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Abstract

The boreal forest contains large reserves of carbon. Across this region, wildfires influence
the temporal and spatial dynamics of carbon storage. In this study, we estimate fire
emissions and changes in carbon storage for boreal North America over the 21st century.
We use a gridded data set developed with a multivariate adaptive regression spline

approach to determine how area burned varies each year with changing climatic and fuel
moisture conditions. We apply the process-based Terrestrial Ecosystem Model to evaluate
the role of future fire on the carbon dynamics of boreal North America in the context of
changing atmospheric carbon dioxide (CO, concentration and climate in the A2 and B2
emissions scenarios of the CGCM2 global climate model. Relative to the last decade of
the 20th century, decadal total carbon emissions from fire increase by 2.5-4.4 times by
2091-2100, depending on the climate scenario and assumptions about CO. fertilization.

Larger fire emissions occur with warmer climates or if CO, fertilization is assumed to
occur. Despite the increases in fire emissions, our simulations indicate that boreal North
America will be a carbon sink over the 21st century if CO, fertilization is assumed to
occur in the future. In contrast, simulations excluding CO, fertilization over the same
period indicate that the region will change to a carbon source to the atmosphere, with the
source being 2.1 times greater under the warmer A2 scenario than the B2 scenario. To
improve estimates of wildfire on terrestrial carbon dynamics in boreal North America,
future studies should incorporate the role of dynamic vegetation to represent more
accurately post-fire successional processes, incorporate fire severity parameters that
change in time and space, account for human influences through increased fire suppres-

sion, and integrate the role of other disturbances and their interactions with future fire
regime.
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et al.,, 2008). An altered fire regime in response to future

Introduction climatic changes (Wotton & Flannigan, 1993; Flannigan

Relationships between climate and fire across the North
American boreal region indicate a general increasing
trend in the area burned historically (Gillettet al., 2004;
Kasischke & Turetsky, 2006). It is believed that these
trends in area burned will continue into the future
(Flannigan et al., 1998, 2000; Stocks et al., 1998; Balshi

et al., 2000, 2005; Carcaillet et al., 2001) has strong
implications for the carbon dynamics of this region.
Changes in the carbon emitted due to wildfire in
response to changes in climate may act as a potentially
strong positive feedback to atmospheric carbon dioxide
(C02 concentrations (Kasischke et al., 1995) as well as
surface energy exchange (Chapin et al., 2000; Chambers
& Chapin, 2003; Amiro et al., 2006; Randerson et al.,
2006). Wildfire shows a great deal of interannual varia-
tion in area burned and severity (Kasischke& Turetsky,
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2006), which makes it difficult to predict the effect of
wildfire on carbon storage for future scenarios of cli-
mate change.

Several studies have incorporated the influence of fire
into process-based models, but the applications of these
models have primarily been focused on retrospective
analyses of carbon dynamics (Peng & Apps. 1999; Amiro
et al., 2000; Chen et al., 2000, 2003; Thonicke et al., 2001;
Venevsky et al., 2002; Hicke et al., 2003; Balshi et al.. 2007).
Relatively few studies have investigated the influence of
future fire disturbance on the carbon dynamics of the
North American boreal region in the context of a chan-
ging climate and atmospheric CO2 concentrations.
Zhuang et al. (2006) evaluated the role of fire in pan-
boreal carbon dynamics assuming that area burned
increases at a fixed rate of 1%yrl from 2000 to 2100.
However, the assumption of a fixed rate of increase in
area burned in the boreal forest is simplistic as wildfire
tends to be episodic in nature, with some years experi-
encing larger, more catastrophic burn years than others
(Murphy et al., 2000; Kasischke et al., 2002). Bachelet et al.
(2005) used a dynamic global vegetation model to ex-
amine the influence of climate and fire on the carbon
dynamics of Alaska. While the area burned in that study
was allowed to vary from year to year based on the
Palmer Drought Index, the influence of fire disturbance
legacies, as represented by the evolution of stand-age
distributions  across the landscape, was not considered.

Balshi et al. (2008) developed spatially and temporally
explicit empirical relationships for the North American
boreal region that relate area burned with air tempera-
ture and the fuel moisture indices and monthly severity
rating of the Canadian Fire Weather Index System. The
advantage  of this approach is that it captures the
spatiotemporal  variation in the influence of the model
predictor variables across the boreal region in addition
to incorporating the influence of fuel moisture for
different depths of the ground layer. With the overall
goal of examining the vulnerability of carbon storage in
the North American boreal region to future fire, we
build on the cohort approach developed by Balshi et al.
(2007), and incorporate the role of the legacy of previous
fire disturbances and a climatically driven future fire
regime on the future carbon dynamics of North Amer-
ice north of 45°N (referred to hereafter as 'boreal North
America’). The objectives of this study are to estimate
future fire emissions and carbon storage of this region
using estimates of future area burned (Balshi et al,
2008), and to evaluate the carbon dynamics of the
region in the context of ecosystem responses to changes
in future atmospheric CO, concentration and changes
in climate. We also identify sources of uncertainty that
should be addressed in studies that estimate the role of
future fire on the carbon dynamics of this region.

Methods
Overview

In this study, we use the process-based  Terrestrial
Ecosystem Model (TEM) to evaluate how changes in
atmospheric  COp, climate, and fire disturbance over the
21st century influence carbon dynamics for the land-
based area in North America north of 45°N. We use
three steps to initialize our simulations for the state of
these ecosystems at the beginning of the year 2003. First,
we run the model to equilibrium  [where annual net
primary production (NPP) = annual heterotrophic re-
spiration] for each 0.5° latitude x 0.5° longitude grid cell
using long-term mean monthly climate from 1901 to
1930. Second, a 900-year spin-up is conducted to dyna-
mically equilibrate the TEM to variability in climate
using data describing the annual climate conditions for
the period 1901-1930, repeatedly. Third, TEM is then
run from 1901 to 2002 using monthly climate based on
observations. A backcasting approach  (Balshi €t al.,
2007) is used to account for the influence of fire on
carbon dynamics before the start of the historical fire
record including the 900-year spin-up period.

For future conditions, there is much uncertainty as to
how atmospheric CO2 concentrations and climate may
change OPCC, 2001). In addition, the importance of CO,
fertilization on carbon sequestration remains a contro-
versial topic (e.g. Caspersen et al., 2000; Oren etal., 2001;
Joos et al., 2002; Hungate et al., 2003; Luo €t al., 2004,
2006; Korner et al.. 2005; Long et al., 2006; Reich €t al.,
2006; Canadell et al., 2007). For example, free air CO,
enrichment (FACE) experiments  within young loblolly
pine stands at the Duke Forest, North Carolina have
documented significant increases in vegetation carbon
(DeLucia et al., 1999; Allen et al.,, 2000), littertall (Allen
et al., 2000) and the accumulation of litter in soils
(Schlesinger & Lichter, 2001) in response to elevated
CO,. Other studies (e.g. Norby et a., 1992; Lovelock
et al.,, 1998; Caspersen et al.,, 2000) have indicated that
elevated CO2 has no or little effect on the accumulation
of vegetation biomass. As FACE studies have not yet
been conducted in the boreal forest, the issue of whether
NPP of boreal forests will respond to elevated CO, is an
uncertainty. To examine the consequences of these un-
certainties on carbon dynamics in boreal North Amer-
ica, we conduct two sets of three simulations for each of
two different climate scenarios (12 simulations in total)
for the period 2003-2100. In the first set of simulations,
we ran the model with a constant atmospheric concen-
tration of CO, so that there was no response of gross
primary production (CPP) to future changes in CO, (i.e.
simulations  without CO, fertilization)  while in the
second set we ran the model with increases in the future



concentrations of atmospheric CO, (i.e. simulations
with CO, fertilization).  For the set with CO; fertiliza-
tion, we conduct three simulations. In simulation  one
(S1), atmospheric  CO2 concentrations vary, but a mean
month ly climate is used from] 901-1930 to represent the
climate for each year. Fire disturbance is not included in
this  simulation. In simulation two (S2), both atmo-
spheric  CO, concentrations and monthly climate vary,
but disturbance by fire is excluded. In simulation three
(53), atmospheric ~ CO, concentrations and monthly cli-
mate vary and fire disturbances are assumed to occur.
For the set of simulations  without CO, fertilization, we
conduct the same three simulations as in the first set,
but with atmospheric  CO, fixed at 296 ppm, which is
the mole fraction used to initialize each simulation. The
changes in atmospheric CO, concentration  and climate
conditions are derived from output of the second gen-
eration of the Canadian Center for Climate Modeling
and Analysis Coupled Global Climate Model (CGCM2)
driven by either the A2 or B2 emissions scenarios of the
IPCC Third Assessment  (TPCC, 2001). Future fire dis-
turbance  for the period 2003-2100 is derived from an
empirical modeling approach  presented in Balshi et al.
(2008) also using the CGCM2 ouput. We then analyze
our simulation results for the North American region
north of 45°N. The effect of CO> fertilization on carbon
storage is determined by the results of simulation S1.
The effect of climate on carbon storage is determined by
the difference between simulations S2 and S1. The effect
of fire on carbon storage, which includes the effects of
fire emissions as well as changes in carbon storage
associated with the stand-age  structure  of the region,
is determined by the difference between the simulations
S3 and S2.

Tile TEM

The TEM s a large-scale, process-based biogeochemical

model  that estimates monthly  pools and fluxes of
carbon and nitrogen for terrestrial ecosystems. TEM is
driven by a series of spatially explicit data sets that
include climate, elevation, soil texture, and vegetation.

The equations and parameters of TEM have been docu-
mented in previous studies (Raich et al., 1991; McGuire
et al.,, 1992; Tian et al., 1999; Zhuang et al., 2003; Eu-

skirchen et al., 2006; Balshi et al.,, 2007) and the model
has been applied to regions around the globe, including
the high latitudes (McGuire €t al., 2000a, b. 2001, 2002,
2004; Clein et al., 2000, 2002, 2007; Zhuang eti al., 2001,
2002, 2003, 2006; Euskirchen et al., 2006, 2007; Balshi

et al., 2007). Several of the parameters in TEM are based

on values obtained in the peer-reviewed literature.
However, the rate-limiting parameters  are defined by
calibrating  the model to pools and fluxes of field sites

that are representative of particular  ecosystems.  The
model is coupled to a soil thermal model and can be
applied on both permafrost and nonpemnafrost soils. In

this study we use TEM version 5.1 (Euskirchen et al.,

2006; Balshi et al., 2007), which incorporates  the effects
of fire on both carbon and nitrogen  dynamics. To
estimate  changes in carbon storage we calculate the
net ecosystem carbon balance (NECB, Chapin et al.,
2006) for outputs generated by the model as

where  NPP is net primary production, Ry, is hetero-
trophic respiration, and TCE is total carbon emitted due
to fire [Eqn (1)]. Disturbances due to insects, land-use
change, and forest harvest are not included in the
calculation of NECB in this study.

The flux NPP is calculated as the difference between
GPP (the CO, fixed by vegetation in photosynthesis)
and autotrophic  respiration  (Ra the respiration of CO,
by vegetation).  Monthly GPP considers the effects of
several factors and is calculated as follows:

where  Cmax is the maximum rate of C assimilation, PAR
is photosynthetically active radiation, f(PHENOLOGY)

is monthly leaf area relative to maximum monthly leaf
area (Raich et al., 1991). The function f(FOLIAGE) is a
scalar function that ranges from 0.0 to 1.0 and repre-
sents the ratio of canopy leaf biomass relative to max-
imum leaf biomass (Zhuang €t al., 2002), T is monthly
air temperature, Cq is atmospheric CO2 concentration,

G, is relative canopy conductance, and NA is nitrogen
availability.  The effects of elevated atmospheric CO2
directly ~ affect f(C,G,) by altering the intercellular
CO, of the canopy (McGuire et al, 1997; Pan et al,
1998). The function f(NA) models the limiting effects
of plant nitrogen status on GPP (McGuire et al., 1992;

McGuire et al., 1997; Pan et al., 1998; Sokolov et al., 2008).
The function f(FT) is an index of submonthly freeze-
thaw, which represents  the proportion of a specific

month in the which the ground is thawed (Zhuang
et al.,, 2003; Euskirchen et al., 2006).
The flux R, is the sum of maintenance  respiration

(Ry) and growth respiration  (Rg), which is prescribed to
be 20% of the difference between GPP and Rp. The flux
R, is a direct function of plant biomass as follows:

where K, is the per-gram-biomass respiration rate of the
vegetation at 0°C, C, is the vegetation carbon pool, T is
the mean monthly air temperature. and r is the instan-
taneous rate of change in respiration with the change in
temperature.



The flux R, represents the decomposition of all or-

ganic matter and is calculated as follows:

where Ky is the per-gram-biomass respiration rate of
soil organic matter at 0.C,Cs, is soil carbon pool, T is the
mean monthly air temperature, and s is the instanta-
neous rate of change in decomposition with the change
in temperature, and f(M) is a scalar between 0 and 1 of
volumetric  soil moisture (M) effects on decomposition.
Our approach to modeling fire emissions (TCE) is
based on calculating the total carbon emitted during a
fire event from aboveground and ground layer carbon

consumption  estimates

where TCE is the total carbon emitted, Bg is the above-
ground C fraction consumed, By is the ground layer

carbon fraction consumed during a fire, Vc is vegetation
carbon, and S is soil carbon. The parameters B, and fig-
which represent the effects of fire severity on carbon
release during fire, vary spatially across boreal North
America (Table 1) and are based on literature estimates
of aboveground and ground layer carbon fraction con-
sumed during a fire for different ecozones of boreal
North  America (see French et at, 2000). Vegetation
carbon consumed during fire events ranges from 13%
to 26% depending on ecozone and soil carbon con-
sumed during fire ranges from 5% to 38% depending
on ecozone. For boreal North America, we assumed a
fire regime that is predominantly  stand replacing and
specified that 1% of the preburn live plant biomass
would be available for regeneration following a fire.
The soil pool after a fire contains both the soil organic

matter that was not combusted and vegetation carbon
that was killed but not combusted. Mean annual area
burned, mean total fire emissions, and emissions per
unit of burned area for different ecozones of North
America over the historical fire record (1959-2002) from
the simulations of Balshi et a. (2007) are also shown in
Table .

Based on Harden et al. (2004) and Wirth et al. (2002),
we assumed that 85% of soil and vegetation nitrogen
potentially consumed by fire was retained in the form of
soil inorganic  nitrogen. The nitrogen lost from the
ecosystem as a result of fire is reintroduced into the
system annually in equal increments obtained by divid-
ing the total net nitrogen lost to the atmosphere during
the most recent fire event by the fire return interval of
the grid cell; fire return interval data used in this study
are based on those used in Balshi et a. (2007) for boreal
North America. This allows nitrogen to be reintroduced
into the system as the ecosystem fixes nitrogen from the
atmosphere  during postfire succession, and is meant to
represent the net difference of inputs from nitrogen
fixation and losses from nitrogen leaching. Total inor-
ganic nitrogen availability after fire is thus affected by
nitrogen retention after fire, inputs of inorganic nitrogen
reintroduced into the system after fire, the gross miner-
alization of nitrogen from soil organic matter into the
inorganic  nitrogen pool, and the uptake of inorganic
nitrogen by both microbes (immobilization) and plants.
In general, inorganic nitrogen availability increases im-
mediately after a fire primarily because of nitrogen
retention and the much reduced uptake of inorganic
nitrogen by the vegetation. Also, gross mineralization  of
nitrogen will generally decrease because of a decrease
in soil organic nitrogen and nitrogen immobilization by



microbes will generally increase because of the increase
in inorganic  nitrogen pools, so that the net nitrogen
mineralization (the difference between gross minerali-
zation and immobilization)  will decrease immediately
after a fire. Through succession after fire inorganic
nitrogen availability will dynamically change as both
plant nitrogen uptake increases because of increasing
vegetation  biomass, gross mineralization increases be-
cause of an in organic nitrogen stocks, and
immobilization responds to dynamic changes
gilnic nitrogen availability.

increase
in inor-

Input data sets

To extrapolate the TEM across boreal North America,
we used driving data sets that have (1) only temporal
variability ~ (atmospheric  CO2 concentration), (2) only
spatial variability  (elevation, soil texture, and vegeta-
tion), and (3) both spatial and temporal variability (air
temperature,  precipitation, cloudiness, and fire distur-
bance). These data sets are described in more detail in
the following sections.

Data used to initialize ecosystem state in year 2003. In this
study, we simulated the response of carbon dynamics to
historical atmospheric CO,, climate, and fire using the
same data sets and procedures as outlined in an earlier
study by Balshi et al, (2007). Atmospheric CO;, data
were obtained from the Mauna Loa station (Keeling &
Whorf, 2005). TERRAINBASE VL1 elevation data were
obtained from the National Geophysical Data Center,
Boulder, CO (NGDC, 1994) and aggregated to a 0.5°
spatial resolution.  Soil texture, represented as percent
silt plus percent clay in TEM, was based on the Global
Cridded Surfaces of Selected Soil Characteristics data

set (Global Soil Data Task Group/IGBP-DIS, 2000) and
gridded at 0.5° spatial resolution. The input vegetation

data set, gridded at 0.5° resolution, was represented by
a potential natural vegetation map described by Melillo
et a. (1993). Vegetation type remains static through time
and does not accommodate biome shifts with changes
in climate. The general parameterization of the
model version used in this study is based on the
parameterization of Euskirchen et al (2006), and
includes vegetation-specific parameters for polar
desert, moist tundra, boreal forest, temperate conifer
forest, temperate  deciduous  forest, and temperate
grassland. A time-series data set of 0.5° gridded
climate data was obtained from the Climate Research
Unit (CRU) of the University of East Anglia (Mitchell &
Jones, 2005) and wused to prescribe historical climate
from 1901 to 2002.

To represent the occurrence and distribution of
historical ~ fires (1959-2002 for Canada; 1950-2002 for

Alaska), we used the 0.5° ridded time series of fire
disturbance  developed by Balshi et al. (2007). With this
data set, the legacies of past fire disturbances on carbon
storage are determined by stratifying the vegetation in a
0.5° grid cell into cohorts of different stand ages. Each
cohort is determined  from one of several unique fire
histories that may occur in the grid cell (for details, see
Balshi et al.,, 2007). The cohort information in year 2002
is then used to develop cohorts based on area burned
for years 2003-2100 (see' Accounting for future stand
age’).

Simulation  of future carbon dynamics. For
future carbon dynamics, we used the same static data
sets for elevation, soil texture, and vegetation that were
used for initializing the ecosystem state in 2003. New
data sets, however, were developed to represent future
climate, atmospheric CO2 concentrations and fire
disturbance  as described below.

Future climate. We derived monthly data for years
2003-2100 at 3.75° x 3.75° resolution  for air temperature,
precipitation, and downwelling shortwave  radiation
from CGCM2  (http://www.cccm d.bc.ec.gc.ca/data/
cgcm2/cgecm?2.shtml). A detailed description  of
CGCM2 can be found in Flato & Boer (2001). CGCM2
has been wused to produce ensemble climate change
projections using the IPCC Third Assessment A2 and
B2 scenario storylines. The A2 and B2 emissions story-
lines are discussed in detail in the IPCC Special Report
on Emissions Scenarios (SRES) (Nakicenovic & Swart,
2000). The emissions  scenarios act as representations of
the future development of radiatively active emissions
and are based on assumptions about socioeconomic,
demographic, and technological changes. These scenar-
ios are then converted into greenhouse gas concentra-
tion equivalents that are used as driving variables for
GCM projections. The A2 scenario represents a world
where energy usage is high, economic, and technologi-
cal development is slow, and population growth
reaches 15 billion by year 2100. The B2 scenario repre-
sents a world where energy usage is lower than the A2,
economies evolve more rapidly, environmental protec-
tion is greater, and population growth is slower than the
A2 (10.4 billion by year 2100).

The near term warming effect (through the mid-21st
century) for the A2 scenario is less than the B2 scenario
due to the greater cooling effect resulting from higher
sulfur dioxide emissions (IPCC, 2001). The temperature
changes for the A2 and B2 scenarios cross about the
mid-21st century, with the A2 scenario resulting in
greater long-term warming due to higher emissions of
radiatively active gases (IPCC, 2001).

We calculated anomalies between
climate means (1901-2002) relative

simulating

the contemporary
to the A2 and B2

the



climate means (2003-2100) to qualitatively assess the
differences in temperature  and precipitation  change
between the 20th and 21st Centuries (Fig. 1). Under an
A2 scenario climate, precipitation anomalies indicate
drier conditions in western Alaska through much of the
interior and eastern regions across Canada relative to
the B2 scenario (Fig. 1la and b). Similarly, temperature
changes appear to be much greater under the A2
scenario and indicate warmer conditions across Alaska,
western and central Canada to portions of Quebec and
Labrador relative to the B2 scenario (Fig. Ic and d).
For simulations  of ecosystem models driven by
future climate, it is recommended that future changes
from climate model simulations are superimposed  on
the present mean climate of the most reliable data sets
of historical climate (Clein et al., 2007; Rupp €t al., 2007;
McCuire et al.,, 2008). Both the CCCM2 A2 and B2
scenarios have a baseline period of 1961-1990 that
corresponds to the 1S92a scenario which is used to
initialize the A2 and B2 scenarios for CCCM2. Because

we apply TEM at 0.5° spatial resolution in this study,

these data were linearly interpolated across the simula-
tion region. We then fused the CRU data to the CCCM2
scenarios by adjusting the CGCM2 monthly data rela-
tive to the absolute difference from the 1961-1990 CRU
monthly mean by

in which CRU, is the mean monthly value for the
period 19611 990 derived from the CRU input data sets
(described in 'Data used to initialize ecosystem state in
year 2003'), CGCM2yqyy is the monthly value output

by CCCM2, and CGCMZ2, is the mean monthly value
for the period 1961-1990 derived from the CCCM2
monthly data.

Future atmospheric CO, concentration. The equiva-
lent CO, concentration used for simulating future cli-
mate by the CCCM2 includes climate forcing caused by



the atmospheric  concentrations  of other greenhouse
gases (e.g. methane, nitrous oxide, ozone, etc.) in addi-
tion to CO, For simulations with TEM, we converted
the CO, equivalent used to drive the CGCM2 into CO2
concentration by developing relationships  between the
observed CO; record (Keeling & Whorf, 2005) and CO2
equivalent  concentrations for the period 1901-2000
using a series of regression models. The relationship
between the observed CO» concentrations and CO>
equivalent for the B2 scenario appeared to be linear
(R? =0.99; P <0.01). However, the relationship between
the observed CO; concentration and the A2 CO
equivalent was best described by a power model
(R? =0.99; P <0.01). We then extrapolated atmospheric
CO, concentration  from year 2003 to 2100 using the
empirical relationships  developed for each scenario.
These data sets were then appended to the observed
atmospheric  CO2 record. The atmospheric CO, concen-
trations derived by the empirical relationships  were
greater under the A2 scenario (1100ppm) than the B2
scenario (766 ppm) by the end of the 21st century.
Future fire disturbance data sets. To represent the
area burned by future fires for the years 2003-2100, we
used the 2.5° gridded
(2008) from models based on a multivariate adaptive
regression  spline (MARS) approach. MARS does not
require that assumptions be made about the form of the
relationship  between the independent and dependent
variables. Consequently, it can identify patterns and
relationships  that are difficult, if not impossible, for
other regression methods to reveal. Briefly, our applica-
tion of MARS to the study region involved the devel-
opment of 127 independent models at 2.5° spatial
resolution  (total of 127 boreal cells across Alaska and
Canada). The total number of models developed de-
pended on the spatial and temporal coverage of histor-
ical fire records across the North American boreal
region. The parameterization approach was designed
to capture variation in the influence of predictor vari-
ables across the spatial extent of our domain (e.g.
Alaska to Eastern Canada). The response variable is
annual area burned and the predictor variables are
monthly  (April-September) air temperature  and the
monthly  fuel moisture codes and severity rating of the
Canadian  Fire Weather Index System, for a total of 30
possible predictor variables for each grid cell (6 month-
s x five predictors: air temperature, fine fuel moisture
code, drought code, duff moisture code, and monthly
severity rating). Climate and fire weather index system
predictors were derived from the NCEP Reanalysis |
project (Kalnay et al., 1996) at 2.5° spatial resolution.
Models were only developed for cells where the num-
ber of fire years (i.e. years where area burned is non-
zero) in a given 2.5° cell is >10. We assumed all fires

data developed by Balshi et al.

were the result of lightning ignition as several studies
have identified that most of the area burned in boreal
North America is associated with lightning-caused  fires
(Kasischke et al., 2002, 2006; Stocks €t al., 2002; Calef
et al., 2008).

We then evaluated the performance of the fire dis-
turbance models by comparing predictions with obser-
vations over the period 1960-2002 across the study
region. Model performance was validated against in-
dependent data for years 2003-2005 across Alaska and
Canada. Following model development, we used cli-
mate model output from the CGCM2 to calculate fuel
moisture codes for the period 2006-2100 based on the
IPCC Third Assessment (IPCC, 2001). The fire models
were then extrapolated for the period 2003-2100 using
the SRES A2 and B2 scenario output from CGCM2.
Predicted area burned between the A2 and B2 scenarios
is similar through 2050, but diverges for the last 50 years
of the 21st century, with the A2 scenario resulting in
greater area burned (Fig. 2). Relative to the 1991-2000
baseline period defined by Balshi et al. (in press), area
burned increases by 5.7 times under the A2 scenario
while it increases by 3.5 times under the B2 scenario by
the last decade of the 21st century.

Accounting  for future stand age. We developed an
algorithm to downscale the annual area burned esti-
mates from 2.5° to 0.5° resolution by evenly distributing
the future area burned estimates to land-based areas
that are assumed to burn. Similar to the approach by
Balshi et al. (2007), we account for differences in stand
age resulting from multiple fires within a 0.5° grid cell.
We distributed  the burn area assigned to each 0.5°grid
cell to existing cohorts that were created from the



historical fire data, starting with the oldest, until all
existing cohorts burn. The logic underlying this ap-
proach assumes that older stands are more susceptible
to burning than newly burned /regenerating stands.
New cohorts were created if the burn area in a given
year was either smaller or larger than the size of an
existing cohort. Burned areas were only distributed to
land-based areas within a given 0.5° grid cell containing
vegetation types assumed to be burnable (e.g. boreal
forest vs. ice/rock).

Results

We first present estimates of fire emissions across the
North American boreal region and subregions. Boreal
North American and subregional carbon dynamics of the
21st century are then evaluated with respect to the
relative importance of atmospheric COg, climate, and fire.

Future fire emissions

Mean annual decadal emissions increase from the be-
ginning to the end of the 21st century, but vary with
climate and CO, fertilization assumptions (Fig. 3) and
are highly correlated with the mean annual decadal
area burned (A2 and B2 scenario R? values= 0.97;
P<0.0001). For both climate scenarios, the simulations
excluding CO3 fertilization resulted in lower increases
in fire emissions across all decades (Fig. 3b). The great-
est differences between the simulations incorporating
and excluding CO, fertilization are seen in the last 50
years of the 21st century. The larger emissions from fire
for the simulations incorporating atmospheric CO; fer-
tilization over this period is due to the greater amount
of carbon sequestered during the first 50 years of the
21st century and therefore more biomass available for
burning. Relative to the last decade of the 20th century,
mean annual decadal emissions for the simulations that
both included and excluded CO2 (results reported as a
range) under the A2 scenario increase 2.2-2.4 times by
2050 and 3.1-4.4 times by 2091-2100 (Fig. 3a and b).
Mean annual decadal emissions for the simulations that
both included and excluded CO, (results reported as a
range) for the B2 simulations, increase 2.1-2.3 times by
2050 and 2.5-3.1 times by 2091-2100 (Fig. 3a and b).
Mean annual decadal emissions are similar among
climate scenarios for the first half of the 21st century
but are greater for the A2 scenario in the last 50 years as
a result of greater area burned (see Fig. 2).

21st century carbon dynamics for Boreal North America,
2003-2100

For the period 2003-2100, our simulations that consid-
ered the effect of atmospheric CO; fertilization on

photosynthesis  estimate that boreal North America is
a carbon sink of 235.6TgCyr! (19.6g Cm?2yrY) and
178.5TgCyr! (14.8gCm2yrly for the A2 and B2
scenarios, respectively (Table 2). The effects of CO,
fertilization and climate acted to sequester carbon,
while fire acted to release carbon to the atmosphere.
For the warmer A2 scenario, CO, fertilization is respon-
sible for sequestering carbon at a rate of 245.1 TgCyr?
(20.5gCm?yr") while climate is responsible for se-
questering 176.1 TgCyr'  (14.79Cm?yrY). For the B2
scenario, we estimate that CO, fertilization is respon-
sible for sequestering approximately = 30% less carbon
(171.5 TgCyr!, or 14.3gCm?2yrl) while climate is



responsible 16% less
carbon (147.0Tg Cyr' or 12.3g Cm2yrY), relative to

the A2 scenario. The role of fire on carbon storage
results in a source to the atmosphere a a rate of
185.6Tg Cyr? (15.6g Cm?yr? and 140.0Tg Cyr*

(11.8g Cm?2yr?) for- the A2 and B2 scenarios, respec-
tively. Greater carbon is released to the atmosphere
under the A2 scenario than the B2 scenario due to more
throughout  the latter half of the 21st

for sequestering  approximately

area burned
century.
The simulations that exclude the effect of CO, ferti-
lization estimate a carbon source to the atmosphere of
64.7TgCyr" (5.5Cm2yrl)  and 30.0Tg Cyr?
(2.6 g CmZ2yr?) for the A2 and B2 scenarios, respec-
tively (Table 2). Alaska remains an overall carbon sink,
while Canada becomes a carbon source to the atmo-
sphere (Table 2). The effect of climate on carbon storage
is similar among the A2 and B2 scenarios. Climate is
responsible for a carbon sink of 74.7TgCyr?
(6.2gCm2yr'"y and 76.8Tg Cyr! (6.4g Cm2yr?)
for the A2 and B2 scenarios, respectively (Table 2).
Fire, however, was responsible for releasing carbon
to the atmosphere at a rate of 139.4 TgCyr!
(1.7gCm2yr"y and 106.8TgCyr! (9.0gCm2yr?)
for the A2 and B2 scenarios, respectively (Table 2).
Similar to the simulations incorporating  atmospheric
CO, fertilization, the A2 scenario resulted in greater
area burned over the latter half of the 21st century
and therefore resulted in greater carbon release to the
atmosphere.

We analyzed the cumulative changes in carbon stocks
for vegetation, soil, and total ecosystem carbon pools in
response to COp, climate, and fire for the period 2003-
2100 (Fig. 4). For the simulations that included atmo-
spheric CO, fertilization,  vegetation  carbon  stocks
increase  throughout  the 21st century, and are 24%
greater for the A2 than B2 scenario by 2100 (Fig. 4).
For the A2 scenario, vegetation carbon stocks show
greater change in the last 35 years of the 21st century
in comparison to the same period for the B2 scenario.
Similar to the changes in vegetation carbon stocks,
changes in soil carbon stocks result in approximately
25% greater carbon storage for the A2 scenario than for
the B2 scenario (Fig. 4). By the end of the 21st century,
we estimate that the cumulative changes in total carbon
stored, relative to year 2003 is 22930 and 17370TgC for
the A2 and B2 scenarios, respectively. Thus, the warmer



in 24% greater
For the simulations
carbon stocks
source for much of the 21st century (Fig. 4). The trend of

carbon storage over the

the A2 and B2 scenarios until 2060, but the A2 scenario
release of carbon than the B2 scenario
from 2061 to 2100 due to greater
in soil carbon stocks shift from a carbon sink to
a carbon source for this period for both climate scenar-
for the A2 scenario due to greater
(Fig. 3). Changes
vegetation carbon stocks for the first 60 years of the 21st
century are responsible
losses during

ios, and are greater
over this period

for the small

to the atmosphere

54% greater for the warmer A2 scenario by the end of
the century (Fig. 4).

In addition to temporal variations in carbon storage,
the ability of terrestrial ecosystems to sequester carbon
varies across boreal North America (Figs 5and 6). These
spatial variations in carbon flux between the land and
atmosphere  also depend upon the assumptions made
about CO fertilization and climate change. Atmo-
spheric CO, has a positive effect on carbon storage
across boreal North America for the A2 (Fig. 5a) and
B2 (Fig. 6a) scenarios. The effect of climate, however,
shows both carbon sequestration and release to the
atmosphere  for the A2 (Fig. 5b) and B2 (Fig. 6b) climate
scenarios. Carbon release is greater for the simulations
that excluded CO, fertilization and is most evident in
the islands north of the Canadian mainland, the MacK-
enzie mountain range, and portions of central Canada
extending northeast to Hudson Bay (Figs 5e and 6e).



These areas show the greatest effect of fire on NECB, in portions of interior Alaska, extending  southeast

which  coincide with the regions where historical fire through  western and central Canada to portions of
records and future fire estimates are concentrated. central Quebec (Figs 5f and 6f). Thus, although boreal
Carbon  losses resulting from fire for the simulations North  America acts overall as a carbon sink in response
that included a CO fertilization effect are observed in to the combined effect of CO», climate, and fire for both
portions  of interior Alaska, extending through western climate scenarios (Table 2), there are regions which act
and central Canada to portions of Labrador and New- as a carbon source, particularly  where fires occurred
foundland,  with greater losses under the A2 scenario and in regions that showed losses in response to cli-
(Fig. 5c) than the B2 scenario (Fig. 6c). Carbon losses matic  variability  (Figs 5d and 6d). Similarly, in the
resulting  from fire for the simulations  that excluded simulations that  excluded COy fertilization, boreal
CO, fertilization ~ were lower in comparison  with the North America acts overall as a carbon source to the
simulations that included a CO, fertilization effect on atmosphere  in response to climatic variability and fire
photosynthesis (Figs 5f and 6f). Greater carbon losses (Table 2), but there are regions which still act as carbon
resulting  from fire for the simulations that included CO, sinks of atmospheric  CO, (Figs 5g and 6g).

fertilization ~ are due to greater total ecosystem carbon
stocks resulting  from the fertilization effect and there-
fore more biomass for burning (Table 2). The spatial
extent of carbon losses is also different for the simula- To better understand  temporal changes in the relative roles
tions excluding CO. fertilization. ~ Under both climate of CO,, climate, and fire effects on carbon dynamics across
scenarios, carbon losses resulting from fire are observed boreal North America over the 21st century, we calculated

Decadal-scale  carbon dynamics of the 21st ceniury



mean decadal changes in carbon storage for the A2 (Fig. 7)
and B2 (Fig. 8) simulations.  For the A2 scenario, carbon
storage increases each decade in response to increasing
atmospheric  CO, concentration (Fig. 7a). A similar pattern
is observed for the B2 scenario; however, the effect of
increasing carbon storage tends to plateau after 2061-2070
due to the deceleration of increasing atmospheric CO,
concentration  (Fig. Sa), The effect of increasing air tem-
perature on carbon storage is similar for the A2 (Fig. 7b)
and B2 (Fig. 8b) scenarios for the simulations incorporating
COy fertilization, with warmer mean temperatures pro-
moting more carbon sequestration. In contrast, the set of
simulations excluding atmospheric CO, fertilization shows
that warming temperatures result in carbon sequestration

that is relatively unchanged from decade to decade for the
A2 (Fig. 7b) and B2 (Fig. 8b scenarios, however, the last

four decades do appear to become more variable which
coincide with the warmest average decadal temperatures
of the 21st century,

The effect of fire on decadal scale carbon dynamics
shows that as area burned increases, fire generally
releases more carbon to the atmosphere,  with more
carbon released per decade under the A2 climate sce-
nario (Fig. 7c). Despite greater area burned for the
period 2071-2080, relative to the previous decade, fire
results in less of a carbon source for the simulations that
both incorporate and exclude CO; fertilization (Fig. 7c).
For the set of simulations excluding CO; fertilization,
the last three decades that correspond to the greatest
area burned, result in a carbon source that is relatively
unchanged (Fig. 7c), while the carbon source increases
from decade to decade for the set of simulations in-
corporating atmospheric CO» fertilization (Fig. 7c). The
B2 scenario shows that as area burned increases
through 2050, carbon released to the atmosphere also
increases in simulations incorporating  CO, fertilization
(Fig. 8c). Future area burned under the B2 scenario then
plateaus from 2041 to 2070 due to the relationship



between air temperature  and fuel moisture indices on
area burned (Fig. 2). The last three decades of the 21st
century correspond  to greater area burned under the B2
scenario and the effect of fire results in a larger carbon

source to the atmosphere than the previous 70 years
(Fig. 8c) due to greater fire emissions (Fig. 3a).
The combined  effects of COp climate, and fire on

decadal scale carbon dynamics indicate that boreal
North  America is a carbon sink for the A2 (Fig. 7d)
and the B2 (Fig. Sd) scenarios for the set of simulations
incorporating atmospheric CO, as NPP is increasing
faster than R, and TCE (Fig. 9a and b). The last three
decades under the A2 scenario show that the net carbon
sink  flux approximately triples relative to the period
1991-2000 (Fig. 7d). For the B2 scenario, the last four
decades of the 21st century show that the carbon sink
flux is more than double that of the period 1991-2000
(Fig. 8d). NPP Ry and TCE increased faster under the
A2 scenario  (Fig. 9a) throughout  the 21st century than
under the B2 scenario (Fig. 9b). The set of simulations

excluding  atmospheric  CO; fertilization  indicate that
boreal North America is a small carbon sink in the first
decade of the 21st century and becomes a carbon source
in the remaining decades for the A2 scenario (Fig. 7d) as
Ry, and TCE increase faster than NPP (Fig. 9c). For the
B2 scenario, North America is a small carbon source
from 2011 to 2100 except for a small sink in 2061-2070
(Fig. 7d), which is a decade where NPP increased and
Ry, and TCE decreased relative to the previous decade
(Fig.9d).

Discussion

Effect of future climate change on Boreal North American
fire emissions

In this study, we estimated the effects of two climate
scenarios on boreal North American fire emissions, both
including and excluding the effects of CO; fertilization

on photosynthesis.  The simulations  suggest that climate



the 21st century will, on average,
levels of total carbon emitted by future
that by the end of the
total carbon emitted by wild-

result in greater
Our estimates
21st century (2091-2100),

than the B2 scenario and the higher emissions
are the result of greater area burned (Fig. 2). The A2 and
B2 simulations the effect of CO, fertiliza-
tion on photosynthesis
for each decade than the corresponding
the effect of CO, fertilization.
of CO, fertilization
for that set of simulations
carbon emitted at the time of fire due to greater

biomass available for burning (Fig. 4). Balshi et al. (2007)

and therefore

estimates for the period 1959-2002 for simulations in-
cluding and excluding CO, fertilization on photosynth-

esis. Our results suggest that CO, fertilization plays a
much larger role in the emissions resulting from future
area burned.

Bachelet et al. (2005) used a dynamic vegetatiq?
model that simulates the effects of fire to estimate the
role of fire on carbon dynamics for Alaska through year
2100. They report an average loss of 17-19 Tg Cyr' due
to fire emissions for the period 2025-2099 based on
simulations  with two climate scenarios. Our simula-
tions estimate a range of between 18 and 25Tg Cyr
emitted at the time of fire for Alaska over the same
period. The larger range of emissions estimates from
our study can be attributed to greater future area
burned estimates for the period 2051-2090 (averaged



across climate scenarios, our area burned estimates are
between 1.4 and 8.0 times higher than those of Bachelet
etal. (2005) for the period 2051-2090). Furthermore, our
simulations do not dynamically simulate  vegetation
changes  postfire or in response to changes in climate
(i.e. vegetation types are static). The greater area burned
estimates may be because we used different climate
model scenarios to simulate future area burned.

Changes in 21st century carbon storage

Similar to the conclusions of Balshi etal. (2007) regard-
ing the dominant drivers responsible  for sink activity
from 1959 to 2002, we found that both the effects of CO,
fertilization  and climatic variability = accounted for the
majority  of the reported carbon sink across boreal North
America  for the 21st century for both climate scenarios.
In general, the changes in carbon storage simulated in
the retrospective  simulations of Balshi et al. (2007) were
more consistent  with atmospheric inversion  analyses
for the set of simulations  with CO; fertilization. The
trajectories  of future CO used in this study estimated
by the regression  approach we employed resulted in
2100 CO;, concentrations of 1100 and 766 ppmv in the
A2 and B2 scenarios,  respectively. Other  estimates
based on the IPCC Third Assessment Report suggest
that median values for A2 and B2 scenarios should be
around 900 and 700 ppmv, respectively (IPCC 2001).
However, climate models that include carbon cycle
feedbacks  driven by A2 fossil fuel emissions range
between 730 and 1020 ppmv  atmospheric CO; in 2100
depending largely on variability of the terrestrial sink
(Friedlingstein et al., 2006). Because our estimates of
CO; concentration ~ for the A2 and B2 scenarios in 2100
are slightly higher than previously published estimates
for these scenarios, the simulations  conducted in this
study that include the effects of elevated CO; concen-
tration should be interpreted as an upper bound of
possible CO, effects for scenarios that we considered
in this study. In our simulations with CO; fertilization,
the sink activity for the A2 scenario resulted in approxi-
mately 24% more carbon stored than the B2 scenario.
However,  for the simulations that excluded a CO3
fertilization ~ effect we report a source of carbon from
terrestrial  ecosystems  to the atmosphere.  The switch to
a source in the simulations that exclude CO; fertiliza-
tion is due to both no carbon sequestration associated
with rising CO; and lower carbon sequestration in
response  to climatic variability due to the lack of an
interaction effect of CO; fertilization with  climate
(Tuble 2).

To our knowledge, this study is the first to simulate
the effects of empirically derived future fire estimates
on the carbon dynamics of the North American boreal

region. The only study that we know of that reports
estimates for a portion of our study area is Bachelet et al,
(2005), which is driven by scenario climates from Ca-
nadian and Hadley GCMs. It is important to note that
the simulations  of Bachelet et al. (2005) differ from ours
in the trajectories of CO, concentration and the inclu-
sion of vegetation dynamics, such as the migration of
treeline toward the coast of the Arctic Ocean. Bachelet

et al, (2005) reported a range of NECB estimates of
between 10 and 31g Cm 2 yr-! sequestered by terres-

trial vegetation for Alaska for the period 2025-2099. Our
estimates of carbon storage over the same period in-
dicate carbon storage of between 18 and 28g Cm? yr?!
for the simulations that included CO, fertilization,
which is within the range of Bachelet et al. (2005). In
contrast, our simulations that exclude CO3 fertilization
estimate a range of between 3.9 and 4.7 g Cm? yr? for
Alaska, which is below the range of Bachelet ¢t al.
(2005).

Our simulations  for the 21st century also indicate that
atmospheric ~ CO; fertilization  plays a major role in the
carbon dynamics  of boreal North America. In our
simulations, the A2 and B2 scenarios responded differ-
ently to the elevated levels of atmospheric  CO,. Carbon
storage increases in response to elevated CO2 for each
decade for the A2 scenario while carbon storage in-
creases and then plateaus for the last three decades of
the 21st century for the B2 scenario. This response s
likely due to the deceleration of increasing CO2
concentration.

The increase in carbon storage to warming in our
simulations is associated  with increases in the avail-
ability of soil nitrogen due to warming-enhanced nitro-
gen mineralization (McGuire et al.. 1992; Xiao et al.,
1998). The influence of interannual  variation in climate
on carbon storage simulated by TEM has been docu-
mented in previous studies (Tian et al., 1999; McGuire
et al., 2001; Euskirchen et al,, 2006; Balshi et al., 2007;
Clein et al.,, 2007, Kimball et al., 2007). For the simula-
tions incorporating  the effect of atmospheric  CO,, both
climate scenarios indicate that as average decadal tem-
peratures  increase, carbon storage associated with cli-
mate increases. In contrast, the simulations  excluding
atmospheric CO, fertilization estimate  lower  sink
strength  associated  with climate.

Our results indicate that it is important to incorporate
fire in estimating future carbon dynamics. For the 21st
century, we estimate that fire results in a net carbon
source to the atmosphere  in some regions for simula-
tions that include and exclude atmospheric CO; and is
larger under the A2 scenario than the B2 scenario. The
incorporation of fire activity into our analysis reduces
total ecosystem carbon storage through changes in
vegetation and soil carbon pools across boreal North



America for the entire 21st century. For the simulations
excluding CO, fertilization, decades with greater area
burned resulted in an overall carbon source to the
atmosphere  (Figs 7d and 8d) while decades with lower
area burned generally resulted in greater carbon sink
activity.

Uncertainties and limitations

Several challenges were encountered  when coupling
future area burned to the current framework of the
TEM. The first challenge we encountered was down-

scaling future area burned from 25 to OS' spatial
resolution,  which required several assumptions. For
the sake of simplicity, we evenly distributed the area
burned estimates for each year to every OS cell that
occurred  within a given 2.5" cell. This area was then
distributed  to cohorts within each OS' cell based on the
number and age of the cohorts in yeilr 2002. Although
the accuracy of future stand age distributions and their
spatial pattern therefore depends on the accuracy of the
stand ilges in year 2002, the general shift toward young-
er forests in response to more frequent fires is a robust
result of this study. An added level of uncertainty deals
with the assumption that all burnable vegetation types
within a given 2.5' cell are available for burning in the
future. A third limitation that is not taken into consid-
eration in this study is the potential for grid cells that
were not explicitty modeled by Balshi et al. (2008) to
burn in the future. Changes in climate are likely going
to be accompanied by increases in fuel loading in areas
that have not burned historically, and therefore more
likely to burn if warmer, drier conditions prevail. Ac-
counting for future fire in grid cells that are currently
assumed not to burn would likely result in a greater
carbon source.
Incorporating  the role of dynamic vegetation, tem-
poral changes in fire severity, and other disturbances
such as insect outbreaks in future modeling studies is
important  with respect to capturing a better representa-
tion of emissions estimates at the time of fire as well as
the carbon dynamics associated with secondary succes-
sional processes following fire. One of the main limita-
tions of the current study is that our carbon balance
estimates are based on a fixed vegetation distribution
that does not change spatially through time. This can be
problematic  in that regional carbon dynamics can be
influenced for several decades following fire due to the
differences in the postfire responses of different vegeta-
tion types (e.g. deciduous vs. coniferous) (Amiro et al.,
2006). This introduces uncertainty with respect to the
calculation of NECB and is also important with respect
to surface energy feedbacks between terrestrial ecosys-

tems and the climate system (Chapin et al., 2000;
McGuire et al., 2006;. Randerson €t al., 2006).

Under a warming climate, it is also important to
recognize the potential of the northward expansion of
vegetation types currently absent from particular re-
gions of the boreal forest and the implications this may
have on future fire regimes. There is increasing evi-
dence of tree line expansion into tundra (Bachelet et al.,
2005; Chapin et al., 2005; Scholze et al., 2006; McGuire
et al., 2007) as well as the northward expansion of
lodgepole pine (Johnstone & Chapin, 2003) that should
be taken into account in future work. Note that there is
substantial  variability in the rate of northward migra-
tion among models that do and do not incorporate
demographic and topographic constraints on migration
rates (see discussions by MacDonald et al., 1993; Chapin
& Starfield, 1997; Rupp et al.. 2001; Nielson et al., 2005;
Araujo & New, 2006; Araujo & Rahbek, 2006), and some
analyses indicate that it will take centuries for substan-
tial migration of northern treeline to occur. Nonetheless,
if fire were to migrate into areas currently dominated by
other vegetation types (e.g. tundra), the contribution to
fire emissions and the overall carbon budget could be
significant.

Fire severity influences the amount of total carbon
emitted at the time of fire as well as long-term carbon
accumulation  (Kurz & Apps, 1999; Harden et al.,, 2000;
Balshi et al., 2007). Our implementation  of fire severity is
static, which does not account for seasonal variations in
depth of burn. The importance of accounting for seaso-
nal variation in depth of burn has been addressed in
previous studies (Kasischke €t al., 2005; Kasischke &
Turetsky, 2006) and has great potential to result in
different estimates of total carbon emitted than what
we report in the current study. Several studies (Wotton
& Flannigan, 1993; Flannigan et al., 2000, 2005; Carraillet
etal., 2001; Balshi et al., 2008) have shown that a warmer
climate results in greater future area burned, which is
partially a consequence of longer fire seasons. If fire
seasons become longer, there is potential for the altera-
tion of depth of burn (i.e. greater severity) due to the
potential for drier conditions in the duff layer in addi-
tion to deeper thaw of the soil. Increases in fire severity
have the potential to decrease the amount of insulating
moss and soil organic layers, which can also feedback to
the soil thermal and permafrost regimes through in-
creasing the active layer depth and thawing of perma-
frost (Hinzman et al., 2003). Interactions between fire
severity, soil thermal, and permafrost regimes are there-
fore important to consider in future work.

With the potential for increases in area burned by
wildfire through the 2Ist century (Fig. 2), the level of
fire suppression efforts are also likely to increase. How-
ever, the effectiveness of suppression over large areas



timescales has been debated (Miyanishi &

2001; Ward etal, 2001) and it is difficult to

how this may impact large scale carbon
and fire emissions in the future. The issue
of fire suppression remains an important  issue for
predicting  future fire regimes (see Balshi €tal, 2008)
and the effects that those regimes may have on regional
carbon dynamics.

Finally, it is important
disturbances (e.g. insects
interact with fire regime
boreal forest. It has been
warms, insect outbreak behavior will intensify (Logan
et al., 2003). Because insect outbreaks and disease result
in more available fuel for future disturbance by wild-
fire, there is great potential to alter fire regime due to the
potential ~ for larger, more catastrophic  fire events. In-
corporating  the response of disease and insect distur-
bances to future climate change and the interactions
between  these disturbances and fire regime will be
essential  to improve current carbon balance estimates
of the future.

and long
Johnson,
determine
dynamics

to consider the role of other
and disease) and how they
across the North American
suggested  that as climate
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