vegetation annually and in the process release carbon dioxide (CO2 ),
methane (CH4 ), carbon monoxide (CO), and nitrous
oxide (N2 O) (Cofer et al., 1998; Rinsland et al., 2006;
Bian et al., 2007), which are primary, long-lived greenhouse gases (Fig. 6). Terrestrial biomass represents
about a quarter to a third of the terrestrial carbon
reservoir (Field and Raupach, 2004; Houghton et al.,
2009). Biomass burning for deforestation is estimated
to have contributed ca. 19% of the atmospheric CO2
increase since pre-industrial times (Randerson et al.,
1997; Bowman et al., 2009). Annually, fires release
about 2.5 Pg of carbon per year (Pg C/year) to the
atmosphere (Lavoué et al., 2000; van der Werf et al.,
2006; Schultz et al., 2008). This amount is larger during severe drought years (van der Werf et al., 2004;
van der Werf et al., 2006). During the 1997–1998 El
Niño, burning in Indonesia alone contributed about
40% of all carbon emitted globally that year, which
showed the largest annual increase in CO2 since precise records began in 1957 (Page et al., 2002). The
trend toward increasing fires in Indonesia and in the
tropical Americas is mainly attributed to deforestation
fires (Morton et al., 2008; Field et al., 2009), but
climate-induced increases in droughts are expected to
exacerbate the problem (van der Werf et al., 2008a;
Cochrane and Barber, 2009).
Fire emissions of CO2 add to the global atmospheric CO2 budget when more carbon is added than
is sequestered by vegetation regrowth (Fig. 6). As a
result, fires in savanna and grassland ecosystems, for
example, where post-fire vegetation recovery is rapid,
have no net effect on the atmospheric CO2 budget in
the absence of a fire-regime shift. When post-fire vegetation recovery is slower as in temperate or boreal
forests, CO2 emissions may have long-lasting effects
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Fig. 6 Schematic showing
carbon-cycle, atmospheric
chemistry and biogeophysical
feedbacks from fire to the
climate system
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(Amiro et al., 2001; Litvak et al., 2003; Balshi et al.,
2009). Fire is becoming an increasing concern in
boreal and tundra regions in particular because of the
high sensitivity of these ecosystems to global warming.
Increased surface heating from higher fire frequencies
in tundra ecosystems associated with rapid warming
there could contribute to the release of large quantities of carbon from melting permafrost (Zoltai, 1993;
Mazhitova, 2000) increased fire activity in boreal
forests has the potential to significantly increase carbon emissions there (Kasischke et al., 1995; Kasischke
and Bruhwiler, 2002; Flannigan et al., 2005).

O3
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there is substantial uncertainty regarding the contribution of biomass burning to variations in CH4 , owing
to the variety of methane sources. Furthermore, the
interannual variability of global CH4 concentrations is
not well understood.
Attempts have been made to disentangle the relative importance of contributing factors to past changes
in atmospheric composition as shown in ice core
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The main atmospheric impacts of fire (Fig. 6) are
related to emissions of particles, nitrogen oxides
(NOx ), methane (CH4 ), and other volatile hydrocarbons, either directly or through secondary effects
including the formation of ozone (O3 ) and aerosols
(Andreae and Merlet, 2001). Methane is 25 times
more powerful than CO2 as a greenhouse gas, but
has a shorter atmospheric lifetime. Biomass burning
is only one source of CH4 ; emissions from wetlands
and agricultural activities are larger. Bowman et al.
(2009) estimate that biomass burning from deforestation fires currently contributes about 4% to the current total radiative forcing of CH4 (Fig. 7). However,
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Fig. 7 Estimated contribution of changes in fire regime due to
deforestation to radiative forcing over the industrial era, redrawn
from Bowman et al. (2009)
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records through paleoreconstructions and modeling
experiments (Ferretti et al., 2005; Fischer et al., 2008;
Houweling et al., 2008). Thonicke et al. (2005) simulated changes in biomass burning at the Last Glacial
Maximum (LGM) compared to pre-industrial conditions using a Dynamic Global Vegetation Model
with an explicit simulation of fire processes. In this
simulation, reduced biomass burning at the LGM
resulted in ca. 1 Pg less carbon released annually
to the atmosphere than under pre-industrial conditions, and concomitant reductions in other pyrogenic
emissions. Assuming constant atmospheric lifetimes of
these gases, the reduction in pyrogenic CH4 and N2 O
emissions would be equivalent to a change in radiative forcing of ca. –0.2 W/m2 in both cases, which
is 7 and 8.5%, respectively, of the overall change in
radiative forcing associated with the total LGM to preindustrial change in the concentrations of these two
gases. The possible impact of reduced pyrogenic emissions of CO2 at the LGM on the glacial-interglacial
change in atmospheric CO2 concentration is negligible, compared to the large uptake of CO2 by the
land biosphere during the deglaciation and the even
larger release of CO2 by the ocean. However, changes
in pyrogenic emissions could have had further minor
impacts on radiative forcing through influencing ozone
production and atmospheric oxidizing capacity, with
implications, e.g., the lifetime of CH4 (Thonicke et al.,
2005).
Nitrogen oxides (NOx ) other than N2 O and volatile
organic carbons (BVOCs) from biomass burning contribute to the formation of ozone (O3 ) in the troposphere. Global biomass burning emissions represent
ca. 25% of the global NOx emissions (Jaegle et al.,
2005). Hastings et al. (2009) used ice core data to
demonstrate that human activities have caused a rapid
recent increase in NOx . Tropospheric O3 is a greenhouse gas. Bowman et al. (2009) estimate that biomass
burning for deforestation has contributed about 17%
to forcing due to tropospheric O3 during the industrial
period (Fig. 7). At ground level, ozone is also a pollutant that reduces air quality, affects human health,
and damages vegetation and ecosystems. CO, NOx ,
and BVOCs produced during wildfires can cause significant increases in local and regional ozone levels
(Pfister et al., 2005; Winkler et al., 2008). Simulations
have demonstrated substantial sensitivity of radiative
forcing to variation in overall pyrogenic emissions and
relative changes in warming (black carbon, BC) and
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cooling (secondary organic aerosol, SOA) aerosol (Ito
et al., 2007; Naik et al., 2007).

Impacts of Soot
Fires affect land-surface albedo by altering vegetation cover, darkening land through soot (black carbon)
deposition, and increasing snow exposure. Small-scale
changes in land-surface albedo have very little effect
on the global radiative budget (Randerson et al., 2006)
and in any case the impacts of these changes persist for only a short time until the ecosystems begin
to recover. The impact of soot production on atmospheric chemistry may be a more important influence.
Soot aerosols from biomass burning can affect regional
climate by absorbing radiation and heating the air
(Fig. 6); this in turn can alter regional atmospheric
stability and vertical motions, and thus influence largescale circulation and the hydrologic cycle (Menon
et al., 2002). Open biomass burning associated with
deforestation and crop residue removal produces ~40%
of global black carbon emissions (Bond et al., 2004).
Indirect effects on radiative forcing occur primarily
because aerosols affect cloud properties (Sherwood,
2002; Guyon et al., 2005). Unlike trace gases, aerosols
are not well mixed: aerosol distribution is heterogeneous spatially and through the atmospheric column
vertically. As a result, the effects of aerosols on climate are difficult to model and remain one of the
largest uncertainties in the simulation of global climate. Bowman et al. (2009) estimate a slight negative forcing from direct aerosol effects from biomass
burning but consider the indirect aerosol effects too
uncertain to estimate (Fig. 7).
Emissions of soot from wildfires decrease the
albedo of snow, ice, and land and thus can increase
surface temperatures (Hansen and Nazarenko, 2004).
Increasing concentrations of black carbon, in combination with decreasing concentrations of sulfate
aerosols, have substantially contributed to rapid Arctic
warming during the past three decades (Shindell and
Faluvegi, 2009). Additionally, black carbon within
soot that is deposited over snow and ice significantly
increases solar absorption and melting (Ramanathan
and Carmichael, 2008), which may be one of the
important contributors to Arctic sea ice retreat (Flanner
et al., 2007). The impact of even small shifts in albedo
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on snow has large potential consequences for radiative
forcing due to positive feedbacks. Koch and Hansen
(2005) used a global climate model to show that soot
in the Arctic today comes from both industrial combustion and biomass burning. Model experiments indicate
that soot has substantially contributed to rapid Arctic
warming during the past three decades (Shindell and
Faluvegi, 2009), and may be responsible for half of the
1.9ºC increase in Arctic temperatures between 1890
and 2007 because of its effects on snow and ice albedo
at high latitudes (Ramanathan and Carmichael, 2008).

Costs
Fires in Indonesia during the 1997–1998 droughts
brought the potential costs of uncontrolled wildfires
to global attention (Tacconi, 2003). The fires were
largely set to clear land for oil palm and timber plantations and affected about 5 million hectares. Smoke and
haze from the burning peat and forest engulfed millions of people in Southeast Asia, reducing visibility,
causing respiratory illness, and increasing infant mortality (Jayachandran, 2005). The economic costs were
estimated at between US$4.4–9 billion – an amount
that exceeds the funds needed annually to provide
basic sanitation, water, and sewerage services to all
of Indonesia’s 120 million rural poor (EEPSEA and
WWF, 1998). The fires have been widely regarded
as the largest environmental disaster of the century
(Glover, 2001).
The costs of these fires have been studied in detail
(Tomich et al., 2004; Lohman et al., 2007). Costs
related directly to suppression and control of the fires
were less than 1% of the total costs (Fig. 8c). Direct
losses incurred during and immediately after the fire
event, including the costs of lost timber, agriculture,
and tourist revenue amounted to ca. 28% of the total
cost. The less tangible indirect costs, which include
direct forest benefits (i.e., food, local medicines, raw
materials and recreation), indirect forest benefits (e.g.,
storm protection, water supply and regulation, erosion control, soil formation, nutrient cycling, and
waste treatment), and costs associated with biodiversity losses, and the release of carbon to the atmosphere, were estimated as comprising the largest (ca.
48%) economic impact (Fig. 8c) while short-term
health costs were estimated as ca. 23% of the total
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cost. Although this accounting appears comprehensive,
there are large uncertainties associated with the estimates of indirect costs. The indirect costs associated
with carbon release and biodiversity loss, for example, reflect income lost to Indonesia for conserving
its forest; but these are hypothetical, being estimated
as the price that agencies and organizations are willing to pay to conserve tropical forests (EEPSEA and
WWF, 1998). On the other hand, additional costs associated with evacuations, long-term health damages or
loss of life, or effects from the haze that may have
reduced crop productivity, photosynthesis, pollination,
and other biological processes (see e.g., Schafer et al.,
2002), were not taken into account. The estimated biodiversity costs do not take into account the intrinsic
value of species that have been extirpated or whose
extinction has been accelerated, the potential but currently unexploited value of ecotourism or medicines, or
losses of cultural diversity of indigenous forest-based
culture (EEPSEA and WWF, 1998).
There are few reliable data on the cost of wildfires
for many of the regions where fire is prevalent. Even
in developed countries, data on fire-related costs are
often uncertain and incomplete. According to the FAO
global fire assessment (FAO, 2007), the direct costs
of fire are in the hundreds of millions of dollars for
many countries, and in the billions for larger countries
and regions. India reported costs of US$107 million in
one year, for example. Russia reported costs of US$4.2
billion in 1998, and timber losses were estimated at
US$0.5–1 billion yearly in northeast Asia. Mexico
estimated losses of US$337 million in wood, US$6.6
million in firewood and US$39 million in reforestation
costs.
Wildfires are recognized as environmental disasters by the international community; this fact provides an alternative tool for the assessment of
costs and impacts (International Disaster Database:
http://www.emdat.be/). Fifteen countries declared
wildfire disasters during the decade 2000–2009
(Fig. 8b). The predominance of countries with
Mediterranean-type climates in this list reflects the
strong control of climate on wildfires and points to
the vulnerability of these environments to fire in the
face of global warming. The analyses show large discrepancies in the overall cost of wildfires between
countries. The estimated economic losses from wildfires in the USA dwarf the losses experienced by all of
the other countries (Fig. 8a). However, when expressed
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Fig. 8 The costs of wildfires. a Estimated costs of wildfire disasters in the decade 2000–2009 by country in millions of US$,
where a wildfire disaster is defined as an event where more than
ten people were killed or more than 100 injured, where a state of
emergency was declared or international aid was solicited. Data
from the International Disaster Database (http://www.emdat.
be/). These costs are re-expressed b as a yearly cost per area
where area is total land area of the country and as a percentage of
gross domestic product (GDP) in 2008 (The World Bank: World
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Development Indicators database: http://web.worldbank.org/
WBSITE/EXTERNAL/DATASTATISTICS/0„menuPK:232599~
pagePK:64133170~piPK:64133498~theSitePK:239419,00.html).
c Estimated costs of the fires in Indonesia during the 1997/1998
ENSO season, showing fire-fighting costs, direct costs from loss
of timber, agriculture or tourist revenue, indirect costs including
ecosystem services provided by forests, indirect benefits from
forest, carbon costs, and loss of biodiversity, and short-term
health costs. Redrawn from data in Lohman et al. (2007)
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either in terms of areal impact or as a proportion of
gross national product (GDP), the economic impact of
fire in the USA is much smaller than its impact in,
e.g., Australia or several countries in southern Europe
(Fig. 8b). The wildfire disasters in Portugal, in particular, cost the equivalent of 1.4% of GDP. This form
of accounting does not include indirect costs, and the
actual economic impact of wildfires may be much
larger than these numbers suggest.
The fire-fighting costs for the Indonesian fires were
US$ 34 million, or less than 1% of the total estimated
costs. By comparison, the fire-fighting costs in the
USA for the Yellowstone National Park fires of 1988
were US$ 120 million. After the “Black Saturday”
fires in February 2009, the Australian government budgeted nearly US$ 1 billion for costs associated with
fire-fighting, clean up, and rebuilding. Fire-fighting is
a much larger and better-funded endeavor in developed countries such as the US and Australia, typically
involving large hand-crews, tankers, bulldozers, helicopters, and airplanes to protect lives, homes, and
structures even though a change in weather conditions
is always, in reality, the main agency that stops large
wildfires.
Fire suppression activities are relatively easy to
quantify because they occur during and immediately
after the fire event. Other direct costs, such as loss of
property or timber are also relatively easy to assess
(Dale, 2009). However, the longer-term, indirect consequences of fires have far-reaching effects that can
dwarf the costs related to fire suppression. Long-term
damages to watershed values and other ecosystem services, such as the regulation of water and soil quality
and quantity, and of carbon sequestration, for example, may represent the most significant costs from large
fire events (Lynch, 2004). The California Fire Plan
delineates a comprehensive list of both cultural and
environmental assets potentially at risk from wildfire
in order to identify areas where the potential cost of
a major wildfire event is largest, and thereby help
prioritize pre-fire management activities. The asset
analysis includes items such as air and water quality,
hydropower generation, flood control, water storage
capacity, historic buildings, and scenic areas. Areas are
ranked based on the potential physical effects of fire as
well as the human valuation of those effects.
A recent analysis estimated the total cost of fire
in Australia at over US$7.7 billion per annum, or
about 1.15% of the country’s GDP (Ashe et al., 2009).
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Similar analyses show that total fire-related costs in the
UK, USA, Canada, and Denmark all fall in the range of
0.9–2% of GDP. In the USA, fire-related costs are ca.
2% of GDP and rapidly increasing not only because
of an increase in the number of big fires but because
of rapid development of homes in the wildland-urban
interface (USDA, 2006; Rasker, 2009). Ashe et al.
(2009) have shown that Australia is investing about
US$6.6 billion (or 85% of the total cost of fire) to
manage a loss of about US$1.2 billion (or 15% of the
total cost of fire). Such analyses raise critical questions about current approaches to fire management, in
Australia and elsewhere.

Future Fire Regimes
Increases in the number of large fires and in the area
burnt have been observed during recent years in many
regions, including Canada (Stocks et al., 2002; Gillett
et al., 2004), the United States (Westerling et al., 2006),
southern Europe (Piñol et al., 1998), Siberia (Kajii
et al., 2002), eastern Eurasia (Balzter et al., 2007;
Groisman et al., 2007), and Australia (Cary, 2002).
It seems increasingly likely that these increases are
a result of anthropogenic climate changes (e.g., see
Running, 2006), and this has led to a growing concern for predicting how potential changes in climate
over the twenty-first century might affect natural fire
regimes.
Most of the assessments of the impact of anthropogenic climate changes on regional wildfire regimes
have been based on observed relationships between climate and some aspect of the fire regime at a regional
or sub-continental scale (e.g., Flannigan et al., 2001;
Cardoso et al., 2003; Balshi et al., 2009; Girardin
and Mudelsee, 2008). Krawchuk et al. (2009) have
used various statistical relationships to project future
changes in fire regimes globally. Although they show
major increases in the probability of fire in for example the boreal zone, this increase is offset by reductions
in the incidence of fire elsewhere, and overall there is
no discernible change in fire at the global scale. A key
issue with all of these future predictions is the degree to
which statistical relationships characteristic of modern
fire-climate interactions hold under potentially different climates and CO2 concentrations. Flannigan et al.
(2001) addressed this by showing that application of
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the modern statistical relationship between fire weather
and fire incidence to simulated climates for 6,000 years
ago produced patterns of changes in fire regimes
across Canada consistent with charcoal-based reconstructions of changes in biomass burning during the
mid-Holocene. In general, however, there have been
few attempts to test whether statistical relationships
observed under modern conditions are likely to hold
when climate changes beyond the modern observed
range.
Process-based modeling provides a way of overcoming the limitations of statistical modeling. There
are now many fire models, some adapted for specific ecosystems (e.g., Ito and Penner, 2005; Crevoisier
et al., 2007) while others are global in scope (Lenihan
et al., 1998; Kucharik et al., 2000; Thonicke et al.,
2001; Venevsky et al., 2002). Some models have
been designed to be coupled within climate models
(e.g., Arora and Boer, 2005; Krinner et al., 2005)

in order to investigate feedbacks. There have been
only a few attempts to apply such models to estimate future changes in fire regimes either at a regional
(Bachelet et al., 2005; Lenihan et al., 2008) or at
a global scale (Scholze et al., 2006). Nevertheless,
some robust features are beginning to emerge. In general, there is an overall increase in fire in response to
warming over the twenty-first century (Fig. 9). Some
regions, however, experience reduced fires: in tropical
regions, this decrease reflects the fact that warming is
accompanied by an increase in precipitation while in
semi-arid regions the decrease occurs because regional
warming results in considerable reduction of fuel loads
and decreases in fuel connectivity. The changes in
fire regimes, whether these are regional increases or
decreases in fire, become more marked through the
century (compare Fig. 9a, b, and c) and with the magnitude of the global increase in temperature (compare,
e.g., Fig. 9c with f).
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The recognition that there will be regional differences in the direction of future changes in fire regime
is common to both statistical and process-based modeling projections, as is the general idea that the changes
in fire regime will become more severe during the
twenty-first century. However, detailed comparisons of
the predictions show few other similarities. Krawchuk
et al. (2009) show increased fire across much of the
boreal zone, whereas Scholze et al. (2006) show a
decrease in fire in large parts of the boreal zone and
major increases in fire in the temperate forests and
in semi-arid regions. The simulations presented here
(Fig. 9) show more extreme changes in fire regimes
than either of these two previous studies. There is an
urgent need to evaluate and improve approaches to
predicting changes in future wildfires in response to
anthropogenic climate changes, both because of the
large costs and because of the potential feedbacks from
fire to climate (Flannigan et al., 2009). It is also important because future climate changes could amplify
direct human impacts on fire regimes in that human-set
fires are more likely to escape control and to persist for
longer during drought conditions (van der Werf et al.,
2008b).
Prognostic modeling of fire is relatively new and
there are, as yet, no model-based investigations of the
potential magnitude of pyrogenic feedbacks through
atmospheric chemistry to climate. It is difficult to estimate the overall impact of potential future changes
in biomass burning on radiative forcing without targeted model experiments because the changes in
biomass burning are regionally specific and the influence of changes in pyrogenic emissions on atmospheric chemistry are sensitive to location (Naik et al.,
2007). Although Bowman et al. (2009) have suggested
that deforestation fires during the industrial era were
responsible for ca. 19% of the total increase in radiative
forcing since pre-industrial times, Arneth et al. (in revision) have estimated that the additional net radiative
forcing over the twenty-first century would be small,
of the order of 0.02 W/m2 .

Mitigation and Adaptation: Can We
Manage Future Fire?
The observed increases in large wildfires in recent
decades, together with predictions of changes in
regional fire regimes during the twenty-first century,
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raise urgent questions as to how fires should be managed. Policies geared toward the total suppression
of wildfire are not tenable as a strategy for dealing with projected changes in fire regimes during the
twenty-first century. Even in the most developed countries, fire-fighting capacity has been insufficient to
deal with wildfires in recent years (Lohman et al.,
2007; Bowman et al., 2009) and the costs of protection and fire-fighting continue to escalate (FAO, 2007).
There is also increasing awareness of the deleterious
effects of fire suppression, and particularly of the fact
that fire suppression may lead to bigger and more
devastating fires through the build-up of dangerous
levels of fuel (Dombeck et al., 2004; Lynch, 2004).
However, even when property is not at risk and there
are obvious benefits to be gained from letting fires
burn naturally, existing incentives, policy restrictions,
and personnel limitations can overwhelmingly predispose institutions to continue to suppress fires (USDA,
2006).
The impact of fire suppression can be seen in the
contrasting histories of recent fire in Arizona (Skroch
and Swetnam, 2008). As a result of a change in
management policy, lightning-ignited fires have been
allowed to burn in the Rincon Mountains of Saguaro
National Park since 1983. The forests now contain
more mature trees and less understory fuels. However,
fire-suppression policy still remains the policy in the
more populated Santa Catalina Mountains nearby. As
a result, build-up of fuel helped promote high-intensity
crown fires which swept through the Catalinas in the
summer of 2008, destroying hundreds of homes and
costing millions of dollars to extinguish.
Fire suppression, and indeed controlled burning to
some extent, may have a deleterious impact on biodiversity (Gill et al., 1999; Brown and Smith, 2000;
Granström, 2001; Tilman and Lehman, 2001; Hutto,
2008). Many plant species are fire tolerant, require
fire for regeneration, or promote fire as a competitive strategy (Bond and Midgley, 1995; Whelan, 1995;
Schwilk and Ackerly, 2001). Savanna ecosystems,
which occupy ca. 20% of the land surface, support
a large proportion of the world’s human population
and most of its rangeland, livestock, and wild herbivore biomass (Scholes and Archer, 1997; Grace, 2006).
Most savannas only exist as a result of fire (Bond,
2008; Lehmann et al., 2008). Thus, preserving natural
fire regimes may be a necessary component of biodiversity management in the future (Shlisky et al., 2007;
Hutto, 2008).
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Reducing the risk of large wildfires through controlled burning (Pyne et al., 1996; Fernandez and
Botelho, 2003) is increasingly seen as a management option in many parts of the world. Initiatives
such as Firescape in southeast Arizona and the Four
Forests Initiative on the Mogollon Rim, for example,
are coordinating fire and fuel reduction activities at the
landscape scale (Skroch and Swetnam, 2008). For such
initiatives to be effective, however, the public needs
to accept more frequent (albeit less destructive) fires
despite the inherent risks associated with implement
controlled burns and the inconvenience of smoke.
Controlled burning has also been proposed as a
climate-change mitigation strategy (Myneni et al.,
2001). Wildfires release substantial amounts of carbon.
Bushfires in the savanna areas of northern Australia,
for example, result in the loss of ca. 340,000 km2
of vegetation annually and produce between 2 and
4% of Australia’s accountable greenhouse gas emissions (Russell-Smith et al., 2007; Cook and Meyer,
2009). Similarly, the amount of CO2 emitted by fires
in the USA is equivalent to 4–6% of anthropogenic
emissions at the continental scale (Wiedinmyer and
Neff, 2007). It is not surprising, then, that the idea
that mitigation of wildfire impacts through prescribed
burning could potentially lead to major abatement in
pyrogenic emissions has been discussed in the context of forests in Australia (Williams et al., 2004;
Bushfire Cooperative Research Centre, 2006; Beringer
et al., 2007), Europe (Narayan et al., 2007), and North
America (Hurteau et al., 2008). The underlying idea
is that prescribed burning decreases both the intensity
and extent of subsequent wildfires by reducing fuel
loads. Decreasing the intensity of fires, particularly in
savannas, means that biomass is lost through decomposition rather than combustion, resulting in reduced
emissions of CH4 and N2 O. In savannas, prescribed
burning in the early dry season, even though it may
not affect the total area burnt, has nevertheless been
shown to reduce emissions by reducing average fire
intensity (Williams et al., 2002). On the other hand,
low intensity (incomplete) burns may actually release
more methane than intense complete burns (Crutzen
and Andreae, 1990; Hao and Ward, 1993). Prescribed
fire has been used successfully in northern Australia to
achieve greenhouse-gas emission abatement (RussellSmith et al., 2007). However, in general the magnitude
of any reduction in emissions through fire management and prescribed burning is dependent on the nature
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of the vegetation and its dynamics, carbon stocks and
flows, the efficacy of prescribed burning and the tradeoffs between the different fire regimes. The gains
in terms of climate-change abatement are probably
small unless prescribed burning is useful to achieve
other land-management goals. Indeed, many countries
have already decided not to use fire management as
a climate-change mitigation strategy because current
agreements do not account for or protect against future
changes in natural disturbances whether by fire or firepromoted insect attack (Kurz et al., 2008). Additional
agreements would be required to encourage the inclusion of forest management practices as a mitigation
strategy.
Perhaps the most urgent aspect of future fire
management concerns the reduction of economic
damage. Part of the escalating cost of fire management has resulted from expansion of housing
and urban infrastructure in inappropriate areas (i.e.,
adjacent to potentially lethal fire regimes) such as the
wildland-urban interface in fire-prone ecosystems (van
Wagtendonk, 2007). In many cases, people moving
into such areas are unaware of the wildfire risk and are
unprepared for it. The adoption of strategies to promote fire preparedness, such as creating defendable
space around homes and other structures by clearing brush and keeping tree branches trimmed above
the ground, using fire-proof building materials, and
developing evacuation plans (Dombeck et al., 2004),
only provide a limited solution to the fire management
problem. The two primary options in addressing development in the wildland-urban interface are to deforest
areas to remove the threat of fire, or to avoid development in such locations. In either case, a change in
fire policy and management is becoming increasingly
urgent as all indicators suggest that wildfires will continue to burn larger, hotter, and longer for the near
future in such fire-prone ecosystems. At local scales,
human values, about fire are at the root of many of
our most serious fire-related problems. Issues such as
the social, economic, and environmental impacts of
fire and fire suppression, public safety, smoke, hazard mitigation, and fire communication and education
must be examined within the mesh of political, social,
and economic contexts where they exist (Gill, 2005).
However, instituting policies that promote increased
fire use in locations with risk to private property, such
as cost/benefit analyses that aim to balance community
and ecosystem needs and redesigning urban growth
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plans (Moritz and Stephens, 2008) are often considered
politically infeasible (USDA, 2006).
The growing number, severity, and cost of fires
in recent decades across all latitudes and countries
have made it clear that governments and institutions
are unable to adequately manage fire (FAO, 2007;
Lohman et al., 2007). Networks of organizations have
taken on increasing responsibilities for disaster policy
design and administration, but their capacity is mixed,
and most lack the ability to assess risk and evaluate their own activities (Charles and Michael, 2009).
Models of successful fire-management strategies exist
in some areas (Arno and Fiedler, 2004), and some of
these models may be applicable in broader contexts.
However, investment is needed in identifying others,
and in documenting existing efforts so that we can
learn from them.

Conclusions
Although highly variable in space and time, in general
fire is tightly linked to climate and climatic variations. Global changes of the twenty-first century make
it inevitable that the impact of large fires will continue and increase in magnitude. Changing patterns
of wildfire activity present significant environmental,
economic, and political challenges to communities and
nations. At the core of these challenges is a need to
increase public awareness of and political support for
restoring fire to ecosystems that need it, to protect environments from fire only where fire is not needed or
wanted, and to form new relationships with fire in an
uncertain future. Adapting to climate change impacts
on wildfire will require greater emphasis on flexible,
adaptable approaches to fire management. New strategies may be required that acknowledge the limitations
of fire-fighting capabilities and consequently focus on
avoidance rather than attack. A greater emphasis on
fire preparedness will also involve a shift in responsibility for creating defensible space to those who benefit
most from fire protection services.
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