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Abstract Fires are critical elements in the Earth System, linking climate, humans, and
vegetation. With 200-500 Mha burnt annually, fire disturbs a greater area over a wider variety
of biomes than any other natural disturbance. Fire ignition, propagation, and impacts depend
on the interactions among climate, vegetation structure, and land use on local to regional
scales. Therefore, fires and their effects on terrestrial ecosystems are highly sensitive to global
change. Fires can cause dramatic changes in the structure and functioning of ecosystems.
They have significant impacts on the atmosphere and biogeochemical cycles. By contributing
significantly to greenhouse gas (e.g., with the release of 1.7-4.1 Pg of carbon per year) and
aerosol emissions, and modifying surface properties, they affect not only vegetation but also
climate. Fires also modify the provision of a variety of ecosystem services such as carbon
sequestration, soil fertility, grazing value, biodiversity, and tourism, and can hence trigger
land use change. Fires must therefore be included in global and regional assessments of
vulnerability to global change. Fundamental understanding of vulnerability of land systems
to fire is required to advise management and policy.

Assessing regional vulnerabilities resulting from biophysical and human consequences of
changed fire regimes under global change scenarios requires an integrated approach. Here
we present a generic conceptual framework for such integrated, multidisciplinary studies.
The framework is structured around three interacting (partially nested) subsystems whose
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dynamics contribute to vulnerability. The first subsystem describes the controls on fire regimes
(exposure). A first feedback subsystem links fire regimes to atmospheric and climate dynam-
ics within the Earth System (sensitivity), while the second feedback subsystem links changes
in fire regimes to changes in the provision of ecological services and to their consequences for
human systems (adaptability). We then briefly illustrate how the framework can be applied to
two regional cases with contrasting ecological and human context: boreal forests of northern
America and African savannahs.

Keywords Climate - Earth system feedback - Ecosystem services - Emissions - Fire
regime - Global change - Human-environment system - Land use - Vulnerability analysis

1. Introduction

In 2003 large fires in southeastern Australia, western Canada, Mediterranean Europe, and
southern California have again drawn considerable public and political attention to fire as
a phenomenon through which ecological and human dynamics collide, at times in a critical
fashion. This recent episode reinforces concerns that were raised for tropical forest regions
after the previous El Nifio cycle of 1997/98 (Siegert et al. 2001; Page et al. 2002; Cochrane
2003). Fires are indeed critical elements in the Earth System, linking climate, land use, and
vegetation. Fire disturbs a greater area over a wider variety of biomes than any other natural
disturbance, and has done so for millennia (Clark et al. 1997; Pyne 2001). Globally 200—
500 Mha burn annually (Goldammer and Mutch 2001). Vast areas of savannahs (200-400
Mha), circumboreal forest (5—-15 Mha), and many other forest, woodland, and shrubland
ecosystems are affected. Fire ignition, propagation, and impacts depend on the interactions
among climate, vegetation structure, and land use, on local to regional scales (e.g., Lavorel and
Steffen 2004). Therefore fires and their effects on terrestrial ecosystems are potentially highly
sensitive to global change. Furthermore, large or intense fires can cause dramatic changes in
the structure and functioning of ecosystems (Dale et al. 2001). By contributing significantly
to greenhouse gas (releasing 1.7-4.1 Pg of carbon) and aerosol emissions, and modifying
surface properties, fires affect not only vegetation but also climate. Fires and the vegetation
changes they cause therefore have significant impacts on the atmosphere, biogeochemical
cycles, and a variety of ecosystem services such as carbon sequestration, soil fertility, grazing
value, biodiversity conservation, and tourist attraction. Fires must therefore be included in
global and regional assessments of vulnerability to global change (Houghton 2001).

Vulnerability is the compound outcome of exposure, impacts on ecosystem services
(termed ‘sensitivity’), and adaptability of natural and human systems (Turner et al. 2003).
In the case of fire, and taking an ecologically centred approach to vulnerability, exposure
resides in the combined changes in climate, atmospheric composition, land use, and biodiver-
sity (e.g., invasions) that are triggered regionally or locally by global change. Sensitivity is
the range of impacts on ecological and human systems that result in changes in the delivery of
ecosystem services. Adaptability is the degree to which policies, economics, or other human
factors will respond to cope with the impacts of fire on ecosystem services.

Quantifying regional vulnerabilities to fire therefore goes beyond refining the understand-
ing of cause—effects relationships, such as the classically studied effects of climate on fire
risks, the impacts of land use on fire frequency or intensity, or the quantification of emissions
from burnt areas to the atmosphere (Figure 1, arrows). Instead, assessment of regional vulner-
abilities resulting from biophysical and human consequences of changed fire regimes under
global change scenarios requires an integrated approach. Previous studies have called for

@ Springer



Mitig Adapt Strat Glob Change (2007) 12:33-53 35

" Ecosystem
' services

=¥

Land 2] p2: 6o sequences for goods & services

use and land use

mmﬁumm

Fig. 1 Integrated fire research framework. The framework presents relationships among different compart-
ments of the human-environment system involved in fire causes and effects. These are organised into one
control loop on fire regimes (FR, red box and arrows) and two feedback loops, the first one driving conse-
quences of fire for biophysical and biochemical processes (F1, blue box and arrows), and the second one (F2,
yellow box and arrows) driving consequences of fire for ecosystem services and land use. Full arrows indicate
topics of direct concern to integrated fire research, while dotted arrows represent other important, often indirect
effects. Arrows representing different causes (C) and effects (E) are numbered as referenced in the text

similar integrated approaches for specific regions or biomes (Chapin et al. 2003 for Alaska;
Cochrane 2003 for rainforests). Here we present a generic conceptual framework for such
integrated, multidisciplinary studies. The framework is structured around three interacting,
partially nested subsystems whose dynamics contribute to vulnerability. The first subsystem
describes the controls on fire regimes (Figure 1, FR). A first feedback subsystem links fire
regimes to atmospheric and climate dynamics within the Earth System (F1), while the second
feedback subsystem links changes in fire regimes to changes in the provision of ecological
services and to their consequences for human systems (F2). We then briefly illustrate how
the framework can be applied to two regional cases with contrasting ecological and human
context: boreal forests of North America and African savannahs.

2. Changing exposure: Cascading global change impacts on regional fire regimes

Fires occur because of a combination of predisposing weather, fuel conditions, and ignition
agents (Stolle et al. 2003). Ignition may result from human activities or natural events. Fire
regimes can hence be defined by frequency, type, and predominant cause of fires in each
region. Fire regime maps (Figure 2) show current exposure for each region of the globe.
Quantifying fire-related vulnerability of different regions to global change will require maps
of future exposure, i.e., of future fire regimes. To achieve this objective, a better understanding
of the relative contributions of climate, vegetation, and human activities in driving fires across
regions, and of the interactions between these factors, is required (Eva and Lambin 2000).
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2.1. Climate and weather (Figure 1, C1)

Climate influences fuel availability and flammability, ignition by lightning, and fire propaga-
tion after ignition. Fire is thus strongly linked to the variations of climate and weather through
space and time (Swetnam 1993). Climate and short- to medium-term weather influence fuel
availability. For instance, El Nifio Southern Oscillation events have a significant influence
on fire activity in Australia (Williams and Karoly 1999), southeast Asia (de Groot et al. this
issue; Murdiyarso and Adiningsih this issue), the southwestern U.S.A., and Argentina by
affecting fine fuel production (Kitsberger et al. 2001). Fire danger is also highly sensitive to
daily variability in air temperature, relative humidity, wind speed, and precipitation, all of
which control fuel moisture, and hence whether a fire will smoulder, burn, or go out after
ignition. In circumboreal regions for example, much of the forest area burnt yearly burns
within just a few days during favourable synoptic weather patterns (Flannigan and Wotton
2001; Skinner et al. 2001). Knowledge of such preconditions may help in the development
of efficient forecasting systems for ‘extreme’ fire seasons (Beckage and Platt 2003), thereby
aiding the development of more effective wildfire fighting strategies (de Groot et al. this
issue).

Climatic change will affect fire frequency. Evidence is already accumulating from records
of fire regimes that recent changes have coincided with increases in both extent and intensity
of fires in several regions (e.g., Swetnam 1993; Flannigan and Harrington 1988; Pausas 2004).
Many studies using general circulation models (GCMs) have anticipated significant increases
in fire weather and fire danger over large sections of Australia, Europe, North America, and
Russia (Stocks et al. 1998). Climate change is also likely to affect ignition by lightning,
which is common in sparsely populated regions like circumboreal forests and Australia, and
is determined by atmospheric moisture and instability. The GISS 2xCO, scenario for the
U.S.A. modelled a 44% increase in lightning-caused fires with an associated 78% increase
in area burnt (Price and Rind 1994).

2.2. Human activities (Figure 1, C2)

While natural ignition occurs relatively infrequently on a global scale, human ignition asso-
ciated with land use is widespread (Figure 2). Fire plays multiple roles in land use: it is a tool
for hunting, clearing forests, maintaining grasslands, controlling pests, and managing crops
(Eva and Lambin 2000). Environmental historian Stephen J. Pyne has narrated the story of
how fire and humanity have interacted to shape the Earth in his Cycle of Fire suite of books
(e.g., Pyne 1997). Today, in dense humid forests, fires are used for permanent land conversion
or as part of slash-and-burn agricultural systems. During dry years, fires that escape during
land clearing can destroy unmanaged or protected forests (Cochrane et al. 1999; Eva and
Lambin 2000). In dry deciduous forests of the tropics including a large part of mainland
Southeast Asia, as well as in savannahs and seminatural grasslands, frequent burning is used
to prevent woody encroachment, to selectively enhance grass production, for obtaining a
green flush (Mbow et al. 2000), or, in the case of patch burning early in the burning season,
to protect the landscape from later destructive fires (Laris 2002). In recently created pastures
within forests, burning controls weeds, pests, and woody recolonisation. Prescribed fires are
also used in forest management for reduction of wildfires, site preparation for planting, and
wildlife habitat management.

Where fires are mostly ignited by human activities, there is an inverted-U-shaped rela-
tionship between land use intensity and fire frequency: unoccupied ecosystems do not burn
frequently; systems dominated by slash-and-burn agriculture or pastoralism favour fires as
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a land management tool and modify vegetation accordingly; and systems based on mecha-
nised farming or intensively managed plantations have suppressed fires (Lambin et al., un-
published). Note that cause and effect may be confounded in some cases, as slash-and-burn
systems not only modify fire regimes and land cover but are also carried out preferentially
in sites where vegetation species are fire adapted. This relationship results from trade-offs
between the benefits of fires, described above, and the risks to human life, capital, and pro-
duction caused by fires. As land use intensifies, fires are substituted by other inputs (labour,
machinery, inorganic fertilisers), the density of human infrastructures or productions that
could be threatened by fires increases, and available fuel generally decreases. New poli-
cies regulating the use of fires may rapidly alter fire regimes. In tropical regions, extreme
droughts may increase escapes from slash-and-burn activities and opportunistic use of these
high flammability circumstances for land conversion. With agricultural intensification, the
role of fire may switch from forest clearing to burning agricultural residues. In the longer
term, mainly in developed countries, fire suppression is now believed to lead to fuel accumu-
lation and thus increases the risk of large and severe accidental fires (Agee and Hulff 1987).
Evidence for this view has been found mostly in developed countries, as exemplified by the
1988 Yellowstone fire event in western United States. Yet the overall influence of fire sup-
pression on fire regimes is still contentious, e.g., in chaparral and boreal forests (Keeley and
Fotheringham 2001), partly because impacts are confounded with other human influences
like landscape fragmentation.

2.3. Land cover (Figure 1, C3)

Land cover controls fire propagation, in interaction with weather. Land cover is controlled
by both climate and land use. Different land covers have widely differing flammabilities
depending on species composition, stand age and density, microclimate, and soil conditions.
During extreme drought most fuel becomes flammable (Hély et al. 2001; Roman-Cuesta et al.
2003), whereas during lower-risk conditions the nature of land cover (e.g., Vasquez et al.
2002) and the connectivity of flammable vegetation mostly determine surface fire spread
(Turner and Romme 1994; Rupp et al. 2000). Small increases in the abundance or spatial
continuity of flammable vegetation allow large fires to arise (Turner and Romme 1994).
Landscape fragmentation by agriculture or forestry may inhibit the spread of fires, a property
long known by rural populations using fire as a management tool (see above). Conversely,
when agricultural land is abandoned, or the intensity of pastoral use becomes very low, spa-
tial connectivity of woody vegetation increases again. This was the case in the 1980s—90s
in Mediterranean Europe, when the combination of drier-than-average conditions and refor-
estation of traditional agropastoral landscapes allowed exceptionally large fires to develop
(Moreno 1998). In rainforests, however, forest fragmentation caused by selective logging
increases rather than decreases fire penetration into the forest (Holdsworth and Uhl 1997;
Nepstad et al. 1999), priming a positive feedback where secondary forests foster subsequent
fires and degradation (Cochrane et al. 1999). This way, increasing density and connectivity
of clearings in rainforests facilitates fire spread and enhances overall fire susceptibility by
exposing increasing fractions of the forest to fire-prone edges (Cochrane 2001).

Finally, the direct and indirect effects on vegetation of atmospheric CO, concentration
and changed water balance may also affect fire regimes. Much uncertainty remains about
the nature and magnitude of these effects (Weber and Flannigan 1997), although models for
simple systems such as savannahs suggest that CO, may be a major control on the balance
between land cover (tree vs. grass) and fire regimes (Bond et al. 2003a).
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2.4. Future fire regimes

‘Exceptional’ fire seasons that made the headlines in 1997/98 in the tropics and in 2002/03
in temperate latitudes have highlighted consistent chains of causes in recent large fire
events. They reflected the combination of preconditions resulting from regionally strong
effects of El Nifio (i.e., exceptional droughts) and critical synoptic weather with ongo-
ing or recent land use change (e.g., exotic pine plantations on the edge of suburbs). Such
was the case for example in southeastern Australia, where in January 2003 half a mil-
lion hectares burnt in less than a month and where the capital city, Canberra, incurred sig-
nificant damage in a single day of extreme conditions (Lavorel and Steffen 2004). Such
catastrophic events raise questions that challenge global change science: What conjunc-
tion of biophysical and human conditions triggered this disaster? Which thresholds were
exceeded? How close is the system to these thresholds under its average conditions? Will
such catastrophic events become more frequent as global change continues and possibly
accelerates?

Globally, maps of future fire regimes can be produced with models of vegetation-fire
dynamics driven by scenarios of climate and land use change. These can be based on relatively
simple mechanistic models that estimate frequency and extent of fires at the regional scale
from climate and human density (e.g., Venevsky et al. 2002), or on statistical models relating
observed fire regimes to climate and land use variables (e.g., Cardoso et al. 2003). To further
document, understand, and predict exposure to fire, the spatiotemporal patterns depicted
in global maps of active fires, burnt areas, and fire regimes (Figure 2) need to be related
statistically within each region to data on ecosystem structure, land use, and socio-economic
factors including the historical dimension of interactions between society and fire regimes.
Complementary local surveys are required to document motives for fire ignition as part of
today’s land use systems. More sophisticated models linking land cover to fire regimes should
also incorporate transient vegetation dynamics (Bachelet et al. 2000; Thonicke et al. 2001),
plant species migration (Neilson et al. 2005), and effects of landscape heterogeneity owing
to physiography, land use, and past fires (Foster et al. 2003). Lastly, indirect effects caused by
other disturbances dependent on weather (insect outbreaks, windthrow, grazing) can modify
flammability and may cause surprises in future fire regimes (Weber and Flannigan 1997).

3. Earth system sensitivity to changed fire regimes: Global fire — atmosphere —
climate feedbacks (Figure 1, F1)

Quantifying biophysical consequences of changed fire regimes on Earth System dynamics
requires consideration of the full feedback loop linking effects on land cover, emissions to
the atmosphere, and impact of these on climate.

3.1. Fire — land cover link (Figure 1, E1)

Disturbances like fire are a key determinant of land cover. Ecosystem resilience to fires
differs widely across regions depending on their evolutionary histories and whether fires
ultimately reduce or increase flammability. Most dense humid forests regenerate slowly and
are destabilised after fire because, under characteristic low fire return intervals, floras contain
few fire-adapted species (e.g. Goldammer this issue). Increased fire frequency converts land
cover to grassland or woodland dominated by species that tolerate fire and possibly require
it for their regeneration, inducing a positive feedback through increased flammability (C3).
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In contrast, boreal or eucalypt forests, Mediterranean shrublands, seasonal tropical forests,
savannahs, and prairies that have been influenced by fire for millennia are highly resilient as
long as fire frequency, severity, and timing with respect to the growing season remain within
historical bounds (Goldammer 1993, this issue; Howe 1993; Naveh 1994). The stability
of these ecosystems stems from species biology (e.g., Lavorel 1999; Pausas et al. 2004)
and the transient reduction of flammability by fire. Recurrent fires that gradually lower
nutrients stocks (Crutzen and Andreae 1990; Wan et al. 2001) may however induce land
cover changes over the long term, even in more resilient ecosystems. Hence fire effects on
land cover operate at several time scales, and the adjustment between vegetation and changed
fire regimes involves time lags (Weber and Flannigan 1997). Lastly, during periods of rapid
climate change such as the one we are currently experiencing, fire may act as an accelerating
factor for community reassembly and vegetation (Brubaker 1986). Fire effects on vegetation
may therefore be much faster than direct effects of climate change on vegetation (Rupp et al.
2000).

3.2. Fire/ecosystem function — atmosphere links (Figure 1, E2—4)

Currently, biomass burning contributes significantly to greenhouse gases emissions and is
an important source of pollution. The global annual carbon flux to the atmosphere from
global savannah and forest fires is estimated at 1.7-4.1 Pg (Dixon et al. 1994). Emissions
of other gases are estimated at 39 Tg of CHy, 20.7 Tg of NO,, and 3.5 Tg of SO, annually
(Andreae and Merlet 2001). This results in estimated contributions from biomass burning
to global annual emissions of 40% for CO,, 32% for CO, 10% for methane, 38% for tro-
pospheric ozone, and over 86% of black soot (Crutzen and Andreae 1990). Globally, black
carbon formation amounts to about 0.5% of carbon lost as CO, (Kuhlbusch and Crutzen
1995).

The magnitude of the carbon flux from fires can make a region a carbon sink or source.
The current sink calculated for the U.S.A. (Schimel et al. 2001) may result in part from fire
suppression over several decades (Tilman et al. 2000). In contrast, the net carbon balance
of Canadian forests has changed from a strong sink (1900-1980) to a weak source (1980—
90s) as a consequence of notably increased fire activity (Kurz and Apps 1999). In addition
to current fire activity, postfire regrowth accounts for a substantial part of the temporal
variability in carbon fluxes. Studies in the boreal forest suggest that after fire these areas
are a carbon source for a few years and may take 20 to 30 years before the carbon sink
returns to the prefire state (Amiro et al. 2002). Estimations of emissions from the 1997
fires in Indonesia indicated that 0.81-2.57 Gt of carbon were released to the atmosphere
from peat and other vegetation, representing 13%-40% of the mean annual global carbon
emissions from fossil fuels (Page et al. 2002). For the same period, CO,, CO, CH4 and NO,
emissions reached daily rates of 1.28 Mt, 0.219 Mt, 0.0123 Mt, 0.0393 Mt, and 0.108 Mt,
respectively, significantly exceeding the emissions from the Kuwait oil fires of 1991 (Levine
1999).

Understanding the relationship between biological, chemical, and physical factors that
influence biogenic emissions and the effects of fires on trace gas production is required to
project biogeochemical and atmospheric impacts of fire under changed climate and land use.
The contribution of biomass burning to long-range transport of chemical pollutants (e.g., in
the northern hemisphere, Wotawa and Trainer 2000) and how climate variability affects this
transport also need to be considered.
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3.3. Land cover/atmosphere — climate links (ES)

Over the longer term, fire can alter regional climate when it induces switches in vegetation
type (e.g., from coniferous to deciduous forest or from forest to grassland) and thereby
fosters fundamental changes in ecosystem surface properties such as albedo, temperature,
and hydrology (Amiro et al. 1999; Pielke 2001). Emissions from biomass burning affect
the chemistry of the atmosphere (Andreae and Merlet 2001). Notably they contribute to
increasing the radiative forcing by greenhouse gases, and thereby to global warming, which
in turn leads to more fires (Kurz et al. 1995). Positive forcing by black carbon may almost
balance the net cooling effect of other aerosols (Jacobson 2001). In addition, smoke aerosols
impact regional and probably global radiation budgets. In the short term, smoke can have a
positive feedback on weather and fire activity by promoting lightning ignitions (Lyons et al.
1998) and reducing local precipitation (Rosenfeld 1999). Ultimately, by altering regional
climate, emissions from fire are likely to feed back to climatic preconditions for fire, with
great uncertainty regarding the degree of amplification or buffering.

4. Human sensitivity and adaptability to changed fire regimes: Fire — ecosystem
services — human systems feedbacks (Figure 1, F2)

Understanding feedbacks from fire to ecosystem services and to human systems is critical to
the assessment of the sensitivity and adaptability of human-environment systems to changing
fire regimes. Here we start sketching some of the elements of these feedbacks taking a land
surface perspective. Full consideration of the complexities of the dynamics of the human
system (see, e.g., Chokkalingam et al. this issue) would require the inclusion of a whole
additional set of components and interactions to the framework to address, for instance,
institutions, policies, technological innovations and choices, perception of risk, and human
well-being.

4.1. Land cover—ecosystem function link (Figure 1, E3)

Fires affect biomass production, soil carbon, and nutrient dynamics. Fires can produce a
short-term increase (Knapp and Seastedt 1986; Hughes et al. 2000) or decrease (Amiro et al.
2000; Hicke et al. 2003) in aboveground primary production, the magnitude and duration
of which depend on vegetation type, climate, soils (DeBano 1998), initial stand age (Wang
etal. 2001), and landscape pattern (Turner et al. 2001). Modelled fire frequencies of 50, 200,
and 500 years in the northern hemisphere reduced soil nitrogen stocks by 50%, 30%, and
5%, respectively. Subsequently productivity was limited by nitrogen, unless nitrogen fixation
was present, and phosphorus became limiting (Vitousek unpublished). Whether soil nutrients
increase or decrease under contrasting fire frequencies depends on fuel and vegetation types,
fire intensity and severity, soil type, and changes in primary production (Wan et al. 2001).
Lastly, regular burning reduces the litter layer, so that water availability for plants decreases,
not only by reducing mulching by vegetation and litter, but also by intensifying runoft.
Fire effects on ecosystem function therefore operate over multiple time scales. Short-term
responses of biogeochemical cycles to fire are likely to influence the structure and function
of ecosystems in the long term (Amiro et al. 2000; Wan et al. 2001; Hicke et al. 2003).
Finally, although several large controlled experiments (Lindesay 1996; Cofer et al. 1998)
have provided detailed data on the biophysical impacts of fires, better understanding of
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processes is critical to the ability to extrapolate from a few intensive study sites to entire
regions.

4.2. Ecosystem function—services link (Figure 1, E6)

By modifying land cover and ecosystem functioning, changed fire regimes can strongly
impact the delivery of services. The effects on ecosystem functioning described above im-
pact essential services such as carbon sequestration, maintenance of soil fertility, atmospheric
quality, and climate regulation. A range of other services are affected by changed fire regimes
or catastrophic fires. These start with the direct products people can obtain from harvesting.
For instance, in the wetlands of southern Sumatra repeated fires transform diverse swamp
forests, from which a diversity of products are obtained, into gradually more degraded stands
of fire-adapted Melaleuca cajuputhi and grasses, with continually decreasing quality of har-
vestable wood (Chokkalingam et al. this issue). As another example, the quantity and quality
of water available from catchments depends on the vegetation cover. In the short term, floods
may follow large fires because of increased runoff and reduced evapotranspiration. In the
longer term, adjustment between landscape vegetation and fire regimes modifies water re-
sources.

Changes in fire regimes can also have considerable impacts on biodiversity and the services
it provides to humans. In regions where fires have been infrequent, shorter return intervals de-
crease biodiversity (Russell et al. 2002; Johnson and Cochrane 2003; Goldammer this issue).
Negative effects of changes in fire regimes on biodiversity can also be indirect. For example,
exotics with a high fuel load increase fire frequency, gradually replace less flammable and
fire-intolerant native species, and can thereby foster more invasions (D’ Antonio et al. 1999).
In contrast, in ecosystems where fires have been a major evolutionary constraint, fire suppres-
sion reduces plant and animal diversity because it eliminates fire-adapted species and reduces
landscape heterogeneity (Baker 1992; Glenn et al. 1992; Howe 1993; Bowman 2000). Fire
suppression can offset the complex balance among vegetation, herbivores, and fire regimes,
as has been the case in the Intermountain West region of North America (Hessl 2002). Overall
however, consequences of fire regimes for biodiversity, human health, landscape aesthetic,
or recreational values and their trade-offs with other services such as carbon sequestration
are scarcely documented (but see Murdiyarso et al. 2002).

4.3. Ecosystem services — land use link (Figure 1, E7)

Changes in vegetation cover induced by fires may have an impact on land use, in particular
when the initial fires were not accidental. In some tropical countries, national land allocation
policies are the main driver for forest conversion by fire (Stolle et al. 2003). In Indonesia,
both small farm and large plantation holders use fire to clear land, and fires are sometimes
used in land conflicts between them (Murdiyarso and Adiningsih this issue). In dry years
such as during El Nifio events, however, fires affect a much larger area than initially in-
tended, thus opening new land for development and forcing a revision of land allocation
plans (Tacconi et al. this issue). Because the time scale of the institutional response to a
severe fire event is often longer than the time scale of the opportunistic land occupation by
local stakeholders after a fire, potential for land-use conflicts is high. Salvage harvesting of
timber after an accidental fire is another example of land use induced by fires. This practice
creates negative feedback as salvage harvesting decreases the regenerative potential of stands,
in addition to having other negative impacts on ecosystem services (Van Nieuwstadt et al.
2001; Lindenmayer et al. 2004). Fire events can also stir modifications in land management
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practices in addition to land conversion, for example, adoption of alternative logging meth-
ods, tree lopping, drainage of peatlands, and irrigation (see, e.g., Chokkalingam et al. this
issue).

The feedback loop linking fires, ecosystem services, and land use may have important
economic implications even in developed countries. Future changes in fire regimes are of
great concern to the forest industry as decreases in production and increases in the cost of
forest protection from fire may threaten commercial viability (Weber and Flannigan 1997,
Irland et al. 2001). In Spain, entire plantations were lost in the 1980s and *90s to large and
intense fires, after which replanting was no longer economically viable. In the design of
reforestation and afforestation plans for carbon sequestration, costs of fire protection may be
important elements as fires are likely to turn forests into sources of carbon to the atmosphere
(Noble and Scholes 2001). If ecosystem services threatened by fires have a high market value,
this feedback will be negative as fire protection costs will be recovered. But if these services
have a low market value, there is the risk of positive feedback through land use abandonment
in fire-prone areas, leading to more natural and accidental fires. Policies have thus a major
role to play in the reduction of vulnerability of local and regional systems to fire.

To assess the adaptability of human-environment systems to fire more systematically,
models incorporating the interaction between fire-vegetation-climate dynamics and land use
change processes are needed (Chapin et al. 2003). Yet knowledge of feedbacks to land use
decisions from fire-induced changes in ecosystem services is limited so far to anecdotal
evidence and speculation that large enough fires can trigger land use conversion. Typical
pathways through which accidental and intentional fires trigger land use changes include
policy and economic responses to fire threats to ecosystems and populations. In Southeast
Asia for instance, following the 1997-98 fires the Regional Haze Action Plan and corre-
sponding national plans for monitoring, prevention, and mitigation of forest fires were aimed
at modifying land use and fire (Qadri 2001). Such feedbacks from fire-induced changes in
ecosystem services to the driving forces of land use change (e.g., land use policies and eco-
nomic factors that determine land use decisions) have received scant attention so far and it is
anew area of research. The effectiveness of such plans also needs to be assessed, in particular
to evaluate their relative weight in modifying fire risk compared with other driving forces of
land use change such as, in Indonesia, macroeconomic policies, changes in the price of palm
oil, and administrative decentralization.

5. Regional fire — related vulnerability: Some examples
5.1. Boreal forests of North America
5.1.1. Changing Exposure (Figure 1, CI-C3)

The boreal forest in North America extends from Atlantic Canada in a broad swath to Alaska.
Fire is the major stand-renewing agent for much of the boreal forests of North America, greatly
influencing the structure and function of the forest. Wildfire, typically crown fire, is a regular
feature of much of the North American boreal forest (Figure 2; Stocks et al. 2002). Current
estimates are that an average of 3 Mha burn annually in the boreal forests of Canada and
Alaska, and there is a growing global awareness of the importance, and vulnerability, of this
region with respect to projected future climate change (Flannigan et al. 2001). Area burnt
increases of 50%—100% are possible in Canada this century because of more conducive fire
weather as modelled by GCMs (Flannigan and Van Wagner 1991; Flannigan et al. 1998).
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Additionally, recent work suggests a 25%—50% increase in human-caused fire ignitions in
some boreal forests of Canada because of climate change (Wotton et al. 2003).

Interactions between climate and land-cover changes may lead to rapid modifications in
fire regimes. In southwest Alaska, a simulated temperature increase of 1 °C per century in-
creased total area burnt per decade by over 200% by influencing, at different time scales,
water balance (fast) and vegetation cover (slow) (Rupp et al. 2000). In addition, particular
weather sequences were likely to cause local switches to fire-maintained grassland. Another
example of a nonlinear interaction comes from the Alaskan interior, where simulations sug-
gest that fire suppression will lead to reductions in area burnt in the short term, while over
the long term successful fire suppression will lead to a higher proportion of flammable veg-
etation and a likely increase in fire occurrence, especially near communities (Chapin et al.
2003).

5.1.2. Fire — atmosphere — climate feedbacks (Figure 1, F1)

One feedback of fire is on the carbon dynamics of the boreal forest (Figure 1, E2—4). The
net carbon balance of Canadian forests has changed from a strong sink (1900-80) to a weak
source (1980-90s) because of notably increased fire activity (Kurz and Apps 1999). These
boreal forest fires release carbon through direct combustion emissions that can be estimated
given the size of the fire and the weather conditions under which it burnt. For all Canada,
the direct combustion emissions are at an average rate of 1.3 kg carbon m~2 of burnt area.
Over the last 40 years, these direct combustion emissions amount to almost 20% of the
amount of carbon released through fossil fuel emissions in Canada and during active years
is comparable to fossil fuel emissions (Figure 3; Amiro et al. 2002). In addition to direct
combustion losses of carbon, fire also influences carbon flux by changing photosynthesis and
respiration rates in regenerating vegetation. The postfire carbon dynamics are less well known
than the combustion losses, but are likely of at least the same magnitude. In the Canadian
boreal forest, initial daytime carbon flux may only be recovered after 30 years (Amiro et al.
1999).

Weather and climate are key factors for fire activity, but fire may influence the climate
(Figure 1, ES). There is the possibility for positive feedback, whereby climate change causes
more fires, which then release more carbon from the forest, increasing atmospheric green-
house gas concentrations. Although this phenomenon could be global, we expect some self-
limiting factors to stop a run-away scenario. For example, in boreal western North America, a
warming-induced increase in fire frequency, increasing the extent of deciduous forests, could
act as negative feedback to regional warming because of their higher albedo and evapotran-
spiration, and therefore decreased sensible heat flux as compared with presently prevalent
conifers (Chapin et al. 2000).

5.1.3. Fire — ecosystem services — human systems feedbacks (Figure 1, F2)

Interactions between climate change and fire could have socioeconomic implications in
terms of adaptive fire management strategies, age class distribution, and other issues such as
biodiversity. For example, future changes in fire regimes are of great concern to the forest
industry as decreases in production and increases in the cost of forest protection from fire
may threaten commercial viability in the boreal forest (Weber and Flannigan 1997; Irland
et al. 2001).
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Fig. 3 Direct carbon emissions from large fires (>200 ha) for Canada, 1959 to 1999. Carbon released was
determined from the fuel consumption as calculated by using the Canadian Fire Behaviour Prediction System.
On average about 27 Tg of carbon is released directly from flaming and smouldering combustion in the boreal
forests of Canada, to which are added amounts of a similar magnitude resulting from decomposition of the
dead organic material. During extreme fire seasons like 1995 (direct emissions from fire exceeded 115 Tg C
per year) the carbon released approaches the carbon emissions from fossil fuels for Canada (150 Tg C per
year). Error bars are estimated bounds of uncertainty (adapted from Amiro et al. 2002)

5.2. African savannahs
5.2.1. Changing exposure (Figure I, CI-C3)

Fire in Africa occurs mainly in savannahs (Figure 2). Fire has long been recognized as an
essential determinant of the structure and function of African savannahs (Trollope 1982;
Scholes and Walker 1993). The fraction of the African savannahs area that burns annually
is quite similar to the fraction in savannahs on other continents, but Africa has half of the
global extent of this fire-prone ecosystem.

Ecosystem evolution in Africa has been influenced by a complex set of interactions be-
tween herbivores, fire, humans, climate, and soils. There is emerging evidence that general
control over the fraction of landscape burnt is by climate (Figure 1, C1): smaller fractions in
dry areas, higher ones in mesic areas on infertile soils, up to the rainforest limit, where burnt
area drops dramatically. Climate and short- to medium-term weather also influence annual
fire extent through their effects on fuel availability. In southern Africa, drought reduces fuel
and hence burning activity (Barbosa et al. 1999). The quantity of fuel available, however,
is also highly conditioned by tree cover and herbivory (Figure 1, C3). Recent simulations
using a dynamic global vegetation model suggested that most of the eastern half of southern
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Africa could support much higher stem biomass without fire, and that vegetation would be
dominated by trees instead of grasses. Areas receiving less than 650 mm of rain showed
changes in tree density and size but no trend of changing composition to forest (Bond et al.
2003b).

Humans and their ancestors have set fires in Africa for over a million years to create a
suitable environment for grazing and browsing by wild and domestic herbivores (Figure 1,
C2). For many farmers, fire is an essential tool used deliberately for hunting, clearing land,
maintaining grasslands, controlling pests, and removing dry vegetation and crop residues.
In savannahs, the main purpose of burning is to prevent the replacement of the herbaceous
strata by woody biomass and to enhance, in the short-term, the production of some grasses.
While weather and rates of vegetation senescence define the predisposing conditions for
fires (the fire season), land use influences the exact timing of burning within this window
of opportunity. Two recent studies suggest that farmers and pastoralists seek to burn most
grasses early in the season, as it is the safest and most beneficial way to burn. In Senegal the
main reason for early season burning is to stimulate a ‘green flush’ from perennial grasses
and to protect landscapes against later and more destructive fires (Mbow et al. 2000). In Mali,
although the green flush is clearly a motivation for burning, herders and hunters use early
burning to gain control over later fires by fragmenting the landscape (Laris 2001).

5.2.2. Fire — Atmosphere — climate feedbacks (Figure 1, F1)

Fire and the continental carbon and nutrient balance (Figure 1, E2—4): Fire can be seen as one
of the largest anthropogenic influences on terrestrial ecosystems after urban and agricultural
activities (Bond and Van Wilgen 1996). Fire alters the pathway of carbon cycling, reducing
the flow of litter to the soil (directly and indirectly, via herbivores) and changing the forms in
which it enters the soil (increasing the quantity of highly resistant forms, such as charcoal and
black carbon) and the atmosphere (favouring carbon monoxide, methane, and non-methane
hydrocarbons). Results from long-term fire trials conducted in Kruger National Park suggest
that organic carbon in the topsoil increases in areas from which fire has been excluded, from
1.9 £0.15% to 2.2 + 0.14%. Annual burning significantly decreased the light fraction carbon
from 9.8% to 7.3% of the total carbon (Jones et al. 1990). About two thirds of the nitrogen
in savannah fuels is converted to various nitrogenous gases during a fire. A large part of
this emitted nitrogen falls back on terrestrial ecosystems in the subcontinent as dry or wet
deposition, but about one third is exported over the oceans, where it is probably a significant
driver of phytoplankton net primary production in the southern Atlantic and Indian oceans.
Thus the ongoing nutrient depletion of the land mass — which may be why African savannahs
are so nutrient poor in the first place, which is the main reason they burn so extensively
— is nutrient gain for the oceans, where it primes the biological pump that underlies the
oceanic carbon sink. Data from long-term fire trials show that soil nitrogen changes are more
variable than carbon changes, with some studies reporting no differences and others showing
decreases in nitrogen with increased fire frequency. Fire has been shown to increase the rate
of biogenic emissions, but that effect is short-lived (Otter et al. 2001; Scholes et al. 2003).
Fire and radiant forcing (Figure 1, ES): The effects of savannah burning on net radiant
forcing are extraordinarily complex. The carbon dioxide given off during combustion is
assumed to be effectively ‘forcing neutral’, since it is taken up again in regrowing vegetation.
But in the longer term, increases in fire frequency lead to lower tree cover, reducing the
amount of carbon stored on the land (Trapnell 1959). The next largest carbon emission is
as carbon monoxide, itself not a greenhouse gas, but a tropospheric ozone precursor. An
ozone cloud characterizes Southern Africa during the fire season. Other observations and
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some models, however, point to larger-scale dynamics and lightning as prominent factors
in tropical tropospheric ozone distribution (Crutzen and Andreae 1990). The next biggest
carbon emission is methane, a greenhouse gas; but if not burnt, the grass would be grazed and
end up giving off even more methane. Similarly, non-methane hydrocarbons in the smoke are
ozone precursors, but if fire is excluded, the increased tree cover is itself an abundant NMHC
source. Fires emit NO, and N,O, but less than the soil if allowed to accumulate nitrogen.
SAFARI 2000 results show that the particles in the smoke have a net warming effect, but
the equivalent net cooling resulting from stimulus of the ocean carbon sink has not been
calculated. Overall, if southern Africa became drier on the west side and wetter on the east
side, as suggested by climate scenarios, the net impact on fire emissions is unknown. The
onset of the summer rains and the pulsing nature of the rainfall are key factors that allow
us to understand the interactions between soils, net primary productivity, and atmospheric
composition. Climate change predictions indicate a longer dry period with a later starting
date for rains. The implications of this scenario are unknown.

Fire emissions and climate (Figure 1, ES): If the net effect of climate change in southern
Africa were more fire, and the net effect of more fires were greater climate change, then a
positive feedback loop would be set up that will tend to make climate change control more
difficult. Conversely, if change led to less fire, or the net effect were less radiant forcing,
stabilization would be slightly easier. At present neither sign nor magnitude of this feedback
is known.

5.2.3. Fire — ecosystem services — human systems feedback (Figure 1, F2)

Fire, biodiversity, and ecosystem services (Figure 1, E6): Fire has long been used in savannahs
and grasslands to create a suitable environment for grazing and browsing by domestic and
wild animals by enhancing forage quality and sometimes quantity. Generally fire enhances
the quality of forage for a few months, with higher concentrations of mineral nutrients, higher
digestibility, and improved structural vegetation characteristics. Fire also has a negative effect
on forage availability. As increasing human activity in the savannah biome causes a decline
in pastoral area and an increase in grazing intensity, some results suggest that the practice
of burning should be reduced rather than advocated, especially because grazing itself may
improve forage quality (Schule 1990). In addition, fire-related changes in land cover and
forage quantity and quality have large impacts on the economic resources, social benefits,
and conservation opportunities that can be gained from managing hunting and wildlife-based
tourism.

These two case studies can only incompletely document for each region the elements
of the framework for integrated vulnerability analysis, which is a reflection of gaps in our
collective knowledge and understanding of the interactions and feedbacks in the framework.
The examples do demonstrate, however, that the framework is valid and appropriate for
diverse biomes such as boreal forests and savannahs. In addition, the framework may be
used as a tool for developing scientific strategy and policy in order to diagnose major gaps
in knowledge or transfer of knowledge.

6. Towards integrated assessments of fire-related vulnerability

Assessments of vulnerability of land systems to fire demand regional studies that use a sys-
temic approach that focuses on the two feedback loops described here (Hessl 2002; Chapin
etal.2003; Cochrane 2003). Identifying vulnerable and robust regions with respect to changes
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in fire regimes resulting from environmental change will require engaging a collection of mul-
tiscale and interdisciplinary regional studies. Comprehensive analyses of causes and effects
of specific fire events will need to monitor vegetation and biodiversity, soils, atmospheric
emissions, and land use at fine scales before, during, and after the fire. Adaptive capacity of
human systems to changed fire regimes, in a context of changing socio-economic and cli-
matic conditions, will also have to be assessed. The key issue is to understand how people and
societies modify their political, economic, and environmental institutions to prevent a misfit
between these institutions and ecosystems under altered fire regimes (Young 2002). Rules
governing fire use in an ecosystem characterized by certain predisposing weather, fuel condi-
tions, and ignition agents would be unlikely to remain appropriate if any of these attributes —
climate, weather, land cover, and human activities — changed significantly. Some of the recent
catastrophic fire events in Indonesia and Australia could be interpreted as a temporary misfit
between institutions regulating fire use and management and ecosystem conditions under
the climate anomalies associated with El Nifio (Tacconi et al. this issue). More profound
and longer-term land use changes associated with economic globalization are also a source
of misfit between traditional fire-related institutions and ecosystems. These analyses should
then help researchers to progressively refine integrated models of fire—ecosystem—human
system interactions (Chapin et al. 2003).

Southeast Asia constitutes one of the key regions to which the framework could usefully
be applied in order to link history, causes, and impacts of forest fires and to inform on op-
portunities for policy adjustments. Several authors in this Special Issue have highlighted the
wealth of information that has been collected on the impetus of policy needs after the 1982—
83 and 1997-98 episodes (see Goldammer this issue; Tacconi et al. this issue). Goldammer
(this issue) highlighted the need for interdisciplinary integration of existing approaches and
results, which so far has not managed to move from initiatives to implementation. Studies
published or reviewed herein (see, e.g., Murdiyarso and Adiningsih this issue; Page et al.
2002) have started to accumulate data on fire—atmosphere—climate feedbacks. These efforts
will need to continue, and include consideration of regional teleconnections through trans-
boundary transport of atmospheric pollutants. Individual studies, such as the one reported
by Chokkalingam et al. (this issue) of the case of wetlands of southern Sumatra, are making
significant progress in documenting the fire—ecosystem services—human systems feedback.
Recent progress has specifically been concerned with addressing the complexities of land
use dynamics and their relationship to policy. Indeed, moving away from simplifications and
considering multiple scales in space and time (Tacconi et al. this issue) has been highlighted
as one of the most critical elements to improved understanding to support adaptation and
mitigation policy. Finally, case studies and their synthesis point to the diversity of situa-
tions across Indonesia in particular and Southeast Asia in general (de Groot et al. this issue;
Goldammer this issue). This implies that vulnerability assessments as proposed in this paper
would need to be conducted not only over the entire region, but also locally to consider
specificities of local human-ecological systems beyond general patterns. Such efforts will
be required in order tailor policy that is both relevant and applicable to local resources and
conditions.

Collections of regional case studies should ultimately feed into a global synthesis of the
vulnerability of human-environment systems to fire under present and future conditions. This
exercise of aggregation of regional analyses to a global picture could complement top-down
approaches using global vegetation models (Lenihan et al. 1998; Thonicke et al. 2001). Such
a synthesis would aim to provide an understanding of the underlying causes for interregional
differences that can help shape policy aimed at reducing vulnerability. Fire policy at all scales
— from individual land parcel to international region — is influenced by many factors. Climate
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change mitigation is increasingly one of them, on the scientifically unfounded assumptions
that less fire equals less emission equals less climate change. Much research is needed to give
governments guidance on this issue and help them move towards fire-related policies and
initiatives that consider fire and its complexities as part of the human-environment system
(Tacconi et al. this issue).

Acknowledgements This paper contributes to the GCTE-LUCC initiative on integrated fire research and to
the International Geosphere-Biosphere Programme (IGBP) Fire Fast Track Initiative. It was prepared following
the IGBP Science Conference, Amsterdam, 11-13 July 2001. This work was partially conducted as part of the
Landscape Fires working group supported by the National Center for Ecological Analysis and Synthesis, a
centre funded by the National Science Foundation (Grant #DEB-0072909), the University of California, and
the Santa Barbara campus. S. Lavoie helped in the preparation of Figure 2. We are grateful to Terry Chapin,
Will Steffen, Daniel Murdiyarso, and a series of anonymous reviewers who gradually helped towards the
maturation of this manuscript.

References

Agee JK, Huff MH (1987) Fuel succession in a western hemlock—Douglas fir forest. Canadian Journal of
Forest Research 17:699-704

Amiro BD, Chen JM, Liu J (2000) Net primary productivity following forest fire for Canadian ecoregions.
Canadian Journal of Forest Research 30:939-947

Amiro BD, Flannigan MD, Stocks BJ, Wotton BM (2002) Perspectives on carbon emissions from Canadian
forest fires. Forestry Chronicle 78:388-390

Amiro BD, MacPherson JL, Desjardins RL (1999) BOREAS flight measurements for forest-fire effects on
carbon dioxide and energy fluxes. Agricultural and Forest Meteorology 96:199-208

Andreae MO, Merlet P (2001) Emission of trace gases and aerosols from biomass burning. Global Biogeo-
chemical Cycles 15:955-966

Bachelet D, Lenihan JM, Daly C, Neilson RP (2000) Interactions between fire, grazing and climate change at
Wind Cave National Park, SD. Ecological Modelling 134:229-244

Baker WL (1992) Effects of settlement and fire suppression on landscape structure. Ecology 73:1879-1887

Barbosa P, Stroppiana MD, Grégoire JM, Pereira JMC (1999) An assessment of vegetation fire in Africa
(1981-1991): burned areas, burned biomass, and atmospheric emissions. Global Biogeochemical Cycles
13:933-950

Beckage B, Platt WJ (2003) Predicting severe wildfire years in the Florida Everglades. Frontiers in Ecology
and the Environment 1:235-239

Bond W1J, Midgley GF, Woodward FI (2003a) The importance of low atmospheric CO; and fire in promoting
the spread of grasslands and savannas. Global Change Biology 9:973-982

Bond WIJ, Midgley GF, Woodward FI (2003b) What controls South African vegetation — climate or fire. South
African Journal of Science 69:79-91

Bond W1J, van Wilgen BW (1996) Fire and Plants. Chapman and Hall, London, pp 263

Bowman DMIJS (2000) Australian Rainforests, Islands of Green in a Land of Fire. Cambridge University
Press, Cambridge, UK

Brubaker LB (1986) Responses of tree populations to climate change. Vegetation 67:119-130

Cardoso M, Hurtt GC, Moore III B, Nobre CA, Prins EM (2003) Projecting future fire activity in Amazonia.
Global Change Biology 9:656—669

Chapin III FS, McGuire AD, Randerson J, Pielke Sr R, Baldocchi D, Hobbie SE, Roulet N, Eugster W,
Kasischke E, Rastetter EB, Zimov SA, Running SW (2000) Arctic and boreal ecosystems of western
North America as components of the climate system. Global Change Biology 6:211-223

Chapin IIT FS, Rupp TS, Starfield AM, DeWilde L, Zavaleta ES, Fresco N, Henkelman J, McGuire AD (2003)
Planning for resilience: modeling change in human-fire interactions in the Alaskan boreal forest. Frontiers
in Ecology and the Environment 1:255-261

Chokkalingam U, Suyanto, Pandu Permana R, Kurniawan I, Mannes J, Darmawan A, Khususyiah N,
Hendro Susanto R Community fire use, resource change and livelihood impactst: the downward spi-
ral in the wetlands of southern Sumatra. Mitigation and Adaptation Strategies for Global Change, this
issue

Clark JS, Cachier H, Goldammer JG, Stocks B (eds) (1997) Sediment Records of Biomass Burning and Global
Change. NATO ASI Series I, vol. 51. Springer-Verlag, Berlin

@ Springer



50 Mitig Adapt Strat Glob Change (2007) 12:33-53

Cochrane MA (2001) Understanding the impacts of tropical forest fires. Environment 29-38

Cochrane MA (2003) Fire science for rainforests. Nature 421:913-921

Cochrane MA, Alencar A, Schulze MD, Souza Jr CM, Nepstad D, Lefebvre P, Davidson EA (1999) Positive
feedbacks in the fire dynamic of closed canopy tropical forests. Science 284:1832-1835

Cofer III WR, Winstead EL, Stocks BJ, Goldammer JG, Cahoon DR (1998) Crown fire emissions of CO;,
CO, Hy, CH4 and TNMHC from a dense jack pine boreal forest fire. Geophysical Research Letters
25:3919-3922

Conrad SG, Sukhinin AL, Stocks BJ, Cahoon DR, Davidendo EP, Ivanova GA (2002) Determining effects of
area burned and fire severity on carbon cycling and emissions in Siberia. Climatic Change 55:197-211

Crutzen PJ, Andreae MO (1990) Biomass burning in the tropics: impact on atmospheric chemical and bio-
geochemical cycles. Science 250:1669-1678

Dale VH, Joyce LA, McNulty S, Neilson RP, Ayres MP, Flannigan MD, Hanson PJ, Irland LC, Lugo AE,
Peterson CJ, Simberloff D, Swanson FJ, Stocks BJ, Wotton BM (2001) Climate change and forest distur-
bances. Bioscience 51:723-734

D’ Antonio CM, Dudley TL, Mack M (1999) Disturbance and biological invasions: direct effects and feedbacks.
In: Walker LR (ed) Ecosystems of Disturbed Ground. Elsevier, pp 413-452

DeBano LF, Neary DG, Folliott PF (1998) Fire’s Effects on Ecosystems. John Wiley and Sons, New York

de Groot WJ, Field R, Brady MA, Roswintiarti O, Maznorizan M Development of the Indonesian and Malaysian
fire danger rating systems. Mitigation and Adaptation Strategies for Global Change, this issue

Dixon RK, Brown S, Houghton RA, Solomon AM, Trexler MC, Wisniewski J (1994) Carbon pools and fluxes
of global forest ecosystems. Science 263:185-190

Eva H, Lambin EF (2000) Fires and land-cover changes in the tropics: A remote sensing analysis at the
landscape scale. Journal of Biogeography 27:765-776

Flannigan MD, Bergeron Y, Engelmark O, Wotton BM (1998) Future wildfire in circumboreal forests in
relation to global warming. Journal of Vegetation Science 9:469-476

Flannigan MD, Campbell I, Wotton BM, Carcaillet C, Richard P, Bergeron Y (2001) Future fire in Canada’s
boreal forest: paleoecology results, and general circulation model-regional climate model simulations.
Canadian Journal of Forest Research 31:54-864

Flannigan MD, Harrington JB (1988) A study of the relation of meteorological variables to monthly provincial
area burned by wildfire in Canada 1953-80. Journal of Applied Meteorology 27:441-452

Flannigan MD, Van Wagner CE (1991) Climate change and wildfire in Canada. Canadian Journal of Forest
Research 21:66-72

Flannigan MD, Wotton BM (2001) Climate, weather, and area burned. In: Johnson EA, Miyanishi K (eds.)
Forest Fires. Academic Press, San Diego, CA, pp 335-357

Foster D, Swanson F, Aber J, Burke I, Brokaw N, Tilman D, Knapp A (2003) The importance of land use
legacies to ecology and conservation. Bioscience 53:77-88

Glenn SM, Collins SL, Gibson DJ (1992) Disturbances in tallgrass prairie: local and regional effects on
community. Landscape Ecology 7:243-251

Goldammer JG (1993) Feuer in Waldokosystemen der Tropen und Subtropen. Birkhéuser-Verlag, Basel

Goldammer JG History of vegetation fires in Southeast Asia before the 1997-98 episode: A reconstruction of
creeping environmental change. Mitigation and Adaptation Strategies for Global Change, this issue

Goldammer JG, Mutch RW (2001) Global Forest Fire Assessment. FAO Forest Resources Assessment Pro-
gramme, Working Paper 59, FAO, Rome

Hély C, Flannigan MD, Bergeron Y, McRae D (2001) Role of vegetation and weather on fire behavior in
the Canadian mixedwood boreal forest using two fire behavior prediction systems. Canadian Journal of
Forest Research 31:430-441

Hessl A (2002) Aspen, elk, and fire: the effects of human institutions on ecosystem processes. Bioscience
52:1011-1022

Hicke JA, Asner GP, Kasischke ES, French NHF, Randerson JT, Collatz GJ, Stocks BJ, Tucker CJ, Los SP,
Field CB (2003) Postfire response of North American boreal forest net primary productivity analyzed
with satellite observations. Global Change Biology 9:1145-1157

Holdsworth AR, Uhl C (1997) Fire in Amazonian selectively logged rain forest and the potential for fire
reduction. Ecological Applications 7:713-725

Houghton JT (ed) (2001) IPCC Climate Change 2001. The Scientific Basis: Contribution of Working Group I
to the Third Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University
Press, Cambridge, UK

Howe HF (1993) Managing species diversity in tallgrass prairie: assumptions and implications. Conservation
Biology 8:691-704

Hughes RF, Kauffman JB, Cummings DL (2000) Fire in the Brazilian Amazon: 3. Dynamics of biomass, C,
and nutrient pools in regenerating forests. Oecologia 124:574-588

@ Springer



Mitig Adapt Strat Glob Change (2007) 12:33-53 51

Irland LC, Adams D, Alig R, Betz CJ, Chen CC, Hutchins M, McCarl BA, Skog K, Sohngen BL (2001)
Assessing socioeconomic impacts of climate change on U.S. forests, wood-product markets, and forest
recreation. Bioscience 51:753-764

Jacobson MZ (2001) Strong radiative heating due to the mixing state of black carbon in atmospheric aerosols.
Nature 409:695-607

Johnson EA, Cochrane MA (2003) Disturbance regime interactions. In: Lovejoy TE, Hannah L (eds) Climate
Change and Biodiversity: Synergistic Impacts. Yale University Press, pp 39-44

Jones CL, Smithers NL, Scholes MC, Scholes RJ (1990) The effect of fire frequency on the organic
components of a basaltic soil in the Kruger National Park. South African Journal of Plant and Soil
7:236-238

Keeley JE, Fotheringham CJ (2001) Historic fire regime in southern California shrublands. Conservation
Biology 15:1536-1548

Kitsberger T, Swetnam TW, Veblen TT (2001) Inter-hemispheric synchrony of forest fires and the El Nino-
Southern Oscillation. Global Ecology and Biogeography 19:315-326

Knapp AK, Seastedt TR (1986) Detritus accumulation limits productivity of tallgrass prairie. Bioscience
36:662-668

Kuhlbusch TAJ, Crutzen PJ (1995) Toward a global estimate of black carbon in residues of vegetation fires
representing a sink of atmospheric CO; and a source of O,. Global Biogeochemical Cycles 9:491-501

Kurz WA, Apps MJ (1999) A 70-year retrospective analysis of carbon fluxes in the Canadian forest sector.
Ecological Applications 9:526-547

Kurz WA, Apps MJ, Stocks BJ, Volney JA (1995) Global climate change: disturbance regimes and biospheric
feedbacks of temperate and boreal forests. In: Woodwell GM, Mackenzie FT (eds) Biotic Feedbacks in
the Global Climatic System: Will the Warming Feed the Warming? Oxford University Press, New York,
pp 119-133

Laris P (2002) Burning the seasonal mosaic: preventative burning strategies in the West African savanna.
Human Ecology 30:155-186

Lavorel S (1999) Ecological diversity and resilience of Mediterranean vegetation to disturbance. Diversity
and Distributions 5:3-13

Lavorel S, Steffen W (2004) Cascading impacts of land use through time: the Canberra bushfire disaster. In:
Steffen W, Sanderson A, Tyson P, Jiger J, Matson P, Moore 1B, Oldfield F, Richardson K, Schellnhuber
H-J, Turner II BL, Wasson R (eds) Global Change and the Earth System: A Planet Under Pressure.
Springer-Verlag, Berlin, pp 186—188

Lenihan JM, Daly C, Bachelet D, Neilson RP (1998) Simulating broad-scale fire severity in a dynamic global
vegetation model. Northwest Science 72:91-103

Levine JS (1999) The 1997 fires in Kalimantan and Sumatra, Indonesia: gaseous and particulate emissions.
Geophysical Research Letters 26:815-818

Lindenmayer DB, Foster DR, Franklin JF, Hunter ML, Noss RF, Schmiegelow FA, Perry D (2004) Salvage
harvesting policies after natural disturbance. Science 303:1303—

Lindesay JA, Andreae MO, Goldammer JG, Harris G, Annegarn HJ, Garstan M, Scholes RJ, van Wilgen
BW (1996) International Geosphere-Biosphere Programme/International Global Atmospheric Chemistry
SAFARI-92 field experiment: background and overview (Paper 96JD01512). Journal of Geophysical
Research 101(D19):521-530

Lyons WA, Nelson TE, Williams ER, Cramer JA, Turner TR (1998) Enhanced positive cloud-to-ground
lightning in thunderstorms ingesting smoke from fires Science 282 80—

Mbow C, Nielssen TT, Rasmussen K (2000) Savanna fires in east-central Senegal: distribution patterns,
resource management and perceptions. Human Ecology 28:561-583

Moreno JM (ed) (1998) Large Forest Fires. Backhuys, Leiden, the Netherlands

Murdiyarso D, Adiningsih ES Climatic anomalies, Indonesian vegetation fires and terrestrial carbon emissions.
Mitigation and Adaptation Strategies for Global Change. this issue

Murdiyarso D, Widodo M, Suyamto D (2002) Fire risks in forest carbon project in Indonesia. Journal of
Science in China 5:65-74

Naveh Z (1994) The role of fire and its management in the conservation of Mediterranean ecosystems and
landscape. In: Moreno JM, Oechel WC (eds) The Role of Fire in Mediterranean-Type Ecosystems.
Springer-Verlag, New York, pp 163-185

Neilson RP, Pitelka LF, Solomon AM, Nathan R, Midgley GF, Fragoso JMV, Lischke H, Thompson K (2005)
Forecasting regional to global plant migration in response to climate change. Bioscience 55:749-759

Nepstad D, Carvalho G, Barros AC, Alencar A, Capobianco JP, Bishop J, Moutinho P, Lefebvre P, Silva UL,
Prins E (2001) Road paving, fire regime feedbacks, and the future of Amazon forests. Forest Ecology and
Management 154:395-407

@ Springer



52 Mitig Adapt Strat Glob Change (2007) 12:33-53

Nepstad DC, Verissimo A, Alencar A, Nobre C, Lima E, Lefebvre P, Schlesinger P, Potter C, Moutinho P,
Mendoza E, Cochrane M, Brooks V (1999) Large-scale impoverishment of Amazonian forests by logging
and fire. Nature 398:505-508

Noble IR, Scholes RJ (2001) Sinks and the Kyoto Protocol. Climate Policy 1:5-25

Otter LB, Marufu L, Scholes MC (2001) Biogenic, biomass and biofuel sources of trace gases in southern
Africa. South African Journal of Science 9:131-138

Page SE, Siegert F, Rieley JO, Boehm H-DV, Jaya A, Limin S (2002) The amount of carbon released from
peat and forest fires in Indonesia during 1997. Nature 420:61-65

Pausas JG (2004) Changes in fire and climate in the eastern Iberian Peninsula (Mediterranean basin). Climatic
Change 63:337-350

Pausas JG, Bradstock RA, Keith DA, Keeley JE, the GCTE Fire Network (2004) Plant functional traits in
relation to fire in crown-fire ecosystems. Ecology, in press

Pielke Sr RA (2001) Influence of the spatial distribution of vegetation and soils on the prediction of cumulus
convective rainfall Reviews of Geophysics 39:151-177

Price C, Rind D (1994) The impact of a 2x CO, climate on lightning-caused fires. Journal of Climate 7:1484—
1494

Pyne SJ (1997) Vestal Fire: An Environmental History Told through Fire, of Europe and Europe’s Encounter
with the World. University of Washington Press, Seattle

Pyne SJ (2001) Fire: A Brief History. University of Washington Press, Seattle

Qadri TS (2001) Fire, Smoke, and Haze: The ASEAN Response Strategy. Asian Development Bank,
Philippines

Romdn-Cuesta RM, Gracia M, Retana J (2003) Environmental and human factors influencing fire trends in
ENSO and non-ENSO years in tropical Mexico. Ecological Applications 13:1177-1192

Rosenfeld D (1999) TRMM observed first direct evidence of smoke from forest fires inhibiting rainfall.
Geophysical Research Letters 26:3105-3108

Rupp TS, Chapin III FS, Starfield AM (2000) Response of subarctic vegetation to transient climatic change
on the Seward Peninsula in north-west Alaska. Global Change Biology 6:541-555

Rupp TS, Starfield AM, Chapin III FS (2000) A frame-based spatially explicit model of subarctic vegetation
response to climatic change: a comparison with a point model. Landscape Ecology 15:383—400

Russell-Smith J, Stanton P (2002) Fire regimes and fire management of rainforest communities across northern
Australia. In: Bradstock RA, Williams JE, Gill AM (eds) Flammable Australia: The Fire Regimes and
Biodiversity of a Continent. University Press Cambridge, pp 329-350

Schimel DS, House JI, Hibbard KA, Bousquet P, Ciais P, Peylin P, Braswell BH, Apps MJ, Baker D, Bondeau
A, Canadell J, Churkina G, Cramer W, Denning AS, Field CB, Friedlingstein P, Goodale C, Heimann M,
Houghton RA, Melillo JM, Moore III B, Murdiyarso D, Noble I, Pacala SW, Prentice IC, Raupach MR,
Rayner PJ, Scholes RJ, Steffen WL, Wirth C (2001) Recent patterns and mechanisms of carbon exchange
by terrestrial ecosystems. Nature 414:169-172

Scholes MC, Scholes RJ, Otter LB, Woghiren A (2003) Biogeochemistry: the cycling of nutrients in the
Kruger National Park. In: du Toit J, Biggs H, Rogers KH (eds.) The Kruger Experience: Ecology and
Management of Savanna Heterogeneity. Island Press, Washington, pp 130-148

Scholes RJ, Walker BH (eds) (1993) An African Savanna: Synthesis of the Nylsvley Study. Cambridge
University Press, Cambridge

Schule W (1990) Landscapes and climate in prehistory: interactions of wildfire, man and fire. In Goldammer
JC (ed.) Fire in Tropical Biota: Ecosystem Processes and Global Changes. Springer-Verlag, Berlin, pp
271-318

Siegert F, Ruecker G, Hinrichs A, Hoffmann AA (2001) Increased damage from fires in logged forest during
droughts caused by El Nifio. Nature 414:437-440

Skinner WR, Flannigan MD, Stocks BJ, Martell DM, Wotton BM, Todd JB, Mason JA, Logan KA, Bosch
EM (2001) A 500 mb synoptic wildland fire climatology from large Canadian forest fires, 1959—1996.
Theoretical and Applied Climatology 71:157-169

Stocks BJ, Fosberg MA, Lynham TJ, Mearns L, Wotton BM, Yang Q, Jin J-Z, Lawrence K, Hartley GR,
Mason JA, McKenny DW (1998) Climate change and forest fire potential in Russian and Canadian boreal
forests. Climatic Change 38:1-13

Stocks BJ, Mason JA, Todd JB, Bosch EM, Wotton BM, Amiro BD, Flannigan MD, Hirsch KG, Logan
KA, Martell DL, Skinner WR (2002) Large forest fires in Canada, 1959-1997" Journal of Geophysical
Research 107:8149, doi:10.1029/2001JD000484

Stolle F, Chomitz K, Lambin EF, Tomich T (2003) Land use and vegetation fires in Jambi Province, Sumatra,
Indonesia. Forest Ecology and Management 179:277-292

Swetnam TW (1993) Fire history and climate change in giant sequoia groves Science 262:885-889

@ Springer



Mitig Adapt Strat Glob Change (2007) 12:33-53 53

Tacconi L, Moore PF, Kaimowitz D Fires in tropical forests: throwing good money after bad? Lessons from
Indonesia. Mitigation and Adaptation Strategies for Global Change. this issue

Thonicke K, Venevsky S, Sitch S, Cramer W (2001) The role of fire disturbance for global vegetation dynamics:
coupling fire into a Dynamic Vegetation Model. Global Ecology and Biogeography 10:661-678

Tilman D, Reich PB, Phillips H, Menton M, Patel A, Vos E, Peterson DL, Knops J (2000) Fire suppression
and ecosystem carbon storage. Ecology 81:2680-2685

Trapnell CG (1959) Ecological results of wood-land burning experiments in northern Rhodesia. Journal of
Ecology 47:129-168

Trollope WS (1982) Ecological effects of fire in South African savannas. In: Huntley BJ, Walker BH (eds.)
Ecology of Tropical Savannas. Springer-Verlag, Berlin, pp 92-306

Turner II BL, Kasperson RE, Matson PA, McCarthy JJ, Corell RW, Christensen L, Eckley N, Kasperson JX,
Luers L, Martello ML, Polsky C, Pulsipher A, Schiller A (2003) A framework for vulnerability analysis
in sustainability science. Proceedings of the National Academy of Sciences 100:8074-8079

Turner MG, Gardner RH, O’Neill RV (2001) Landscape Ecology in Theory and Practice: Pattern and Process.
Springer-Verlag, New York

Turner MG, Romme WH (1994) Landscape dynamics in crown fire ecosystems. Landscape Ecology 9:59-77

Van Nieuwstadt MGL, Sheil D, Kartawinata K (2001) The ecological consequences of logging in the burned
forests of East Kalimantan, Indonesia. Conservation Ecology 15:1183-1186

Venevsky S, Thonicke K, Sitch S, Cramer W (2002) Simulating fire regimes in human-dominated ecosystems:
Iberian Peninsula case study. Global Change Biology 8:984-998

Wan S, Hui D, Luo Y (2001) Fire effects on nitrogen pools and dynamics in terrestrial ecosystems: a meta-
analysis. Ecological Applications 11:1349-1365

Wang C, Gower ST, Wang Y, Zhao H, Yan P, Bond-Lamberty BP (2001) The influence of fire on carbon
distribution and net primary production of boreal Larix gmelinii forests in north-eastern China. Global
Change Biology 7:719-730

Weber MG, Flannigan MD (1997) Canadian boreal forest ecosystem structure and function in a changing
climate: impact on fire regimes. Environmental Reviews 5:145-166

Williams AAJ, Karoly DJ (1999) Extreme fire weather in Australia and impact of the El Nifio-Southern
Oscillation. Australian Meteorological Magazine 48:15-22

Wotawa G, Trainer M (2000) The influence of Canadian forest fires on pollutant concentrations in the United
States. Science 288:324-328

Wotton BM, Martell DM, Logan KA (2003) Climate change and people-caused forest fire occurrence in
Ontario. Climatic Change 60:275-295

Young OR (2002) The institutional dimensions of environmental change: Fit, Interplay and Scale. MIT Press,
Cambridge, MA

@ Springer



