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Abstract. During the 21st century, climate-driven changes in ﬁre regimes will be a key
agent of change in forests of the U.S. Paciﬁc Northwest (PNW). Understanding the response
of forest carbon (C) dynamics to increases in ﬁre will help quantify limits on the contribution
of forest C storage to climate change mitigation and prioritize forest types for monitoring C
storage and ﬁre management to minimize C loss. In this study, we used projections of 21st
century area burned to explore the consequences of changes in ﬁre regimes on C dynamics in
forests of Washington State. We used a novel empirical approach that takes advantage of
chronosequences of C pools and ﬂuxes and statistical properties of ﬁre regimes to explore the
effects of shifting age class distributions on C dynamics. Forests of the western Cascades are
projected to be more sensitive to climate-driven increases in ﬁre, and thus projected changes in
C dynamics, than forests of the eastern Cascades. In the western Cascades, mean live biomass
C is projected to decrease by 24–37%, and coarse woody debris (CWD) biomass C by 15–25%
for the 2040s. Loss of live biomass C is projected to be lower for forests of the eastern
Cascades and Okanogan Highlands (17–26%), and CWD biomass is projected to increase.
Landscape mean net primary productivity is projected to increase in wet low-elevation forests
of the western Cascades, but decrease elsewhere. These forests, and moist forests of the
Okanogan Highlands, are projected to have the greatest percentage increases in consumption
of live biomass. Percentage increases in consumption of CWD biomass are greater than 50%
for all regions and up to four times greater than increases in consumption of live biomass.
Carbon sequestration in PNW forests will be highly sensitive to increases in ﬁre, suggesting a
cautious approach to managing these forests for C sequestration to mitigate anthropogenic
CO2 emissions.
Key words: carbon; climate change; ﬁre regime; forest; mitigation; Paciﬁc Northwest, USA.

INTRODUCTION
Concern about mitigating global climate change has
increased interest in managing forests for carbon (C). In
the United States, 89% of the terrestrial C sink is in
forests (SOCCR 2007) and each year forest growth and
wood products offset 12–19% of the nation’s CO2
emissions (Ryan et al. 2010). Private forest owners seek
economic beneﬁts from the C stored in forests and these
carbon credits are currently available as part of
voluntary carbon markets in the United States (Birdsey
2006). Public agencies that manage forests need
information on forest C dynamics to account for C
emissions associated with natural processes and management and to support nascent policies on climate
change mitigation.
Forests of the Paciﬁc Northwest (PNW) are a large
component of the U.S. forest C sink, and forests of the
western PNW store the most C per unit area of any
temperate forest region in the world (Smithwick et al.
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2002, Hudiburg et al. 2009). These forests achieve high C
stocks for three reasons: (1) the mild wet climate is
favorable for growth of predominantly coniferous trees,
which can photosynthesize in fall and spring when
precipitation is more abundant, (2) trees are long-lived
(400–800 years) and continue to assimilate biomass as
they age (Harmon et al. 2004), and (3) ﬁres were
relatively infrequent during the last few centuries,
allowing substantial C to accumulate in old forests.
Forests of the eastern PNW store less C because colder
winters and drier summers are less favorable for growth,
but also because frequent ﬁres historically limited C
accumulation (Houghton et al. 2000, Hurtt et al. 2002).
Forests of the PNW, particularly the western PNW,
could store more C than they currently do (Smithwick et
al. 2002), but goals for C storage must reﬂect the natural
disturbance regime to ensure long-term sustainability
over large spatial scales (Galik and Jackson 2009).
Although PNW forests have the highest C stocks of any
region in the United States (Smith and Heath 2004),
forests of the western United States were also the
primary source of CO2 emissions from ﬁre in recent
years (Wiedinmyer and Neff 2007). Interactions between ﬁre and C storage can affect the land–atmosphere
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exchange of C directly by releasing CO2 to the
atmosphere (Bowman et al. 2009) and indirectly by
shifting forest age class distributions toward a greater
proportion of younger forests (Kurz and Apps 1999,
Euskirchen et al. 2002). Younger forests remove more C
from the atmosphere annually, but have lower C stocks
than older forests (Harmon et al. 1990). Based on
equilibrium theory, a single stand is a sink or source at
any time, but C dynamics of large landscapes are
balanced with a constant disturbance regime. If the
disturbance regime changes with external forcing,
however, C dynamics of the landscape will no longer
balance and the forest can become a source or sink until
a new equilibrium is reached. Although equilibrium
conditions are rarely observed (Romme 1982), the
theory becomes more applicable as the temporal and
spatial scale of observation increases, and can be useful
for exploring landscape disturbance concepts.
Climate is an important driver of ﬁre regimes in PNW
forests. Fire regimes in the PNW vary widely, from
episodic severe ﬁres in the western maritime and
subalpine forests to frequent low-severity ﬁres in the
arid east (Agee 1993). Climatic variability has shaped
ﬁre regimes in the PNW throughout the Holocene (last
10 000 years) (Gavin et al. 2007). Evidence of climatic
controls on ﬁre frequency is also apparent in more
recent (last 500 years) tree-ring records (Heyerdahl et al.
2002, Hessl et al. 2004). For example, years with
widespread synchronized ﬁres in the western United
States were also years in which spring and summer were
warmer and drier than average (Hessl et al. 2004,
Heyerdahl et al. 2008). During the 20th century, even
though ﬁre exclusion and land development inﬂuenced
ﬁre regimes, interannual variability in temperature,
drought, and snowpack were correlated with annual
area burned and the length of the ﬁre season (Westerling
et al. 2006, Littell et al. 2009).
Climate-driven changes in ﬁre regimes in the 21st
century are expected to be a key agent of change in some
forest types of the western United States (Littell et al.
2010, Westerling et al. 2011), and this will likely affect
the potential of these forests to store C. In the PNW
speciﬁcally, warmer summer temperatures with little
change or decreases in summer precipitation are
projected to increase area burned by ﬁre (Littell et al.
2010, Rogers et al. 2011) and ﬁre severity (Cansler 2011).
Littell et al. (2010) projected that the area burned in the
PNW will double or triple by the 2080s. Two
mechanisms explain these changes in ﬁre area and
severity. First, warmer temperatures increase evapotranspiration, which lowers fuel moisture. Synchronization of low fuel moisture across large areas facilitates the
regional co-occurrence of separate ﬁres (Heyerdahl et al.
2008). Second, warmer temperatures will reduce spring
snowpack as more winter precipitation falls as rain
rather than snow at higher elevations (Elsner et al.
2010). Earlier snowmelt may extend ﬁre seasons in highelevation forests by increasing the length of time that
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fuels are sufﬁciently dry for ﬁre spread (Westerling et al.
2006, Cansler 2011).
Research is needed to understand how climate-driven
changes in ﬁre area and severity will affect C storage in
PNW forests. The response of forest C stocks to changes
in ﬁre regimes in the 21st century affects the amount of
additional C that can be stored with forest management
(Breshears and Allen 2002, Ryan et al. 2010) and the risk
of reversal of carbon mitigation projects (Galik and
Jackson 2009). Identifying forest types that are particularly vulnerable to C loss from more ﬁre can aid in
prioritizing areas for monitoring C sequestration and
managing to minimize C loss from ﬁre.
In this study, we used a novel methodology to explore
the consequences of projected changes in 21st century
ﬁre regimes for C dynamics in forests of Washington
(USA). We estimated historical and future C carrying
capacity of forest types based on potential productivity,
maximum C storage, historical ﬁre regimes, and climatedriven projections of 21st century area burned (Littell et
al. 2010). We present results for two C pools (Mg C/ha),
live biomass and CWD biomass, and three C ﬂuxes (Mg
Cha1yr1), net primary productivity (NPP), live
biomass consumption, and CWD biomass consumption.
We focus on proportional changes in key variables
under future ﬁre regimes rather than attempting to
predict their exact values. We use a forested region of
Washington because its diverse thermal, hydrologic, and
ﬁre regimes provide a complex setting that portends
wide variation in responses of C dynamics to changes in
ﬁre regimes. The method relies on published and
publicly available data so it can be applied to any
forested region for which biomass and ﬁre history data
are available.
METHODS
We used an empirical approach that takes advantage
of statistical properties of ﬁre regimes to quantify
equilibrium age class distributions associated with
presettlement and projected future ﬁre regimes (Fig. 1).
We quantiﬁed C pools and ﬂuxes associated with
equilibrium age class distributions using empirical
models of C dynamics as a function of stand age
(Raymond 2010). We calculated consumption of live
and CWD biomass C based on mean annual area
burned and ﬁre severity. We used projections of 21st
century area burned (Littell et al. 2010) to modify
historical ﬁre regimes and calculate proportional changes in equilibrium C pools and ﬂuxes for different forest
types and three time periods in the 21st century.
Study area
The domain of this study was the forested area of
three ecosections in Washington, USA (7 500 000 ha)
(Bailey 1995): Western Cascades, Eastern Cascades, and
Okanogan Highlands (Fig. 2). The Western and Eastern
Cascades ecosections include moderate to high elevations of the Cascade Range (CR) and have rugged
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FIG. 1. Overview of the methodology used in the analysis of changes in carbon dynamics in the Paciﬁc Northwest, USA.
Parallelograms indicate sources of data. Rectangles indicate steps performed, with regression models from other studies (dashed
lines) as precursors for steps 3 and 4, respectively. The historical ﬁre regimes for each Environmental Site Potential (ESP) are
modiﬁed with proportional increases in area burned (step 4), and steps 2 and 3 are recalculated for the future ﬁre regimes of each of
the three time periods (2020s, 2040s, and 2080s). FIA stands for Forest Inventory and Analysis.

mountainous terrain. The Okanogan Highlands ecosection includes western foothills of the Rocky Mountains
with an elevation range of 1200 to 2400 m and more
moderate slopes with broad rounded summits (Franklin
and Dyrness 1988).
Climate is highly variable across the domain because
of the inﬂuence of the CR. Low elevations west of the
CR have a maritime climate with mild wet winters and
dry summers. Climate east of the CR is transitional from
maritime to continental with warmer summers and
colder winters. Mean annual precipitation decreases
along a west to east gradient across the Western and
Eastern Cascades ecosections because of the orographic
effect of the CR (Daly et al. 1994). Much of the
precipitation at higher elevations falls as snow in winter.
Despite high annual precipitation west of the CR,
summer precipitation is low and summer droughts
happen throughout the region. Soil moisture in summer
is dependent on the persistence of spring snowpack.
Summer precipitation increases in the far eastern
portion of the Okanogan Highlands where the orographic inﬂuence of the CR weakens (Daly et al. 1994).
We used the Environmental Site Potentials (ESPs)
from LANDFIRE at 90-m resolution as a spatially
explicit classiﬁcation of potential vegetation (available
online).4 ESPs are the species assemblages that can be
supported on a site based on the biophysical environ4

http://www.landﬁre.gov/products_national.php

ment in the absence of disturbance (Rollins 2009).
Holsinger et al. (2006) modeled ESPs using geospatial
data on biophysical gradients and ﬁeld data describing
vegetation composition. The biophysical gradients
included topography, climate, soil, and ecophysiological
parameters derived from the DAYMET weather database (Thornton et al. 1997) and the WXFIRE simulation model (Keane et al. 2002). The nomenclature for
ESPs is based on Nature Serve’s Ecological Systems
classiﬁcations (Comer et al. 2003) and typically reﬂects
regional climate, environmental or topographical setting, and dominant plant association. In this study, we
included the 14 forested ESPs that cover the greatest
area within the ecosections (Fig. 2).
Fire regimes
The historical reference period for ﬁre regimes used in
this study is the ‘‘presettlement’’ period commonly used
in ﬁre history studies of the PNW. The presettlement
period typically ends with the onset of active ﬁre
suppression (1910–1920) and extends back to the earliest
reliable ﬁre scars (late 1500s or early 1600s). Presettlement ﬁre regimes were a function of climate, topography, and the ﬁre tolerance of tree species and are highly
variable across the study domain. Fires burned infrequently with moderate to high severity in low-elevation
forests west of the CR and forests at high elevations (see
Plate 1), whereas ﬁres burned frequently with low to
moderate severity in low-elevation forests east of the CR
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(Appendix: Table A1). Compared to forests of the
eastern Cascades, ﬁres are less frequent and more severe
than in the mesic montane mixed-conifer forests of the
eastern Okanogan Highlands. During the presettlement
period, Native Americans also inﬂuenced ﬁre regimes by
frequently burning dry forests east of the CR (Agee
1993). Less is known about the inﬂuence of Native
American burning on ﬁre regimes west of the CR, but
some evidence suggests they burned the lowest elevation
dry Douglas-ﬁr forests (Agee 1993). The North Paciﬁc
hypermaritime Sitka spruce forest covers only 10 000 ha
in the study area and burns rarely (Fahnestock and Agee
1983), but ﬁres do burn extensively and with high
severity (Agee 1993). We did not include this ESP in the
analysis because 10 000 ha is insufﬁcient area for
representing equilibrium conditions of this high-severity,
episodic ﬁre regime (Frelich 2002).
We classiﬁed the ﬁre regime of each ESP as standreplacing, nonlethal, or a mix of the two types.
Following the methods of Agee (2003) (Table 1), we
deﬁned stand-replacing ﬁre regimes as having a negative
exponential age class distribution, no maximum stand
age, and replacement-severity ﬁre (i.e., 100% of live
biomass is killed by ﬁre resetting stand age to zero). We
deﬁned nonlethal ﬁre regimes as having a uniform age
class distribution, a maximum age of 400 years, and a
mix of low- and moderate-severity ﬁres. Low- and
moderate-severity ﬁres kill a fraction of live biomass and
consume a fraction of live and CWD biomass, but do
not reset stand age to zero. Fire regimes of ESPs that
display properties of both types were represented by
dividing the area of the ESP into proportions of each ﬁre
regime type (Agee 2003) (Table 1).
Landscape age class distributions and ﬁre frequency
We calculated equilibrium age class distributions for
ESPs with stand-replacing ﬁre regimes using a negative
exponential model (Van Wagner 1978). The negative
exponential model assumes a constant hazard of
burning with stand age. Thus, it is most appropriate in
forests where ﬁres are stand replacing and ﬁre return
intervals are more a function of climate than fuel
accumulation (Johnson and Gutsell 1994). Using the
negative exponential model we calculated the proportion
of the ESP area A(t) in each 1-year age class (t) for
presettlement ﬁre regimes as
ph t

AðtÞ ¼ ph e

ð1Þ

where ph is the probability of ﬁre in a stand in any year
for the historical ﬁre regime. The mean age of all stands
is 1/ph, or Ch, the ﬁre cycle for the historical ﬁre regime
(the mean ﬁre return interval of the ESP). One-third of
the stands in the ESP are older than the ﬁre cycle and
two-thirds are younger. We obtained values for Ch, and
thus ph, for each ESP (or portion of an ESP) from values
of ﬁre cycles, or alternative area-based metrics of ﬁre
return intervals (composite ﬁre interval [CFI] or natural
ﬁre rotations [NFR]), reported in ﬁre history studies
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(Appendix: Table A1; see Raymond [2010] for a list of
references for ﬁre history studies). We selected a long
and short ﬁre cycle to represent the range of observed
ﬁre cycles within ESPs (Appendix: Table A1).
We calculated equilibrium age class distributions of
ESPs with nonlethal ﬁre regimes using a uniform
distribution, i.e., equal proportions of the ESP in 1-year
age classes. We assumed all stands reach a maximum age
of 400 years, at which time they are killed by ﬁne-scale
(,1 ha) disturbances such as insects, pathogens, or wind
(Agee 2003). Thus, ﬁre does not directly affect the age
class distribution of ESPs with nonlethal ﬁre regimes,
but nonlethal ﬁres do affect the C dynamics of these
forests during the 400-year life of the stand.
We simulated the effects of ﬁre on C dynamics in
nonlethal ﬁre regimes by calculating the change in C
pools and ﬂuxes of a single stand (1 ha) subject to
frequent low- and moderate-severity ﬁres over the 400yr life of the stand. We calculated equilibrium conditions
as the mean of 1000 400-yr replicates for each ESP. The
nonlethal ﬁre regimes of ESPs varied with respect to ﬁre
frequency and the proportion of ﬁres that burn with
moderate or low severity (Appendix: Table A2). We
deﬁned ﬁre frequency parameters of these ESPs using
point estimates of ﬁre frequency reported in ﬁre history
studies (Appendix: Table A2). We used point estimates
whenever possible because we simulated 400 years of
ﬁres in one hectare. Point estimates of ﬁre frequency are
calculated from ﬁre return intervals recorded by one or a
few ﬁre-scarred trees and indicate the time between ﬁres
at a single point (;1 ha; Agee 1993). Point estimates can
be either mean ﬁre intervals (MFI) or Weibull median
probability intervals (WMPI). Under the assumption of
a Weibull distribution of ﬁre-free intervals, the latter
may give a more robust measure of central tendency
(Grissino-Mayer 1999).
For each 400-yr simulation, we generated ﬁre return
intervals stochastically from a two-parameter Weibull
distribution (Johnson and Gutsell 1994). The Weibull
distribution is appropriate for low-severity ﬁre regimes
because it allows for changes in the hazard of burning
with time since ﬁre (Grissino-Mayer 1999). The Weibull
pdf is
f ðtÞ ¼ ctc1 =bc eðt=bÞ

c

ð2Þ

where f(t) is the frequency of having a ﬁre return interval
of t years, b is a scale parameter, and c is a shape
parameter. At c ¼ 1, the Weibull reduces to a negative
exponential. Values of c . 1 indicate an increase in the
hazard of burning with age (Johnson and Gutsell 1994),
and the shape of the Weibull density becomes unimodal
instead of monotone decreasing. For each ESP, we
assigned the shape parameter c stochastically from a
range of values (1.6–2.6) reported by McKenzie et al.
(2006) in a detailed study of low-severity ﬁre in the
Eastern Cascades and Okanogan Highlands. We assigned Weibull median probability ﬁre intervals
(WMPIs) from existing ﬁre history studies across the

July 2012

FOREST CARBON DYNAMICS AND FIRE REGIMES

1593

FIG. 2. Study area: three forested ecosections in Washington, USA (Eastern Cascades, Western Cascades, and Okanogan
Highlands). Environmental Site Potentials are a classiﬁcation of the vegetation that could be supported on a site based on the
biophysical environment and in the absence of disturbance. NP is North Paciﬁc, EC is Eastern Cascades, NRM is Northern Rocky
Mountain, and RM is Rocky Mountain.

region, and used a convenient property of the Weibull
distribution to calculate the scale parameter b:
b ¼ WMPI=lnð2Þ1=c :

ð3Þ

We then generated a 400-yr time series of ﬁre return
intervals by selecting random numbers from a Weibull
distribution until the sum of the intervals (rounded to
the nearest integer) exceeded 400. All calculations and
simulations used the R 2.13.0 software package (R
Development Core Team 2008).
Fire severity
We deﬁned ﬁre-severity for each ESP using data
developed by LANDFIRE, consisting of three spatial
layers (30-m resolution), as the percentages (ﬁve-percent
classes) of ﬁres in a cell that burn with low-, moderate-,
or high-severity ﬁre. The ﬁre-severity classes are deﬁned
as: low, ,25% mortality; moderate, 25–75% mortality;
and high, .75% mortality (Hann et al. 2004). We crosstabulated the three ﬁre-severity rasters with the ESP
raster to calculate the area of each ESP that had each
combination of low, moderate, and high severity. We
multiplied the number of cells with each severity

combination by the percentages of each severity class
and summed the cells within each severity class.
We used these aggregated ﬁre-severity data to classify
the ﬁre regime of each ESP as stand-replacing,
nonlethal, or a mix (Table 1). An ESP had a standreplacing ﬁre regime if .70% of the cells typically
experienced high-severity ﬁre, and a nonlethal ﬁre
regime if .70% of the cells typically experienced low- or
moderate-severity ﬁre. We classiﬁed all other ESPs as
mixed ﬁre regimes and divided the area of the ESP into
stand-replacing and nonlethal, modeling a standreplacing ﬁre regime in the proportion of the area that
typically burned with high severity, and a nonlethal ﬁre
regime in the area that typically burned with low or
moderate severity. One exception to these classiﬁcation
rules was necessary for the NP mesic western hemlock–
silver ﬁr forest. The ﬁre-severity data suggested that
this ESP had a much higher ratio of moderate- to highseverity ﬁres than would be expected given the ﬁre
intolerance of species typically found therein (Agee
2003). This ESP typically burns infrequently and with
stand-replacing ﬁres in the study area (Fahnestock and
Agee 1983, Henderson et al. 1989), so we assigned it a
high-severity ﬁre regime.
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TABLE 1. Area and proportion of ﬁre-regime types for environmental site potentials (ESP) of three ecosections in Washington,
USA.
Western Cascades
Environmental
site potential

Area
(ha)

NP hypermaritime sitka
spruce
NP hypermaritime western
red cedar–western
hemlock
NP maritime mesic–wet
Douglas-ﬁr–western
hemlock
NP maritime dry–mesic
Douglas-ﬁr–western
hemlock
NP mountain hemlock–
subalpine parkland
NP mesic western
hemlock–silver ﬁr
NP riparian forest
NP dry–mesic silver ﬁr–
western hemlock–
Douglas-ﬁr
EC mesic mixed-conifer
forest
NRM dry–mesic montane
mixed conifer forest
NRM subalpine woodland
and parkland
NRM mesic montane
mixed conifer forest
NRM ponderosa pine
woodland and savanna
RM subalpine spruce–ﬁr
RM montane riparian
forests

10 412

Standreplacing

Eastern Cascades
Nonlethal

Area
(ha)

Standreplacing

Okanogan Highlands
Nonlethal

143 748

1.0

2 082

271 275

1.0

12 220

1.0

182 300

0.25

31 277

0.25

341 538

1.0

119 776

1.0

635 276

1.0

97 547

1.0

70 041
238 244

1.0
0.5

50 256
54 187

0.6
0.5

0.4
0.5

17 750

1.0

584 336

0.3

0.7

25 853
33 076

0.75

0.5

1.0
1.0

741 860
106 079

1 406 904

67 675

162 198
1.0

213 176
432

1.0
1.0

Nonlethal

1.0

0.6
273 475

24

Standreplacing

0.75

1.0
0.4

Area
(ha)

0.5

105 494
96 779
113 159

0.5
1.0

1.0
1.0

Notes: ‘‘Stand-replacing’’ is the proportion of the area modeled with a stand-replacing ﬁre regime, and ‘‘nonlethal’’ is the
proportion of the area modeled with a nonlethal ﬁre regime. NP is North Paciﬁc, EC is Eastern Cascades, NRM is Northern Rocky
Mountain, and RM is Rocky Mountain.
The area of these ESPs was modeled with the same ESP of the neighboring ecosections because the area was too small to model
separately, given area requirements of equilibrium assumptions.

We also used the ﬁre-severity data layers to determine
the probability of moderate- vs. low-severity ﬁres in
nonlethal ﬁre regimes. For each ESP, the probability of
low (PLS) or moderate severity (PMS) ﬁres was based
simply on the proportion of the ESP area that
predominately (.50%) burns with each severity class.
These proportions were set equal to parameters p and 1
 p in a binomial distribution, and compared to a
uniform random number generated for each ﬁre that
burns during the 400-yr simulation to select either
moderate or low severity (Appendix: Table A2).
Age-based carbon dynamics
We calculated live biomass (Mg C/ha) and net
primary productivity (NPP; Mg Cha1yr1) for each
age in the age class distribution for stand-replacing ﬁre
regimes using ESP-speciﬁc empirical models of live
biomass C and NPP as a function of stand age.
Empirical models were ﬁt to chronosequences of forest
inventory data from the study area, aggregated by ESP
(Raymond 2010). The accumulation of live biomass as a

function of stand age was modeled with a ChapmanRichards function (Richards 1959, Janisch and Harmon
2002):
Lage ¼ Lmax ð1  ekL age ÞcL

ð4Þ

where Lage is live biomass for any age, Lmax is the
maximum asymptotic live biomass reached in late
succession, kL is an empirically derived rate constant,
and cL controls the position of the curve between zero
and the asymptote (Appendix: Table A3). NPP as a
function of stand age was modeled with a peak function
(Janisch and Harmon 2002, Pregitzer and Euskirchen
2004, Hudiburg et al. 2009):
n
o
NPPage ¼ NPPmax 3 exp 0:5dlnðage=AGEmax Þ=kN e2
ð5Þ
where NPPage is the NPP for any age, NPPmax is the
maximum NPP reached in early succession, kN is the
rate at which the stand reaches NPPmax, and AGEmax is
the age at which NPP begins to decline from the

July 2012

FOREST CARBON DYNAMICS AND FIRE REGIMES

maximum. We multiplied Lage and NPPage for each age
by the area of the ESP in that one-year age class and
divided by the total area of the ESP to calculate mean
live biomass and NPP for the ESP.
We calculated live biomass C and NPP differently for
nonlethal ﬁre regimes because ﬁre does not directly
affect stand age, but ﬁre does affect NPP and reduce live
biomass. Live biomass and NPP are a function of stand
age (Eqs. 4 and 5) until a ﬁre occurs, at which time Lage
is reduced by fractions for mortality (i.e., transfer to
dead biomass) and consumption that are a function of
the ﬁre’s severity. The mortality fraction is drawn from a
uniform distribution, with a range of 0.1–0.24 for lowseverity ﬁres and 0.25–0.74 for moderate-severity ﬁres
(Hann et al. 2004). After reducing live biomass by
mortality and consumption, a new ‘‘age’’ of the stand is
calculated by back-solving Eq. 4 for age from postﬁre
live biomass (Nonaka et al. 2007). The new stand age is
used to calculate the live biomass (Eq. 4) and NPP (Eq.
5) for the year after the ﬁre and is incremented by one
until the next ﬁre. NPP increases or decreases when a ﬁre
occurs depending on the shape of the NPP function and
the stand age at the time of the ﬁre. We simulated 1000
replicates of the 400-yr time series of live biomass and
NPP for each ESP. Based on the assumption of a
uniform age class distribution, mean live biomass and
NPP of the ESP are the means of the 1000 replicates,
divided by 400.
We calculated the accumulation of CWD biomass
(Mg C/ha) from chronic mortality of live biomass (i.e.,
gap dynamics) between ﬁres using empirical models of
CWD biomass as a function of stand age (Raymond
2010). Several ESPs did not have signiﬁcant empirical
models, in which cases we used ecosection-scale models
(Raymond 2010). Furthermore, patterns of CWD
biomass accumulation with age differed among ecosections. For the Eastern Cascades and Okanogan Highlands, ecosection-scale models (and some ESPs in these
ecosection) ﬁt a U-shaped pattern (Janisch and Harmon
2002):
Dage ¼ D0 ðekD1 age Þ þ Dmax ð1ekD2 age ÞcD

ð6Þ

where Dage is dead biomass at any age, D0 is the initial
legacy biomass, kD1 is an empirically derived rate
constant for the decomposition of legacy biomass, Dmax
is the asymptotic maximum biomass reached in late
succession, kD2 is an empirically derived rate constant
for the accumulation of new biomass, and cD is a shape
parameter. For the Western Cascades ecosection, the
CWD biomass data were better ﬁt with a linear model
(Raymond 2010). Therefore, we used a linear model for
the accumulation of CWD biomass from chronic
mortality in ESPs of the Western Cascades and assumed
the maximum CWD biomass for ages .800 years was
the ﬁtted value for the oldest age in the original data
used to build the model (800 years). CWD biomass from
chronic mortality is not subtracted from live biomass for
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each age because Eq. 4 accounts for biomass lost from
chronic mortality.
We also calculated CWD biomass from ﬁre-caused
mortality and added this to Eq. 6. The two ﬁre regimes
required different methods for calculating ﬁre-caused
CWD biomass. For stand-replacing ﬁre regimes, we
calculated ﬁre-caused CWD biomass as the legacy from
the stand-initiating ﬁre and used this value for D0 in
Eq. 6. We calculated D0 as the mean of live and CWD
biomass per hectare that burns annually reduced by the
amount consumed. Based on the exponential model,
mean annual area burned is assumed to be an equal
proportion of the area in each age class because each age
class has the same probability of burning. Therefore, we
calculated the mean D0 (Mg C/ha) as the area (hectare)
of each age class that burns annually multiplied by Lage
and Dage of the age class divided by the total annual area
burned. D0 decomposes with time since stand-initiating
ﬁre based on ESP or ecosection-speciﬁc decomposition
rates in Eq. 6.
For nonlethal ﬁre regimes, all live biomass is assumed
to be killed in year 400 by ﬁne-scale disturbances other
than ﬁre. Therefore, we calculated legacy CWD biomass
(D0 in Eq. 6) for each ESP as the sum of mean L400 and
mean D400 reduced by a fraction that is ﬁne woody
debris (FWD). Mean L400 and mean D400 are the means
of L400 and D400 from 100 preliminary simulations of the
400-yr time series for each ESP. When a ﬁre burns
during the 400-yr time series, the fraction of Lage that is
killed is reduced by the fraction consumed and the agedependent fraction that is FWD (Appendix: Table A3)
and is added to D0. Dage the year after the ﬁre, and each
year until another ﬁre occurs, is calculated with Eq. 6.
Consumption factors
We calculated the amount of live and CWD biomass
consumed by ﬁre following Campbell et al. (2007).
Using data in Campbell et al. (2007), we calculated
consumption factors by severity class that could be
applied to total live and CWD biomass by massweighting individual component consumption factors.
Consumption factors were 0.11, 0.08, and 0.01 for live
biomass, and 0.18, 0.07, and 0.03 for CWD biomass,
respectively, for high-, moderate-, and low-severity ﬁres.
Live biomass consumption factors do not apply to
coarse roots, but Eq. 4 includes accumulation of coarse
roots (Raymond 2010), so we reduced Lage by an agedependent fraction of coarse roots before calculating
consumption (Appendix: Table A3).
Projections of changes in 21st century ﬁre regimes
We estimated changes in ﬁre regimes for the 21st
century using projections of future area burned from
empirical models of area burned as a function of climatic
variables (Littell et al. 2010). Littell et al. (2010) ﬁt
statistical models of area burned in the late 20th century
as functions of summer temperature, precipitation, and
hydrological variables (potential evaporation, actual
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TABLE 2. Proportional increases in mean annual area burned for the 21st century by time period and SRES emission scenarios
(Littell et al. 2010).
Proportion of 1980–2006 area burned
2020s

2040s

2080s

Ecosection

B1

A1B

B1

A1B

B1

A1B

Western Cascades
Eastern Cascades
Okanogan Highlands

1.6
1.3
1.2

1.8
1.1
0.4

2.4
1.5
1.5

3.5
1.4
1.7

4.6
1.9
2.0

11.9
2.0
3.1

Notes: Proportional increases are proportions of the 1980–2006 mean annual area burned for each ecosection. B1 and A1B are
SRES emission scenarios from the Intergovernmental Panel on Climate Change, Fourth Assessment Report. B1 is a low-emissions
scenario, and A1B is a middle-of-the-road scenario.

evaporation, and water-balance deﬁcit) at the scale of
ecosections. They used these models to project mean
area burned based on climatic variables averaged for
three time periods: 2020s (2010–2039), 2040s (2030–
2059), and 2080s (2070–2099). Models explained 50–
65% of variability in area burned. Littell et al. (2010)
used down-scaled projections of 21st century temperature and precipitation from Mote and Salathé (2010),
who used output on future climate from the ensemble of
20 GCMs (general circulation models) archived for the
IPCC AR4 (Intergovernmental Panel on Climate
Change Fourth Assessment Report). The hydrological
variables used in the statistical ﬁre models were output
from the variable inﬁltration capacity (VIC) hydrologic
model (Elsner et al. 2010), for which simulations were
also driven by down-scaled climate projections from the
20-model ensemble average (Mote and Salathé 2010).
Climatic variables and area burned were projected for
two SRES emissions scenarios (Special Report on
Emissions Scenarios), A1B (moderate) and B1 (low),
which are similar until the 2020s, but thereafter A1B
produces higher climate forcing (Mote and Salathé
2010).
We estimated changes in ﬁre regimes for each ESP
using the ecosection-scale projections of 21st century
area burned. We downscaled ecosection-scale projections to ESPs by applying proportional increases in
mean annual area burned (Table 2) to the presettlement
mean annual area burned for each ESP as follows. For
stand-replacing ﬁre regimes, a property of the negative
exponential model is that the probability of a stand
burning in any year ( p) is equal to the proportion of the
landscape that burns annually (Johnson and Gutsell
1994). Thus, for the historical period, we calculated
annual area burned, AABh, for each ESP as
AABh ¼ ph 3 A

ð7Þ

where ph is the historical annual probability of a stand
burning and A is the area of the ESP. For each time
period and emissions scenario, we calculated the future
annual area burned, AABf, as
AABf ¼ AABh 3 PI

ð8Þ

where PI is the proportional increase in area burned
(Table 2). We calculated the future probability that a

stand burns ( pf ) as
pf ¼ AABf =A:

ð9Þ

We used this value of pf in Eq. 1 to calculate the
equilibrium age class distribution for each ESP, time
period, and emissions scenario. For nonlethal ﬁre
regimes, we calculated AABh for the historical period
based on the following property of the Weibull
distribution:
0
1
B
C
1
C
AABh ¼ B
@ 1
A3A
bC þ 1
c

ð10Þ

where b is the scale parameter, c is the shape parameter,
and C is the gamma function. We calculated AABf from
AABh using the same method as we used for standreplacing ﬁre regimes.
Speciﬁc projections of climate-driven changes in ﬁre
severity are not available for the PNW, and the
relationship between climate and ﬁre severity remains
less certain than the relationship between climate and
area burned. Therefore, we used a scenario-based
approach to explore the sensitivity of changes in forest
C pools and ﬂuxes to changes in ﬁre severity, as well as
changes in area burned. Based on projections by Lutz et
al. (2009) for dry coniferous forest in California, the area
burned at moderate and high severity is expected to
increase 20% by 2049. Fire severity and area burned
cannot be expected to increase indeﬁnitely because fuel
availability will eventually limit both. To account for
these opposing effects, we used three scenarios of future
ﬁre severity: no change, a 10% decrease, and a 10%
increase for each time period, to test the sensitivity of
changes in C pools and ﬂuxes. Unlike changes in area
burned, we assumed that changes in ﬁre severity were
consistent between emissions scenarios. We simulated
changes in ﬁre severity for only the three ESPs with the
greatest probability of low-severity ﬁre.
We calculated C dynamics for the 2020s, 2040s, and
2080s, but focus on results for the 2040s to simplify the
discussion and because uncertainty increases as projections of climate change and its effects are extended
further into the future. Uncertainty in emissions
scenarios, potential feedbacks in the climate system,

July 2012

FOREST CARBON DYNAMICS AND FIRE REGIMES

and other changes in vegetation dynamics increase in the
late 21st century so results for the 2080s should be
interpreted with caution. Our methodology includes
some simplifying assumptions and combines statistical
models, each of which introduces uncertainty into the
output calculations of C dynamics. Thus, we present
results as percentage changes, rather than absolute
values, between the presettlement and future time
periods, and as comparisons among ecosections, ESPs,
and emissions scenarios.
RESULTS
Live biomass carbon
Changes in live biomass C for ecosections reﬂect
differences in ﬁre regimes, projections of future area
burned, and C storage potential (Fig. 3). For the 2020s,
live biomass is projected to increase in the Okanogan
Highlands with the A1B scenario, for which area burned
decreases by about half. For the 2040s, live biomass C
decreases in all ecosections. On average, 1.5 times the
area burned caused a 20% reduction in live biomass C.
The Western Cascades has the largest projected decrease
(Fig. 3). Decreases in live biomass C are similar for the
Eastern Cascades and Okanogan Highlands with the B1
scenario, but are greater in the Okanogan Highlands
with the A1B scenario (Fig. 3).
For the 2040s, live biomass C decreases by 7–56% for
ESPs in the Western Cascades (Fig. 3). Both the smallest
and largest decreases in live biomass C are in ESPs in
this ecosection. Live biomass decreases by 7–25% for
ESPs in the Eastern Cascades and 11–39% for ESPs in
the Okanogan Highlands (Fig. 3). Among ESPs,
percentage decreases in live biomass show a bimodal
response with respect to biomass accumulation rates and
presettlement ﬁre return intervals (FRI). The largest
decreases are projected for two types of ESPs: (1) ESPs
with the short FRIs and intermediate ages at which
stands accumulate 90% of asymptotic maximum biomass and (2) ESPs with both long FRIs and late ages at
which stands accumulate 90% of asymptotic maximum
biomass (Fig. 4A).
Net primary productivity
Projected changes in mean landscape net primary
productivity (NPP) (Mg Cha1yr1) vary by ecosection, reﬂecting large differences among ecosections in
historical landscape NPP and projections of future area
burned. For the 2040s, mean landscape NPP is projected
to increase in the Western Cascades but decrease in the
Eastern Cascades and Okanogan Highlands. NPP
increases in the Okanogan Highlands for the A1B
scenario in the 2020s reﬂecting the decrease in area
burned projected for this scenario.
Projected changes in NPP are highly variable among
ESPs within ecosections, particularly for the Western
Cascades. For the 2040s, NPP is projected to change by
25% to 42% for the B1 scenario and 34% to 56% for
the A1B scenario among ESPs in the Western Cascades
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(Fig. 5). Variability among ESPs is smaller in the
Eastern Cascades and Okanogan Highlands, in which
NPP is projected to change by ,10% for the 2040s.
Decreases .25% are not projected until the 2080s (Fig.
5). Increases in NPP are projected for ESPs with long
FRIs (.600 years) and young ages (,150 years) at
which NPP reaches a maximum (Fig. 4B). In ESPs in the
Western Cascades, NPP continues to increase with more
area burned later in the 21st century, but this trend
begins to reverse in the 2080s with the high area burned
for A1B scenario. NPP is not projected to increase in the
mountain hemlock–subalpine parkland ESP for any
emissions scenario or time period despite its long FRI.
NPP peaks at a much older age in this ESP compared to
other ESPs with similar FRIs, so even a substantial
leftward shift in the age class distribution does not
increase NPP. The greatest decreases in NPP are
projected for ESPs with long FRIs and old ages at
which NPP reaches a maximum (Fig. 4B). Little change
in NPP is projected for ESPs with short FRIs and young
ages at which NPP reaches a maximum (Fig. 4B).
Coarse woody debris biomass carbon
Increases in area burned in the 21st century are
projected to reduce CWD biomass (Mg C/ha) in the
Western Cascades, but have little effect on or slightly
increase CWD in the Eastern Cascades and Okanogan
Highlands (Fig. 6). CWD increases in the Okanogan
Highlands with decreases in area burned projected for the
2020s A1B scenario. For the 2040s, ecosection mean
CWD is projected to decrease in the Western Cascades by
15–21%, but to remain unchanged in the Eastern Cascades
and increase slightly in the Okanogan Highlands (Fig. 6).
At the ESP scale, CWD is projected to decrease in
most ESPs for most time periods and emissions
scenarios, with the notable exception of a few ESPs in
which CWD biomass increases (Fig. 6). For the 2040s,
ESPs in the Western Cascades have the greatest range of
projected changes in CWD, 42% to 32% for the B1
scenario and 55% to 45% for the A1B scenario. The
range of projected changes is much smaller for ESPs in
the Eastern Cascades (9% to 13%) and Okanogan
Highlands (10% to 12%).The largest percentage
decreases in CWD are projected for high-elevation ESPs
with replacement-severity ﬁre regimes and moderate
FRIs. Increases in CWD biomass are projected for ESPs
with nonlethal and mixed ﬁre regimes. Of these ESPs,
dry–mesic Douglas-ﬁr–western hemlock is projected to
have the largest percentage increase in CWD. This ESP
has the highest biomass accumulation potential of ESPs
with nonlethal or mixed ﬁre regimes (Fig. 6). A large
percentage increase in CWD is also projected for dry–
mesic montane mixed conifer, which has lower potential
to accumulate biomass but a higher proportion of lowseverity ﬁre. Projected increases in CWD decline for the
A1B scenario in the 2080s and some ESPs that show
increases for the 2020s and 2040s show decreases with
the higher area burned projected for the 2080s.

1598

CRYSTAL L. RAYMOND AND DONALD MCKENZIE

Ecological Applications
Vol. 22, No. 5

FIG. 3. Projected percentage changes in live biomass carbon for two SRES emissions scenarios (Special Report on Emissions
Scenarios: A1B is a middle-of-the-road scenario; B1 is a low-emissions scenario) and three time periods (2020s, 2040s, 2080s) in
relation to historical values (top right). Projected values are mean equilibrium conditions for each time period.

Live biomass consumption
Mean annual consumption of live biomass (Mg
Cha1yr1) is projected to increase relative to preset-

tlement conditions for all emissions scenarios and time
periods that are projected to have increases in area
burned (Fig. 7). Percentage increases are four to eight
times greater in the Western Cascades compared to the
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FIG. 4. Percentage changes in mean (A) live biomass C and (B) NPP within each ESP, plotted as smoothed response surfaces
(contours) interpolated linearly, in the 2-D (two-dimensional) space of predictors, between their values at ESPs. Symbols locate the
mean values for ESPs within an ecosection of presettlement ﬁre return intervals (x-axes) and stand ages associated with key values
of the respective response variables (y-axes). Calculations are for the 2040s under the A1B emissions scenario.

Eastern Cascades and Okanogan Highlands (Fig. 7).
Consumption of live biomass decreases in the Okanogan
Highlands for the A1B scenario in the 2020s, reﬂecting
the decrease in area burned projected for this scenario.
For the 2040s, projected increases are ,30% for the
Eastern Cascades and Okanogan Highlands, but the
Okanogan Highlands has a substantial increase in
consumption in the 2080s (Fig. 7).
Projected increases in the consumption of live biomass
are highly variable among ESPs in the Western Cascades
but less variable among EPSs in the Eastern Cascades
and Okanogan Highlands (Fig. 7). For ESPs in the
Western Cascades, projected increases in consumption
of live biomass range from 33% to 130% for the B1
scenario and from 44% to 218% for the A1B scenario in
the 2040s. For ESPs of the Eastern Cascades, consumption of live biomass is projected to increase by only 10–
43% for the B1 scenario and 9–36% for the A1B scenario
in the 2040s. For ESPs of the Okanogan Highlands,
consumption of live biomass is projected to increase by
only 3–41% for the B1 scenario and 2–57% for A1B
scenario in the 2040s. ESPs with long FRIs are projected
to have the largest increases in consumption of live
biomass with the exception of ESPs that have long FRIs
but also have both high maximum live biomass and slow

rates of accumulation (e.g., mountain hemlock–subalpine parkland and mesic western hemlock–silver ﬁr).
ESPs with nonlethal ﬁre regimes and short presettlement
FRIs (,20 years) are projected to have the smallest
percentage increases in consumption of live biomass
because these ESPs also have relatively low potential to
accumulate live biomass.
Coarse woody debris biomass consumption
Mean annual consumption of CWD (Mg Cha1yr1)
is also projected to increase relative to presettlement
conditions for all emissions scenarios and time periods
that are projected to have increases in area burned (Fig.
8). For the 2040s, increases in CWD consumption are
projected to be .50% for all ecosections and emissions
scenarios (Fig. 8) and up to four times greater than
increases in live biomass consumption. For the 2080s,
projected increases in consumption of CWD are similar
for the Western Cascades and Okanogan Highlands but
are lower for the Eastern Cascades because of generally
lower ﬁre severity, increases in area burned, and
potential accumulation of CWD (Fig. 8).
For ESPs in the Western Cascades, consumption of
CWD is projected to increase by 44–271% for the B1
scenario and by 63%–550% for the A1B scenario in the
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FIG. 5. Projected percentage changes in net primary productivity for two SRES emissions scenarios (A1B and B1) and three
time periods (2020s, 2040s, 2080s). All values are mean equilibrium conditions for each time period.

2040s. Variability in projected increases in CWD
consumption is much lower for ESPs in the Eastern
Cascades and Okanogan Highlands. CWD consumption
increases from 39% to 91% for the B1 scenario and from

32% to 73% for the A1B scenario in ESPs of the Eastern
Cascades and from 41% to 86% for the B1 scenario and
from 53% to 129% for the A1B scenario in ESPs of the
Okanogan Highlands. ESPs that are projected to have

July 2012

FOREST CARBON DYNAMICS AND FIRE REGIMES

1601

FIG. 6. Projected percentage changes in coarse woody debris biomass carbon for two SRES emissions scenarios (A1B and B1)
and three time periods (2020s, 2040s, 2080s). Projected values are mean equilibrium conditions.

the largest percentage increases in CWD consumption
are the same ESPs that are projected to have the largest
increases in CWD biomass (dry–mesic Douglas-ﬁr–
western hemlock and dry–mesic montane mixed coni-

fer). CWD biomass increases from ﬁre-caused mortality,
part of which is consumed in subsequent ﬁres contributing to large percentage increases in CWD consumption. The smallest increases in CWD consumption are
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FIG. 7. Projected percentage changes in consumption of live biomass carbon for two SRES emissions scenarios (A1B and B1)
and three time periods (2020s, 2040s, 2080s). Projected values are mean equilibrium conditions.

projected for high-elevation ESPs that have moderate
FRIs and low biomass accumulation potential. CWD
biomass is not projected to increase from ﬁre-caused
mortality in these ESPs.

Sensitivity of carbon pools and ﬂuxes to changes
in ﬁre severity
For the 2040s, changes in ﬁre severity have only a
small effect on C pools and ﬂuxes in ESPs with nonlethal
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FIG. 8. Projected percentage changes in consumption of coarse woody debris (CWD) biomass carbon for two SRES emissions
scenarios (A1B and B1) and three time periods (2020s, 2040s, 2080s). Projected values are mean equilibrium conditions.

ﬁre regimes. A 20% increase in the probability of
moderate severity ﬁre is projected to reduce live biomass
C by an additional 5–10% and CWD biomass C by an
additional 2–5% over increases in area burned alone. A
20% decrease in the probability of moderate severity ﬁre

has a slightly greater effect. Projected losses of live
biomass are reduced by 5–12% and CWD biomass by 2–
7%. A 20% change in ﬁre severity is projected to have
little effect on equilibrium landscape NPP. A 20%
decrease in ﬁre severity offsets projected reductions in
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NPP by 1–7%, whereas a 20% increase in ﬁre severity
further reduces NPP by a similar percentage. Increases
or decreases in ﬁre severity changed projections of live
biomass consumption by only 3–5% but had a much
bigger effect on projections of CWD consumption. A
20% decrease in ﬁre severity is projected to offset
increases in CWD consumption by 7–86% and a 20%
increase in ﬁre severity is projected to further increase
CWD consumption by an additional 10–58%. ESPs with
a higher probability of moderate severity ﬁre historically
are more sensitive to changes in ﬁre severity.
Sensitivity to ﬁre cycle parameterization
for stand-replacing ﬁre regimes
Given the range of published ﬁre cycle values for each
ESP, we calculated projections of C dynamics for both a
long and short ﬁre cycle (Appendix: Table A1) for all
ESPs with a stand-replacing ﬁre regime to test the
sensitivity of results to the ﬁre cycle parameter.
Sensitivity generally depended on the length of the ﬁre
cycle in relation to parameters of the empirical models of
C dynamics. Sensitivity of live biomass to the ﬁre cycle
parameter increased as the ratio of the ﬁre cycle to
Age90max (the age at which 90% of maximum asymptotic
biomass is reached) increased. For ESPs with large
ratios, shifts in the age class distribution as the ﬁre cycle
decreases affect mean landscape biomass less because
the mean age of the landscape remains close to the age at
which the asymptote is approached. In contrast, for
ESPs with a small ratio, shifts in the age class
distribution greatly affect live biomass because the mean
age of the landscape shifts leftward along the steep
portion of the live-biomass curve.
In contrast, sensitivity of NPP to the ﬁre cycle
parameter increases as the ratio of the ﬁre cycle to the
age of maximum NPP increases. In ESPs for which this
ratio is low (i.e., the ﬁre cycle and age of maximum NPP
are similar), shifts in the age class distributions greatly
affect landscape NPP because stand ages shift around
the steepest portions of the NPP curve. For a single
emissions scenario and time period, NPP at the ESP
scale changed by 3–22% with use of the shorter ﬁre cycle.
Use of the shorter ﬁre cycle parameter would further
increase consumption of live biomass and CWD in all
ESPs. In the Western Cascades, use of the shorter ﬁre
cycle parameter increases live biomass consumption by
an additional 10–24% for the B1 scenario and 15–43%
for the A1B scenario in the 2040s. In the Eastern
Cascades and Okanogan Highlands, the difference
between ﬁre cycle parameters is only 3–14% for the B1
and A1B scenarios. In the Western Cascades, ESPs with
intermediate ﬁre cycles and large increases in the
consumption of live biomass were most sensitive to the
ﬁre cycle parameter.
DISCUSSION
The results show large differences among ecosections
in percentage changes of C stocks and ﬂuxes with
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increases in area burned in a warmer climate, reﬂecting
not only differences in projected area burned, but also
differences in maximum potential C uptake and storage.
Area burned in the Western Cascades is more sensitive
to projected changes in climate than the Eastern
Cascades and Okanogan Highlands. For example,
Littell et al. (2010) project a two- to threefold increase
in area burned by the mid-21st century. The greater
relative changes and C pools and ﬂuxes in the Western
Cascades reﬂect this greater sensitivity of area burned to
projected changes in climate. Forests of the Western
Cascades also have higher rates of C uptake (NPP) and
store more C in older forests. Thus shifts in age class
distributions with increasing area burned affect equilibrium C dynamics more. Projections of future area
burned, and thus changes in C pools and ﬂuxes, do
not consider potential feedbacks from decreases in fuel
continuity or changes in vegetation types (McKenzie
and Littell 2011). Nevertheless, we expect that increases
in area burned are likely to have substantial consequences for C storage throughout the region and that C
dynamics of forests of the Western Cascades will be
most sensitive.
Live biomass carbon
Most forests of the western Cascades that have
experienced little or no ﬁre in the last few centuries
accumulate substantial C stocks in live biomass, but
these forests are projected to have the largest relative
decreases in live biomass C with more ﬁre in a warmer
climate. When these forests burn, it is typically under
extreme weather; ﬁre spread is extensive and ﬁre severity
is high (Henderson et al. 1989, Agee 1993) so ﬁres
consume more of the live biomass. Within the Western
Cascades ecosection, differences among ESPs in percentage changes in live biomass C reﬂect differences in
potential C storage and ﬁre regimes. Drier ESPs with
intermediate ﬁre return intervals (FRIs) (100–200 years)
showed the greatest sensitivity to decreases in live
biomass C with more area burned. In contrast, moist
low-elevation ESPs with the longest historical FRIs were
relatively less sensitive to decreases in live biomass C
with increasing area burned. In these ESPs, FRIs
projected for the 21st century remain long relative to
the time required for the forest to accumulate large live
C stocks.
Fire regimes of the Eastern Cascades and Okanogan
Highlands are projected to be relatively less affected by
changes in 21st century climate (Littell et al. 2010,
Rogers et al. 2011). Fires during the presettlement
period burned predominantly with low and moderate
severity (Agee 1993, Hessburg et al. 2005). Tree species
in this region have high crowns and thick bark enabling
greater resistance to ﬁre-caused mortality and regenerate
well postﬁre. If climate change increases the proportion
of area that burns with high severity, however, as well as
area burned, losses of biomass will be greater than with
increases in area burned alone. These results, however,
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PLATE 1. Remnant ﬁre-killed trees still standing more than 15 years after a high-severity ﬁre in subalpine forests on the eastern
slopes of the Cascade Range in Washington, USA. Fires are typically stand-replacing in ﬁre-intolerant subalpine forests of this
region, but the rugged terrain creates a mosaic of burned and unburned patches. Photo credit: Victor Mesny.

depend on the use of presettlement ﬁre regimes as the
historical reference condition. Changes in land use and
ﬁre exclusion have increased tree density and biomass,
shifting tree species composition toward a greater
proportion of ﬁre intolerant species (Peterson et al.
2005). Therefore, increases in area burned may be
accompanied by an increase in ﬁre severity that is driven
by a legacy of management effects on forest structure
and composition. This would further increase losses of
live biomass C.
Coarse woody debris biomass carbon
The large variation in projected changes in CWD by
ecosection and ESP can be attributed to the different
processes that control inputs to and outputs from the
CWD pool. In this study, an important process that
controls differences in landscape mean CWD is the
relative change in age class distributions. In ESPs with
replacement-severity ﬁre regimes, CWD biomass decreases with increases in area burned because the ﬁre
cycle shortens, thus reducing the proportion of the
landscape in older age classes. Older age classes have
larger accumulations of CWD because of chronic
mortality and slow decomposition (Spies et al. 1988,
Harmon and Hua 1991). In ESPs with nonlethal ﬁre
regimes, however, CWD biomass depends more on the
difference between inputs from ﬁre-caused mortality and

losses from decomposition and consumption. Highelevation forests have low CWD input from chronic
mortality and ﬁre because these forests have less
accumulation of live biomass (Raymond 2010). Therefore, in high-elevation forests increases in CWD
consumption are projected to dominate the effects of
more ﬁre, and CWD biomass is projected to decrease. In
contrast, in low-elevation ESPs with short FRIs, inputs
from ﬁre-caused mortality exceed losses from consumption so CWD biomass is projected to increase. Increases
in CWD biomass decline late in the 21st century because
ﬁre-caused mortality, a fraction of live biomass,
decreases as live biomass decreases.
These projected increases and decreases in CWD
biomass C in our study differ from the Rogers et al.
study (2011), which projected widespread increases in
dead biomass C with increases throughout the 21st
century. The difference is likely because we modeled
equilibrium age class distributions, and changes in age
class distributions greatly affect losses of CWD in
forests of the Western Cascades. Another reason for
the difference could be that we modeled changes in only
CWD. More frequent ﬁre will likely increase FWD
because of ﬁre-caused mortality, but this FWD is subject
to greater consumption in subsequent ﬁres (Rogers et al.
2011).
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Net primary productivity
NPP is projected to increase in the Western Cascades
and decrease in the Eastern Cascades and Okanogan
Highlands with changes in 21st century ﬁre regimes.
Increases in NPP in some ESPs of the Western Cascades
are the result of more frequent ﬁres shifting equilibrium
age class distribution toward younger stands, which
remove more C from the atmosphere annually than
older stands (Harmon et al. 1990). Regionally, this
increase in annual C uptake may be offset by increases in
C emissions from ﬁre and decreases in NPP in forests of
eastern Washington. Estimates of net ecosystem productivity (NEP) would be a better metric of the forest’s
status as a C sink or source, but NEP requires
decomposition rates, and could not be calculated across
our domain from the existing data.
Projected changes in NPP do not include direct effects
of changes in climate and atmospheric chemistry on
NPP, which are likely to have a different geographic
pattern from effects of shifting age class distributions.
Changes in NPP in forests of the PNW will be driven by
complex interactions between disturbance regimes,
direct effects of changes in temperature and precipitation, and possible fertilization from elevated atmospheric CO2 and nitrogen (Schimel et al. 2000, Boisvenue and
Running 2006). NPP in energy-limited forests at high
elevations may increase with warmer temperatures
because of longer growing seasons (Graumlich et al.
1989, Hicke et al. 2002). In contrast, warmer temperatures with no change or decreases in summer precipitation may reduce NPP in water-limited forests by
accentuating moisture stress (Littell et al. 2008). In
water-limited forests, higher concentrations of atmospheric CO2 may offset moisture stress by increasing
water use efﬁciency (Soule and Knapp 2006), but this
effect may be short term (Oren et al. 2001) and not large
enough to overcome moisture limitations (Sacks et al.
2007). NPP in nitrogen-limited forests may also increase
with nitrogen deposition (Magnani et al. 2007). Simulation experiments with multiple factors suggest that the
balance of these factors is expected to increase C uptake
in forests of the western United States by 5%, but this
response is sensitive to CO2 fertilization and precipitation (Lenihan et al. 2008).
Biomass consumption
PNW forests may become a greater source of CO2
emissions from ﬁre during the 21st century, as ﬁres
become more frequent. Western Cascades forests have
substantial biomass and typically burn with high
severity, so a large fraction of live and CWD biomass
is consumed by ﬁre. In moist forests of the Western
Cascades and eastern Okanogan Highlands, increases in
consumption of live and CWD biomass are expected
because these forests have higher C densities in CWD
and live biomass (Smithwick et al. 2002). In contrast,
modest increases are expected in dry forests of the
Eastern Cascades and eastern Okanogan Highlands, for
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three reasons: (1) lower-severity ﬁres typical of these
forests consume less biomass; (2) these forests accumulate less biomass (Smithwick et al. 2002); and (3)
decomposition is faster (Harmon et al. 1986).
The differences between these regions are not as
extreme for projected changes in consumption of CWD
as consumption of live biomass. Greater area burned
decreases CWD in forests of the Western Cascades but
increases CWD in dry forests of the Eastern Cascades
and Okanogan Highlands, so dry forests have a greater
potential stock of CWD biomass to be consumed.
Forests with mixed-severity ﬁre regimes are most
sensitive to increases in consumption of CWD for two
reasons: (1) more frequent ﬁre, and thus more ﬁrecaused mortality, than high-severity ﬁre regimes, and (2)
greater consumption of CWD than low-severity ﬁre
regimes.
Limitations and assumptions
These projections represent plausible scenarios of
future C dynamics in this forested region of Washington, but the utility of the results lies in the relative
differences between ecosections, ESPs, time periods, and
emissions scenarios, rather than the absolute values of
projected results in C pools and ﬂuxes. Given the
limitations and uncertainties associated with the statistical models used (ﬁre–climate models, age-based C
models, and age class distributions) and other necessary
assumptions, our results should be considered exploratory.
We did not quantify changes in consumption of dead
biomass pools other than CWD. The forest inventory
and analysis data (Waddell and Hiserote 2005) that we
used to ﬁt empirical models of C accumulation included
only live and CWD biomass, not FWD, litter, and soil C
(Raymond 2010). Including these pools would certainly
affect results for consumption of dead biomass C.
Increases in ﬁre-caused mortality would increase FWD,
but a large portion of this biomass would be consumed
by subsequent ﬁres.
We assumed that equilibrium age class distributions in
forests with stand-replacing ﬁre regimes ﬁt a negative
exponential model. We applied the negative exponential
model to large forested areas (Table 1) with standreplacing ﬁre regimes, the domain for which the model
was intended to be used (Van Wagner 1978). Research
in the PNW suggests that the model may ﬁt poorly when
applied at the scale of individual watersheds (Hemstrom
and Franklin 1982), but adequately when applied to age
class distributions at the regional scale (Fahnestock and
Agee 1983). We also assumed that age class distributions
are in equilibrium with the disturbance regime of each
time period. Although no forest stand is in equilibrium,
the assumption is appropriate for large forested
landscapes (Bormann and Likens 1979, Shugart and
West 1981, Frelich 2002). Frelich’s criterion for equilibrium is met under two conditions: (1) the size of
disturbances must be small relative to the size of the
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study area and (2) disturbances must occur at relatively
constant rates over time. Age class reconstructions
suggest that very large ﬁres have burned in the western
Cascades in the past (Henderson et al. 1989, Agee 1993),
but despite the potential for a rare large ﬁre that burns
substantial area, the equilibrium assumption can be used
in this study because we calculated equilibrium conditions for large forested regions. Frelich’s second
criterion is more problematic. A changing climate
implies changing, rather than constant, ﬁre regimes over
time. Forests with long ﬁre return intervals are unlikely
to reach equilibrium within 20 to 30 years, so the results
of this study are best interpreted as equilibrium
conditions for each of three time periods, rather than a
progression of changes through the 21st century. A
useful interpretation is to consider results for each time
period as the conditions that would be expected if future
area burned were to stabilize at the area burned
represented by the time period.
Results of this study partially depend on the use of
presettlement ﬁre regimes as the historical reference.
Current age class distributions in Washington are
different from what would be expected with presettlement ﬁre regimes because of harvesting, land development, and ﬁre exclusion (Wimberly et al. 2000). In the
Western Cascades, a greater proportion of the forested
area is in younger age classes so current rates of C
uptake are higher as forests grow following a more
frequent harvest regime (Houghton and Hackler 2000,
Hurtt et al. 2002, Ryan et al. 2010). In the Eastern
Cascades and Okanogan Highlands, forests currently
have higher biomass density than would be expected
with presettlement ﬁre regimes because ﬁre exclusion
increased ﬁre return intervals and shifted age class
distributions to more area of old forest (Hessburg et al.
2000). Because we are estimating proportional changes,
however, we are still able to use the proportional
changes in area burned between the current and future
periods (Littell et al. 2010), without biases, to represent
climate-driven changes.
We used projections of area burned based on
statistical models of 20th century area burned as a
function of climate. The models explain 50–65% of the
variability in area burned (Littell et al. 2010), thus
factors other than climate (e.g., fuel amount and
continuity) affected area burned in the 20th century
and will continue to affect area burned in the future.
These statistical ﬁre–climate models do not include
feedbacks between increasing area burned and reductions in fuel or changes in vegetation types, both of
which could lead to novel ﬁre regimes (McKenzie and
Littell 2011). The largest proportional increases in area
burned were projected for the Western Cascades
ecosection and thus we observed the greatest relative
changes in C pools and ﬂuxes in this ecosection. The
ﬁre–climate model for this ecosection had the weakest
statistical relationship suggesting that this ecosection has
the most complex interactions between ﬁre, climate, and
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fuels (McKenzie and Littell 2011). Results of other
studies reinforce the plausibility of the projected
increases in area burned. Fire history evidence suggests
that large ﬁres have burned in this region in the past 500
years (Henderson et al. 1989). Similar projections of
greater than 10-fold increases in area burned have been
made for the western Cascades with a mechanistic ﬁre
model (Rogers et al. 2011) and for the infrequent, highseverity ﬁre regimes of the Greater Yellowstone Ecosystem with a statistical model (Westerling et al. 2011).
Results for the Western Cascades in the 2080s in
particular should be interpreted with caution, however,
because of the limitations of statistical models for future
projections into a climate space outside that in which
they were developed.
Process-based approaches may appear to treat more
thoroughly the interactions between climate and other
controls on ﬁre regimes, such as fuel amount and
continuity and topography. For example, dynamic
general vegetation models (DGVMs) that include ﬁre
modules simulate the interactions between ﬁre and the
direct effects of climate on productivity, decomposition,
and vegetation distributions (e.g., Lenihan et al. 2008).
DGVMs require many parameters whose selection is
partially subjective, yet the results can be highly sensitive
to the values of those parameters (Lenihan et al. 2008).
DGVMs also have simpliﬁed representations of vegetation types and differences in ﬁre regimes do not account
for species-speciﬁc tolerances to ﬁre. Furthermore, many
of the processes simulated in process-based models
ultimately rely on empirical relationships. Given that
both types of models have strengths and weaknesses, we
can ask complex questions regarding climate change
effects on ecosystems with both empirical and processbased approaches, to identify consistent results, which
increase conﬁdence, and inconsistent results, which
suggest future research needs.
Increases in rates of other disturbances may amplify
changes in C pools and ﬂuxes caused by ﬁre, further
reducing live biomass C and increasing CWD biomass
C. Fire is the primary disturbance in this region, but
other natural and anthropogenic disturbances affect C
storage potential, including windstorms, insect outbreaks (Kurz et al. 2008), pathogens, drought-induced
mortality (Breshears et al. 2005, van Mantgem et al.
2009), and land-use change. In a warmer climate, waterlimited forests in this region are expected to be more
vulnerable to insect outbreaks (Logan et al. 2003, Hicke
et al. 2006) and drought (van Mantgem and Stephenson
2007). Future C dynamics in forests of the PNW will
also depend on rates of land development and harvesting (Plantinga and Birdsey 1993, Turner et al. 1995,
Harmon and Marks 2002), although our study area is
predominantly U.S. federal land, so these are expected
to be low. All these disturbances interact with ﬁre,
increasing or decreasing area burned by altering fuel
availability and continuity (Breshears and Allen 2002,
Bigler et al. 2005, McKenzie et al. 2009).
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Implications for forest management
Projected increases in forest C loss with more
extensive and severe ﬁres in the 21st century will
challenge management on private and public lands in
the PNW. Carbon credits are currently sold in voluntary
markets in the United States (Birdsey 2006). Recipients
are required to demonstrate ‘‘permanence’’ (forests must
be expected to store the additional C for a speciﬁed
amount of time). Some risk associated with C loss to
natural disturbances is typically accounted for in carbon
offsets, usually as a buffer added to the amount of the
credit (Galik and Jackson 2009). Our study suggests that
the historical range of variability for the frequency and
severity of ﬁres is not a useful guide for setting these
credits and buffers. Climate-driven increases in area
burned and severity and associated C loss suggest the
need to increase buffers for carbon offsets. Buffers may
need to be increased more in the Western Cascades than
the Eastern Cascades and Okanogan Highlands because
ﬁre regimes are more sensitive to changes in climate and
shifts in age class distributions affect biomass pools
more.
Forest management may be able to reduce projected
C loss by suppressing ﬁre, preventing human ignitions,
and adapting to climate change. We did not consider the
effects of ﬁre suppression on projected area burned, ﬁre
severity, or C pools and ﬂuxes. Fire suppression can
change C ﬂuxes and pools by reducing area burned and
ﬁre severity in some forest types, but the effects are likely
to be short term. Simulation experiments suggest that
ﬁre suppression can increase C stocks in forests of the
western United States, but only in dry ﬁre-adapted
forests where ﬁre intensity is low and ﬁre suppression is
more likely to be effective (Rogers et al. 2011). Rogers et
al. (2011) found that ﬁre suppression affected C stocks in
forests of the western PNW less because ﬁres typically
burn under conditions that render ﬁre suppression
ineffective. Fire suppression will certainly continue, to
protect the urban interface, air quality, and wildlife
habitat, but will not prevent C loss from increases in
area burned, because it is the few ﬁres that cannot be
suppressed that burn most of the area (Strauss et al.
1989).
Prescribed burning (Narayan et al. 2007, Wiedinmyer
and Hurteau 2010) and silvicultural fuel treatments (e.g.,
North et al. 2009) may be useful for reducing C
emissions from wildﬁre. Prescribed burning and silvicultural treatments are commonly used to reduce fuels,
ﬁre hazard, and ﬁre severity, but the beneﬁts of these
treatments for C storage are uncertain. Fuel treatments
remove C from the system and must be implemented
more often than wildﬁres occur in order to maintain
lower ﬁre hazard (Mitchell et al. 2009, Ryan et al. 2010).
The balance between averted C emissions through fuel
treatments and C loss from wildﬁre depends on the ﬁre
regime (Narayan et al. 2007, Mitchell et al. 2009), the
potential to treat fuels across large areas (Amiro et al.
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2001), and the end use of biomass removed (Finkral and
Evans 2008).
Managing smoke emissions will be more challenging
under a warmer climate if live and CWD biomass
consumption increase as projected. Emissions from ﬁres
have consequences for public health and impairment of
scenic views in national parks and wilderness areas. The
western Cascades, which has been relatively less affected
by smoke emissions in the last century, will be at greater
risk in the 21st century because of the greater sensitivity
of these forests to increased ﬁre with changes in climate.
Management that facilitates forest adaptation to
climate change (Joyce et al. 2009) may also reduce C
loss from increases in ﬁre. More C is lost from the
system if ﬁres are followed by delays in forest
regeneration (Keyser et al. 2008), substantially reduced
forest density (Kashian et al. 2006), or vegetation
conversions to grasslands or shrublands (Savage and
Mast 2005). The greater likelihood of ﬁre in the 21st
century increases the need for post-disturbance management even in forests of the western Cascades in which
historical ﬁres were infrequent. Post-disturbance management will more effectively reduce C loss from wildﬁre
by recognizing that climate at the time of the disturbance differs from the climate under which the forest
established.
CONCLUSION
The complexity of the modeling effort and its
associated uncertainties limit us to preliminary inferences about how climate-driven changes in ﬁre regimes will
affect C dynamics through the 21st century. Although
results themselves were complex and varied, and not
always intuitive, one principal message of this work is
that contrasting outcomes among ecosections and ESPs
yield to sound ecological reasoning, consistent with both
ﬁeld studies and other modeling efforts. For example,
the Western Cascades appear to be the most sensitive to
the changes in ﬁre regimes currently expected. This
reﬂects their relative complacency to ﬁre historically
compared to the drier ecosections in which ﬁre has been
a dominant ecosystem process, but a complacency that
is expected to change as they become more vulnerable in
a hotter drier climate. A key need for future studies like
this one is an understanding of the sensitivities
associated with the components of an integrated model,
whether it is empirical like ours or process-based.
Complementary efforts along both of these lines should
be compared actively to improve both the quantiﬁcation
of the many uncertainties and the robustness of future
projections.
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