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Abstract Burn area and the frequency of extreme fire events have been increasing during recent decades
in North America, and this trend is expected to continue over the 21st century. While many aspects of the
North American carbon budget have been intensively studied, the net contribution of fire disturbance to the
overall net carbon flux at the continental scale remains uncertain. Based on national scale, spatially explicit
and long-term fire data, along with the improved model parameterization in a process-based ecosystem
model, we simulated the impact of fire disturbance on both direct carbon emissions and net terrestrial
ecosystem carbon balance in North America. Fire-caused direct carbon emissions were 106.55 + 15.98 Tg C/yr
during 1990-2012; however, the net ecosystem carbon balance associated with fire was —26.09 + 522 Tg C/yr,
indicating that most of the emitted carbon was resequestered by the terrestrial ecosystem. Direct carbon
emissions showed an increase in Alaska and Canada during 1990-2012 as compared to prior periods due

to more extreme fire events, resulting in a large carbon source from these two regions. Among biomes,

the largest carbon source was found to be from the boreal forest, primarily due to large reductions in soil
organic matter during, and with slower recovery after, fire events. The interactions between fire and
environmental factors reduced the fire-caused ecosystem carbon source. Fire disturbance only caused a weak
carbon source as compared to the best estimate terrestrial carbon sink in North America owing to the long-term
legacy effects of historical burn area coupled with fast ecosystem recovery during 1990-2012.

1. Introduction

Fire disturbance could significantly affect terrestrial ecosystem carbon dynamics in multiple ways, with the
net effect determined by integrating both short-term and long-term effects on carbon pools and fluxes. In
the short term, fire effects on carbon storage are determined by direct carbon emissions from combustion,
vegetation and organic matter recovery rates, and legacy effects from prior fires [Kurz et al., 2008a; Kashian
et al., 2006; Hurteau and Brooks, 2011]. Fire can cause large direct carbon emissions by consuming surface
fuels including living and standing dead biomass, coarse woody debris (CWD), aboveground fine litter, and
near-surface soil organic matter (SOM) [Meigs et al., 2009]. The combustion of these organic matter pools
during fire releases greenhouse gases, including carbon dioxide (CO,), methane (CH,), and nitrous oxide into
the atmosphere, which can have consequences for atmospheric composition and radiative forcing. Global
fire emissions are reported to be one of the major factors controlling interannual variability of atmospheric
CO, and CHy4 [Bousquet et al., 2006; van der Werf et al., 2004]. Fire consumption may also result in large nutri-
ent losses from organic matter pools and releases inorganic nutrients to the soil, potentially increasing post-
fire vegetation growth in the short term [Hurteau and Brooks, 2011]. Fire influences ecosystem composition
and structure by providing a competitive advantage in postfire environmental conditions for some species,
which has implications for productivity and vegetation dynamics in succession after fire [Johnson, 1992].
Fire can also lead to increases in soil temperature and moisture in the soil surface, thus altering soil thermal
and chemical dynamics in the short term [Yi et al., 2009, 2010].

Over the long term, fire effects on terrestrial carbon stocks are a function of the balance between carbon
losses from direct fire emissions and dead organic matter decomposition and carbon gains from vegetation
regeneration and growth [Kashian et al., 2006]. The portion of killed vegetation biomass that was not
consumed by fire will influence the ecosystem soil and litter carbon and nutrient dynamics over the long
term. The amount and decomposition rate of dead organic matter that remains following a fire event are
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determined by the burn severity, the vegetation, and environmental conditions [Meigs et al., 2009]. After fire,
the recovering ecosystems will gradually transition from a carbon source to a carbon sink, and with sufficient
time the ecosystems will absorb all of the carbon lost from both direct and indirect sources [Kashian et al.,
2006]. Overall, the net carbon balance will be close to zero over the fire cycle and the length of which is deter-
mined by environmental factors (e.g, climate), ecosystem properties (e.g., soil properties, vegetation type,
and fuel load), and fire characteristics (e.g., fire intensity, severity, and combustion completeness) [Hurteau
and Brooks, 2011]. For example, studies have shown that fire results in permafrost thaw from a reduction
in soil organic layer depth that recovers on the scale of decades to centuries in the boreal forests of North
America [Genet et al., 2013; Yuan et al., 2012; Kasischke and Hoy, 2012], illustrating the long-term legacy effects
of fire on permafrost and carbon cycling in arctic and boreal ecosystems.

Fire suppression activities such as prescribed fire and litter raking have been thought to effectively reduce
wildland fire frequency and intensity in North America during the recent century [Hurtt et al., 2002]; however,
due to climate warming and intensifying drought conditions, fire intensity and frequency were still found to
increase during recent decades and are predicted to increase in the future [Flannigan and van Wagner, 1991;
Harden et al., 2000; Kasischke and Turetsky, 2006; Balshi et al., 2009; Yue et al., 2013]. The fire record in the U.S.
indicates that burn area and severity have significantly increased from the early 1980s to the present [Yang
et al,, 2015a]. The largest burn area years on record have occurred during the most recent two decades in
Alaska (2004, 2005, and 2015) and California (2004, 2006 and 2015). Yue et al. [2013] indicated that the length
of the wildfire season in the western US. has increased by roughly two and a half months since the
mid-1980s, mostly due to earlier snowmelt, and they also predict a 20-50% increase in burn area from
present to 2050. Additionally, Balshi et al. [2009] predict a 3-6 times increase in annual burn area for boreal
North America over the 21st century based on two future climate change scenarios.

Many studies have been conducted over the past two decades to estimate fire behavior and ecological
impacts in North America based on remote sensing [e.g., Wiedinmyer and Neff, 2007], field observations
[French et al., 2011; Kasischke and Hoy, 2012; de Groot et al., 2009], and modeling simulation [e.g., Balshi
et al., 2007, 2009; Zhuang et al, 2002; Yue et al., 2013; Yang et al., 2015a, 2015b]. To date, these studies have
focused on (a) fire-caused direct carbon emissions rather than net ecosystem carbon budget, (b) smaller
subregions of North America rather than the continental scale, () use of book-keeping approaches with fixed
parameter assignments for C budget assessment, and/or (d) short-term analyses instead of making use of the
full time periods of available fire records. As compared to postfire carbon dynamics, it is more difficult to
quantify the fire-caused net ecosystem carbon balance due to the long-term legacy effects from historical
fires, which can significantly influence the estimation accuracy of fire-caused net carbon balance in contem-
porary study periods [Kelly et al., 2016]. As such, there lacks a comprehensive, consistent, and long-term
estimate for the effects of fire disturbance on the continental-scale terrestrial carbon budget in North
America [Kasischke et al., 2011]. With improved technology in remote sensing monitoring, increasing invest-
ment in regional field data collection and improved understanding of mechanisms, it is now possible to
integrate large-scale fire data sets with mechanistic models. Therefore, in this study, we integrate information
that relates fire effects to various environmental conditions and ecosystem characteristics with improve-
ments in the fire-related parameterization of an ecosystem process model. Several studies [e.g. Hayes
et al., 2012; King et al., 2012] estimated a large carbon sink during 1990s and 2000s in North America based
on multiple approaches, but there is no consensus on the contributions of wildland fire from these studies
[King et al., 2015]. The objective for this study is to provide a more comprehensive and consistent estimation
of fire-caused direct carbon emissions and net ecosystem carbon balance based on available burn area data
across North America.

2. Methods
2.1. General Model Description

In this study, the impacts of fire disturbance on carbon dynamics were simulated with an updated version of
the Terrestrial Ecosystem Model (TEM version 6.1), modified for this study to improve the representation of
carbon pool transfers resulting from fire and other disturbances. TEM has been well documented and used
to examine terrestrial carbon dynamics under changing environmental factors (including climate, atmo-
spheric CO,, nitrogen deposition, land use change, disturbance, and ozone pollution) at various spatial
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Figure 1. The brief structure for fire submodel in the TEM6.1. Note: SDWC: standing dead wood carbon pool, CWDC: coarse
woody debris carbon pool, SOC: soil organic carbon, LITC: litter carbon pool. The solid arrows represent the dead biomass
allocation directions; the dashed arrows represent the direct carbon emission from each fuel component.

scales [McGuire et al., 2000a; Balshi et al., 2007]. Model estimates of carbon fluxes and stocks have been
extensively evaluated in many previous studies at site and regional scales [e.g., McGuire et al., 2000b;
Zhuang et al., 2002, 2003; Amthor et al., 2001; Balshi et al., 2007, 2009; Lu et al., 2015; Kelly et al., 2016]. TEM
has been used to estimate fire disturbance effects on ecosystem carbon fluxes and storage, showing good
performance as evaluated against field observational data in boreal North America [Bashi et al., 2007;
Zhuang et al,, 2003] and compared to multiple constraints at the pan-boreal scale [Hayes et al., 2011]. In this
study, we modified TEM version 6.0 [Hayes et al., 2011] by adopting two modules from two other versions of
TEM: the TEM-Dynamic Vegetation Model [Euskirchen et al., 2009; Yuan et al., 2012] and TEM-Hydro [Felzer
et al., 2009]. The major modifications include (1) separating the live biomass pool into different plant compo-
nents (i.e,, leaf, coarse root, fine root, and stem pools); (2) partitioning the dead organic matter pool into four
pools: aboveground fine litter, coarse woody debris (CWD), belowground litter, and soil organic carbon (SOC);
and (3) adding a standing deadwood (SDW) carbon pool, which is used to resolve in more detail important
ecological dynamics driven by fire and other disturbances. The performance of the model updates was
evaluated in this study against field data and other studies (see section 4).

In TEM, the net ecosystem carbon balance (NECB) is estimated as [McGuire et al., 2000a]
NECB = GPP —Ra — Rh — Ec — Ep — Ed — El (1)

where GPP is the gross primary productivity, Ra is plant autotrophic respiration, Rh is heterotrophic respira-
tion, Ecis carbon emission during the conversion of natural ecosystems to agriculture, Ep is the sum of carbon
emission from the decomposition of agricultural and wood product, Ed is direct carbon emission from distur-
bance, and El is carbon leaching from terrestrial ecosystem to aquatic system. NECB represents the change in
total carbon storage across all pools, or the sum of all carbon fluxes into (sink, with positive values) and out of
(source, with negative values) the ecosystem over a given time step [Chapin et al., 2006].

In TEM6.1, a fire module was specifically developed to track fire effects on terrestrial carbon and nitrogen
dynamics (Figure 1). Within this framework, the TEM cohort module was used in this study to select the
burned vegetation cohorts and to track the identity, area coverage, and age (time since last disturbance)
of vegetation cohorts within each grid cell. The principles and procedure of the subgrid cohort module are
described in more detail by Hayes et al. [2011], and its implementation for this study is described below.
The fire characteristics data, such as burn area and fire timing, are incorporated with fuel characteristics
(e.g, fuel loads, fuel components, and fuel moisture), initial vegetation map, and climate conditions (e.g.,
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precipitation and air temperature) to generate the model parameters including fire-caused mortality and fuel
combustion completeness for different fuel components.

TEM simulates eight components of fuels including live leaf, stem, and root fuel components; SDW (standing
dead stems and branches, for woody plants only); CWD (diameter > 5 mm; including fallen dead stems and
most dead branches, for woody plants only); aboveground fine litter (diameter < 5 mm, including dead
leaves, fine branches, and barks); belowground litter (i.e, dead roots); and SOM (the duff and mineral soil
layer) (Figure 1). The forest floor fuel components include aboveground fine litter and top-layer partially
decomposed organic material (also known as duff, is composed of soil organic matter (SOM), partially decom-
posed aboveground and belowground litter [French et al., 2004]). The duff is also defined as the fermentation
and humus layer of the soil located between the A horizon (or uppermost soil mineral horizon) and the litter
layer, which is an important fuel component in the boreal region. In the analysis, we also combined the
belowground and aboveground litter as total litter pool (LIT). The dynamics of these fuel components were
simulated by the modified TEM6.1 in terms of burn severity of overstory live biomass (i.e, leaf, root, and stem
carbon transfers) and combustion completeness of surface and belowground organic matter (i.e., litter and
SOM). The carbon transfers among the live biomass and dead organic matter pools and to the atmosphere
are illustrated in Figure 1.

In TEM6.1, monthly direct carbon emissions (total fuel consumption (TFC)) from fire were estimated as

TFC = BFC + FFC 4+ DWDFC (2)

where BFC is the live biomass (i.e., live leaf, stem, and root) fuel consumption, FFC is the forest floor fuel
consumption, and DWDFC is the dead woody debris fuel consumption, which includes the SDW and CWD
pools. The estimation of direct carbon emissions from each of these fuel components and their related
parameterizations is described below.

2.2. Model Input Data and Parameterization Methods

2.2.1. Burn Area Data

The annual burn area data used in this study were obtained from multiple sources, including field observation
data, remote sensing of fire perimeters, and model simulations (Table 1). For Alaska, we obtained burn area
data from the Bureau of Land Management Alaska Fire Service (BLM AFS), covering the period of 1940-2012
[http://afs.ak.blm.gov/; Kasischke et al., 2002]. For Canada, we obtained the polygon burn area perimeter data
from the Canadian National Fire Database (CNFDB; http://cwfis.cfs.nrcan.gc.ca/ha/nfdb). The CNFDB data
generally cover the period from 1920 to 2012, though for most provinces, the full records start in the
1980s [see Kurz et al., 2008b; Stinson et al., 20111. Only a few provinces have records starting at 1920. Burn area
data for those provinces that are not available before the 1980s were reconstructed based on the calculated
fire return interval (FRI) and vegetation cohort age according to the approaches described in Balshi et al.
[2007]. This fire data set only includes large fires (burn area > 200 ha [Kasischke et al., 2011]) events, but it
accounts for the majority of the burned area that occurs across Canada’s boreal forest region (http://cwfis.
cfs.nrcan.gc.ca/ha/nfdb). For the conterminous United States (CONUS), we obtained the polygon fire records
from the US. Monitoring Trends in Burn Severity (MTBS) for the period of 1984-2012 (http//www.mtbs.gov/).
For Mexico, there were no available fire records, so we used the gridded (0.25° spatial resolution), monthly
burn area data from the Global Fire Emission Database Version 4 (GFED4) [Giglio et al., 2013], which covers
the period of 1996 to present.

We compiled and gridded the data from the various fire records by decomposing each burn polygon into
1 km x 1 km pixels labeled as "burned” (with pixels outside of the polygons labeled “unburned”). Then we
upscaled from 1 km x 1 km to 0.25° x 0.25° spatial resolution with a sum aggregation method in ArcGIS
10.3.1. In this way, the number of burned 1 km pixels in each 0.25° grid cell was counted in each year. The
most commonly used method for reconstructing historical fire regimes is fire frequency [Schmoldt et al.,
1999]. Based on the gridded burn area data, we calculated the mean FRI for each grid cell as the ratio
of total cell area to mean annual burn area [Johnson, 1992; Barrett et al., 2010]. We used the FRI and stand
age information to reconstruct fire history and vegetation cohort dynamics for the periods without burn
area records during 1000-2012 for model equilibrium, spin-up, and transient runs (see methods
described below).
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Table 1. Burn Area Data Sources and Characteristics

Data Inventory Fire Data FRI-Based Affected/Total Grid
Regions Source Periods Periods Cells Mean Burn Area (kmzfyr)
Alaska BLM AFS 1940-2012 1000-1939 1,579/4,383 3,246
Canada CNFDB 1920-2012 1000° 8,154/25,653 17,627
CONUS MTBS 1984-2012 1000-1983 4,795/13,049 16,331
Mexico GFED4 1996-2012 1000-1995 1,741/2,714 11,068

®Fire records start at different time periods for various provinces in Canada [see Kurz et al,, 2009] and CONUS: The 48
conterminous U.S. states.

2.2.2. Burned Vegetation Types and Area

The burned cohorts and vegetation types are determined primarily based on the 1 km spatial resolution
North American Land Change Monitoring System 2005 (http://landcover.usgs.gov/nalcms.php) data set
produced by the Commission for Environmental Cooperation. The NLCD2001 land cover data (http://
www.mrlc.gov/nlcd01_data.php) was used as an auxiliary data to develop a better land cover map for
Alaska. The International Geosphere-Biosphere Programme DISCover global land cover data [Loveland
et al., 2000] and global potential vegetation map [Ramankutty and Foley, 1999] were also used to assist
in generating potential vegetation map (i.e, replacing managed land cover including pasture, cropland,
and urban with natural vegetation). The boreal boundary map from Brandt [2009] was used to depict
the boreal forest types in Canada and Alaska. These vegetation-type categories were regrouped into
the corresponding plant functional types used by TEM6.1 (see Figure 2). For the years with available burn
area polygon data in Alaska (1940-2012), Canada (1920-2012), and CONUS (1984-2012), the annual burn
polygons were overlaid with the land cover data to obtain the burned area for each vegetation type at
1 km spatial resolution. The total
burned area of each vegetation

type within a 0.25° grid cell was

EEENF . " then aggregated by summing up

I BBDP._ burned area for all 1 km grid cells
EEBMF in ArcGIS 102. For Mexico, the

40° N4 [/ TNF 025° burn area data from
[T TBDF GFED4.0 were directly used to

W TMF 4™ overlay with the 0.25° land cover

. TrBEF ; map to obtain the burned vegeta-

[ TrBDF : : :

.. | B sHR tion types and area in each grid
30 Nd;GRs cell. To generate the burned
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Figure 2. Distributions of major vegetation types at 1 km x 1 km spatial reso- tion types and area. When the

lution in North America during 2000s. BNF: boreal needleleaf forest, BBDF: stand age of a vegetation cohort
boreal broadleaf deciduous forest, BMF: boreal mixed forest, TNF: temperate equals to the mean FRI of its grid
needleleaf forest, TBDF: temperate broadleaf deciduous forest, TMF: tempe- cell, the cohort is burned. We
rate mixed forest, TrBEF: tropical/subtropical broadleaf evergreen forest, used the approach described by
TrBDF: tropical/subtropical broadleaf deciduous forest, SHR: shrubland, GRS:

grassland, PT: polar tundra, HW: herbaceous wetland, CRO: cropland, BAR: Hayes et al. [2011] to track the

barren land, URB: urban/built-up land, SI: snow and ice, WAT: water, FW: dynamics of vegetation and age
forested wetland, BW: boreal woodland (grassland with sparse trees). cohorts in each grid cell. When a
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Table 2. Allocation for Unconsumed Dead Biomass After Fire cohort in a grid cell is burned, a
Fuel Components sbw Litter CWD  child cohort is produced. The old
loaF _ 1.0 _ cohort (i.e, the parent cohort) is
Stem 06° 02 0.2 maintained with the remaining
Root = 1.0 = living biomass and the same envir-
sow = = 10 onmental conditions, while the

#slightly varied for different ecoregions in Canada according to the ~ new cohort (i.e, the child cohort)
observational data [Kurz et al.,, 2008a]. regrows from stand age 0 but other-

wise inherits the ecosystem type
and other environmental conditions—including soil physical and chemical properties and climate condi-
tion—from its parent cohort [Balshi et al., 2007]. To avoid too many cohorts within a grid cell, the cohorts
with stand age higher than a threshold age will be combined as one. The threshold age is determined if
the differences in carbon, nitrogen, and water exchange rates among cohorts are within a certain
tolerance level (ie, 05 g C/m? 0.1 g N/m? and 0.2 mm for carbon, nitrogen, and water, respectively)
during 10 consecutive years. While this approach realistically simulates the effects of stand age on
microenvironment, carbon, and nitrogen dynamics, it does not however simulate species composition
dynamics associated with postfire ecosystem succession (e.g., there is no shrub or grass stage in postfire
black spruce stands in this approach).
2.2.3. Fire Timing
Previous studies [e.g., Turetsky et al., 2011; Genet et al., 2013] have indicated that fuel loads, fire severity
(represented by vegetation mortality in this study [Rogers et al., 2015]), and combustion completeness
(CQ) are significantly influenced by the month of fire occurrence; therefore, it is important to include
the fire timing information to simulate fire-caused carbon dynamics. The burn area records for Alaska,
Canada, and CONUS have provided fire month data for fire events. Based on the monthly fire polygon
data, we averaged across all fire months within 1 year to get the average fire month for each grid cell
at 1 km spatial resolution. The 1 km fire month data were then aggregated to 0.25° resolution data
using the majority method (i.e, to identify the month with the highest burned area during the
recorded fire periods) in ArcGIS. For some fire records without fire timing information, we used the
average fire months from GFED4 data as a replacement. For Mexico, the monthly 025° GFED4 fire
month data were used. We chose the month with the highest burn area within 1 year as the fire
month from GFED4.
2.2.4, Fire-Caused Mortality and Biomass Consumption
Fire-caused live biomass mortality is influenced by the timing, intensity, and frequency of fire, along with
ecosystem biotic and abiotic properties. In boreal North America, most fires occur as stand-replacing
crown fires [Stocks and Kauffman, 1997]. According to Balshi et al. [2007] and Kurz et al. [2008b], fires in
boreal forests generally cause over 95% (varied slightly for different provinces in Canada) vegetation
mortality, which is higher than the 80% average tree mortality estimated by a recent study [Rogers
et al., 2015]. For CONUS, we aggregated the 30 m LANDFIRE fire severity categories to 0.25° spatial reso-
lution. The LANDFIRE model (http//www.landfire.gov/fireregime.php) produced five fire regime condition
classes (FRCQ) for U.S. forest regions based on the fire return interval and average aboveground biomass
mortality for fire events: low/mixed (0-35 years; 40% mortality), replacement (0-35 years; 75% mortality),
low/mixed (35-200 years; 40% mortality), replacement (35-200 years; 75% mortality), and replacement
(200+ years; 75% mortality) severity. The maximum mortality for aboveground biomass of shrub and
herbaceous plants was set to 100% according to van der Werf et al. [2010] and Ito and Penner [2004],
while mortality for roots was set to 30%.

The killed biomass is partly consumed by fire, while the remaining is partitioned among the SDW,
CWD, and aboveground and belowground litter pools (Table 2). The portion of direct consumption
of live biomass is determined by the vegetation mortality and CC parameters. The CC parameter
values for killed trees for Alaska and Canada were obtained from the literature [Balshi et al, 2007;
Kurz et al, 2008a, 2008b; Stinson et al, 2011], while we applied the CC parameters used by GFED4
[Giglio et al, 2013] for CONUS and Mexico. The CC for tree root biomass was assumed to be 0.
The CC values for aboveground biomass of shrub and herbaceous plants were set at 80% according
to van der Werf et al. [2010]. The CC for roots of shrub and herbaceous plants was set as 10%.
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BO°N

Table 3. Consumption Completeness (CC) and Estimation Methods for Different Woody Fuel Components

Fuel Components CC Range Actual CC Literature Reference(s)

Leaves 0.8-1.0 van der Werf et al. [2010]

Stems 02-04° Balshi et al. [2007; Kurz et al. [2008a,
2008b]; LANDFIRE FRCC

Aboveground fine litter 04-10 Equation (4) Turetsky et al. [2011]; de Groot et al. [2009]

CWD Equation (5) Kasischke and Hoy [2012]

SOM (duff) <15 cm topsoil layer Equation (4) Turetsky et al. [2011]; de Groot et al. [2009]

SDW Equation (5) Kasischke and Hoy [2012]

®For Alaska and Canada, the consumption completeness of stem wood parameters is obtained from Balshi et al. [2007]
and Kurz et al. [2008a, 2008b]; for CONUS, the consumption fractions are scaled based on the LANDFIRE FRCC data; for
Mexico, the GFED4 combustion completeness parameters are used.

The parameters of CC for different regions are shown in Table 3. The biomass fuel consumption (BFC)
was then calculated as

BFC — ZLD BAXFL;x FM; xCC; @3)

where BA is the burn area (m?), FL is the fuel load (g biomass/m?), FM is fuel mortality (%), and i represents the
live biomass components (1: leaf, 2: stem, 3: root).

2.2.5. Calculations of Dead Organic Matter Consumption

The consumption of dead organic matter including aboveground fine litter, belowground litter, SDW, and
CWD is determined by many factors including fire intensity, topography, climate conditions, and fuel loads.
The best fit equation from de Groot et al. [2009] was applied to calculate FFC for the boreal forest region of
North America. This equation relates the FFC to the monthly drought code (DC,,) and fuel loads.

In(FFC) = a + b1x In(FFL) + b2x In(DC,,) @

where a = —4.252, b1 = 0671, and b2 = 0.71 according to de Groot et al. [2009]; FFC is the forest floor fuel
consumption (kg biomass/m?); FFL is the forest floor fuel load (kg biomass/m?) composed of aboveground
fine litter (leaf litter, barks, and stem/branch litter with diameter < 5 mm; CWD was not included) and duff
layer; In is the natural based log function; and DC,, is the monthly drought code.

The DC,,, was computed using monthly air temperature, precipitation, and previous month DC,, data accord-
ing to the method described in Girardin and Wotton [2009]. DC,,, effectively represents fuel moisture condi-
tion and thus has been widely applied to estimate the effects of fuel moisture on combustion completeness
[de Groot et al., 2009; Kasischke and Hoy, 2012]. The mean DC,,, during 1979-2010 for North America is shown
in Figure 3. Higher fuel drought degree values were found in central Alaska, northeastern and central Canada,
western CONUS, and northern Mexico. The fuel consumption rate increases with DC,, (Figure 3).
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Figure 3. Spatial distribution of mean monthly drought code (DCpy,) in North America during 1979-2010 (left) and sensitivity of forest floor fuel consumption with
varied DCy,. Note that higher DG, indicates drier forest floor fuel loads (including ground litter and soil duff).
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Table 4. Model Experiment Designs

Experiment Name Environmental Factors® Actual Burn Area FRI-Based Burn Area
ALL_FIRE (experiment 1) 1900-2012 P1-2012° 1000-P1
ALL_NOFIRE (experiment 2) 1900-2012 - -
FIRE_ONLY (experiment 3) 1000° P1-2012 1000-P1
ALL_FRI (experiment 4) 1900-2012 = 1000-2012
BASELINE1 (experiment 5) 1900-2012 - 1000-P1
BASELINE2 (experiment 6) 1900-2012 P1-1990 1000-P1

2Environmental factors include climate, atmospheric CO,, ozone, and land use and land cover.

bpq represents varied start periods for different regions (Alaska: 1940, Canada: 1920, CONUS: 1984, Mexico: 1996); FRI-
based burn area and cohort is used prior to available actual burn area data.

“Mean climate data from 1979 to 1988 are used, while the earliest data are used for other factors.

Since TEM6.1 does not directly simulate carbon distribution with soil depth, we used the carbon stock-depth
relationship equations from Turetsky et al. [2011] to calculate topsoil organic layer (duff) depth for different
landscape classes. Due to coarse spatial resolution (0.25°), we only separated landscapes into two categories:
flat lowland and flat upland; therefore, the power law equations for these two types were used in this study.
The maximum burn duff depth can be 25 cm in the boreal North America according to Turetsky et al. [2011]
and varied with vegetation composition [Rogers et al., 2015], but ultimately, we set the maximum burn duff
depth to 15 cm according to van der Werf et al. [2010], which is the average burn depth under the influences
of middle fire size as inferred from Turetsky et al. [2011]. The actual burn depth of duff was then scaled with
DC,, (equation (4)).

The dead woody debris fuel consumption (DWDFC; kg/m?) was estimated using the equation from Kasischke
and Hoy [2012].

DWDFC = —0.131 4 0.108 DWD1 + 0.436 DWD2 + 0.00144 DCm (5

where DWD1 is the SDW and CWD with diameter > 7 cm (kg/m?) including stems and large branches and
DWD2 is the SDW and CWD with diameter < 7 cm.

2.2.6. Other Model Input Data

Two types (static and dynamic variables) of other model input data were used to drive the TEM. The static
variables include soil texture (percent of sand, clay, and loam), soil drainage condition (wet or dry), soil topo-
graphy information (elevation, slope, and aspect), and potential vegetation map (assumed vegetation types
in 1700 with no human activities). The dynamic variables include annual atmospheric CO, concentration,
land use data (i.e, cropland, urban, pasture, and deforestation proportion) in 2005, detrended monthly
climate data (precipitation, air temperature, and short-wave radiation), monthly tropospheric ozone level,
and annual nitrogen deposition data. The spatial resolution of all data was 0.25° x 0.25° by latitude and long-
itude. The data source and generation methods for static data and for monthly climate data, land use data,
and nitrogen deposition are described in Wei et al. [2014]. The monthly tropospheric ozone concentration
data (AOT40 ozone exposure index: the accumulated hourly ozone concentration over a threshold of
40 ppb/h) was obtained from Felzer et al. [2005].

2.3. Model Simulations

2.3.1. Model Equilibrium and Spin-Up Runs

We used the mean climate data (average over 1979-2010), potential vegetation cohorts (year 1700), and
earliest atmospheric CO, data (year 1860) and nitrogen deposition data (year 1860) to run the model and
represent the model equilibrium status (initial condition) in year 1000. After the equilibrium run, a 900 year
spin-up run was conducted (spin-up run ends at 1900). The mean climate data (averaged over 1979-1998)
and the vegetation cohort data generated based on FRI-based fire history were used during the spin-up simu-
lation, while all other input data were kept the same as in the equilibrium run.

2.3.2. Model Simulation Experiments

The firecaused net ecosystem carbon balance is difficult to track due to the legacy effects and
compounding effects from other environmental factors; therefore, six model simulation experiments were
specifically designed to differentiate the effects of environmental factors, fire, and their interactions. The
designs of the six experiments were shown in Table 4. Through these model experiments, we can derive
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the fire effects (experiment 1 — experiment 2 — experiment 5 or experiment 1 — experiment 2 — experi-
ment 6; including the interactive effects from environmental factors), environmental effects (experiment
1 — experiment 3; including interactive effects from fire), and effects of changing fire regime (experiment
1 — experiment 4) on ecosystem carbon dynamics during 1900-2012. Because of limitations associated
with the available fire records, the analysis periods started from 1940, 1920, 1984, and 1996 for Alaska,
Canada, CONUS, and Mexico, respectively. To summarize the direct carbon emission and NECB estimates
for the entire North American land area, we used the data for the common time period of 1990-2012.
2.3.3. Model Evaluation

Although TEM has been extensively evaluated for its skill in simulating the effects of multiple environmental
changes and disturbances on ecosystem processes, we reevaluated the performance using the modified
version from this study (TEM6.1) in simulating carbon dynamics after fire disturbance. Simulation output
was compared with field-based data at a series of fire chronosequence sites in Canada (Figure 4). The obser-
vational data for upland spruce forests were obtained from Goulden et al. [2011] and Bond-Lamberty et al.
[2004]. The selected seven spruce forest stands were 1, 6, 15, 23, 40, 74, and 154 years old as of 2004. To con-
duct the model simulation, we selected a grid cell with >95% spruce forest and near the center of all seven
sites. The actual climate and other environmental data for this grid cell were used to drive the model. The
comparisons indicated that TEM model can effectively (R” > 0.75; p < 0.01) reproduce the interannual varia-
tion in GPP, net ecosystem production (NEP), and biomass following fire disturbance (Figures 4a-4c).
However, TEM underestimated the forest floor carbon at the older (e.g., 74 and 154 years’ old) spruce forest
sites (Figure 4d). TEM also underestimated the CWD for the 23 and 40 years’ old spruce forests (Figure 4e).
This may be attributable to the lack of mechanisms in TEM for simulating the intrinsic (i.e, age-related)
mortality of trees, which could cause increasing mortality with tree ages and remain constant after tree
maturity. The TEM-simulated aboveground and belowground biomass was also compared with the observa-
tional data along the fire chronosequence gradient (i.e,, stand ages 1, 4, 8, 14, and 28 years and mature
forests) for a seasonal dry tropical forest in Mexico [Vargas et al., 2008]. It indicated that TEM can better
capture the aboveground biomass recovery (slope = 0.89 and R? = 0.95; Figure 5a) than that of the below-
ground biomass (slope = 0.52 and R? = 0.70; Figure 5b) following fire disturbance. Generally, TEM slightly
overestimated both belowground- and aboveground biomass in the mature forests. In addition, the forest
cohort age generated in this study was also compared with the inventory forest age data in Canada and
CONUS [Pan et al., 2012] (Figure 6). The results indicated that the spatial distribution of the generated age
cohorts was generally consistent with the inventory data but tended to overestimate forest age, especially
in southwestern Canada and southern US, indicating that our study may slightly overestimate direct carbon
emissions. This might be because this study did not consider land use change or other nonfire disturbance
events (such as insect outbreaks, forest harvesting, and storms/hurricanes).

2.4. Analysis Method and Model Uncertainty

Due to differences in available burn area data sets, the analysis periods for direct carbon emissions varied
among Alaska (1940-2012), Canada (1920-2012), CONUS (1984-2012), and Mexico (1996-2012). We used
1990-2012 as the analysis period for analysis of carbon stocks and NECB since it represents the common
(overlapping) period with available burn area data from all four regions. The FRI-based burn area from
1990 to 1995 was applied for Mexico since neither observed nor modeled burn area data are available for this
period. Our purpose was to generate a comprehensive and consistent historical fire history in order to realis-
tically represent the fire legacy effects before 1990.

Many factors will result in estimation uncertainty including burn area, mortality, combustion completeness,
fuel load, emission factors, and other model input data and parameters. In this study, we only estimate the
fire parameter uncertainties (i.e., vegetation mortality and combustion completeness). The uncertainties from
input data and other model parameters were not explicitly analyzed here, considering that several previous
studies have assessed these uncertainties [e.g, French et al., 2004; van der Werf et al., 2010]. We selected the
burn severity parameters including live biomass, litter, and deadwood (including CWD) combustion comple-
teness and vegetation mortality to conduct an uncertainty analysis using the Monte Carlo method for
randomly selected burned grid cells (~20% grid cells in each region) across North America. The ranges of
the various parameters were assigned according to previous studies (Table 5). Within the parameter ranges,
we assigned normally distributed values for combustion completeness of live biomass and dead organic
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Figure 4. Comparisons between modeled and observed carbon variables for spruce forests along a fire chronosequence
gradient. (a) GPP, (b) net ecosystem production (NEP, positive values denote carbon sink), (c) total living biomass, (d) for-
est floor litter carbon, and (e) coarse woody debris (CWD). Note that the right column figures are fitted 1:1 lines and the

regression equations; the site information and observed data were described and obtained from Goulden et al. [2011] and

Bond-Lamberty et al. [2004].

matters and vegetation mortality. Due to a large work load, we only selected 500 parameter sets (random
combination of the selected four parameters in Table 5) to conduct model simulations for the uncertainty
ranges of direct carbon emission and net ecosystem carbon balance. We calculated the coefficient of
variation (CV; 1 SD/mean) based on the selected 20% grid cells and propagated the CV to the entire North

America study area.
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Figure 5. Comparisons between modeled and observed (a) aboveground and (b) belowground biomass for a seasonal dry
tropical forest along a fire chronosequence gradient in Mexico (data source: Vargas et al. [2008]).

3. Results

3.1. Burn Area and Spatiotemporal Pattern in North America

The integrated burn area data indicated that the mean annual burn area was 3246 km?, 17,627 km?,
16,331 km?, and 11,068 km? for Alaska (1940-2012), Canada (1920-2012), CONUS (1984-2012), and Mexico
(1996-2012), respectively (Figure 7). The annual burn area accounted for about 0.25%, 0.21%, 0.22%, and
0.59% of the total land area in the four regions, respectively. Burn area had a large interannual variation with
no significant change trends for Alaska, Canada, and Mexico, but a significant linear increasing trend
(931 km?/yr; p < 0.05) from 1984 to 2012 in CONUS. For Alaska and Canada, burn area during 1990-2012
(5552 and 20,202 km?/yr, respectively; p < 0.05) was significantly higher than the corresponding long-term
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Figure 6. (a and b) Comparisons of forest age structure induced by wildland fires (this study) with inventory forest age data

[source: Pan et al., 2012] in Canada.
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Table 5. Uncertainty Ranges (+1 SD) for Various Parameters Influencing Ecosystem Carbon Dynamic

Variables

Uncertainty Ranges (+1 SD)

Direct Carbon
Ranges References Emission NECB

Stem consumption completeness

Litter and deadwood consumption
completeness

Duff consumption depth

Vegetation mortality

Overall

50% Kurz et al. [2008b]; van der Werf et al [2010] +17%
Alaska: 25%; Canada: 20%; CONUS de Groot et al. [2009]; Kasischke and Hoy [2012]; van +9,5%
and Mexico: 50% der Werf et al. [2010]
50% Turetsky et al. [2011]; van der Werf et al. [2010] +16%
25% van der Werf et al. [2010] +10%
+15% +20%

average for each (3246 and 17,626 km?/yr). For each region, the highest burn area years occurred in 2004,
1989, 2011, and 1998 in Alaska (27,783 km?), Canada (70,921 km?), CONUS (48,132 km?), and Mexico
(23,215 km?), respectively. In Alaska, about 87% of fire events occurred in forests and taiga woodlands; about
64% and 48% of burn areas were in forest types for Canada and Mexico, respectively. In contrast, over 72% of
the burn areas in CONUS occurred in herbaceous plants and shrubland. In Alaska, the highest mean annual
burn area was scattered in the grid cells of central Alaska, with distributions of mostly black spruce forests and
taiga woodlands (Figure 8a). In Canada, the highest burn area was displayed over the peatland area in
Saskatchewan and Northwest Territories in Canada. In CONUS, the highest burn area was located in the
western and central areas characterized by dry climate and mostly herbaceous or shrub plants, especially
in California where the mean fire return interval was often less than 50 years. In Mexico, the highest burn area
was distributed along the dry climate zone with primarily temperate or tropical dry forests. As compared to
the mean annual burn area during the entire study period (1940-2012 for Alaska and 1920-2012 for Canada),
we found a higher burn area during 1990-2012 in Alaska and less burned area in Canada.

3.2. Direct Carbon Emissions From Fire

Mean annual emissions varied significantly among years and were highly correlated with the mean annual
burn area, with significant (p < 0.01) correlation coefficients (R) of 098, 0.96, 0.92, and 0.78 for Alaska,
Canada, CONUS, and Mexico, respectively. Average direct carbon emissions (i.e., the combusted total carbon
during fire events) in Alaska were 10.65 + 4.02 Tg C/yr (1 Tg = 10'? g; +2 SE) and 18.23 + 2.74 Tg C/yr over
1940-2012 and 1990-2012, respectively (Table 6), with considerable interannual variability. Year 2004 was
the year of peak emission in Alaska during the 2000s decade. The average carbon emission per unitburn area
was 3.38 kg C/m?/yr. The estimated average carbon emission was 47.77 + 7.40 Tg C/yr (2.67 kg C/m?/yr per
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Figure 7. Interannual variation in burn area during the study periods (1940-2012 for Alaska, 1920-2012 for Canada, 1984~
2012 for CONUS, and 1996-2012 for Mexico) in North America.
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Figure 8. (a and b) Mean annual burned area for each 0.25° grid cell in North America during the entire observational periods (kmzlyr; Alaska: 1940-2012, Canada:
1920-2012, CONUS: 1984-2012, Mexico: 1996-2012) and 1990-2012 (kmzfyr). Note that the FRI-based burn area during 1990-1995 is used for Mexico to calculate

the mean burn area during 1990-2012.

unit burn area) and 57.87 + 8.68 Tg C/yr (2.87 g C/m?/yr) in Canada during 1920-2012 and 1990-2012, respec-
tively, with the peak emissions in 1989 and 1995. The average carbon emission was 17.05 + 4,16 Tg C/yr
(0.95 kg C/m?/yr per unit burn area) and 13.40 + 3.72 Tg C/yr (1.19 kg C/m?/yr per unit of burn area) in
CONUS and Mexico, respectively 1990-2012. The highest carbon emissions occurred in 2011 for both regions.
During the common time period (1990-2012), the fire-induced direct carbon emissions for the entire North
America were 10786 + 16.18, 105.55 + 15.83, and 106.55 + 13.33 Tg C/yr during 1990s, 2000s (i.e,
2000-2012), and 1990-2012, respectively.

In Alaska and Canada, the highest direct carbon emissions came from the combustion of the top layer SOM
(duff), while the consumption of FFL was the largest cause of direct carbon emissions in CONUS and Mexico
(Table 7). The mean burned SOM was 122 kg C/m?/yr in the boreal regions of North America during
1990-2012, with an average reduction in duff layer depth of 7.5 + 2 cm (Mean + 2 SE). In Canada, the higher
burn area and large proportion of forest as compared to other regions resulted in the consumption of large
amounts of living biomass and CWD. The drier climate (i.e., higher DC,, values) and higher accumulation in
the fine litter and duff layers resulted in greater direct carbon emissions per unit area in Alaska and
Canada as compared with CONUS and Mexico. For the entire North America, the estimated mean annual
combustions for living biomass, SDW, FFL, CWD, and SOM were 26.87, 0.20, 34.83, 13.26, and 31.40 Tg Cfyr,
respectively, during 1990-2012.

Table 6. Decadal Variations in Fire-Caused Direct Carbon Emissions (Tg C/yr; 1 Tg = 10" g) From Terrestrial Ecosystems
in North America

Time Periods Alaska Canada CONUS Mexico
1920-1929 - 5062 - -
1930-1939 - 4171 - -
1940-1949 1.29 38.78 - -
1950-1959 14.33 4487 - -
1960-1969 FESE 38.08 - -
1970-1979 6.79 36.56 - -
1980-1989 567 74.78 11.53 -
1990-1999 12.88 71.00 8.10 15.88
2000-2012 2235 4777 2393 11.49
Average1a 10.62 4930 1557, 12,63
AverageZa 18.23 57.87 17.05 1340

#The average 2 is calculated for the period of 1990-2012, while average 1 is calculated based on the observational
time periods for different regions (Alaska: 1940-2012; Canada: 1920-2012; CONUS: the conterminous U.S., 1984-2012;
Mexico: 1996-2012).
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Table 7. Fire-Affected Area and Direct Carbon Emissions (Tg C/yr) From Different Fuel Components in North America
During 1990-2012°

Regions Burn Area (kmzlyr) Live Biomass SDW FFL CWD Duff
Alaska 5,552 2.45 0.00 5.92 1.71 8.45
Canada 20,202 12.47 0.03 15.77 6.36 23.25
CONUS 17,924 6.62 0.05 7.75 263 0.0
Mexico 11,273 533 0.12 539 2.56 0.0
NA 54,951 26.87 0.20 3483 13.26 3140

2CONUS: the conterminous US; NA: North America; SDW: standing dead wood; CWD: coarse woody debris; FFL: above-
ground fine litter.

3.3. Changes in Net Ecosystem Carbon Balance

The effect of fire only (experiment 3; environmental factors keep constant) resulted in carbon sources in all
regions of North America during 1990-2012 (Table 8). The changing environmental factors (experiment 2;
no fire events) resulted in a large carbon sink in Alaska and Canada, but a large carbon source in CONUS
and Mexico. Across North America, the environmental changes and fire disturbance (experiment 1) caused
a large carbon sink during the 1990s and a carbon source during the 2000s. The interannual variation in
NECB was primarily determined by environmental factors; however, its magnitude was greatly influenced
by fire disturbance (experiment 3). The changing environmental factors resulted in a carbon sink of
1385 = 277 Tg Clyr, but fire disturbance (experiment 3) caused a higher carbon source of
40.10 + 8.02 Tg C/yr in North America. There were large interactive effects between environmental factors
and fire (experiment 1 — experiment 2 — experiment 3), resulting in reduced carbon emission in Alaska
(2.02 Tg C/yr), Canada (9.82 Tg C/yr), CONUS (1.42 Tg C/yr), and Mexico (0.75 Tg C/yr) during 1990-2012
(Table 8). NPP in Canada and Alaska showed an increasing trend due to environmental change, which accel-
erated vegetation recovery after fire. In addition, the increasing trend in precipitation reduced the consump-
tions completeness of fuel (especially for the top layer SOM) in these regions. These explained the large
negative interactions between environmental factors and fire. Overall, the fire-caused NECB (with interaction)
was —26.09 + 522 Tg C/yr for the entire North America during 1990-2012, with a mean carbon source of
—3495 and —19.27 Tg C/yr during the 1990s and 2000s, respectively. Fire combustion resulted in a larger
direct carbon emission (106.55 Tg C/yr) during this period; however, the vegetation recovery offsets most
of these emissions (by 80.46 Tg C/yr) through faster vegetation regrowth and slower dead organic
matter accumulation.

As compared to the background fire history (i.e, the FRI-based fire history data), the changing fire regime
(experiment1 — experiment4) caused a carbon source in Alaska, Canada, and CONUS due to larger burn area
generated by the FRI approach during 1990-2012, indicating an increasing trend in fire effects on carbon
emissions in these regions, especially for Alaska. The changing fire regime resulted in a small carbon sink
in Mexico due to smaller burn area based on the FRI approach, implying a recovery trend in ecosystem

Table 8. Net Ecosystem Carbon Balance (Tg C/yr) Under the Influences of Multiple Environmental Factors and Fire in
Alaska, Canada, Conterminous U.S. (CONUS), Mexico, and Entire North America During 1990-2012°

NECB Alaska Canada CONUS Mexico NA (1990s) NA (2000s) NA (All)
ALL_FIRE (experiment 1) 2260 139.03 —98.05 —49.73 141.42 —84.28 13.85
ALL_NOFIRE (experiment 2) 335 150.90 —094 51 —4997 176.38 —65.01 39.94
FIRE_ONLY (experiment 3) -12.94 —-21.69 —4,96 —0.50 —47 69 —3425 -40.10
ALL_FRI (experiment 4) 29.40 140.02 —95.16 —50.76 157.97 —-79.93 23.51
Changing fire regime —6.80 —0.99 —2.89 1.03 —16.55 —435 —9.65
Fire + interaction -10.92 -11.87 —3.54 0.25 —3495 -19.27 —26.09
Environment + interaction 3554 160.72 —93.09 —4922 189.11 —50.02 5395
Fire legacy effects 18.86 71.06 15.29 10.16 116.43 117.84 117.22

2Effects of changing fire regime (experiment 1 — experiment 4); fire + interaction: effects of fire and interaction with
environmental factors (experiment 1 - experiment 2); environment + interaction: effects of changing environmental fac-
tors and interaction with fire (experiment 1 — experiment 3); fire legacy effects: the legacy effects from prior fires (experi-
ment 6 — experiment 2). The considered environmental factors include climate, atmospheric CO5, land use and land
cover, and tropospheric ozone. NA: entire North America.

CHEN ET AL.

FIRE-CAUSED NET ECOSYSTEM CARBON FLUX 891



@ AG U Global Biogeochemical Cycles 10.1002/2016GB005548

Table 9. Changes in Carbon Stocks (g C/mzfyr) of Different Fuel Components for Burned Areas in Different Regions of
North America During 1990-2012°

1990-2012 Alaska Canada CONUS Mexico
SOC —1396.34 —980.04 —34.59 —-7.53
VEGC —474 .64 446.15 —197.46 229,01
sSow 124.31 —18.44 49.84 —4292
CWD —8.95 —42,03 —-291 —30.27
LITC —213.40 6.24 —-12.23 —35.24

*Negative values denote carbon release to atmosphere from this carbon pool. SDW: standing dead wood, CWD:
coarse woody debris, VEGC: vegetation carbon, SOC: soil organic carbon, LITC: total litter C (including aboveground
and belowground litter).

carbon stocks from previous fire disturbance. Overall, the changing fire regime caused a carbon source of
965 + 1.93 Tg C/yr during 1990-2012 for the entire North America continent.

3.4. Changes in Carbon Stocks of Different Fuel Components

Due to difference in fire history, fuel loads, vegetation types, burn severity, and consumption completeness,
the carbon stocks in different fuel components showed varying patterns during 1990-2012 (Table 9). In
Alaska, the top layer SOM was the major carbon source and followed by vegetation carbon pool, while
SDW was a net carbon sink. In Canada, SOM was the major source of fire-caused carbon emissions. SDW
and CWD were small sources, while vegetation biomass was a large net carbon sink due to faster vegetation
recovery under the influences of environmental changes and smaller burn area during 1990-2012. The
consumption of SOM from the duff layer, drier climate (higher DC,,), and slower recovery resulted in large
carbon emissions from the soil organic carbon pool in both Alaska and Canada. In CONUS, the vegetation
carbon pool was the largest carbon source, followed by SOC, LITC, and SDW, while STD was the only carbon
sink. The annual burn area in CONUS showed an increasing trend since the 1980s, resulting in a reduction for
most carbon pools (Figure 7). In Mexico, the vegetation carbon pool was a large carbon sink due to smaller
burn area as compared to background fire history (i.e., FRI-based fire history) and the legacy effects of fire
events before 1990, while other carbon pools were a net carbon source. It is notable that the belowground
litter (i.e., dead roots) generally increased after fire events due to no direct fire consumption of the dead roots,
which slightly offset the total carbon loss from aboveground litter carbon and SOM.

Due to legacy effects of higher fire severity, more fuel loads of dead organic matters, and direct consumption
of top layer SOM, the variations in SOC, vegetation carbon (VEGC), and LITC were larger in Canada and Alaska
as compared to those in CONUS and Mexico (Figure 9). The highest fire-caused net carbon emissions
(< —50 g C/m?/yr) from living vegetation were primarily shown in the boreal forest regions, such as interior
Alaska and the Canadian managed forest area (Figure 9a); this is mainly due to the more frequent fire events
and slower biomass recovery rate in these areas during 1990-2012. The largest increase (>30 g C/m?/yr) in
living biomass was found in the Canadian managed forest area due to the legacy effects from historical fire
events, as well as smaller burn area and reduced fire frequency during recent decades. In CONUS and Mexico,
due to less intensive and frequent burning in forest area and smaller burn proportion (Figure 8), the grid-cell
level averaged changes in vegetation carbon pool was small than that in Alaska and Canada. The largest
decreases in SOC were found in the peatland area (with high SOC content and low recovery rate) and the
relatively drier boreal regions (e.g., the interior Alaska, Manitoba, and Saskatchewan; Figure 9b). This was
primarily caused by the direct consumption of top layer soil organic matter. On the other hand, the collective
effects of high litter stocks and high DC,, values (Figure 3) caused large amount of aboveground dead
organic matter to be consumed by fire, resulting in less aboveground dead organic matter inputs to the soil.
The consumption of large amount of dead organic matter by fire caused reductions in carbon stocks of the
dead organic matter pool in Canada and Alaska (Figure 9¢); however, the increasing inputs of unconsumed
aboveground biomass and belowground dead roots after fire greatly offset the carbon losses from direct fire
consumption and resulted in carbon sinks for most of the burned area in North America during 1990-2012.

Combining the carbon fluxes from all pools, the highest net fire—caused carbon sources (< —50 g C/m%/yr)
were generally located in the grid cells with the highest mean annual burn area in Canada and Alaska
(Figures 8 and 9d). The frequent burning in forests and interactions with environmental changes resulted
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Figure 9. Spatial distribution in fire-caused net carbon fluxes from (a) live biomass (g C!mzlyr), (b) soil organic carbon (g Cfmzlyr), (c) dead organic matter (g C/mzfyr;
including aboveground and belowground litter, CWD, and SDW), and (d) net ecosystem carbon balance (NECB; including carbon fluxes from all carbon pools; g Cfm2/
yr) at 0.25° resolution in North America during 1990-2012. Note that negative values denote carbon release from the land ecosystem to atmosphere.

in large direct carbon emissions and slow recovery in the live biomass and dead organic matter pools in these
regions. There were also some areas with moderate annual burn area but had the highest carbon emissions in
Alaska and Canada, primarily located in the peatland area with dry climate and large amount of floor litter
carbon and top-layer SOM (duff). In Canada, carbon sinks were primarily found in the southwest area due
to legacy effects and reduced burn area, which was illustrated in the comparison between the different
spatial patterns in Figures 8a and 8b. In CONUS and Mexico, the highest burn area was generally located
in the regions dominated by shrubland or grassland, resulting in smaller carbon sources or sinks as compared
those in Alaska and Canada. In addition, due to less intensive and frequent burning in forest area and smaller
burn forest fractions in a grid cell, the grid-cell level changes in NECB were small over these two regions.

4. Discussion
4.1. Comparisons Against Other Studies in North America

During the past two decades, many studies have been conducted to estimate fire disturbance effects on
direct carbon emissions and net ecosystem carbon balance at site and regional scales across North
America. Both the interannual variation patterns and magnitudes of direct carbon emissions from this study
were generally consistent (R2 > 0.88; p < 0.01) with reports from Amiro et al. [2001] over Canada (Figure 10a)
and Giglio et al. [2013] (GFED4) over boreal North America (Canada and Alaska) (Figure 10b), with slightly
higher estimates in TEM primarily during the peak emission years. Our estimates were higher than GFED4
for CONUS (Figure 10c), and both studies displayed an increasing trend during 1997-2012. In Mexico, our
estimate was generally lower than that from GFED4, especially in 1998, but the interannual variation
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Figure 10. Comparisons between TEM-simulated fire-caused direct carbon emissions with other previous studies at
different regions. (a) Canada, (b) boreal: boreal North America including Canada and Alaska, (c) CONUS, (d) Mexico,
(e) Alaska, and (f) CONUS. Note that AKFED data were from Veraverbeke et al. [2015] and CMS-WFEIS data were from
French et al. [2016].

pattern between both estimates was quite similar (Figure 10d). In Alaska, our results tended to underestimate
direct carbon emissions in the years with peak emissions as compared to the NASA Carbon Monitoring
System (CMS) annual wildland fire emissions (CMS_WFEIS v0.5) [French et al., 2016]; however, our estimations
were consistently higher than the estimate from Alaskan Fire Emissions Database (AKFED) [Veraverbeke et al.,
2015], especially in the peak emission years (Figure 10e). The interannual variations were similar as compared
to these two previous estimations. In CONUS, both the magnitudes and interannual variations of our
estimates were consistent with that from CMS_WFEIS (Figure 10f). The estimated fire-caused carbon fluxes in
this study were also compared to estimates from other studies as shown in Table 10. Our estimates of fuel
consumption and associated direct carbon emissions were generally higher than other studies in Canada
and Alaska, but at the same time generally lower than other estimates in CONUS. In Mexico, Vicente et al.
[2014] estimated that fire-caused carbon emissions were 418.57 g C/m?/yr over burn areas (3.03 Tg C/yr), which
is substantially lower than our estimate (1230 g C/m?/yr; 13.40 Tg C/yr; Figure 10d) and GFED4 (22.32 Tg C/yr).
Our estimated NECB was slightly lower than that reported by Hayes et al. [2011] for Alaska and Canada during
1997-2006 but was substantially lower than that of Balshi et al. [2007, 2009] for the 1980-2010 period. Using
the previousversionof TEM,Balshiet al.[2007] estimated a higher direct carbon emission than our study. In addi-
tion, our study used the longest available burn area data to represent the historical fire legacy effects before
1990, while the updated version of TEM (v6.1) better represents vegetation recovery trajectories and dead
organic matter dynamics. These mechanisms together result in the slower recovery of carbon in vegetation
and dead organic matter pools in our simulations, as shown in Figures 4 and 5.

4.2. The Role of Fire Disturbance in Determining Ecosystem Carbon Balance

Fire disturbance is generally recognized as a major cause of carbon transfer from land to atmosphere at regio-
nal scales due to the large amount of direct carbon emissions during combustion [Balshi et al., 2007;
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Table 10. The Comparisons of Direct Carbon Emission and Net Ecosystem Carbon Balance Between This Study and Other Previous Studies

Regions® Variables Time Period This Study Others References
Canada Direct carbon emission 1990-2008 58.51 Tg C/yr 23+16Tg (Jgrh Stinson et al. [2011]
Canada Floor fuel consumption 1959-1999 1.48 kg C/m? 2.44 kg C /m*€ Amiro et al. [2001]

Canada Floor fuel consumption 1960-2000 148 kg C/m? 13 kg C/m? Schultz et al. [2008]
Canada Direct carbon emission 1959-1999 54.42 Tg Clyr 27 Tg Clyr Amiro et al. [2001]

Canada Direct carbon emission 1959-1995 54.55 Tg C/yr 41 Tg Clyr Balshi et al. [2007]

CONUS Direct carbon emission 2002-2006 27.76 Tg Clyr 58.25+13.64 Tg (Jyrd Wiedinmyer and Neff [2007]
CONUS Direct carbon emission 1984-2005 14.43 Tg Clyr 19.32 Tg Clyr Goetz et al. [2012]

CONUS Direct carbon emission 2003-2012 25.22 Tg Clyr 35 Tg Clyr Kaiser et al. [2012]

CONUS Direct carbon emission 2002-2012 24.84 Tg Clyr 33.2 Tg Clyr Wiedinmyer et al. [2011]
CONUS Direct carbon emission 1984-2010 13.81 Tg Cyr 16.1 Tg Clyr Yang et al. [2015a]

CONUS Direct carbon emission 1995-2011 19.06 Tg C/yr 235 Tg Clyr Zhang et al. [2014]

Alaska Floor fuel consumption 1960-2000 279 kg C/m? 19kg C/m? Schultz et al. [2008]

Alaska Floor fuel consumption 2006-2008 294 kg C/m? 1.5-3.0 kg C/m? Kasischke and Hoy [2012]
Alaska Direct carbon emission 2002-2006 38.15 Tg Clyr 21.82 + 24.27 Tg Clyr® Wiedinmyer and Neff [2007]
Alaska and Canada Direct carbon emission 1971-1991 62.60 Tg C/yr 42 Tg Clyr Conard and Ivanova [1997]
Alaska and Canada Direct carbon emission 1980-1994 79.22 Tg Clyr 53 Tg Clyr French et al. [2004]

Alaska Fire-caused NECB 1980-1989 —1.23 Tg Clyr —5to —12Tg C/yr Balshi et al. [2007]

Canada and Alaska Fire-caused NECB 1997-2006 —16.12 Tg Clyr —-23.1Tg (Jyrf Hayes et al. [2011]

Canada and Alaska Fire-caused NECB 1991-2000 —26.86 Tg Clyr ~ —45 Tg Clyr Balshi et al. [2009]

Canada and Alaska Fire-caused NECB 2000-2010 —12.87 Tg Clyr ~—50 Tg Clyr Balshi et al. [2009]

Mexico Direct carbon emission 1999-2010 13.40 Tg Clyr 3.03 Tg Clyr Vicente et al. [2014]

®For NECB, negative values denote carbon releases from land ecosystems to atmosphere, while for direct carbon emission, positive values denote carbon

source.

Only from managed forest (forest fires account for 45% of all fire area).
2.0 is used to convert carbon to biomass.
is estimate was actually the maximum emission rate as inferred from their estimation methods.
(= . .
Soil duff burning was not considered.
A small part of Canada was not included in Hayes et al's study.

Bond-Lamberty et al., 2007; Hayes et al, 2011]. In addition, long-term legacy effects are caused by
microenvironmental changes, removal of the soil organic layer in burning, vegetation recovery, and
carbon emissions from decomposition after fire. Previous studies suggested that fire disturbance could
result in permanent thawing of permafrost soil in the boreal region and thus cause large carbon release in
the long term [e.g, Yuan et al., 2012; Genet et al., 2013]. However, fires also can alter ecosystem vegetation
composition, structure, soil nutrient, and water conditions, as well as microenvironment, which could alter
postfire carbon uptake and therefore determine the long-term balance between fire emissions and
postfire carbon uptake. The ultimate role of fire in the regional or continental-scale carbon balance
depends on the complex interactions among fire properties, climate, atmospheric CO,, nutrient
availability, and other ecosystem properties. Whether fire disturbance results in a carbon sink or source
over short-to-long-term time periods depends on the fire severity and frequency; therefore, the effect of
stand age has been considered to be an important factor in explaining the contemporary carbon sink in
North America [Kurz and Apps, 1999; Liu et al., 2011; Kasischke et al., 2013].

Our study indicated that fire disturbance resulted in a direct carbon emission of 106.55 + 15.98 Tg C/yr during
1990-2012 in North America, which accounts for about 22.57% of the terrestrial carbon sink on the continent
(472 Tg C/yr; median value among multiple estimation approaches [King et al., 2015]), implying that fire is an
important agent disrupting the overall terrestrial carbon dynamics. Hayes et al. [2012] estimated that Canada
was an overall net carbon sink of 124.6 Tg C/yr (median value estimated by forward models from Hayes et al.
[2012]) during 2000-2006. Our study estimates that fire-caused direct carbon emissions were 57.87 Tg C/yr in
Canada during this period, corroborating the finding by Bond-Lamberty et al. [2007] that fire disturbance was
a major driver of carbon dynamics at the national scale. Similarly, fire disturbance played a more important
role in ecosystem carbon dynamics in Mexico. The firecaused carbon emission estimate is
10.57 + 4.44 Tg C/yr during 2000-2006, while the overall environmental changes resulted in a carbon source
of 8.70 Tg C/yr (median value estimated by inverse models from Hayes et al. [2012]) in Mexico. For the entire
U.S. (including Alaska and CONUS), the fire-caused carbon emission is 48.84 + 16.15 Tg C/yr during
2000-2006, accounting for about 13.68% of the net carbon sink (357 Tg C/yr; median number estimated
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by forward models from Hayes et al. [2012]), induced by multiple environmental changes. As predicted by
Balshi et al. [2009], annual burn area at the end of 21st century will be 3-4 times higher than current values
in the boreal region. Together with increasing atmospheric CO; levels and climate-driven drought intensity,
the importance of fire-caused direct emissions for continental-scale terrestrial carbon dynamics is likely to be
intensified in the near future.

Fire-driven carbon dynamics in terrestrial ecosystems include three components: (1) the legacy effects from
historical fires, (2) the present direct carbon emission and ecosystem recovery, and (3) the interactions
between fire and other environmental factors. Historical legacies of fire disturbance shape current ecosystem
function and affect long-term trajectories of ecological change [Foster et al., 2003]. Therefore, to accurately
track net ecosystem carbon balance caused by fire disturbance for a specific period, models need to simulate
all three components [Gough et al.,, 2007]. In this study, we estimated that the legacy effects from historical
fires before 1990 were 117.22 Tg C/yr (including the interaction between historical fires and environmental
factors; Table 7) for North America, which served as a large and continuous carbon sink during 1990-2012.
When combining the direct carbon emissions, the ecosystem recovery, with the legacy effects from historical
fires, the net ecosystem carbon source was 26.09 + 5.22 Tg C/yr during 1990-2012, which accounts for only
about 5.53% of the mean annual terrestrial carbon uptake rate, indicating a small impact on the overall, long-
term net terrestrial ecosystem carbon balance in North America. Yang et al. [2015b] estimated a significantly
higher fire-caused carbon source (140 Tg C/yr) during 1900-2010 as compared to our study and several
previous estimates (Table 9), which was primarily due to the lack of consideration of the large fire legacy
effects, which assumed no fire occurrence before 1900. This implies the importance of fire legacy effects
and using the long-term fire records in simulating ecosystem carbon dynamics. In our study, we collected
the long-term (especially for Alaska and Canada) fire records to estimate NECB in 1990-2012, which may
provide a more robust estimation, particularly with respect to legacy effects.

We found that the interannual variation in net ecosystem carbon balance across North America was primarily
determined (the determination coefficient is close t01.00) by the environmental factors considered in this
study (i.e,, climate, atmospheric CO,, and ozone), while the magnitude was determined by the effects of fire
disturbance. Bond-Lamberty et al. [2007] also found that the magnitude of the net ecosystem carbon balance
in Canadian boreal forests was driven by changes in fire disturbance from 1948 to 2005, while climate change
determined the interannual variability. The negative interactions between environmental changes and fire
disturbance caused a reduction of fire-caused net carbon emission by 14.01 Tg C/yr across North America
in the 2000s (calculated as fire + interaction minus fire only; experiment3, in Table 8), suggesting that it is
important to include environmental changes when studying fire disturbance effects.

4.3. Sources of Fire-Caused Net Ecosystem Carbon Fluxes

Fire is reported to either directly or indirectly influence many terrestrial carbon pools, and its effects are
variable and depend on fire severity, timing, frequency, geomorphological characteristics, environmental
conditions, and ecosystem types [Johnson and Curtis, 2001; Kasischke et al., 2011; Turetsky et al., 2011]. The
varied combinations of these factors can result in large spatial and temporal variability in postfire ecosystem
carbon fluxes and ecosystem recovery trajectories. These factors and their interactions can cause a large
uncertainty in estimating fire effects, and it is difficult to attain sufficiently accurate results with methodolo-
gies based on just a few factors or carbon pools. TEM has been widely used to simulate the fire effects on soil
thermal dynamics [Zhuang et al., 2003], soil biogeochemistry [Zhuang et al., 2002], dead organic matter
dynamics [Genet et al., 2013], and NECB [Zhuang et al., 2002; Balshi et al., 2007, 2009; Yuan et al., 2012; Kelly
et al,, 2016] in North America, and its performance has been extensively evaluated against field and inventory
data as well as other estimates. Although fire consumes portions of the living biomass and dead organic
matter carbon pools, the increasing inputs of unconsumed standing dead wood, coarse woody debris, and
belowground litter (i.e., dead roots) following a fire could offset some of the carbon loss from combustion
and result in an overall net carbon sink. Particularly, in the boreal region, these increased carbon stocks in
the dead organic carbon pools following fire will decompose very slowly under a cold and dry climate, as well
as in nutrient-limited conditions. Many previous studies [e.g., van der Werf et al., 2010; Balshi et al., 2007; Yuan
et al., 2012] have not explicitly addressed the issue for fire-caused carbon gains in dead root biomass and
their dynamics over a long-term period. Moreover, the accelerated nutrient release by direct fire consump-
tion and indirect fire-caused microenvironment changes could lessen limitations for plant growth in
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nutrient-limited environments, thus further resulting in a small carbon sink as compared to the prefire eco-
system [Jiang et al., 2015], especially for short-lived vegetation (e.g., herbaceous plants and shrubs). These
would greatly offset the net ecosystem carbon fluxes due to fire.

Stinson et al. [2011] estimated that about 4 Tg C/yr living biomass and 19 Tg C/yr of dead organic matter were
burned in the managed forests in Canada during 1990-2008. Our study also indicated that the consumption
of surface dead organic matter were the major contributors to the total fire-caused carbon source in Canada
and Alaska. The highest burn area and most frequent fire events were found in the peatland distribution area
[Turetsky et al., 2015]. The carbon accumulations in forest floor litter and top-layer SOM (duff) in this region
could be more than 10 kg C/m? [de Groot et al,, 2009; Kasischke and Hoy, 2012; Turetsky et al., 2011]. Under
the interactions of high fire severity and dry climate, the surface dead organic matter may be mostly
consumed by fire and thus contribute to high carbon emissions in this region [Turetsky et al., 2011, 2015].
Due to cold climate and frequent fire disturbances, the recovery of forest floor organic matter in boreal
regions could take a longer time than in other regions. Through sensitivity analysis, we found that the soil
organic matter took over a hundred years to recover to prefire conditions after one fire event for a spruce
forest in a peatland area in Canada, although vegetation biomass can be restored within a shorter time period
(around 60 years). In addition, frequent fire events cause slow biomass recovery of shrublands and forest in
dry climate regions such as in the western CONUS and arid temperate forests in Mexico, resulting in a large
net carbon source from the biomass pool.

4.4. Uncertainties and Limitations

The direct emissions of carbon from fires and the ecosystem carbon dynamics after fire are both highly uncer-
tain due to the combined errors and uncertainties in the model framework and model driving data.
Uncertainties in the fire emission estimates may arise from the burn area data, the identification of burned
vegetation types and locations, the assumptions made in the fuel loading, the amount and completeness
of burned fuel, and the assigned emission factors. Based on the approaches described in studies by French
et al. [2004, 2011] and van der Werf et al. [2010], we assessed the uncertainties resulting from combustion
completeness and vegetation mortality for selected about using the Monte Carlo method. The resulting
uncertainty (1 SD) for direct carbon emission is +15% of the mean values and +20% of the mean values for
net ecosystem carbon balance. Uncertainties in the other model parameters and input data may greatly
amplify our estimated uncertainty ranges.

The limitations of TEM in simulating fire-caused carbon dynamics have been described in Balshi et al.
[2009]. In this study, we have reduced some model uncertainties through improved model mechanisms
and parameterization methods; however, there are still many limitations. First, there is still substantial
uncertainty associated with the parameters that affect fire emissions and the fate of carbon after fire in
our model. Finally, future studies should conduct a more comprehensive assessment of error associated
with these parameters. Second, due to the lack of a longer historical burn area data record, we are unable
to track the long-term legacy effects of fire before our study periods. The FRI-based tracking of historical
fires may not be accurate and could compound the fire legacy effects, especially for CONUS and Mexico,
where only short-term historical fire data records are available. Third, the tracking of postfire vegetation
succession is also an important aspect to represent in models for accurately assessing postfire ecosystem
carbon dynamics. Generally, forest fire disturbance creates a series of successional stages such as grass-
land, shrubland, and then forest [Johnson, 1992]. However, we did not consider vegetation succession
after fire disturbance in this study, as the vegetation type of each cohort was the same before and after
fire disturbance. This may either overestimate or underestimate carbon uptake at the early succession
stage of forests depending on factors such as fire severity and postdisturbance environmental conditions.
Finally, our study did not consider the effects of fire on permafrost thaw, which could drive a long-term
legacy effects on soil organic matter decomposition in the boreal permafrost region [Kasischke and Hoy,
2012; Turetsky et al., 2011; Yuan et al., 2012]. Thus, our study may also underestimate fire-caused carbon
releases in the boreal region of North America.

5. Conclusions

The occurrence of extremely large and severe fire events in Alaska, Canada, and CONUS during recent years
has drawn much attention to the fire contributions to terrestrial carbon dynamics in North America. No
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consensus about fire contribution to carbon budget in North America has been reached thus far [Hayes et al.,
2012; Kasischke et al., 201 1; King et al., 2015]. This lack of consensus is primarily due to the difficulty in isolating
the fire-caused net ecosystem carbon flux, especially assessing the legacy effects from historical fire events.
With the improvement in model parameterization and the application of long-term observational burn area
data and associated fire characteristics, our study attempted to simulate the fire-caused direct carbon
emission and net ecosystem carbon balance of North America during 1990-2012. The improvements in
estimation methods and data in this study may greatly reduce the model uncertainty and provide a more
reliable and systematic assessment for fire effects on carbon dynamics. Based on the field observational
data and existing regional estimates from the previous publications, we evaluated the TEM model perfor-
mance in simulating carbon dynamics after fires. The simulation results showed good consistency between
the simulated and observed carbon fluxes and pools. Our study estimates fire-caused direct carbon emis-
sions of 106.55 + 15.98 Tg C/yr during 1990-2012, while net ecosystem carbon balance associated with
fire was a much smaller source of 26.09 + 5.22 Tg C/yr. This highlights a substantial carbon resequestration
after fire across North American land ecosystems due to the historical fire legacy effects, the changing fire
regime, and interactions with changing environmental factors. The fire-caused net ecosystem carbon
fluxes were small as compared to the best estimates of carbon uptake, implying that fire disturbance
may not have substantially altered the net terrestrial ecosystem carbon balance in North America during
recent decades.
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