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Abstract 
The extent of the Earth's smface burned annually by fires is affected by a number of drivers , including but not limited to climate . 
Other important drivers include the amount and type of vegetation (fuel) available and human impacts, including fire suppression , 
ignition , and conversion of burnable land to crops. Prior to the evolution of hominids , area burned was dictated by climate via 
direct influences on vegetation , aridity , and lightning. In the future , wanning will be accompanied by changes in distribution , 
frequency , intensity, and timing of precipitation that may promote or suppress fire activity depending on location. Where area 
burned increases, fire may become self-regulating by reducing fuel availability. The effects of climate change on fire regimes will 
be strongly modulated by humans in many areas. Here , we use a systems approach to outline major d1ivers of changes in area 
burned. Due to the array of interacting drivers working in concert with climate's influence on burned area , and uncertainty in the 
direction and magnitude of changes in these drivers , there is very high uncertainty for much of the globe regarding how fire 
activity and accompanying smoke emissions will change in the coming decades. 
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Introduction 

Fire has long been a widespread fonn of disturbance within 
the global environment , with patterns of fire activity varying 

across space and time [I , 2]. Fire has reciprocal influences on 
biotic assemblages , including human communities , and 
changes in fire regimes due to environmental or human 
drivers-or both--can hav e significant socioecological im

pacts (e.g. , [3-6]) . 
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Increasingly destructive wildfires I in some regions have 

directed much attention to the influence of warming tempera
tures on future fire potential. Fire seasons are lengthening 
globally, via an increase in severe fire weather potential on 

the six continents where fire occurs naturally [7]. Within this 
changing fire environment, wildfires may be becoming more 
resistant to control actions [8, 9]- a finding consistent with 
public perception of and concern over an increase in fire fre
quency and size in North America , Mediterranean Europe , 
and Australia (e.g., [10]) . However , satellite observations of 
burned area (including all landscape fire , not just wildfire) 
show that over the past two decades , the global annual burned 
area has actually declined , driven primarily by land use and 
socioeconomic change in Africa [ I 0-12]. Both may be true : 
while global area burned has recently declined , an increasing
ly waim environment is causing wildfires to bum under more 
extreme conditions at a time when the amount of homes and 

1 Wildfire is one class oflandsc apc fires, distinct from agricultural burning and 
other types of controlled burning or "prescribed" fire. Wildfires can be human
caused or naturally ignited, but because they arc "unplanned " from a fire
management perspective. they often provoke a suppression response. 
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infrastructure located in the fire-vulnerable wildland-urban 
interface continues to grow [10, 13]. These inconsistencies 
demonstrate the complex interactions and forcings resulting 
from human manipulation of the environment including the 
use of fire, how climate establishes the conditions for wildfire 
potential , and the interplay between human activity, fire, and 
the changing climate [l , I 4]. 

The complex interactions between humans and natural sys
tems are being increasingly explored using systems-based ap
proaches often termed social ecological systems (SES) or 
coupled human and natural systems (CHANS) [15 , 16]. 
These systems approaches explore how humans influence 
and are in tum influenced by natural disturbance processes 
over space and time. A simplified example is the wildfire 
paradox : attempts by humans to remove wildfire from fire
dependent ecosystems have led to fuel buildup that makes 
future attempts to eliminate wildfire more difficult, leading 
to more frequent management effort, and increased losses 
when these efforts fail [9]. In recent years, there have been a 
number of efforts to map how additional social and ecological 
factors and feedbacks including climate change influence 
wildfire management and outcomes (see for example 
[17-20]). 

In this manuscript , we take a systems approach to examin
ing wildfire and climate change globally, acknowledging that 
humans and fuel are also important parts of the system and 
that reciprocal effects exist between many components of the 
system (Fig. 1 ). We review the contemporary literature 
pertaining to key drivers of landscape fire activity globally 
(including wildfire as well as agricultural burning and other 
types of controlled burning or "prescribed" fire) and accom
panying atmospheric pollutants from smoke. We present a 
stylized systems framework that focusses on how climate, 
ecosystem condition (specifically burnable fuel) , wildfire, 
and human actions interact. We use the tenn "drivers" to in
dicate these influences (e.g., climate, fuel, and human actions) 
which push the system toward increasing (positive forcing), 
decreasing (negative forcing), or relatively stable area burned. 
Over time, these influences are dynamic and may switch in 
direction or magnitude ; for example, systems experiencing 

/Climate~ 
Fuel Fire weather 

/~Fire/ 
Humans 
Fig. 1 The landscape fire-climate-fu el-human system . The directionality 
and strength of the influenc es are place- and time-specific 
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positive fire feedbacks (increasing area burned) eventually 
become fuel-limited, introducing a negative feedback that reg
ulates subsequent fire activity. While our main objective is to 
examine the question of whether burned area will increase in 
the future, it is not possible to address this question without 
understanding how climate , fire, ecosystems , and humans 
have interacted in the past. Therefore, we begin by examining 
the system of interactions before the advent of hominids and 
move forward in time, examining how hominids have altered 
these interactions and what this might mean for the future. 
(Note that we use the term "hominid" to refer to humans 
and extinct relatives, i.e., genus Homo, but not to great apes.) 

Fire Before Hominids 

Earth is an intrinsically fire-prone planet, with the presence of 
an oxygenated atmosphere , fuel in the form of biomass (i.e., 
vegetation), and a tilted axis that drives seasonal dryness [21]. 
The first evidence of fire in the Earth system appeared in the 
fossil record approximately contemporaneously with terrestri
al plant life, about 420 million years ago [22]. Continuous 
evidence of fossil trees and charcoal appeared since the late 
Devonian, approximately 390 million years ago [13]. As ox
ygen levels rose during the Late Pennian due to the prolifer
ation of vegetation, fires began to occur in an increasing num
ber of ecosystems , as elevated oxygen rendered vegetation 
flammable at higher fuel moistures by facilitating ignition 
and continued combustion [22, 23]. 

In general, fire activity is promoted by elevated tempera
ture, as long as vegetation is available to bum. For example, 
ice cores collected in Greenland and Antarctica demonstrate 
that periods of increased temperature coincided with elevated 
fire activity on millennial timescales in North and South 
Ame1ica, between 110,000 and I 0,000 years ago [24, 25]. 
(During this time period, inferences are necessarily at millen
nial to centennial scales and across broad spatial domains due 
to the nature of ice core records.) 

Prior to the advent of hominids , the amount of fire on the 
landscape was a function of the abundance of fuel and the 
prevalence of weather conditions conducive to fire, both of 
which were driven by climate (Fig. 2). Climate acted as a top
down control on vegetation/fuel type and abundance. Climate 
also set constraints on the prevalence of conducive fire weath
er, with wanning periods being linked to an increase in con
ducive weather episodes. Climate fluctuations can also influ
ence the abundance of lightning strikes and affect whether 
lighting co-occurs with precipitation (which affects ignition 
probability) . Apart from other natural ignition sources, includ
ing volcanic activity, lightning was the primary source ofland
scape fire before hominids . 

Vegetation and fire also act in a series offorcings and feed
backs that can operate over annual to millennial timescales 
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Climate 

Fire weather 

Fu~Fire/ 
Fig. 2 The pre-hominid landscape fire system. Climate exerts a top-down 
control on fuel and fire weather , which in tum together influence the 
levels of landscape fire activity 

(Fig . 3). At millennial timescales , the evolution and spread of 
vegetation may be facilitated or impeded by fire. For example , 
the spread of C4 grasses 2 into more mesic environments dur
ing the Late Tertiary may have been promoted by increased 
fire activity , which created favorable environments for grasses 
by opening woodland canopies [26]. Many ecosystems have 
evolved in concert with wildland fire and are considered "fire
adapted," with plants showing various adaptations to fire in
cluding vigorous resprouting and serotinous cones that require 
fire to drop seed [21, 2 7]. At centennial timescales , shifts in 
vegetation due to changing climate may facilitate or retard fire 
spread (e.g ., where tundra shifts to boreal forest) [24]. At 
annual timesteps , in ecosystems with high fire activity , recent
ly burned areas act as a negative forcing on area burned , since 
it takes some time for vegetation to regrow to the point that it 
can carry fire [28, 29]. Thus , fire can restrict the availability of 
burnable fuel at the landscape level [30]. 

Fire may cause shifts in atmospheric composition drastic 
enough to cause climate forcing (Fig. 4). Widespread burning 
of peats and commensurate rise in atmospheric carbon dioxide 
(CO2) has been proposed as one of the possible mechanisms 
that contributed to the rapid rise in temperature at the 
Paleocene-Eocene thennal maximum and may have facilitat
ed global change at the end of the Pennian [23, 31]. 

Fire in the Time of Hominids 

Hominids evolved in eastern Africa approximately 2.5 mya. 
As populations grew and dispersed , they began to act as an 
additional d1iver within the system (Fig . 5). 

During the Paleolithic and Mesolithic ages , hominids used 
fire extensively to clear ground for dwellings , to reduce 

2 C4 grasses utilize a different photosynthesis pathway than other grasses 
(known as C3 grasses) which makes them better adapted to areas with warm 
or hot conditions during the rainy period of the year [26. 176]. Thus, C4 grasses 
often dominate today's tropical and subtropical grasslands [26. 177]. 

Climate 

Fire weather 
Fuel 

Fire / 
Fig. 3 The pre-hominid wildfire system , including climate forcing on fire 
weather and fuel growth , abundance , and structure. A feedback loop 
exists between fire and fuel. where fire influences not only the rate of 
fuel growth but also the vegetation type ( e.g., forest versus grassland ) and 
fuel affects the frequency of fire. (When an arrow is added for the first 
time, in this and in subsequent diagrams , it is shown in gray. The lighter 
color conveys only that the arrow is new, and nothing about its strength 
relative to other forcing s) 

underbrush in order to facilitate movement , to hunt , and to 
regenerate plant foods for themselves and grazing animals 
[21]. Impacts on vegetation included the opening of closed
canopy shrublands and woodlands and their replacement by 
annual species [21]. 

Between the last glacial maximum (about 21,000 years 
ago) and the start of widespread agriculture (about 
I 0,000 years ago) , global biomass burning increased mono
tonically , according to charcoal evidence , with this trend being 
linked to both wanning of the climate and expansion of veg
etation as the ice sheets retreated [32]. 

As agriculture became prevalent during the Neolithic , 
Homo sapiens (i.e., humans) sta11ed to significantly alter the 
abundance and distribution of available fuel (Fig. 6). Humans 
required fire to transfonn some vegetation types to annual
dominated landscapes [21]. Increasing population in Europe 
coITesponded to a widespread increase in burning between 
4000 and 2000 years ago, based on charcoa l records [32] 
and ice core records [33]. This increase may have 
coITesponded with land clearing and conversion to pasture 
or agricultural land [32, 33]. 

Climate 

Fire weather 
Fuel 

~ Fire / 
Fig. 4 The pre-hominid landscape fire system, including a fire-climate 
forcing 
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Hominids _________. 
Fig. 5 The landscape fire system, including early-hominid use of fire to 
influence vegetation 

As human-cultivated lands expanded (along with their im
pacts on fuel continuity and abundance), the upward trend in 
global fire activity ceased (approximately 10,000 years ago) 
[21]. Climate was likely also a factor in the global decline in 
biomass burning from I to 900 AD, when a period of global 
cooling corresponded with continued expansion of human 
populations and cultivated lands [34]. The influences of these 
various drivers (i.e., expansion of cultivated land and global 
cooling) are difficult to apportion . 

During the Medieval Climate Anomaly (~900-1300 AD), 
increased fire activity coJTesponded with localized warming in 
boreal Alaska [35, 36], North America's Pacific Northwest 
[37], and the central Rocky Mountains [38]. Conversely, dur
ing the Little Ice Age ( ~ 1500- 1800 AD), fire activity de
creased in many regions globally [32, 35, 39]; however, the 
decrease in North America also coincided with the dramatic 
decline in Native American populations and their traditional 
burning practices [40]. 

Between 1750 and 1870, global burning increased sharply, 
with this rise being linked to more pervasive human influences 
including population growth and accompanying land use 
change [34). After 1870, burning declined abruptly, likely 
due to the widespread expansion of intensive agriculture, 

Climate~ 

/ Fire weather 
Fuel 

Ja~e/ 
Fig. 6 The landscape fire system, including direct and indirect influences 
of humans on vegetat ion/fuel , e.g., for sustained agricultural uses 
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grazing , and the eventual emergence of organized fire sup
pression [34). 

From the systems perspective, hominids represent a new 
driver that uses fire to exert various controls over vegetation. 
As hominids migrated across the globe, they began to affect 
interactions among climate, fire, and ecosystems. Hominids 
used fire in a localized fashion to make room for dwellings 
and to encourage or inhibit the growth of certain plants . 
However , with the advent of agriculture , hominids (i.e., 
humans) began to use fire as a tool in the conversion of eco
systems to cultivated land-a more long-lasting, widespread, 
and substantial change. Thus, hominids act as both a positive 
forcing on fire activity (in using fire to change the landscape) 
and a negative forcing on fire activity (in converting burnable 
land to cropland or pasture, which may be burned less fre
quently or not at all). 

Fire in the Era of Anthropogenic Climate 
Change 

CmTently, humans have a far larger influence on the landscape 
fire system than in the past , due to explosive population 
growth and technological advances. They influence the extent 
and composition of available fuel, apply (both intentionally 
and accidentally) and suppress fire, and impact global climate 
(Fig. 7). Climate and fuel still exert strong influences on fire 
activity, however. 

During the past few decades, extensive datasets, including 
global satellite data and weather data assimilated from thou
sands of recording stations , have allowed for the detailed 
study of the interplay between fire and weather, as well as 
smoke dynamics, sometimes at temporal scales as fine as 
sub-daily and spatial scales smaller than I km. 

Globally, in recent decades, on the order of 301--464 mil
lion hectares (about 2- 3% of the planet's land surface) has 
burned annually [ 12, 4 I]. Despite recent increases in 

Climate 

7 Fire weather 
Fuel 

Ja~e/ 
Fig. 7 The land scape fire system , including anthropogenic climate 
change 
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temperature and fuel aridity, global burned area declined sig
nificantly by 24.3 % during 1998-2015 [I I]. However , this 
trend varies spatially in direction and strength and is inconclu
sive for North America , South America, Eurasia, Australia, 
and Southeast Asia. The global reduction in burned area was 
driven by a decline of 1.27% per year in Africa [11]. Trends in 
Africa likely result from human-mediated landscape changes 
[ 11 ], suggesting that , in this region , global climate forcings 
that would increase fire activity are being overridden by hu
man impacts. 

Human population density and prosperity affect area burned 
[11]. Where density and prosperity are very low (which may 
represent marginally habitable land), area burned tends to be 
low. As density and prosperity increase, landscape fire activity 
also increases (signifying use of fire by rural populations) be
fore dropping precipitously in heavily populated and relatively 
prosperous areas [ I I]. The burned area decline in the latter 
regions is likely a function of perceived threats to highly valued 
resources such as homes and infrastructure, prompting exten
sive fire suppression efforts, sometimes at enonnous cost [IO]. 

In addition to strong direct human influences, climate exerts 
substantial controls on fire activity. At the global scale, fire 
weather seasons have been growing longer, with the global 
mean fire-season length increasing by approximately 18% be
tween 1979 and 2013 [7]. Fuel aridity has increased due to 
increa ses in temperatur e driven by anthropogenic climate 
change during the past few decades; fuel aridity and fire danger 
metrics correlate strongly with area burned [7, 42, 43 ]. 
Temperature promotes fuel aridity by increasing the evaporative 
demand of the atmosphere via the vapor pressure deficit [44]. 
This effect is implicit via the Clausius-Clapeyron relationship, 
where the moisture holding capacity of the atmosphere increases 
exponentially with temperature (- 7% C 1

) [45]. Although tem
perature is positively correlated with bwned area across the 
western United States (US) [ 46, 4 7], the strongest correlations 
between area burned and weather/climate variables are found 
when using metrics related to flammability rather than to tem
perature alone (e.g., potential evapotranspiration, precipitation 
anomaly, or fuel moisture) [14, 43, 46, 48, 49]. In fact, one of 
the strongest drivers of area burned may be the number of wet
ting rain days (precipitation>= 2.54 mm) [50]. 

Climate changes also cause shifts in snow dyn amics . 
Wanning reduces the fraction of precipitation falling as snow 
and speeds the rate of snowpack melt. These changes cause 
the timing of runoff and infiltration to shift earlier in the year 
and promote lengthening of the period with dry soils and fuel 
during the wann fire season [51-55]. 

Smoke and Emissions 

The primary drivers of fire emissions are burned area , fuel 
loading (amount of material available for combustion in var
ious biomass pools ), combustion completeness (fraction of 

fuel load burned ), and emission factors (mass of a pollutant 
emitted per unit mass of fuel burned) [56]. Fuel loading and 
combustion completeness vary significantly across ecosys
tems and biomass pools , respectively. Combustion complete
ness of grasses and fine litter pools typically approaches 
I 00%. In contrast , the combustion completeness of live leaves 
and needles , larger diameter litter (large branches and logs), 
standing dead trees and shrubs , and organic soil is highly 
variable, depending on moisture content , ambient meteorolo
gy, and terrain . Emission factors vary by fuel component , fuel 
conditions , and the relative share of flaming or smoldering 
combustion . Organic soils , peat , and large-diameter dead 
woody debris favor smoldering combustion , which has much 
higher emission factors for PM2.5 than flaming combustion 
that dominates grasses and fine litter [57, 58]. 

In recent decades , approximately 2.2 Pg/year of carbon has 
been emitted by wildland fire globally (including emissions 
from both natural and hum an-caused fires) [59]. Carbon from 
fossil fuel emissions is approximately five times greater at 
IO Pg/year (10,000 million metric tonnes) [60]. Following 
fire, carbon is often reassimilated into vegetation onsite over 
a pe1iod of month s or years and thus biomass burning cannot 
be considered a net carbon flux ; however , where forests do not 
regrow after fire due to type conversions driven by climate 
changes or maintenance as croplands , net carbon emissions 
can be significant [61]. 

Biomass burning is the largest source of carbonaceous 
aerosols and a leading source of reactive trace gases [59, 
62]. Fires in Africa are the leading source of global fire emis
sions (acco unting for 52%), followed by Asia (22%) and 
South America (15%) [59]. Emissions depend on the area 
burned , the amount of fuel (biomas s available for combus
tion) , and combustion completeness (fraction of fuel con
sumed) [63]. 

Wildfire smoke is a substantial health hazard- both acute 
and long-term exposures are associated with increases in re
spiratory and cardiovascular morbidity and mortality [64-66 ]. 
The smoke constituent presenting the primary health hazard is 
fine aerosol , i.e., particulat e matter with an aerodynamic di
ameter< 2.5 um (PM25 ) [67]. Globally, it has been estimated 
that exposure to PM2_5 from wildfire smoke results in over 
300 ,000 premature deaths annually [68]. 

Fire and Climate in the Future 

Under future climate, changes in temperature, precipitation, hu
midity, and cloudiness are expected to influence fuel moisture, 
thereby impacting burned area and combustion completeness, 
and thus smoke [ 69- 71 ]. Changes in human habitation and land 
use patterns will also affect the distribution of fire [72, 73]. The 
boundaries of biomes may shift, causing changes in fuel struc
tw-e and type and commensurate fire activity; shifting biome 
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boundarie s may affect climate via large changes in carbon stor
age as well as changes in surface energy fluxes that affect atmo
spheric circulation (Fig. 8) [61, 74-76]. 

Little is known about the relative strengths of the various 
drivers (e.g., humans, fuels , and climate) on area burned , or 
how these vary across different biomes and ecosystems [73, 
77]. In addition, the magnitude of future climate change is not 
known due to internal variability in the climate system, uncer
tainty in modeling of climate response to external forcing, and 
uncertainty in the magnitude of external forcing due to 
humans [78, 79]. Thus , predictions of future fire activity are 
highly uncertain . In the following subsections , we examine 
predicted changes to key climatic influences on fire activity 
and underscore the level of uncertainty in these predictions. 
Then , we discuss likely changes in vegetation and fuels and 
their implications for fire and climate and end this section with 
a discussion oflikely future fire emission scenarios and impli

cations for air quality and climate. 

Changes in Climate and Fire Weather: Predicted 
Effects on Fuel and Fire Activity 

Robust Projections of Climate Change 

Projection s of future climate come from General Circulation · 
Models (GCMs ), which simulate the global climate system 
[80]. GCMs project the globe will warm as a result of rising 
greenhouse gas concentration in the atmosphere , with 
warming most rapid over continents and at high latitudes 
[79]. If all else were held constant , widespread increases in 
wildfire activity would be expected in many regions globally 
due to warming-induced incre ases in atmospheric moisture 
demand and fuel aridity (which is correlated with area burned ) 
[69, 81, 82]. In historically snowy locations , warming
induced shifts to rain and early snowmelt may also reduce soil 
moisture availability in the subsequent wann months [52, 83]. 

Climate~ 

? Fire weather 
Fuel 

J~e/ 
Fig. 8 Climate- or human-dri ven changes in land use may be substantial 
enough to provide a forcing on global climate 
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Whether and how these projected increases in temperature 
actually affect wildfire activity , however , will be heavily dic
tated by the availability of fuel [82, 84, 85], which will be 
strongly influenced by precipitation and other climate vari
ables. For example, reductions in precipitation could promote 
fire activity in very wet regions such as tropical or temperate 
rainforests, or suppress it by causing reduced vegetation cover 
in semi-arid deserts . Conversely, increases in precipitation in 
fuel-limited systems (such as xeric shrublands and semi-arid 
deserts) could promote fire activity by enhancing surface fuel 
abundance or suppress it by increasing fuel moisture [77, 86]. 
CO 2 fertilization, increased precipitation , and longer growing 
seasons may enhance ecosystem productivity [87], increasing 
the foliage and litterfall available for burning in some areas. In 
addition, humans will continue to be strong influences on 
vegetation change globally , via expansion of croplands , defor
estation, fire suppression, etc. 

While there is broad agreement on an increase in tempera 
ture at both global and local scales , changes to patterns of 
precipitation are subject to uncertainties associated wifh sea
sonal (e.g ., monsoonal ), interannual (climate mode, e.g., El 
Nino Southern Oscillation (ENSO )), and decadal (climate os
cillations such as Interdecadal Pacific Oscillation (TPO), 
Atlantic Multidecadal Oscillation (AMO )) climate patterns. 
Robustly projected changes in precipitation include decreases 
in annual totals in the subtropics, particularly on the poleward 
flanks as the ove1turning Hadley cells expand poleward [88], 
and increases in annual totals throughout much of the tropics 
and high latitudes [79]. The seasonality of these changes in 
precipitation will be important to forecasting changes in fire 
activity. For example , if decreases in precipitation in the sub
tropics occur during the winter but not during the summer fire 
season, fire activity might increase less than if the decreases in 
precipitation occur during the summer fire season. 

Temperature increases will also affect the activity of in
sects. For example , under climate change, developmental 
stages of some spruce bark beetle s are expected to accelerate , 

facilitating faster reproduction and increased intensity of out
breaks [89- 91 ], while the reduced frequency of fatal winter 
temperatures ha s allowed for expansion of the range of 
Mountain pine beetle across North America [92, 93]. Tree 
mortality may increase due to infestation by these insects, with 

trees likely being mor e vulnerable due to increased drought 
stress [94-96 ]. The expansion of the range of fire-sensiti ve 
spruce and fir into surrounding forest types as a result of fire 
exclusion is also likely to contribute to larger-scale and higher
intensity outbreaks [97]. Increased size and/or frequency of 
beetle outbreaks could influence subsequent fire activity , 
though empirical evidence for this is as yet mixed [98, 99]. 

Models also project increases in precipitation variability 
and extreme events on both interannual and intra-seasonal 
bases , mainly because the near-surface specific humidity of 
the atmosphere increases exponentially as it wanns [ 100, 
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IO l ]. Climate change may increa se tree mortality through 
more severe droughts [ 102], c:1ltering forest composition and 
increasing the amount of standing and down woody biomas s 
available for combustion [103]. Over time , drought-driven 
tree mortality would reduce water demand , potentially creat
ing a negative feedback on subsequent mortality. 

Even in the absence of changes in total mean precipitation , 
changes in precipitation variability would influence landscape 
fire regimes. More extremes on the sub-seasonal scale may 
enhance runoff at the expense of soil infiltration, likely reduc
ing live and dead fuel moisture. If precipitation tends to arrive 
in fewer but larger stonns , the number of days with wetting 
rain will likely decrease , contributing to an increase in fire 
activity [50]. More variability on interannual scales may result 
in more fine fuel regrowth between years of extreme fire dan
ger, potentially increasing fire frequency and severity. 
Importantly , vegetation structure and species composition will 
be affected by changes in climate and climate-driven changes 
in fire severity and frequency . For example , increased fire 
frequency may prevent individuals of some plant species from 
reaching reproductive age, favoring those more adapted to 
short fire-return intervals [ l 04, l 05]. 

Major Uncertainties in Climate Projections 

While there are some robustly projected changes in large-scale 
temperature and precipitation (desc1ibed above) , projections 
are more uncertain for most individual regions and especially 
for non-t emperature variables. For example, climate variabil
ity in many regions is sensitive to nuanced variations in trop
ical ocean and atmosphere circulation that GCM s still have 
trouble simulating reliably (e.g., [106]). Among the most no
table sources of uncertainties are clouds. Uncertainties in the 
effect of anthropogenic forcing on clouds over tropical and 
subtropical oceans cause large unce1tainties in both global 
temperature change and large-scale atmospheric and oceanic 
circulation that drive changes in regional hydroclimate 
[ I 07-1 09] and have implications for future fire activity. 

Of course, even considering variables and regions where 
models are in agreement as to how additional greenhouse 
gases affect climate , there is great unce1tainty in future climate 
change due to uncertainty in future greenhouse gas emissions 
[ l l 0, l l I]. Comparing various potential future emissions sce
narios , the multi-model mean projected wanning for 1900 to 
2 l 00 ranges from approximately 2 °C to 5 °C, depending 
largely on the trajectory of the twenty-first-century global 
greenhouse gas emissions [79]. 

Another uncertainty particularly relevant to extra-tropical pre
cipitation, extreme weather, heatwaves, and fire is the degree to 
which rapid Arctic warming and ice melt (known as Arctic am
plification) affect the jet streams and related features of extra
tropical atmospheric circulation [ 112-114]. It has been hypothe
sized that the reduced tropics-to-pole temperature gradient has 

caused a slowing of the jet stream and an increase in the latitu
dinal amplitude of its Rossby waves in the Northern Hemisphere, 
leading to more persistent and extreme weather events in the 
Northern Hemisphere extra-tropics [115]. This could lead to ex
acerbated drought conditions conducive to fire [116]. However, 
these findings have been shown to be highly sensitive to meth
odology [I 17, 118], and there have not yet been clear and con
sistent trends in jet stream latitude, upper tropospheric wind 
speeds, or Rossby wave amplitude in observations over the past 
several decades [113, 119], possibly because observational re
cords are too short for an effect of anthropogenic forcing to have 
yet clearly emerged [ 120]. While models do robustly project a 
poleward migration of the Northern Hemisphere jet streams, this 
migration is small (I 0 ) and does not c01Tespond to increases in 
Rossby wave amplitude or frequency of blocking events [ 121, 
122]. Overall, past and future trends in large-scale extra-tropical 
circulation were and will be driven by far more than Arctic am
plification alone and will continue to be difficult to attribute to 
anthropogenic forcing due to a high degree of interannual vmi
ability, and complex dynmnics with competing effects, some of 
which are still poorly understood and modeled [113, 123]. 

Influences on interannual and seasonal precipitation totals are 
also the subject of continued research. Projections of the El Nino 
Southern Oscillation (ENSO), a driver of fire activity in some 
regions via interannual fluctuations in precipitation [ 124, 125], 
are still highly uncertain [ 126, 127]. In addition, models disagree 
as to the seasonality of precipitation changes [128], with precip
itation during fire season being a stronger driver than non-fire 
season precipitation in mm1y ecosystems [43, 47]. 

Changes in Vegetation and Fuel: Predicted Effects 
on Climate and Fire 

Changes in land cover will also critically affect climate and 
fire activity across many scales. In recent decades , increases in 
terrestrial net vegetation productivity have substantially re
duced the rate of CO 2 accumulation in the atmosphere 
resulting from anthropogenic emissions [129]. Further , vege
tation influences evapotranspiration amount and timing across 
all land areas. Evapotranspiration diminishes surface energy 
that would otherwise be partitioned toward sensible heating 
[ 130], and altered surface energy and moisture fluxes affect 
large-scale atmosph eric circulation [ 13 I]. Future changes in 
vegetation cover will therefore have impo1tant impacts on soil 
moisture , runoff , surface temperature , and humidity at local 
scales, and on large-scale circulation [76, 83], with c01mnen
surate effects of fire activity. 

Dynamical global vegetation models (DGVMs ) used with
in the Coupled Model lntercomparison Project 5 (CMIP5) 
experiment have widely varying projections of changes in 
global terrestrial vegetation productivity and cover , largely 
due to uncertainties in effects of CO 2 fertilization , nutrient 
limitation , human land management , and the effects of climate 
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variability on productivity, disturbances, mortality, and suc
cession [132- 140]. Continuing population expansion and 
conversion of burnable land to cropland or other irrigated 
space can affect landscape-level bum probabiliti es [72]. 
Conversion of rainforests to croplands may liberate large 
amounts of carbon to the atmosphere [ 141]. Management in
terventions such as prescribed burning and fuel treatments 
have the potential to reduce or limit increases in future burned 
area, if completed at a broad enough scale [142, 143]. 

Future Landscape Fire Emissions and Implications 
for Air Quality and Climate 

Given the uncertainty in projections of area burned , recent 
studies estimate the late twenty-first-century global fire emis
sions will range between - 15 and+ 62% of present-day emis
sions, varying with the combination of climate change scenar
ios and predicted human population changes [69, 144]. Under 
future climate, fire activity and emissions were predicted by 
two studies to increase in North America, Europe, and North 
Asia ; decre ase significantly in Africa (due to population 
changes); and remain roughly unchanged in South America 
[69, 144]. Increased emissions in the mid-latitudes and boreal 
regions were approximately offset by decreased tropical emis
sions. However , a third study estimated future global fire 
emissions would increase by 17% to 62%, with fires in 
South America accounting for over half the increase [70]. 

Factors influencing emissions vary across studies. Climate 
change may increase emissions through increased burned area 
in some or all regions [69, 70]. These increases may be rough
ly offset by reductions in the fuel loading available for com
bustion [69], but in some regions, increased precipitation and 
fuel availability may result in a combination of increased 
burned area and fuel load [144]. CO2 fertilization may affect 
the burned area and is likely to decrease it via woody en
croachment on grasslands, but some of this decrease may be 
offset by increased emissions due to increased fuel load [69]. 
Shifts in population, land use change, and timber harvest are 
likely to decrease emissions [70]. Though human ignitions 
may increase with population, the net impact of population 
changes is likely to decrease emissions via fire suppression 
[70]. The impact ofland use change and harvest is expected to 
decrease global emissions by up to 5% to 35%, depending on 
the scenario considered [57]. 

Future emission fluxes and climate conditions are uncer
tain, resulting in zonal changes in black carbon concentrations 
(a reasonable proxy for PM2_5) varying from - 50 to + 100% 
[144] . These zonal mean s understate the potential human 
health impacts considering the atmospheric lifetime of black 
carbon and the magnitude of the black carbon changes over 
the continents, especially in active fire regions. Under future 
climate, some regions (e.g., central South America , northeast
ern Siberia, and northwestern Canada) are likely to experience 
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degraded air quality due to increased fire emissions ; however, 
future wildfires will be of limited importance for air pollution 
in most regions [145]. In Southeast Asia, where smoke from 
fires used for land clearing and agriculture can be a significant 
health issue in the present day [ 146], studies project reduced 
emissions under future climate due to increases in population 
density and changes in land use [69, 70, 146]. 

Using the Systems Framework: an Example 
from the Western US 

The systems framework can be leveraged to aid in examining 
changes in drivers of fire activity under climate change . Here, 
we use an example from the forests of the western US, a well
studied area. Area burned has increased during the past few 
decades [147], which is likely an outcome of several factors. 
Changes in climate (increasing temperatures and decreasing 
summer precipitation) have acted as a positive forcing on area 
burned by creating additional windows of weather conducive 
to fires [7, 42, 50, 52, 54, 14 7] (Fig. 9a). Changes in fire 
management now allow for fires to bum and expand in some 
locations where they are expected to deliver benefits to highly 
valued resources , also acting as a positive forcing on area 
burned (e.g., [148]). However, fire suppression is still largely 
the default reaction to ignitions, causing area burned to remain 
below the early-twentieth-century levels [I 49, 150]. Thus, fire 
suppression acts as a negative forcing on fire activity over the 
short tenn , but contributes to increases in fuel over the longer 
term, which acts as a positive forcing on fire activity by re
ducing fuel limitation [9]. Fuel loading and connectivity are 
above historical levels due to a century of fire suppression and 
timber harvest by humans [9, 151, 152]. Because forest area 
burned in the western US is below historical levels, it does not 
significantly contribute to global climate change [ 150]. 
However , hwnan s continue on a trajectory of aggressive burn
ing of fossil fuels, contributing to positive forcing on area 
burned in this region [42, 50]. 

Over the next century, continued increases in temperature 
and decreases in fire season precipitation are likely as a result 
of anthropogenic fossil fuel emissions, acting as a positive 
feedback on area burned by further increasing the occun-ence 
of windows of weather conducive to fire and increasing fuel 
aridity [I 53, 154] (Fig. 9b). Because fire suppression is less (if 
at all) effective during extreme weather and in forests with 
high fuel loading due to past management practices, suppres
sion capability is likely to be overwhelmed and humans may 
not affect fire activity during extreme conditions [8, 155]. 
Unless significant changes from the status quo occur, various 
obstacles will continue to preclude the implementation of pre
scribed bwning at the scale necessary to reduce fuel (which 
would constitute a negative (regulating) feedback on fire; ob
stacles include air quality regulations , lack of funding, and 
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Fig. 9 The systems framework can be used to examine and understand 
feedbacks in fire activity under current (a) and future (b) predicted 
conditions. This example is for western US forests, broadly considered. 
Plus signs(+) indicate positive forcing, negative signs indicate negative 

strict prescriptions). If fire suppression is ineffectual as well, 
then humans might cease to have a significant effect on fuel in 
this region . However, in some regions, acceptance of managed 
fires has been increasing recently ("managed fires" refer to 
those on which land managers have a less-than-full
suppression objective), meaning that additional acreage may 
be burned by wildfires during less extreme weather condi
tions. At increased levels of fire activity, fire may become 
self-limiting in some areas [30). Carbon emission levels 
would increase at higher levels of burning [ 156]; however, 
forests and woodlands may expand in areas where available 
moisture increases during the growing season, facilitated by 
the increase in water use efficiency from CO2 fertilization or 
contract in areas where growing season moisture is expected 
to decrease and high vapor pressure deficits result in mortality 
oflarge woody vegetation [ 128, 157, 158). Thus , the net effect 
on carbon and global climate is difficult to detennine. 

The net effect of future changes to the fire-climate system 
of the forested western US would likely be increased fire 
activity over the short tenn. Over the longer tenn , negative 
feedbacks resulting from increases in burned area and fuel 
limitation would constrain the system from experiencing fur
ther increases in forested burned area. However , the magni
tude of these changes is unce1tain, and the direction of these 
forcings would likely be different in other ecosystems. 

Discussion: Major Challenges in Prediction 
of Future Fire Activity 

Before human influences became globally significant, the 
climate-fire relationship was less complex . Cun-ently, fire ac
tivity is driven by a system of controls and feedbacks affected 
not only by climate but also by human activity and its effects 
on vegetation and fuel, as well as human effects on climate 
itself(Fig. 8). The complexity of this system leads to a number 
of challenges in predicting future fire activity. 

Many of these challenges are in the domain of forecasting 
future clin1ate. Predictions from GCMs are in good agreement 

b CUmat•~ 
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forcing(- ); effects that are not expected to be significant are denoted with 
"NS ," and "?" indicates instance where the direction of the forcing 
cannot be predicted. Thicker arrows represent stronger drivers 

that temperatures will increase, though the magnitude of the 
change is uncertain. Increasing temperatures can be expected 
to increase atmospheric moisture demand and increase fuel mid
ity [46]. This will have the effect of intensifying droughts, which 
frequently exacerbate fire. In addition , the length of the fire 
season is likely to increase [7]. In the short term, this may pro
duce more rapid curing of herbaceous vegetation and contribute 
to water stress of all live vegetation , increasing fire activity. 
Moisture content and curing rate of live fuel greatly affect the 
probability of ignition and rate of fire spread [159, 160]. 

However , GCMs vary in predictions of windspeed and 
precipitation for a given region (direction, magnitude , and 
seasonality) , posing challenges in predicting future fire activ
ity [79, 161]. Wanning and increased precipitation , which is 
likely for much of the globe , may produce greater increases in 
fire activity than warming and d1ying (for example, by pro
moting continuous vegetation in areas that are now xeric 
shrublands and semi-arid deserts) [162]. However , these in
creases may be punctuated by periods of reduced fire activity 
when fire causes fuel to be limited [14]. 

In addition, it is the variability in climatic conditions over 
decadal, annual, and seasonal scales that detennine the spatial 
continuity and mrnngement of fuel types and tl1eir availability to 
bum. Periods of extreme weather conducive to fire spread (hot, 
dry, and windy) are a prerequisite for the growth of lm-ge fires 
once ignition has occun-ed [43, 163]. Precipitation amount, sea
sonality, duration, and timing are all impmtant factors in vegeta
tion abundance and continuity, timing of vegetation curing, and 
whether/when dead fuels reach fuel moistures at which they are 
available for bwning (e.g., [43, 46, 50]). The fact that the stron
gest con-elations between burned area and climate/weather met
rics are found in studies that use vmiables that track vegetation 
flammability rather than just temperature poses challenges for 
forecasting area burned under climate change scenarios, as flam
mability depends on short-tenn fluctuations in precipitation, tem
perature, and winds. Future lightrling activity is another wild 
card, with some studies predicting increases [164]. Even if future 
Jightrling levels m·e similar to today's, the location of storm tracks 
will greatly influence its spatial distribution. Thus , the 
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relationship between fire and climate in the future depends great
ly on weather conditions that are difficult to model. (GCMs do 

not simulate lightning directly and it must be inferred from other 
outputs [165].) 

Another challenge in using climate conditions to predict 
future fire is that current fire-climate relationships cannot nec

essarily be used to understand the future . Extrapolations of 

current fire-climate relationships to no-analog conditions are 

likely to overpredict burned area , as recently burned areas are 

self-limiting , since fuel will not recover to the point where it 

can carry another fire for some time [I 4, 30, 166, 167]. The 

degree of self-limitation is a function of the vegetation type, 
time since fire, and biophysical setting related to climate [28, 

29]. A second challenge is that different vegetation assem

blages become flammable at different fuel moistures (e.g., 
[43]). As vegetation assemblages shift under future climate , 

extrapolating relationships between fuel moisture and burned 

area become dubious where novel species assemblages fonn , 
resulting in no-analog conditions (e.g., [61]). 

Even if the trajectory of climate change was known , cli

mate effects on vegetation are uncertain. At broad spatial and 

temporal scales, climate detennines the biophysical setting for 
vegetation growth . While most of Earth's biomes have 

evolved in tandem with fire , they are adapted to specific fire 
regimes ; changes in climate may result in departures from 

those regimes , with potentially disruptive effects ranging from 
introduction of invasive species to type conversion [21, 61]. 
Type conversions (e.g. , a transition from forest to grassland 

due to widespread tree mortality) may occur due to the inabil

ity of a landscape to sustain the current vegetation due to 
increased water stress , for example, but more rapid and spa

tially extensive type conversions may occur due to distur

bances such as fire (e.g., [6 I]). Type conversions may either 

increase bum probabilities , for example where closed forest is 
conve1ted to shrub or grassland , or decrease bum probabilities 

where fuel on fonnerly burnable landscapes becomes too 
sparse. The combination of invasive grasses and fire can also 

be a significant factor in causing type conversions in a number 

of ecosystems by introducing or increasing the frequency of 
fire in systems poorly adapted to frequent fire [ 168, 169]. 

Challenges in modeling future fire activity are not limited 
to the climate and vegetation domains , but are rife in predic

tions of future human activities as well. Direct human influ

ences on vegetation globally may be as powerful as those from 

climate , with these impacts producing both positive and neg
ative feedbacks on global fire activity [21]. Human actions 

may drive increased fire levels in some cases (e.g., with fire

induced deforestation and agricultural burning) and decreased 
fire in others (e.g. , through aggressive fire-suppression activ
ities) (e.g., [l l , 40]). At the global level , continued expansion 

of cropland and pasture may dampen climate-driven increases 
in landscape fire. Since the onset of the Medieval Climate 

Anomaly , humans have been able to disrupt and in some cases 
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uncouple the once robust relationship between biomass burn
ing and temperature [32, 40] . Uncertainty in emissions scenar
ios is substantial , but predictions for the twenty-first century 
indicate temperature increases of double to quintuple those 
estimated during the Medieval Climate Anomaly and Little 
Ice Age. This raises a question : is there a threshold in the 

magnitude of climate change after which humans will no lon
ger be able to affect this relationship? With instances of ex

treme weather occurring more frequently, and fire suppression 

being less effective under extreme weather, perhaps this 

threshold has already been surpassed in some areas. 
An important human factor will be the trajectory of popula

tion growth. Since population density and wealth are negatively 
correlated with burned area [ 11 ], if society continues on a trend 

toward increasing population density, decreases in burned area 
might be expected . However, recent demographic shifts in some 

areas show rural populations moving to urban centers ; thus , 

population density may be decreasing in many rural areas. 

When rural populations shift to mban areas , human ignitions 
and burned area may decrease , but when fires occur, they may 

grow larger due to increases in fuel connectivity [ I 70, I 71]. The 

strength and direction of these human effects in relationship to 
those in other parts of the system will ultimately detennine 

whether fire activity increases or decreases regionally. 

Projections oflandscape fire and climate must necessarily rely 

on modeled projections of the major drivers of climate , vegeta

tion, and human management , though these models can, to some 

extent , rely on empirically observed relationships and physical 

models [14]. Given uncertainties in climate, vegetation , and hu
man drivers , m1ce1tainty in predictions of future fire activity is 

substantial [14, 172, 173]. Currently, global fire models do not 

agree on whether climate change will increase or decrease tl1e 
frequency of fires in individual locations, Jet alone on the mag

nitude of changes [174]. A challenge in comparing results across 

a suite of existing global fire models is that the set of drivers they 

incorporate (fuel moisture , fuel load, ignitions from lightning 

and anthropogenic sources, fire suppression, rate of spread , and 

burned area), the spatial scale at which they operate , and the level 

of complexity within each model vary considerably [174]. In 

addition, the short duration of global fire records makes validat

ing the outputs of these predictive models difficult [14, 69]. 

Global fire models currently do not simulate fire with the level 

of complexity common in models used to render fire progression 

during wildfire incidents or those used for national-scale risk 

products (e.g., [ I 63, I 75]). However , global models incorporate 
broad-scale drivers and feedbacks such as the effects of CO 2 

fertilization and projected changes to human demographics , fac

tors that incident-level models do not currently handle (e.g., [73, 

128]). The potential exists to couple more sophisticated fire 

models with existing vegetation models , but integrating these 
models will be complex and computationally intensive . 

At this point , it is not possible to assign probabilities to 

changes in any of the human , climate , or vegetation drivers 
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of fire activity , meaning predictions can at best rely on scenar
io planning as a tool [ l 72]. Simulations might be made in a 
factorial design , where the contributions of different scenarios 
can be assessed [ 14]. 

In summary, robust predictions of area burned under future 
climate require an understanding of the coupled dynamics of the 
major drivers of the landscape fire system (climate, fire, fuels, 
and humans), and how to feasibly simulate these dynamics quan
titatively. The dynamics and strengths of these drivers vary not 
only regionally but also over time (Fig. 9), and there are likely 
severe limits on our abilities to project changing dynamics into 
the future. For example, culture and technology are major drivers 
of how humans interact with fire (e.g., the number of ignitions in 
the USA currently peaks on July 4 due to a cultural tradition and 
the technology that produced fireworks) but changes in culture 
and technology represent systems with enonnous internal vari
ability that cannot be modeled. The depth of study and the ability 
to simulate the landscape fire system vary regionally, with greater 
understanding in some well-studied regions such as the western 
US and Australia. Understanding is also, of course, the highest 
for the recent past and near-tenn future. For example , in the 
western US, the high coll'elation between fuel aiidity and forest
ed burned area in recent decad es strongly suggests that as 
wanning continues, burned area will continue to increase in tan
dem with fuel aridity into the neai·-tenn future (next few decades) 
(e.g., [42, 46]). However , the sensitivity of fire activity to climate 
in any time pe1iod is modulated by land-cover and hwnan vari
ables that vai-y across a range of time and spatial scales. TI1e 
largest source of uncertainty inhibiting fire mod els is likely 

humans: how will th ey aff ect the landscape and fire? 
Uncertainty also arises due to a lack of understanding about 
how changes in climate, CO2 levels, and fire will affect future 
vegetation communiti es ( e.g., [ 128]). Uncertainty increases with 
time into the future [172]. In making predictions , forecasters 
must rely on a set of empirical and physical models, which ai·e 
improving as research advances and the short tin1eframe of reli
able obse1vational records of fire and climate grows [ 14]. 
However , the landscape fire system is an integration of many 
highly coupled and complex physical , . biological, and cultural 
systems, with hard limits likely to pen11anently inhibit accurate 

long-range projections of wildfire activity. 

Conclusions 

Global fire activity in the future will be influenced by a system of 
climate, vegetation, and human drivers. The strength and some
times even the direction of these drivers are challenging to pre
dict, and system-wide feedbacks further complicate the picture. 

We present here a systems framework to help make sense 

of this complexity. Climate , in tandem with vegetation , has 
been a strong driver of fire activity throughout the Earth's 

history and will remain so. However , human influences on 

ecosystem condition/flammability and fire activity have in
creased over the past century due to the explosive population 
growth and technological advances . Humans now also exert 
an impact on the climate , via fossil fuel emissions , which in 
turn influences fire activity . The sign and magnitude of feed
backs among climate , vegetation , and fire may shift over time , 
depending on interactions among the various factors. For ex
ample , there are indications that changes in climate are less
ening hwnan ability to suppress fires in some regions (e.g., 
western Europe and the western US) but not in other regions 
(e.g. , Africa). Looking to the future , the relative influences of 
the primary drivers may be deduced in some systems , at least 
over lirnited time horizons (such as a few decades) . However , 
for other systems and over longer time h01izons, how these 
drivers interact in this increasingly complex system is unclear . 

Uncertainty associated with feedbacks , changes in precip
itation, lightning , and winds translates into limited capabilities 
for quantitative assessment of what the future holds. Warn1ing 
is likely to increase fire activity in some areas, but not every
where . For example , warming in ah·eady arid environments 
may reduce fuel availability to the point where fire cannot 
spread , but wanning in fuel-loaded areas such as western US 
forests may lead to increased fire at least in the short term . 

In sum , landscap e fire will continue to be a presence on the 
Earth 's surface into the future , but it is difficult to say whether 
climate or humans will be a stronger influence on its 

prevalence. 

Compliance with Ethical Standards 

Conflict of Interest On beh alf of all autho rs, the corre sponding author 
states that there is no conflict of interest. 

Human and Animal Rights and Informed Consent This article does not 
contain any studies with human or animal subject s perfonn ed by any of 
the authors. 

Publisher's Note Springer Natur e remain s neutral with regard to juri sdic
tional claim s in publish ed maps and institutional affiliations. 

References 

I. Bowman DMJS , Balch JK, Artaxo P. Bond WJ , Carlson JM . 
Cochran e MA , et al. Fire in the earth system. Science. 2009 ;324: 
481-4. 

2. Pyne SJ. World fire: the cultur e of fire on earth. Seattle: Univers ity 
ofWashin i,>ton Pre ss; I 995. 

3. Brown PM , Kaufmann MR, Shepp erd WO. Lon g-term, landscape 
patt erns of past fire events in a montane pondero sa pine forest of 
central Colorado. Land sc Ecol. I 999 ; 14:5 I 3- 32. 

4. Brooks ML , D ' Antonio CM , Richardson OM , Grace JB, Keeley 
JE , DiTomaso JM, et al. Effect s of invas ive alien plants on fire 
regim es. Biosci ence . 2004 ;54:677- 88. 

5. Brooks ML , Matchett JR. Spatial and temporal pattern s of wild
fires in the Mojav e Desert , 1980- 2004. J Arid Environ. 2006 ;67: 

148---64. 

~ Springer 



6. Morgan P, Hardy CC, Swetnam TW, Rollins MG , Long DG . 
Mapping fire regimes across time and space: understanding coarse 
and fine-scale fire pattern s. Int J Wild I Fire. 200 I ; I 0:329--42. 

7. Jolly WM, Cochrane MA , Freeborn PH, Holden ZA , Brown TJ, 
Williamson GJ, et al. Climate-induced variations in global wildfire 
danger from I 979 to 2013 . Nat Commun. 2015;6:7537. 

8. Williams J. Exploring the onset of high-impact mega -fires through 
a forest land management prism. For Ecol Manage . 2013 ;294 :4-
10. https ://doi.org/10.10 I 6/j.foreco.2012.06.030. 

9. Calkin DE , Thompson MP, Finney MA. Negative consequences 
of positive feedbacks in US wildfire management. For Ecosy st. 
2015;2:9. 

10. Doerr SH, Santin C. Global trend s in wi ldfire and its impacts : 
perceptions versus realities in a changing world . Philos Trans R 
Soc B. 2016;37 I :20150345. https ://doi.or g/ 10.109 8/rstb.2015 . 
0345. 

11. Ande la N, Morton DC, Gig lio L, Chen Y, Van Der Werf GR, 
Kasibhatla PS , et al. A human-driven decline in global burned 
area. Science. 20 I 7;356: 1356-62. 

12. Giglio L, Randerson JT, Van Der Werf GR. Analysis of daily , 
monthly , and annual burned area using the fourth-generation glob
al fire emissions database (GFED4). J Geophys Res Biogeo sci. 
2013; 118:317- 28. 

13. Theobald DM. Romme WH . Expansion of the US wildland-urban 
interface . Landsc Urban Plan. 2007;83:340-54. 

14. Williams AP, Abatzog lou JT. Recent advances and remaining un
certainties in resolving past and future climate effects on globa l 
fire activity . Curr Clim Chang Rep . 2016;2 :l- 14. 

15. Liu J, Dietz T, Carpenter SR, Folke C, Alberti M, Redman CL. 
et al. Coupled human and natural systems. Ambio. 2009 ;36:639 -
49. 

16. Liu J, Mooney H, Hull V, Davi s SJ. Gaskell J, Hertel T, et al. 
Systems integration for global susta inability. Science (80-). 
2015;34 7:963. 

17. Spies TA, White EM, Kline JD, Paige Fischer A, Ager A, Bailey J. 
et al. Examining fire-prone forest landscapes as coupled human 
and natural systems. Ecol Soc. 2014;19:9. 

I 8. Shindler B , Spies TA, Bolte JP, Kline JD. Integrating ecologica l 
and social knowledge : learning from CHANS research . Eco l Soc. 
2017;22. 

19. Thomp son MP, Dunn CJ, Calkin DE. System s thinking and wild
land fire management. Proc 60th Annu Meet Int Soc Syst Sci. 
2017;1(1):17. 

20. Thompson MP, MacGr egor DG , Dunn CJ, Calkin DE. Phipp s J. 
Rethinking the wildland fire management system. J For. 2018 ;116: 
382- 90. 

21. Pau sas JG , Keel ey JE . A burning sto ry: the role of fire in the 
history of life. Bioscience . 2009 ;59 :593-60 I. https://doi.org/10. 
l 525/bio.2009.59 .7.10. 

22. Scott AC, Glasspool IJ. The diversification of Paleozoic fire sys 
tems and fluctuations in atmospheric oxygen concentration. Proc 
Natl Acad Sci. 2006; I 03: I 086 1- 5. https://doi.or g/ 10.1073/pnas. 
0604090103. 

23. Glas spool IJ, Scon AC , Waltham D, Pronina N, Shao L. The 
impact of fire on the Late Paleozo ic Earth system. Front Plant 
Sci. 2015 ;6: 1- 13. http s ://doi .org/10 .3389 /fpls.2015.00756 / 
abstract. 

24. Fischer H, Schupbach S, Gfeller G, Bigler M, Rothlisberger R, 
Erhardt T, et al. Millennial changes in North American wildfire 
and soil activity over the last glacia l cycle. Nat Geosci. 2015;8: 
723- 7. 

25 . Power MJ, Marlon J, Ortiz N, Bartlein PJ, Harrison SP, Mayle FE , 
et al. Changes in fire regimes since the last glacial maximum : an 
assessment based on a globa l synthesis and analysis of charcoal 
data. Clim Dyn . 2008;30:887 - 907 . 

~ Springer 

Curr Pollution Rep 

26. Keeley JE, Runde! PW. Fire and the Miocene expansion of C4 
grasslands. Eco l Lett. 2005;8:683 - 90. 

27. Schwi lk DW, Ackerly DD. Flammability and serotiny as strategies 
: correlated evolution in pines . Oikos. 200 I ;94:326-36. 

28. Parks SA, Miller C, Holsinger LM , Baggett LS, Bird BJ. Wild land 
fire limits subsequent fire occurrence . Int J Wild! Fire . 2016;25: 
182- 90. 

29. Park s SA, Holsinger LM , Miller C, Nelson CR. Wildland fire as a 
self-regulating mechanism: the role of previous bums and weather 
in limiting fire progre ssion. Eco l App l. 2015;25:1478--92. 

30. Riley KL , Thompson MP, Scott JH, Gilbertson-Day JW. A model
based framework to evaluate alternat ive wildfire suppression strat
egies. Resources. 2018;7. Available from: http ://www .mdpi.com/ 
2079-9276/7 / l /4. 

31. Kurtz AC , Kump LR, Arthur MA , Zachos JC, Paytan A. Ear ly 
Cenozoic decoupling of the global carbon and sulfur cycles. 
Paleoceanography. 2003; 18: I 090. 

32. Marlon JR , Bartlein PJ, Daniau AL, Harrison SP, Maezumi SY, 
Power MJ , et al. Global biomass burning: a synthesis and review 
of Holocene paleofire records and their controls . Quat Sci Rev. 
Elsevier Ltd. 2013 ;65:5- 25. http s://doi.or g/ 10.1016 /j.quascirev. 
2012.11.029. 

33. Zenn aro P, Kehrwald N, Marlon J, Ruddiman WF, Brucher T, 
Agostine lli C, et al. Europe on fire three thousand years ago: arson 
or climate? Geophys Res Lett . 2015;42:5023 - 33. 

34. Marlon JR , Bartlein PJ, Carca illet C, Gavin DG , Harrison SP, 
Higuera PE , et al. Climate and human influence s on global bio
mass burning over the past two millennia . Nat Geosci. 2008; 1: 
697- 702. 

35. Kelly R, Chipman ML, Higuera PE, Stefanova I, Brubaker LB , 
Hu FS. Recent burning ofborea l forests exceeds fire regime limits 
of the past 10,000 years. Proc Natl Acad Sci. 2013 ; 110:13055-6 0. 
http s://doi.org / 10.1073/pnas .1305069 110. 

36. Barrett CM , Kelly R, Higuera PE, Hu FS. Climatic and land cover 
influences on the spatiotempora l dynamic s ofHolocene boreal fire 
regimes. Ecology. 2013;94:389--402. 

37. Walsh MK , Marlon JR , Goring SJ, Brown KJ , Gavin DG . A 
regional perspecti ve on Holocene fire-c limate - human interac 
tions in the Pacific northwest of North America. Ann Assoc Am 
Geogr . 2015;105:1135 - 57 . 

38. Calder WJ, Parker D, Stopka CJ , Jimenez-Moreno G, Shuman 
BN . Medieval warming initiated exceptionally large wildfire out 
break s in the Rocky Mountain s. Prot Natl Acad Sci. 2015;112: 
13261-6. http s://doi .org/ 10.1073/pnas.1500796112 . 

39. Power MJ , Mayle FE , Bartl ein PJ, Marlon JR , Anderson RS , 
Behling H , et al. C limatic control of the biomass-burning declin e 
in the Americas after AD 1500. The Holocene. 20 13;23:3- I 3. 

40 . Taylor AH, Trouet V, Skinner CN , Stephens S. Socioecologica l 
transitions trigger fire regime shifts and modulate fire- climate 
interactions in the Sierra Nevada , USA , 1600-2015 CE. Proc 
Natl Acad Sci. 2016 ; 113: 13684-9. 

41. Randerson JT, Chen Y, Van Der We1f GR, Rogers BM , Morton 
DC . Global burned area and biomass burning emissio ns from 
sma ll fires . J Geophys Res G Biogeosci . 20 I 2; I 17:G04012 . 

42. Abatzoglou JT, Williams AP. Impact of anthropogenic climate 
change on wildfire across westem US forests . Proc Natl Ac,td 
Sci. 20 16;113: 11770-5. 

43 . Riley KL , Abatzoglou JT, Grenfell IC, Klene AE, Heinsch FA. 
The relationship of large fire occurrence with drought and fire 
danger indices in the western USA , 1984-2008: the role of tem
poral scale. Int J Wildt Fire. 20l3;22:894-909. 

44 . Seager R , Hooks A , Williams AP, Cook B, Nakamura J , 
Henderson N. Climatology, variability , and trends in the U.S. 
vapor pressure deficit , an important fire-related meteorological 
quantity . J Appl Meteorol Climatol. 20 15;54: 1121--41. 



Curr Pollution Rep 

45. Held IM, Soden BJ. Robust responses of the hydrological cycle to 
global warn1ing. J Clim. 2006; 19:5686-99. 

46. Williams AP, Seager R, Macalady AK, Berkelhammer M, 
Crimmins MA , Swetnam TW, et al. Correlations between compo
nents oftbe water balance and burned area reveal new insights for 
predicting forest fire area in the southwest United States. Int J 
Wild! Fire . 2015 ;24:14-26. 

47. Abatzoglou JT, Kolden CA. Relationships between climate and 
macroscale area burned in the western United States. Int J Wild] 
Fire. 2013 ;22:1003 - 20. 

48. Sedano F, Randerson JT. Multi-scale influence of vapor pressure 
deficit on fire ignition and spread in boreal forest ecosystems. 
Biogeosciences. 2014 ; 11 :3739- 55. 

49. Morton DC, Collatz GJ, Wang D, Randerson JT, Giglio L, Chen Y. 
Satellite-based assessment of climate controls on US burned area. 
Biogeosciences. 2013 ; I 0:247- 60. 

50. Holden ZA, Swanson A, Luce CH, Jolly WM , Maneta M, Oyler 
JW, et al. Decreasing fire season precipitation increased recent 
western US forest wildfire activity. Proc Natl Acad Sci. 
2018;115:E8349-57. 

5 1. Barnett TP, Adam JC, Lettenmaier DP. Potential impacts of a 
warn1ing climate on water availability in snow-dominated regions . 
Nature . 2005 ;438:303 - 9. 

52. Westerling AL, Hidalgo HG, Cayan DR, Swetnam TW. Warming 
and earlier spring increase Western U.S. forest wildfire activity. 
Science (80-). 2006;313:940---3. 

53. Woodhouse CA . Meko DM, MacDonald GM, Stahle DW. Cook 
ER. A 1,200-year perspective of 21st century drought in south
western North America. Proc Natl Acad Sci. 2010 ; I 07:21283- 8. 
https://doi.org/ 10.1073/pnas.0911197107. 

54. Westerling ALR . Increasing western US forest wildfire activity: 
sensitivity to changes in the tin1ing of spring . Philos Trans R Soc B 
Biol Sci. 20 16;371:20150178. 

55. Kitzberger T, Falk DA, Westerling AL, Swenrnm TW. Direct and 
indirect climate controls predict heterogeneous early-mid 21st 
century wildfire burned area across western and boreal North 
America . PLoS One. 2017 ; 12:e0 188486. 

56. Urbanski SP, Reeves MC, Corley R, Silverstein R, Hao WM. 
Contiguous United States wildland fire emission estimates during 
2003 - 2015. Earth Syst Sci Data Discuss. 2018 ;10:2241 - 74 
Available from: https://www.earth-syst-sci-data-discuss.net /essd-
2018-l 00/. 

57. Akagi SK, Yokelson RJ. Wiedinmyer C, Alvarado MJ. Reid JS, 
Karl T, et al. Emission factors for open and domestic biomass 
burning for use in atmospheric models. Atmos Chem Phys . 
20 11 ;I I :4039- 72. 

58. Urbanski S. Wildland fire emissions , carbon , and climate : emis
sion factors. For Ecol Manag. 20 14;317:51--{iO. 

59. van der WerfGR , Randerson JT, Giglio L, Van Leeuwen TT, Chen 
Y, Rogers BM , et al. Global fire emissions estimates during 1997-
2016. Eai1h Syst Sci Data. 2017 ;9:697- 720. 

60. Boden.TA , Marland G, Andres RJ. Global , regional , and national 
fossil-fuel CO2 emissions [Internet]. Oak Ridge , TN ; 2017. 
Available from: lmp: //cdiac .ess-d ive. lbl .gov /trend s/emis/tre_ 
glob_2014.html. Accessed 10/26/18. 

61. Loehman RA , Reinhardt E, Riley KL. Wildland fire emis
sions , carbon, and climate: Seeing the forest and the trees -
A cross-scale assessment of wildfire and carbon dynamics 
in fire-prone , forested ecosystems. For Eco l Manag Elsevier 
B.V . 20 I 4;317 :9- 19. https: //doi.org / I 0.1016 /j.foreco .2013. 
04.014 . 

62. Vakkari V, Beukes JP, Maso MD , Aurela M, Miroslav J, van Zyl 
PG. Major secondary aerosol formation in southern Afiican open 
biomass burning plumes. Nat Geosci . 2018 ; 11 :580- 3 Available 
from: https://www. nature.com/artic les/s4 l 56 I-0 18-0 170-0. 

63. Langmann B, Duncan B, Textor C, Trentrnann J, van der Werf 
GR. Vegetation fire emissions and their impact on air pollution and 
climate . AU110s Environ. 2009;43: l 07- 16. 

64. Fisk WJ, Chan WR. Health benefits and costs of filtration inter
ventions that reduce indoor exposure to PM2.5 during wildfires. 
Indoor Air. 2017;27:191-204. 

65. Liu JC, Pereira G, Uhl SA, Bravo MA, Bell ML. A systematic 
review of the physical health impacts from non-occupational ex
posure to wildfire smoke. Environ Res. Elsevier. 2015 ; 136: I 20-
32. https://doi.org/ 10. 1016/j.envres .2014 .10.015. 

66. Williamson GJ , Bowman DMJS , Price OF, Henderson SB, 
Johnston FH. A transdisciplinary approach to understanding the 
health effects of wildfire and prescribed fire smoke regimes. 
Environ Res Lett. IOP Publishing. 2016; 11 : 125009. 

67. Reisen F, Duran S, Flannigan M , Elliott C, Rideout K. Wildfire 
smoke and public health risk . Int J Wild] Fire. 2015 ;24:1029-44. 

68. Johnston FH, Henderson SB, Chen Y, Randerson JT, Marlier M, 
Defries RS, et al. Estimated global mo11ality attributab le to smoke 
from landscape fires. Environ Health Perspect. 2012 ;120:695-701 
Available from: http ://ehp.niehs.nih .gov/l I 04422. 

69. Knorr W, Jiang L, Ameth A. Climate, CO2 and human population 
impacts on global wildfire emissions. Biogeosciences. 2016;13: 
267- 82. 

70. Kloster S, Mahowald NM, Randerson JT, Lawrence PJ. The im
pacts of climate, land use, and demography on fires during the 21st 
century simulated by CLM-CN. Biogeosciences. 2012 ;9:509-2 5. 

71. Riley KL, Loehman RA . Mid-21st century climate changes in
crease predicted fire occurrence and fire season length, northern 
Rocky Mountains , United States. Ecosphere. 2016 ;7. 

72. Williams HL. Economic efficiency of fuel reduction treatments in 
the home ignition zone to mitigate wildfire risk in Montana , USA. 
University of Montana ; 2015. 

73. Le Page Y. Sensitivity of vegetation fires to climate , vegetation , 
and anthropogenic drivers in the HESFTRE model: consequences 
for fire modeling and projection uncertainties. In: Riley KL. 
Thompson MP, Webley P, editors. Am Geophys Union Geophys 
Monogr 223 Nat Hazard Unce11ain Assess Model Decis Support. 
Hoboken , New Jersey : John Wiley & Sons; 2017. p. 277- 85. 

74. Woodall CW, Domke GM, Riley KL, Oswalt CM, Crocker SJ, 
Yohe GW. A framework for assessing global change risks to forest 
carbon stocks in the United States. PLoS One . 2013 ;8:e73222. 

75. Brienen RJW, Phillips OL, Feldpausch TR, Gloor E, Baker TR. 
Lloyd J, et al. Long-term decline of the Amazon carbon sink. 
Nature Nature Publishing Group. 20 15;519:344-8 . https://doi . 
org/ 10.1038/nature l 4283 . 

76. Swann ALS. Lague MM , Garcia ES, Field JP, Bre shears DD , 
Moore DJP, et al. Continental-sca le consequences of tree die
offs in North America: identifying where forest loss matters most. 
Environ Res Lett. 2018;13:055014 . 

77. Krawchuk MA , Moritz MA, Parisien MA, Van Dom J, Hayhoe K. 
Global pyrogeography: the current and future distribution of wild
fire. PLoS One. 2009;4:e5 I 02. 

78 . Kirtman B , Power SB, Adedoyin AJ , Boer GJ , Bojariu R, 
Camillon i I, et al. Near-tern1 climate change: projections and pre
dictability. In: Stocker TF, Qin D, Plat111er G-K , Tignor M, Allen 
SK, Boschung J, et al., editors. Clim Chang 20 13 Phys Sci Basis 
Contrib Work Gr I to Fifth Assess Rep Intergov Panel Clim 
Chang . New York, New York: Cambridge University Press; 
2013. p. 953- 1028. Availab le from: http ://ebook s.cam brid ge. 
org/re£'id/CBO978 I I 07415324A03 I. 

79. Knutti R. Sedlacek J. Robusn1ess and uncertainties in the new 
CMIP5 climate model projections . Nat Clim Chang. Nature 
Publishing Group. 2013 ;3:369 - 73 . http s://doi.org /10 .1038 / 
nclimate I 716. 

80. Gettelman A, Rood RB. Demystifying climate models: a users 
guide to earth system models. Springer Nature ; 2016. 

~ Springer 



81. Flannigan M, Cantin AS, de Groot WJ, Wotton M, Newbery A, 
Gowman LM. Global wild land fire season severity in the 21st 
century. For Ecol Manag . 2013 ;294:54-61. 

82. Bedia J, Herrera S, Gutierrez JM. Benali A, Brands S, Mota B, 
et al. Globa l patterns in the sensitivity of burned area to fire-weath
er: Implications for climate change . Agric For Meteorol. Elsevi er 
B.V. 20 I 5;214-2 I 5:369- 79. https ://doi.org / 10.1016/j.agrformet . 
20 15.09 .002. 

83. Mankin JS, Smerdon JE, Cook Bl , Williams AP, Seager R. The 
curious case of projected twenty-first-century drying but greening 
in the American West. J Clim. 20 I 7;30:8689 - 710. 

84. Bradstock RA . A biogeographic model of fire regimes in 
Australia: current and future implications . Glob Ecol Biogeogr . 
2010 ;19:145- 58. 

85. Abatzog lou JT, Williams AP, Boschetti L, Zubkova M, Kolden 
CA. Global patterns ofinterannual climate-fire relationships. Glob 
Chang Biol. 2018 ;00:1- 12. https://doi .org/1 O. l l l l /gcb. 14405. 

86. Krawchuk MA , Moritz MA. Constraints on global fire activity 
vary across a resource gradient. Ecology. 20 1 I ;92: 121- 32. 

87. Boisvenue C, Running SW. Impacts of climat e change on natural 
forest productivity- evidence since the middle of the 20th century . 
Glob Chang Biol. 2006 ; 12:862- 82. 

88. Seager R, Naik N, Vecchi GA. Thern10dynamic and dynamic 
mechani sms for large-scale changes in the hydrological cycle in 
response to global warming. J Clim. 2010;23:4651-68. 

89. Jonsson AM, Barring L. Future climate impact on spruce bark 
beetle life cycle in relation to uncertainties in regional clim ate 
model data ensembles. Tellus Ser A Dyn Meteorol Oceanogr. 
2011;63A: 158- 73. 

90. Lange 1-1, 0kland B, Krokene P. Threshold s in the life cycle of the 
spruce bark beetle under climate change. lnterjoum al Complex 
Syst. 2006 ; 1648. 

9 I. Bentz BJ , Regniere J, Fettig CJ, Hansen EM, Hayes JL, 1-licke JA , 
et al. Climate change and bark beetles of the western United States 
and Canada: direct and indirect effects . Biosci ence. 20 I 0;60:602-
13. 

92. Carro ll AL, Taylor SW, Re,gniere J, Safranyik L. Effect of climate 
change on range expansion by the mountain pine beetle in Briti sh 
Columbi a. In: Shore TL, Brooks JE, Stone JE, editors. Mt Pine 
Beetle Symp Challenges Solut Oct 30-31 , 2003 Kelowna , BC. 
Victoria , BC : Natural Resources Canada, lnforn1ation Report 
BC-X-399 ; 2003. p. 223- 32. 

93. Raffa KF, Aukema Bl-I, Bentz BJ, Carroll AL, Hicke JA, Turner 
MG , et al. Cross-scale drivers of natural disturbances pron e to 
anthropogenic ampl ification: the dynamic s of bark beetle erup
tip ns. Bioscience. 2008 ;58:50 1- 17 Avai lable from: http :// 
aca de mi c.o up .co m/bio sc i ence / ar ti c l e/5 8/6/50 I / 2 3 5 9 3 8/ 
Crossscale-Drivers -of-Natura l-Disturbance s-Prone . 

94. Anderegg WRL , 1-licke JA, Fisher RA , Allen CD, Aukema J, 
Bentz BJ, et al. Tree mortality from drought , insects , and their 
interactions in a changing climate. New Phytol. 2015;208:674 - 83. 

95. Trumbore S, Brando P, Hartmann H. Forest health and global 
change . Science (80-). 20 I 5;349:8 I 4-8 Availab le from: http :// 
www.ncbi.nlm.nih .gov/pubm ed/2629395 2. 

96. Jactel 1-1, Petit J, Desprez-Loustau ML, Delzon S, Piou D, Battisti 
A, et al. Drought effects on damag e by forest insects and patho
gens: a meta-analysis. Glob Chang Biol. 2012 ; 18:267- 76. 

97. O'Connor CD, Lynch AM , Falk DA, Swetnam TW. Post-fire for
est dynamics and climate variability affect spatial and temporal 
properties of spruce beetle outbreaks on a Sky Island mountain 
range . For Ecol Manage . Elsevier B.V. 2015;336: 148-62. https:// 
doi.org/10.1016 /j.foreco.2014.10 .021. 

98. Harvey BJ , Donato DC, Turner MG . Recent mountain pine beetle 
outbreaks , wildfire severity, and postfire tree regeneration in the 
US Northern Rockies. Proc Natl Acad Sci. 2014 ;111:15120-5. 

~ Springer 

Curr Pollution Rep 

99. Hart SJ, Schoennag el T, Veblen TT, Chapman TB. Area burned in 
the western United States is unaffected by recent mountain pine 
beetle outbreaks. Proc Nat l Acad Sci. 20 15;112:4375- 80. https:// 
doi.org/ 10.1073/pnas .1424037 112. 

100. Pendergrass AG, Knutti R, Lehner F, Deser C, Sanderson BM . 
Precipitation variability increases in a warmer climate . Sci Rep. 
Springer US. 2017 ;7:1- 9. http s://doi.or g/ l0.1038 /s4 1598-01 7-
17966-y. 

I 01. Swain DL, Langenbrunner B, Neel in JD, Hall A. Increasing pre
cipitation volatility in twenty-first-century California. Nat Clim 
Chang . Springer US. 20 18;8:427 - 33. http s://doi.or g/ 10.1038/ 
s4l558-018-0140 -y. 

I 02. Allen CD, Macalady AK, Chenchouni 1-1, Bachelet D, McDowell 
N, Vennetier M , et al. A global overview of drought and heat
induced tree mortality revea ls emerging climate change risks for 
forests. For Ecol Manag. 20 I 0;259:660 - 84. 

103. Cobb RC, Chan MN, Meentemeyer RK, Rizzo DM. Common 
factors drive disease and coarse woody debris dynamics in forests 
impacted by sudden oak death . Ecosystems. 20 12; 15:242- 55. 

I 04 . Hansen WD, Braziuna s KH, Rammer W, Seidl R, Turner MG. It 
takes a few to tango: changing climate and fire regimes can cause 
regeneration failure of two subalpine conifers. Ecology . 2018 ;99: 
966- 77. 

I 05. Clark JS. Testing disturbance theory with long-tern1 data: alterna
tive life-history solutions to the distribution of events. 148. 
1996 ; 148:976-96 . 

106. Zhang X, Liu 1-1, Zhang M . Double ITCZ in coupled ocean
atmosphere models: from CMIP3 to CMIP5. Geophys Res Lett. 
20 15;42 :865 1- 9. 

107. Bony S, Stevens B, Frierson DMW, Jakob C, Kageyama M , 
Pincus R, et al. Clouds , circu lation and climate sensitivity . Nat 
Geo sci. Nature Publi shing Group. 2015;8:261 - 8. https://doi.org/ 
I 0.1038 /ngeo2398. 

108. Burgman RJ, Ki1tman BP, Clement AC, Vazquez H. Model evi
dence for low-leve l cloud feedback driving persistent changes in 
atmospheric circulation and regional hydroclimate. Geophys Res 
Lett . 20 l 7;44 :428- 3 7. 

I 09 . Klein SA, Hall A, Norris JR, Pincus R. Low-cloud feedbacks from 
cloud-controlling factors: a review. Surv Geo phys Springer 
Netherlands. 2017 ;38: 1307-29 . 

110. van Vuuren DP, Edmonds J, Kainuma M, Riahi K, Thom son A, 
Hibbard K, et al. The representative concentration pathways: an 
overview . Clim Chang. 2011 ; I 09:5- 31. 

111. Schweizer VJ, O 'Neill BC. Systematic construction of global so
cioeconomic pathway s using internally consistent element combi
nations. Clim Chang.2014 ;122:431-45. 

112 . Cohen J, Screen JA , Furtado JC , Barlow M, Whittle ston D, 
Coumou D, et al. Recent Arctic amplification and extreme mid
latitude weather. Nat Geosci. Nature Publishing Group. 2014 ;7: 
627- 37. https://doi .org/ 10.1038/ngeo2234. 

113. Barne s EA , Screen JA. The impact of Arctic warming on the mid
latitude jet-stre am: can it? Has it? Will it? Wiley lnterdiscip Rev 
Clim Chang. 2015;6:277 - 86. 

114. Knapp PA, Soule PT. Spatio-temporal linkages between declining 
Arctic sea-ice extent and increasing wildfire activity in the western 
United States. Forests. 20 17;8: l- 13. 

115. Francis JA , Vavrus SJ. Evidence linking Arct ic amplification to 
extre me weather in mid-latitudes. Geophys Res Lett . 2012 ;39: 
L06801. 

116. Dannenberg MP, Wise EK . Shifti ng Pacific storm track s as 
stressors to ecosystems of western North America . Glob Chang 
Biol. 20 17;23:4896-906 . 

117. Barnes EA. Revisiting the evidence linking Arctic amplification to 
extreme weather in midlatitudes. Geophys Res Lett. 20 I 3;40: 
4734-9 . 



Curr Pollution Rep 

118. Screen JA , Simmond s I. Explorin g links between Arctic amplifi 
cation and mid-l atitud e wea ther. Geophys Res Lett. 20l 3;40 :959-
64. 

119. Woo llings T, Czuchnicki C. Franzk e C. Twe ntieth century North 
Atlant ic j et variability. Q JR Meteorol Soc. 20 14 ;140:783- 9 1. 

120. Walsh JE. Intensified warming of the Arctic: causes and impacts 
on middl e latitud es . Glob Plan et Change. Elsev ier B .V. 2014 ; 117: 
52--63. http s://doi.org/ 10. 10 I 6/j .gloplacha.20 14.03.003. 

12 1. Barnes EA, Polvani L. Response of the midlatitud e j ets, and of 
their variability , to increase d greenhouse gases in the CMIP5 
models. J Clim. 20 I 3;26:7 117- 35. 

122. Barnes EA, Polvani LM . CMTP5 projection s of arctic amplifica 
tion, of the North American/N orth Atlantic circulation , and of their 
relationship . J Clim. 20 15;28:5254--71. 

123. Shaw TA, Voigt A. Tug of war on summ ertime circulation be
twee n radi ative forcing and sea surf ace wa rmin g. Na t Geosc i. 
2015 ;8:560--6. 

124. Fasullo JT, Otto-Bliesner BL , Steve nson S. EN SO 's changing in
fluence on temp eratu re, precipitation, and w ildfire in a wannin g 
clim ate. Geophys Res Lett. 201 8;45 :92 16-25. 

125. Schoe nnage l T, Veblen TT. Romm e WH, Sibold JS, Coo k ER . 
ENSO and PDQ variabil ity affect drought-indu ced fire occurrence 
in Rocky Mount ain subalpine forests. Eco l Appl. 2005 ; 15:2000 -
14. 

126. Ca i W, Santoso A, Wang G, Yeh S-W, An S-1. Cobb KM , et al. 
EN SO and gree nh ouse wa rmin g. Na t C lim Chang . Na tu re 
Publi shin g Group . 20 15 ;5:8 49- 59. http s ://do i.org/10 . 1 038 / 
ncl imate2743 . 

127 . Chen C. Cane M A, Wittenberg AT, Chen D . EN SO in the CMIP 5 
simulations: life cycles, divers ity, and responses to climate change . 
J Clim . 20l 7;30: 775 - 80 I . http s ://doi.org / 10.1175/JCU-D- 15-
090 I. I. 

128. Bac he let D , Shee han T, Fer sch we iler K , A batzog lou JT. 
Simulating vege tation change, carbon cyc ling, and fire ove r the 
wes tern United States using CMIP 5 climate proj ections. In: Riley 
KL , Webley P, Th omp son MP, editors . A m G eophys Union 
Geop hys Mono gr 223 Na t H aza rd Unce rtain Assess Model 
Dec is Supp ort . Hoboken, N ew Jersey: John Wiley & So ns: 
201 7. p . 257- 75. 

129 . Ballanty ne A P. A lden CB, Miller JB, Tans PP, Whit e JWC. 
Increase in ob served net carbon dioxide uptake by land and oceans 
du ring th e pas t 50 yea rs . Na tur e. Na tur e Publi shin g Gro up . 
20 I 2;488:70--3. hrrps://doi.org/10. 1038/nature 11299. 

130. Yin D. Roderick ML, Leech G , Sun F, Huang Y. The contti bution 
of reduction in eva porat ive coo ling to higher surface air tempera
tures durin g drou ght . Geo phys Res Lett. 20 14;41 :789 1- 7. 

13 1. Koste r RD . Chang Y. Wang H , Schub ert SD. Imp acts of loca l soil 
moisture anomalies on the attnospheric circulation and on remote 
surface meteoro log ical fields durin g borea l summ er: a comprehen
sive analys is over No rth America . J Clim. 20 I 6;29 :7345 4. 

132. Anderegg WRL , Ballantyne AP, Smith WK. Majkut J. Rabin S, 
Beaulieu C , et al. Tropical nighttim e warming as a dominant driver 
of var iability in the terresttial carbon sink. Proc Na tl Acad Sci. 
20 15; 112: 1559 1--6. https://do i.org/10. 1073/pnas.152 14 79 112. 

133. Anderegg WRL , Schwa lm C, Biondi F. Camarero JJ, Koch G . 
L itvak M, et al. Pervas ive drought legac ies in forest ecosys tems 
and the ir implic ations for carb on cycle models. Science (80-). 
2015 ;349:528- 32 . https ://doi .org/ 10. 1126/science.aab l 833. 

134 . Schimel D , Steph ens BB , F isher JB. Effect of increas ing CO2 on 
the terrestrial carbon cyc le. Proc N atl A cad Sci. 2015 ; 112:436-4 1. 
https ://doi .org/ 1 0. I 073/pnas. 1407302 112. 

135. Smith WK , Reed SC, Cleve land CC, Ballantyne AP, Anderegg 
WR L, Wied er WR , et al. Large diverge nce of satellite and earth 
sys tem model estimates of global terresttial CO2 fertilization. Na t 
C lim Chang. 20 16:6:306- 10. 

136. Wieder WR, Cleve land CC , Smith WK , Todd-Bro wn K. Future 
producti vity and ca rbon stora ge limit ed by terrestr ial nutri ent 
ava ilability. Na t Geosc i. 2015 ;8:441-4. 

137. Hartmann H , Moura CF, Anderegg WRL. Ru ehr NK , Salmon Y, 
Allen CD , et al. Researc h fronti ers for improving our und erstand
ing of drou ght-indu ced tree and forest mortali ty. New Phytol. 
20 I 8;2 18: 15- 28. 

138. Pellegrini AFA, Ahlstrom A, Hobbi e SE, Reich PB , N ieradzik LP, 
Staver AC , et al. Fire frequen cy drives decadal changes in soil 
carbon and nitroge n and ecosystem productivity. Na ture. Na ture 
Publi shin g Gro up. 20 18;553 : 194- 8. http s:/ /doi.org / 10.1038 / 
nature24668 . 

139. Qu es ada B, Arneth A, Robertso n E, de Nobl et-Du coudr e N . 
Potential strong co ntributi on of futur e anthrop oge nic land-u se 
and land-c over change to the terres trial ca rbon cycle. En viron 
Res Lett. 2018; 13:064023 . 

140. Trugrn an AT, Medvigy D, Mankin JS, Anderegg WRL . Soil mois 
ture stress as a maj or driver of carbon cycle unc ertainty. Geo phys 
Res Lett. 20 l 8;45 :6495- 503 . 

141. Houghton RA, Skole DL, N obre CA , Hackler JL, Lawrence KT, 
Chomentows ki WH. Annual fluxes of ca rbon from deforestation 
and regrowth in the Brazilian Amazo n. Na ture. 2000;403:30 1-4. 

142. Kh abarov N , Krasovs kii A, Ob ersteiner M , Swa rt R . Dosio A, 
San-Mi guel -Ayanz J, et al. Forest fires and adapt ation options in 
Europe. Reg Environ Chang. 2016; 16:21- 30. 

143. Thomp son MP, Riley KL , Loe ffler D, Haas JR. Modeling foe! 
treatment leverage: encounter rates, risk reduction . and suppr es
sion cost imp acts. Forests. 201 7;8. 

144. Veira A, Lass lop G, Klos ter S. Wildfir es in a wa rn1er clim ate: · 
Emi ss ion flux es, emission heights, and black carb on concentra
tions in 2090- 2099 . J Geoph ys Res Atmo s. Wiley -Blackwe ll. 
20 16; 12 1 :3195- 223. https://doi.org/ 10. 1002/20 I 5ID024 142 . 

145. Knorr W, Dentener F. Lamarque J-F, Jiang L, Arneth A. Wildfi re 
air pollution hazard durin g the 2 1st century. Attnos Chem Phys . 
20 17 [cited 20 18 Jun 5]; 17:9223 - 36 . https ://doi .org/10.5 I 94/acp-
17-9223-20 17. 

146. Field RD, van der Werf GR , Shen SSP. Hum an amplification of 
drought-indu ced biomass burnin g in Indones ia since 1960. Nat 
Geosc i. 200 9;2 : 185- 8. 

147. Denni son PE, Brewe r SC. Arnold JD , Moritz MA. Large wildfire 
trends in the wes tern United States, 1984-20 11. Ge ophys Res Lett. 
20 14:41:2928- 33. 

148. Fire Exec utive Co uncil. Guid ance for implementation of federal 
wi ld land fire manage ment p9licy. 2009 [c ited 20 18 Oc t 27]. 
Ava il able fro m : ht tp :// www.nifc. gov / po l ic ies /pol ic ies _ 
docu ments/GTFWFMP.pdf. 

149. Pyne SJ. Fire in America: a cultu ral history of wildland and rural 
fire. Seattle: University of Washington Press ; 1997. 

150. Parks SA, Mill er C, Parisien M- A, Holsinger LM , Dobrowski SZ. 
Abatzog lou JT. Wildland fire deficit and surplu s in the wes tern 
United States, 1984-20 12. Ecos phere. 2015;6 :275 . 

15 1. No rth MP, Stephens SL, Co llins BM , Agee JK, Aplet G. Frank lin 
JF. et al. Reforn1 forest fire manage ment: agency incentives un
de1mine policy effect iveness. Science (80-). 2015;349: 1280 - 1. 

152. Na ficy C, Sala A. Keeling EG , Gra ham J, DeLuca TH . Interact ive 
effects of historica l logg ing and fire exclusion on ponderosa pine 
fores t stru cture in the northern Roc kies. Ecol Appl. 20 I 0 ;20: 
185 1--64. 

153. Maloney ED , Camargo SJ, Chang E, Co lle B, Fu R , Ge il KL, et al. 
North American clim ate in CM IP5 experiments: part Ill: assess 
ment of twe nty-first-century proj ect ions. J C lim. 20l4 ;27:223 0-
70. 

154 . Ril ey KL. Loe hman RA . Mid -2 1st century clim ate changes in
crease predicted fire occurrence and fire season length, Northern 
Rocky Mount ains. United States. Ecosp here. 201 6;7:e0 1543. 

~ Springer 



155. Castellnou M, Prat-Guitart N, Arilla E, Larranaga A, Nebot E, 
Castellamau X, et al. Empowering strategic decision making for 
wildfire management: avoiding the fear trap and creating a resil
ient landscape. Fire Ecol. 

156 . Calkin DE , Ager AA, Thompson MP, Finney MA , Lee DC , 
Quigley TM , et al. A comparative risk assessment framework 
for wildland fire management: the 20 IO Cohesive Strategy science 
report [Internet]. Gen. Tech. Rep. RMRS-GTR-262. Fort Collins , 
CO; 2011. Available from: https://www.fs.fed.us /rm/pub s/nnr s_ 
gt r262 .pdf. 

157. McDowell NG , Allen CD. Darcy 's law predict s widespread forest 
mortality under climate warm ing. Nat Clim Chang. 2015;5:669 -
72. 

158. Allen CD , Breshears DD , McDowell NG . On underestimation of 
globa l vulnerability to tree mortality and forest die-off from hotter 
drought in the Anthropocene. Eco sphere. 2015;6:129. 

159. Andrews PL , Bevins CD. BehavePlus fire modeling system , ver
sion 2: overview. 2nd Int Wild) Fire Ecol Fire Manag Congr 
Novemb 16-20, 2003 . Orlando , Florida ; 2003 . p. PS. I I . 

160. Scott JH , Burgan RE. Standard fire behavior fuel models: a com
prehensive set for use with Rothermel's surface fire spread model. 
Fort Co llins, Colorado ; 2005 . 

161. Holtslag AAM , Svensson G , Baa s P. Basu S, Beare B, Beljaars 
ACM, et al. Stable atmospheric boundary layers and diurnal cy
cles : challenges for weather and climate models . Bull Am 
Meteoro l Soc . 2013 ;94: 1691- 706. 

162. Batllori E, Parisien MA , Krawchuk MA , Moritz MA. Climate 
change-induced shifts in fire for Mediterranean ecosystems. 
Glob Ecol Biog eog r. 2013 ;22: 1118- 29. 

163. Finney MA , McHugh CW, Grenfell IC, Riley KL , Short KC. A 
simulation of probabilistic wildfire risk components for the conti
nental United States . Stach Environ Res Risk Assess. 20 11 ;25: 
973- 1000. 

164. Romps OM , Seeley JT, Yollaro D, Molina1i J. Projected increase 
in lightning strikes in the United States due to globa l warming. 
Science (80-). 2014 ;346:851-4. 

165. Magi Bl. Global lightning parameterization from CMIP5 climate 
model output. J Atmos Ocean Technol. 2015 ;32:434-52. 

~ Springer 

Curr Pollution Rep 

166. Littell JS . Drought and fire in the western USA: is climate attribu
tion enough? , Curr Clim Chang Reports . Current Climate Change 
Reports; 2018; 

167. Clark JA , Loehman RA , Keane RE. Climate changes and w ildfi re 
alter vegetation of Yellowstone National Park , but forest cover 
persists. Ecosphere . 2017 ;8:e01636. 

168 . O ' Connor CD , Garfin GM , Falk DA , Swetnam TW. Human 
pyrogeography : a new synergy of fire , clim ate and people is 
reshaping ecosystems across the globe. Geogr Compass . 2011 ;5: 
329- 50. 

169. Ke eley JE. Fire management impacts on invasive plants in the 
western United States . Conserv Biol. 2006 ;20:375 - 84. 

170. Turco M, Bedia J, Di Liberto F, Fiorucci P, Yon Hardenberg J, 
Koutsias N , et al. Decrea sing fires in Mediterranean Europe. PLoS 
One . 20 16;1 l. 

171. Chergui B, Fahd S, Santos X, Pausas JG . Socioeconomic factors 
drive fire-regime variabi lit y in the Mediterranean Bas in. 
Ecosystems Springer US . 2018;2 I :619- 28. 

172. Riley K, Thompson M. An uncertainty analysis of wildfire model
ing. In: Riley K, Webley P, Thompson M, editors. Am Geophys 
Union Geophys Monogr 223 Nat Hazard Uncertain Assess Model 
Dec is Support. Hoboken , New Jersey: John Wiley & Sons ; 2017. 
p . 193- 213 . 

173. Klo ster S, Lasslop G. Histmical and future fire occurrence ( 1850 
to 2100) simulated in CMIP5 Earth System Models. Glob Planet 
Change . Elsevier B .V. 2017 ; 150:58- 69. http s://doi.org / 10. IO 16/j. 
gloplacha .20 16.12.0 17. 

174. Hant son S, Arneth A, Harrison SP. Kelley DI , Prentice IC, Rabin 
SS, e.t al. The statu s and challenge of global fire modelling . 
Biogeoscience s. 2016 ;13:3359- 75. 

175. Finney MA . FARSITE: fire area simulator - model development 
and eva luation . Ogden , UT; 2004. 

176. Ebleringer JR, Monson RK. Evolutionary and eco logica l aspects 
of photosynthetic pathway variation. Annu Rev Ecol Syst. 
l 993 ;24:411 - 39. 

177. Keeley JE , Runde I PW. Evo luti on of CAM and C4 carbon
concentrating mechanisms. Int J Plant Sci. 2003; 164:S55 - 77. 
http s://doi.or g/ 10.1086 /374 192. 




