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ABSTRACT

This study quantifies the short-term effects of low-,

moderate-, and high-severity fire on carbon pools

and fluxes in the Eastern Cascades of Oregon. We

surveyed 64 forest stands across four fires that

burned 41,000 ha (35%) of the Metolius Watershed

in 2002 and 2003, stratifying the landscape by burn

severity (overstory tree mortality), forest type

(ponderosa pine [PP] and mixed-conifer [MC]), and

prefire biomass. Stand-scale C combustion ranged

from 13 to 35% of prefire aboveground C pools

(area - weighted mean = 22%). Across the sam-

pled landscape, total estimated pyrogenic C emis-

sions were equivalent to 2.5% of statewide

anthropogenic CO2 emissions from fossil fuel com-

bustion and industrial processes for the same 2-year

period. From low- to moderate- to high-severity

ponderosa pine stands, average tree basal area

mortality was 14, 49, and 100%, with parallel pat-

terns in mixed-conifer stands (29, 58, 96%). Despite

this decline in live aboveground C, total net primary

productivity (NPP) was only 40% lower in high-

versus low-severity stands, suggesting strong com-

pensatory effects of non-tree vegetation on C up-

take. Dead wood respiratory losses were small

relative to total NPP (range: 10–35%), reflecting

decomposition lags in this seasonally arid system.

Although soil C, soil respiration, and fine root NPP

were conserved across severity classes, net ecosys-

tem production (NEP) declined with increasing

severity, driven by trends in aboveground NPP. The

high variability of C responses across this study

underscores the need to account for landscape pat-

terns of burn severity, particularly in regions such as

the Pacific Northwest, where non-stand-replace-

ment fire represents a large proportion of annual

burned area.

Key words: carbon balance; Cascade Range; dis-

turbance; fire emissions; heterotrophic respiration;

mixed-severity fire regime; net ecosystem produc-

tion; net primary productivity; Pinus ponderosa;

wildfire.

INTRODUCTION

Forest ecosystems play a vital role in the global

carbon (C) cycle, and spatiotemporal variability

due to disturbance remains an active frontier in C

research (Goward and others 2008; Running 2008).
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With increasing focus on forests in the context of

climate change and potential mitigation strategies

for anthropogenic C emissions (Birdsey and others

2007; IPCC 2007), it is important to quantify the

impacts associated with anthropogenic and natural

disturbance regimes, particularly wildfire. Al-

though numerous studies have investigated the

effects of fire on C dynamics, very few to date have

analyzed the full gradient of burn severity and

quantified pyrogenic C emission, C pools, and

postfire C balance across multiple forest types in the

first few years following disturbance.

Fire’s role in the terrestrial C cycle has been

studied extensively in the boreal zone (for exam-

ple, Amiro and others 2001; Hicke and others 2003;

Kurz and others 2008) and, to a lesser extent, in

temperate forests (for example, Kashian and others

2006; Gough and others 2007; Irvine and others

2007), but many uncertainties remain. Like other

disturbances (insects, pathogens, large storms), fire

alters the distribution of live and dead C pools and

associated C fluxes through mortality and regen-

eration, but fire also causes direct pyrogenic C

emission through combustion (Amiro and others

2001; Campbell and others 2007; Bormann and

others 2008). Depending on burn severity (defined

here as overstory tree mortality), C transfer to the

atmosphere, and from live to dead pools, can vary

substantially. In some cases the amount of C re-

leased from necromass decomposition over decades

can exceed the one-time emission from combustion

(Wirth and others 2002; Hicke and others 2003).

One key uncertainty is the magnitude of pyrogenic

C emission and the relative combustion of different

C pools (Campbell and others 2007). Another

important uncertainty is the rate at which postfire

vegetation net primary productivity (NPP) offsets

the lagged decomposition of necromass pools and

their effects on net C uptake (that is, net ecosystem

production [NEP]; Wirth and others 2002; Chapin

and others 2006). A third uncertainty is the

dynamics of heterotrophic respiration (Rh) and soil

C over the first few years postfire. Although fire

might increase Rh or facilitate soil C loss, recent

studies in Oregon and California have shown that

both can be remarkably conserved following dis-

turbance, buffering potential negative spikes in

postfire NEP (that is, C source to atmosphere;

Campbell and others 2004, 2009; Irvine and others

2007). A final uncertainty is the distribution and

abundance of understory vegetation—shrubs,

herbs, and regenerating trees—which influence

both short-term NPP trends and C balance through

succession. All of these ecosystem responses and

uncertainties might diverge radically in high- versus

low-severity stands, but most fire-carbon studies

have been limited to stand-replacement events. For

example, regional and continental C models typi-

cally ignore low-severity fire, largely due to re-

mote-sensing detection limitations and assumed

minor C impacts (Turner and others 2007), despite

the inherent heterogeneity of fire effects across

forest landscapes.

The area burned by wildfire has increased in re-

cent decades across western North America due to

an interaction of time since previous fire, forest

management, and climate (Westerling and others

2006; Keane and others 2008). Recent fires have

also exhibited increasing severity, but low- and

moderate-severity fire effects remain an important

component of nearly all large wildfires (Schwind

2008; Miller and others 2009). The mixed-severity

fire regime, defined by a wide range and high var-

iability of fire frequencies and effects (that is, high

pyrodiversity; Martin and Sapsis 1991), is charac-

teristic of many forest types (Schoennagel and

others 2004; Lentile and others 2005; Hessburg and

others 2007) and may represent a new fire regime

in other types that historically burned with lower

severity (Monsanto and Agee 2008). The wide-

spread increase in burned area, combined with the

intrinsic variability of mixed-severity fire regimes,

represents a potentially dramatic and unpredictable

shift in terrestrial C cycle processes. In addition,

historically uncharacteristic fires in some systems,

including ponderosa pine (Pinus ponderosa Douglas

ex P. Lawson & C. Lawson) forests, can push veg-

etation into fundamentally different successional

pathways and disturbance feedbacks (Savage and

Mast 2005), which may lead to long-term reduc-

tions in terrestrial C storage (Dore and others 2008).

Since 2002, wildfires have burned approximately

65,000 ha in and around the Metolius River Wa-

tershed in the Eastern Cascades of Oregon (Fig-

ure 1). These fires generated a complex burn

severity mosaic across multiple forest types and a

wide range of prefire conditions. The extent and

variability of these fires, coupled with robust existing

datasets on C dynamics in unburned forests in the

Metolius area (for example, Law and others 2001a,

2003), presented a unique opportunity to investigate

wildfire impacts on the terrestrial C cycle. In this

study, we measured forest ecosystem responses

across four levels of burn severity and two forest

types 4–5 years following fire. Our research objec-

tive was to quantify the effects of burn severity on:

1. Pyrogenic carbon emission (combustion);

2. Carbon pools (mortality, storage, and vegetation

response);
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3. Postfire carbon balance (biogenic C fluxes and

NEP).

Here, we describe these three related response

variables to elucidate the short-term fate of C pools

and fluxes in the context of a highly heterogeneous

postfire landscape.

METHODS

Study Area

The Metolius Watershed is located NW of Sisters,

OR, on the east slope of the Cascade Range (Fig-

ure 1). The postfire landscape is shaped by three

important environmental gradients: forest type

associated with climate, prefire biomass associated

with past disturbance and management, and burn

severity (overstory tree mortality) from recent

fires.

Forest Type and Climate

The east slope is defined by one of the steepest

precipitation gradients in western North America

(Daly and others 2002; PRISM Group, Oregon St.

Univ., http://prism.oregonstate.edu/). Within

25 km, vegetation transitions from subalpine for-

ests (cool, wet) to Juniperus woodlands (warm, dry)

and encompasses an unusual diversity of conifer

species (Swedberg 1973). We focus on the two

most prominent forest types—ponderosa pine (PP)

and mixed-conifer (MC)—described by Franklin

and Dyrness (1973) as the Pinus ponderosa and Abies

grandis zones of Eastern Oregon. In general, the

higher the elevation, mesic MC forest is more

productive. Across the study area, ponderosa pine,

grand fir (Abies grandis [Douglas ex D. Don] Lindl.),

and Douglas-fir (Pseudotsuga menziesii [Mirb.]

Franco) are the dominant tree species, and incense-

cedar (Calocedrus decurrens [Torr.] Florin), western

larch (Larix occidentalis Nutt.), and lodgepole pine

(Pinus contorta Douglas ex Louden) are also abun-

dant. Characteristic understory species include

shrubs greenleaf manzanita (Arctostaphylos patula

Greene), snowbrush (Ceanothus velutinus Douglas

ex Hook.), and bitterbrush (Purshia tridentata

[Pursh] DC.); forbs fireweed (Epilobium angustifoli-

um L.), bracken fern (Pteridium aquilinum [L.]

Kuhn), and American vetch (Vicia americanum

Muhl. ex Willd.); and graminoids pinegrass (Ca-

lamagrostis rubescens Buckley), squirreltail grass

(Elymus elymoides [Raf.] Swezey), and Idaho fescue

(Festuca idahoensis Elmer). Study area elevation

ranges from 600 to 2000 m, and slopes are gener-

ally gradual and east-facing. Mean annual precipi-

tation ranges from 400 mm in eastern parts of the

PP type to 2150 mm at high points in the MC type

(Thornton and others 1997; DAYMET 2009).

Summers are warm and dry; most precipitation

falls as snow between October and June (Law and

others 2001a). From W to E across the study area,

average minimum January temperature ranges

from -6 to -3.5�C and average maximum July

temperature from 22 to 30�C (DAYMET 2009).

Soils are volcanic in origin (vitricryands and vit-

rixerands), well-drained sandy loams/loamy sands.

Additional study area characteristics are summa-

rized in Table 1, and characteristic postfire stands

are shown in Figure 2.

Historic Disturbance and Prefire Biomass

Historic fire return intervals ranged from 3 to

38 years in PP forests (Weaver 1959; Soeriaatm-

adhe 1966; Bork 1985; Fitzgerald 2005), from 9 to

53 years in the MC forest type (Bork 1985; Simon

Figure 1. Metolius fire study area on the east slope of

the Oregon Cascades. Point symbols denote survey plots

(n = 64), labeled fires are the four surveyed (Table 2),

and shaded areas are the sampled forest types. Other fires

are outside the study scope and are labeled by fire year

only. Forest type layer clipped to study scope: two types

(MC and PP) on the Deschutes National Forest (DNF)

within the Metolius Watershed. Other types (unshaded

area within fires) include subalpine forests on the wes-

tern margin, Juniperus woodlands to the east, riparian

zones, and non-forest. Inset map shows study area

location within Oregon elevation gradients. Fire perim-

eter and forest type GIS data from DNF. Other GIS data

from archives at Oregon State University. Projection:

UTM NAD 83.
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1991), and up to 168 years in subalpine forests

(Simon 1991). Given abundant lightning ignitions

(Rorig and Ferguson 1999), it is likely that historic

fires burned multiple forest types and exhibited the

high spatiotemporal variability in fire behavior

characteristic of mixed-severity fire regimes. Dur-

ing the twentieth century, fire suppression, graz-

ing, timber harvest, and road construction resulted

in fire exclusion. Dispersed patch clearcutting was

the primary disturbance in recent decades, and

most low biomass areas were young plantations

(Deschutes National Forest [DNF] silvicultural GIS

data). Anomalously dry, warm years (1985–1994,

2000–2005), contributed to regional drought stress

(Figure 3; Thomas and others 2009). Beginning in

1986, an outbreak of western spruce budworm

(Choristoneura occidentalis) and bark beetles (Family

Scolytidae) killed trees across mid-to-high elevation

MC forests (Franklin and others 1995). These

interacting factors—time since previous fire, forest

management, drought, and insect outbreaks—

created fuel conditions conducive to large-scale

wildfire.

Recent Large Wildfires

Since 2002, multiple large (>1000 ha) wildfires

have affected half of the forested area in the wa-

tershed, burning across multiple forest types, land

ownerships, and a wide range of fuel, weather, and

topographic conditions. Surface, torching, and ac-

tive crown fire behavior yielded a heterogeneous

spatial pattern of burn severity (overstory tree

mortality) at stand- and landscape-scales. This

study focused on 4 major fires that burned

approximately 35% of the watershed in 2002–2003

(Table 2, Figure 1).

Sampling Design and Scope

We measured postfire C pools and fluxes at 64

independent plots across the Metolius Watershed

(Figure 1), sampling burned stands in 2007 (4–5

years postfire) and unburned stands in 2008. We

employed a stratified random factorial sampling

design with two factors—forest type and burn

severity—and included prefire biomass as a covar-

iate. We mapped forest type and burn severity

Figure 2. Characteristic forest stands across the Metolius Watershed study gradients. Clockwise from top-left: A unburned

MC, B low-severity PP, C moderate-severity MC, D high-severity PP. Unburned stands contain heavy fuel accumulations

and high tree and understory vegetation density; low-severity stands show partial bole scorching, high tree survivorship,

and rapid recovery of surface litter; moderate-severity stands show increased bole scorch heights and overstory mortality;

high-severity stands show near 100% tree mortality and generally thick understory vegetation (shrubs and herbs). Note

that almost all fire-killed trees remain standing 4–5 years postfire.

1250 G. W. Meigs and others



classes from DNF GIS data. For forest type, we used

a plant association group layer and combined wet

and dry PP into one type and wet and dry MC into

another. For burn severity, we used maps derived

from the differenced normalized burn ratio (dNBR;

Key and Benson 2006) classified as unburned, low,

moderate, and high by DNF technicians following

field assessment. Although the remotely sensed

dNBR index has both known and unknown limi-

tations (Roy and others 2006; French and others

2008), it is highly correlated with fire effects on

vegetation and soil and has been used widely in

conifer forests (Key and Benson 2006; Thompson

and others 2007; Miller and others 2009). We de-

fined plot-level burn severity as overstory tree basal

area mortality (%), verified that plot-level mortal-

ity was consistent with the dNBR severity classes,

and used the severity classes as a categorical

variable (factor) in statistical analyses (described

below). We used GIS to establish eight randomized

survey plots within each combination of forest type

and burn severity (hereafter ‘type*severity treat-

ment’; n = 64; Table 1, Figure 1). All plots were on

DNF non-wilderness land at least 50 m from roads,

non-forest, salvage-logged, and riparian areas. In

addition, we used a live, aboveground biomass

map from 2001 to sample the full range of prefire

biomass and to ensure comparability among

type*severity treatments. This biomass map was

derived from regression tree analysis of Landsat

spectral data and biophysical predictors (S. Powell,

Univ. Montana, unpublished manuscript).

We used standard biometric methods described

previously (Law and others 2001a, 2003; Campbell

and others 2004; Irvine and others 2007). Below,

we summarize these methods and provide specifics

regarding postfire measurements, which are de-

scribed in further detail by Meigs (2009). Each plot

encompassed a 1 ha stand of structurally homoge-

nous forest, which we sampled with a plot design

similar to the USDA Forest Inventory and Analysis

protocol (USDA 2003) enhanced for C budget

measurements including tree increment, forest

floor, fine and coarse woody detritus, and soil CO2

effluxes (protocols in Law and others 2008). We

scaled all measurements to slope-corrected areal

units for comparison across study treatments.

Like other fire studies, this natural experiment

lacked experimental control and detailed prefire

data, but remotely sensed prefire biomass, GIS data,

and plot attributes allowed us to account for pre-

existing differences. Because the forest type, burn

severity, and prefire biomass were not randomly

assigned, we limited statistical inference and

Figure 3. Climate anomalies in the Metolius Watershed. Anomalies in precipitation (mm) and temperature (�C) are in

reference to the 30 year mean (1978-2007) from PRISM data (http://prism.oregonstate.edu/) extracted at a central

location in the watershed (described by Thomas and others [2009]). Water year is defined as the 12-month period from

October–September. The 2000 water year marked the beginning of an anomalously warm and dry period, coincident with

a positive phase of the Pacific Decadal Oscillation (Thomas and others 2009). These anomalies contributed to drought

stress and set the stage for wildfires and potentially harsh conifer regeneration conditions.

Table 2. Four Large Fires in the Metolius Wa-
tershed

Fire name Fire size (ha)

within

watershed

Fire

year

Ignition

source

B&B Complex1 28,640 2003 Lightning

Eyerly Complex 9362 2002 Lightning

Link 1453 2003 Human

Cache Mt. 1376 2002 Lightning

Fire total 40,831

Fire within MC

and PP forest

types (scope)

29,773

Metolius Watershed

area

115,869

Note: 1Booth and Bear Butte Complex: two large fires that merged into one.
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interpretations to the sampled forest types. To

minimize potential confounding effects of spatial

and temporal autocorrelation, we located plots at

least 500 m apart, maximized interspersion within

study area gradients, and sampled multiple fires

from two different years. The experimental unit

was the 1 ha plot.

Ecosystem Measurements

Aboveground C Pools, Productivity, and Heterotrophic

Respiration

At each plot, we quantified aboveground C pools

in four circular subplots (overstory trees, stumps,

understory vegetation, forest floor) and along

transects (coarse woody detritus [CWD], fine

woody detritus [FWD]). We sampled overstory

trees at various scales to account for different stem

densities (10 m default subplot radius for trees

10.0–69.9 cm diameter at breast height [DBH;

1.37 m]). For all trees with DBH at least 1 cm, we

recorded species, DBH, height, % bark and wood

char, decay class (1–5; Maser and others 1979;

Cline and others 1980), and whether or not trees

were broken and/or dead prior to burning. We

estimated CWD and FWD volume using line

intercepts (Van Wagner 1968; Brown 1974; Har-

mon and Sexton 1996; Law and others 2008),

recording diameter, decay class, and char class on

four 75 m transects per plot. We sampled CWD

(all pieces ‡7.62 cm diameter) along the full

300 m and FWD less than 0.64, 0.65–2.54, and

2.55–7.62 cm along 20, 60, and 120 m, respec-

tively.

We sampled understory vegetation (tree seed-

lings [DBH < 1 cm], shrubs, forbs, graminoids),

and ground cover in four 5 m radius subplots

nested within overstory tree subplots. For tree

seedlings, we recorded species, age, height, and

live/dead status and identified seedlings estab-

lished before fire. Based on seedling age and DNF

GIS replanting data, we determined if seedlings

were planted and excluded these from natural

regeneration analyses. We calculated shrub vol-

ume from estimates of live shrub % cover in three

height classes (0–0.5, 0.5–1.0, 1.0–2.0 m) and

dead shrub stem number, length, and diameter.

We estimated the % cover of forbs, graminoids,

litter, woody detritus, cryptogams, rocks, and

mineral soil.

We computed biomass with an allometry data-

base of species-, ecoregion-, and decay class-specific

volume equations and densities (Hudiburg 2008;

Hudiburg and others 2009), adjusting tree, CWD,

and FWD biomass estimates for char reduction

(Donato and others 2009a), broken status, and

severity-specific estimates of bark, wood, and foli-

age combustion after Campbell and others (2007).

We used species-specific allometric equations to

convert live shrub volume to mass and converted

dead shrub volume to mass using the mean decay

class 1 wood density of three locally abundant

genera (Acer, Alnus, Castanopsis). We converted

herbaceous cover to biomass using 0.25 m2 clip

plots of dominant species sampled across the study

area. We assumed that the C content of all pools

was 0.51 except for forest floor (assumed to be

0.40; Campbell and others 2007). We sampled

forest floor (litter and duff) to mineral soil with

10.2 cm diameter pvc corers at 16 randomized

locations per plot and oven-dried samples at 60�C
for more than 72 h to determine mass.

We determined NPP and heterotrophic respira-

tion (Rh) at the 48 burned plots. We estimated

bolewood NPP from radial increment measure-

ments of current and previous live tree biomass

(Van Tuyl and others 2005; Hudiburg and others

2009), collecting increment cores at breast height

from 20 representative live trees in each low- and

moderate-severity plot. Although researchers typi-

cally average radial increment from the previous 5-

10 y to account for climatic variability (for example,

Law and others 2003), we used the last full year of

radial growth (2006) to estimate bolewood NPP

because we could not assume a steady state

4–5 years postfire. For live trees in high-severity

stands (<0.5% of inventoried trees, n = 23 at 3 of

16 stands), we applied forest type averages of

increment data from low- and moderate-severity

stands. We calculated foliage NPP as the product of

specific leaf mass per unit area (SLA), leaf retention

time (LRT), and plot-level leaf area index (LAI). We

estimated SLA and LRT from representative canopy

shoots with full retention and measured LAI opti-

cally using a Sunfleck ceptometer (Decagon De-

vices, Inc., Pullman, WA) after Law and others

(2001b) and Pierce and Running (1988). Because

moderate- and high-severity fire substantially al-

tered tree crowns through combustion and mor-

tality, we scaled LAI measurements from low-

severity plots using a regression of the positive

relationship between LAI and live tree basal area

(LAI = 3.85 * [1 - e{-0.0311 * live basal area}], adj.

R2 = 0.54, n = 16; fitted using the exponential rise

to maximum statistical program in SigmaPlot

[Version 11.0, SPSS Science, IL]). We computed

shrub wood and foliage NPP from annual radial

increment and LRT (Law and Waring 1994; Hudi-

burg and others 2009). We assumed that herbaceous
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mass equaled annual NPP and that annual mass

loss was 50% (Irvine and others 2007).

We computed aboveground Rh of dead woody

pools (RhWD) as the product of necromass and

decomposition constants from a regional CWD

database (Harmon and others 2005). Because snags

decay much more slowly than CWD in this sea-

sonally moisture-limited system, we assumed that

snag decomposition was 10% of CWD decomposi-

tion (Irvine and others 2007), but we used CWD

decomposition rates for stumps, for which micro-

bial decay processes are less moisture-limited

(M. Harmon, Oregon St. Univ., 2009, personal

communication). We estimated FWD decomposi-

tion after McIver and Ottmar (2007).

Belowground C Pools, Productivity, and Heterotrophic

Soil Respiration

At the 48 burned plots, we collected soil and fine

roots (FR: <2 mm diameter) at 16 randomized

locations per plot using 7.3 cm diameter augers.

Default sampling depth was 20 cm with one core

up to 100 cm per plot. We used linear regression to

scale C, N, and FR to 100 cm. We assumed that

49% (SD = 14) of soil C, 48% (SD = 17) of soil N,

and 62% (SD = 20) of FR were in the top 20 cm,

within the variation of the FR correction factor

reported by Law and others (2003). All samples

were sorted through 2 mm sieves, bench-dried,

mixed by subplot, and analyzed for mass fraction of

C and N (LECO CNS 2000 analyzer, Leco Corp., St.

Joseph, MI), texture (hydrometer method), and pH

(Oregon St. Univ. Central Analytical Laboratory).

We calculated bulk density via stone displacement

and separated FR and other organic matter. We

combusted a representative FR subsample in a

muffle furnace at 550�C for 5 h to determine or-

ganic content (74.24%), which we applied to all FR

samples to estimate total organic matter. Based on

published estimates of regional FR decomposition

(Chen and others 2002) and mortality (Andersen

and others 2008), we assumed that less than 40%

of fire-killed FR remained when sampled, that far

fewer were retained by 2 mm sieves, and that the

vast majority of sampled FR was newly recruited

postfire. We estimated that live roots were 61% of

total FR mass in PP stands (Irvine and others 2007)

and 87% of FR mass in MC stands (P. Schwarz,

Oregon St. Univ., unpublished data). We computed

FR NPP as the product of total organic FR mass and

a root turnover index from rhizotron measure-

ments in a nearby unburned PP forest (Andersen

and others 2008). We estimated live and dead

coarse root (CR: > 10 mm diameter) mass from

the tree, snag, and stump surveys as a function of

DBH (Santantonio and others 1977) and computed

CR NPP from modeled current and previous live

tree diameters (from increment cores). Because the

median stump height was 30 cm, we applied a

correction factor of 0.9 to account for bole taper to

1.37 m for stump CR estimates (adapted from

D. Donato, unpublished data).

We measured soil CO2 efflux and adjacent soil

temperature at burned plots during the peak flux

period (12 randomized locations; one set of

manual measurements per plot in late June)

using a Li-6400 infrared gas analyzer with Li-

6000-9 soil chamber (Li-Cor Biosciences, Lincoln,

NE) and established protocols (Law and others

1999; Campbell and Law 2005; Irvine and others

2007, 2008). We estimated annual soil respiration

(Rsoil) by matching plot measurements with con-

current, hourly, automated soil respiration mea-

surements at a nearby unburned AmeriFlux PP

tower site (Irvine and others 2008). The auto-

mated record consisted of hourly measurements

spanning early May to mid November and was

gap-filled using 16 cm soil temperature and 0–

30 cm integrated soil moisture (see Irvine and

others 2008 for model specifics). We scaled plot

measurements to the annual dataset using plot-

specific correction factors based on the ratio of

mean soil respiration for a given plot divided by

the concurrent automated rate. Correction factors

ranged from 0.47 to 1.60 (range of type*severity

means: 0.87–1.02). This approach sampled the

spatial variability of Rsoil within each plot to

determine base rates and leveraged the long-

term, intensive measurements of temperature-

and moisture-driven variability. Similar auto-

mated measurements were made in 2002–2003 in

a MC stand that subsequently burned in the B&B

fire. A comparison of MC and PP continuous

respiration datasets during the overlapping mea-

surement period indicated near identical diel

amplitudes and seasonal patterns between the

two sites (data not shown). Given this similarity,

we concluded that annual, plot-specific Rsoil esti-

mates based on the PP automated soil respiration

would adequately represent the spatial and tem-

poral variation within and among plots. We

computed the heterotrophic fraction of soil res-

piration (Rhsoil) based on previous measurements

at vegetation-excluded automated chambers at

high-severity and unburned AmeriFlux tower

sites within the study area (Irvine and others

2007).
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Net Ecosystem Production

We estimated net ecosystem production (NEP: the

difference between gross primary production and

ecosystem respiration; Chapin and others 2006)

using the mass balance approach (Law and others

2003; Campbell and others 2004; Irvine and others

2007):

NEP ¼ NPPA � RhWDð Þ þ NPPB � Rhsoilð Þ ð1Þ

where NPPA is aboveground NPP, RhWD is hetero-

trophic respiration of aboveground woody detritus,

NPPB is belowground NPP, and Rhsoil is heterotro-

phic soil surface CO2 efflux (includes forest floor).

NEP is the appropriate metric of C balance and

uptake at the spatiotemporal scale of our mea-

surements, whereas net ecosystem carbon balance

(that is, net biome production) describes landscape-

to regional-scale C balance and longer-term effects

of fire and other fluxes (for example, erosion,

leaching, timber harvest; Chapin and others 2006).

Here, we assume these other fluxes to be negligible

during the sampling period, and we account for

combustion losses independently of NEP.

Pyrogenic C Emission from Combustion

Before-after measurement of C pools is the most

certain method to measure pyrogenic C emission

(Campbell and others 2007), but in this study, co-

located prefire measurements were not available,

and it was not possible to establish a paired plot for

every burned condition across the study gradients.

We estimated C loss from combustion using a

standard simulation program (Consume 3.0;

Prichard and others 2006), augmented with field

estimates of tree consumption. Consume predicts

aboveground fuel consumption, C emission, and

heat release based on weather data, fuel moisture,

and fuelbed inputs from the Fuel Characteristic

Classification System (FCCS 2.0; Ottmar and others

2007); both models available at: www.fs.fed.us/

pnw/fera/. We selected representative FCCS fuel-

beds for PP and MC stands (Table 3) using GIS and

modified these to develop custom fuelbeds based

on field measurements at the 16 unburned plots.

We simulated low-, moderate-, and high-severity

fire by adjusting percent canopy consumption and

fuel moisture content for woody fuels and duff (R.

Ottmar, US Forest Service, 2009, personal com-

munication). Because Consume 3.0 does not ac-

count for consumption of live tree stems and bark,

we used field measurements to calculate the

changes in mass and density due to charring (Do-

nato and others 2009a). We assessed combustion

at the stand-scale and scaled combustion to the

sampled landscape with forest type and burn

severity GIS data.

Statistical and Uncertainty Analysis

We used multiple linear regression and analysis of

covariance to compare response variables across the

study gradients. Because one- and two-way ANO-

VA (forest type and burn severity tested separately

and combined) revealed a significant difference in

prefire biomass between the two forest types

(P < 0.001) but no significant prefire difference

among burn severities within either forest type

(P > 0.5), we conducted analyses separately by

forest type. We derived test statistics (coefficients

and standard errors) from a multiple linear regres-

sion model of the response variable as a function of

prefire biomass (continuous) and burn severity

(categorical) within a given forest type. Regression

analysis showed no significant interactions among

explanatory variables; coefficient estimates were

calculated from additive models with an assumption

of parallel lines among type*severity treatments.

We log-transformed data when necessary to satisfy

model assumptions. We accounted for multiple

comparisons and reported statistical significance as

the highest significant or lowest non-significant

Tukey-adjusted P value (a = 0.05) common to all

groups (for example, severity classes) in a given

comparison (PROC GLM lsmeans multiple com-

parisons; SAS 9.1, SAS Institute, Inc., Cary, NC).

We take a pragmatic view of uncertainty analysis

after Irvine and others (2007). Many scaling

assumptions are necessary to estimate plot-level

metrics from components sampled at varying spatio-

temporal scales. Further, given the wide range of

sampled prefire biomass and variability across the

postfire landscape, it is possible to commit Type II

statistical errors when important differences exist but

are confounded by additional factors. We thus focus

on the trends and proportions across type*severity

treatments rather than absolute magnitudes. To esti-

mate NEP uncertainty, we used a Monte Carlo pro-

cedure with the four major fluxes described in

equation (1) for each type*severity treatment (NEP

uncertainty expressed as ±1 SE after 10000 iterations

based on the standard normaldistribution withmean,

standard deviation, and between-flux covariance in R

[R Development Core Team 2009]).
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RESULTS AND DISCUSSION

Pyrogenic C Emission (Combustion)

Simulated mean pyrogenic C emission (PE) was

25.5 Mg C ha-1 (range: 16.6–32.3 Mg C ha-1) and

was similar between forest types. The % consumed

in PP stands was substantially higher (range: 23–35

vs. 13–24% for PP versus MC stands, respectively,

Table 3). Stand-scale PE from low-severity fire was

51% and 65% of high-severity PE in MC and PP

stands, respectively, indicating that the largest pro-

portion of emissions was from combustion of surface

and ground fuels. This result is consistent with

Campbell and others (2007), who determined that

greater than 60% of total combustion was from lit-

ter, foliage, and small downed wood, and that these

high surface area:volume ratio pools were readily

consumed (>50% combusted) in all burn severities

in SW Oregon mixed-conifer forests. Our field-based

estimate of live tree stem consumption was on

average 1.24% (range: 0.23–2.77%) of live bark and

bole mass, a trivial amount compared to other PE

uncertainties. The largest remaining uncertainty is

that the Consume 3.0 model does not account for

belowground C loss due to combustion, erosion, or

other fire effects, which can be substantial in some

cases (Bormann and others 2008). Without detailed

prefire measurements, we were unable to address

this issue directly, but our soil C surveys did not show

any significant C declines in high-severity stands

(described below).

Scaled to the sampled landscape (approximately

30,000 ha of burned area), simulated total PE was

0.76 Tg C (Table 3). High-severity MC stands, with

the largest per unit area emissions and landscape

area, contributed a disproportionate amount of PE

(42% of the total), whereas all PP forests combined

released 26% of total PE. These proportions

underscore the importance of incorporating land-

scape patterns of vegetation and fire effects (that is,

the severity mosaic) into modeling and policy

analyses. On a per unit area basis, PE from these

fires was 33% higher than from the 200,000 ha

Biscuit Fire (25.5 vs. 19 Mg C ha-1; Campbell and

others 2007). This C transfer represents a sub-

stantial pulse to the atmosphere relative to annual

net C fluxes from unburned forest in the Metolius

area (mean annual net C uptake at a mature PP

site: 4.7 ± 0.4 Mg C ha-1 y-1; Thomas and others

2009). Conversely, 0.76 Tg C is approximately

2.5% of Oregon statewide anthropogenic CO2

emissions from fossil fuel combustion and indus-

trial processes for the 2-year period 2002–2003

(30.62 Tg C equivalent; http://oregon.gov/energy/

gblwrm/docs/ccigreport08web.pdf). It is important

to note that the study scope burned area is less than

half of the area burned in and around the Metolius

Watershed since 2002 (>65,000 ha, 35,000 ha

beyond this study scope) and that these were large

fire years regionally. Thus, our study area repre-

sents a relatively small proportion of total wildfire

PE. Although further refinements are possible, the

current analysis provides a reasonable constraint

for regional modeling efforts.

Carbon Pools (Mortality, Storage,
and Vegetation Response)

Because large C pools (that is, live tree boles) were

largely unaffected by combustion in all severities,

fire-induced mortality was the most important

overall C transformation, larger in magnitude than

combustion. The distribution of live and dead C

pools changed predictably with burn severity,

dominated by the shift from live trees to dead wood

mass (Table 4). Aboveground live tree and dead

wood mass (g C m-2) both exhibited wide ranges

(live tree range: 0–9302, PP high severity to MC

low severity; dead wood range: 924–6252, PP low

severity to MC high severity), the latter range

encompassing dead wood estimates from Wash-

ington East Cascades high-severity stands

(approximately 3000; Monsanto and Agee 2008).

Mean basal area mortality increased with burn

severity classes, ranging from 14% in low-severity

PP stands to 49% in moderate-severity and 100%

in high-severity PP stands, with parallel patterns in

MC stands (29, 58, 96%, respectively; Table 1,

Figure 4A). Across both forest types, this mortality

resulted in a significant reduction in live above-

ground C in high- versus low-severity stands

(P < 0.005), coupled with a near tripling of dead

wood aboveground C (Table 4). In both forest

types, forest floor mass showed the largest absolute

and relative difference between burned and un-

burned stands (mean: 1588 and 232 g C m-2,

respectively), consistent with near-complete com-

bustion of these pools. Whereas the difference be-

tween burned and unburned forest floor mass was

highly significant (85% reduction; P < 0.001),

there were no significant differences among low-,

moderate-, and high-severity stands in either forest

type (P > 0.850). Because of the decline in forest

floor and high tree survival, low-severity stands

exhibited lower aboveground necromass than un-

burned stands (Table 4).

Total aboveground C and total ecosystem C de-

clined with increasing burn severity in both forest

1256 G. W. Meigs and others
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types (Table 4), although total ecosystem C was not

significantly different among severities in MC for-

ests (P > 0.670). In both types, fine root mass and

soil C to 20 cm depth were not significantly dif-

ferent among severities (P > 0.330). Scaled to

100 cm, mean soil C stocks (±1 SE from regression)

were 6556 ± 348 and 5903 ± 195 g C m-2 for

burned MC and PP stands, respectively (Table 4).

These values are similar to nearby unburned stands

(7057 g C m-2) and substantially lower than soil C

in more mesic Oregon forests (14,244 and 36,174 g

C m-2 in the West Cascades and Coast Range,

respectively; Sun and others 2004). The lack of

significant differences among severities furthers the

evidence that soil C can be conserved with distur-

bance (Campbell and others 2009), including high-

severity fire (Irvine and others 2007). Without site-

specific prefire data we were unable to directly

measure changes in soil C, and in applying a fixed-

depth approach, a limitation of most postfire studies,

we could not fully preclude the possibility of fire-

induced soil C loss due to combustion, plume

transport, or erosion (Bormann and others 2008).

Unlike that study, in steep terrain experiencing

stand-replacement fire (Bormann and others

2008), we did not observe severe erosion or chan-

ges in the soil surface between burned and un-

burned stands, and we detected no differences in

Figure 4. A Tree basal area (BA) mortality, B live shrub biomass, and C conifer seedling regeneration 4–5 years postfire

by forest type and burn severity in the Metolius Watershed. Bars in A and B denote means; error bars denote ±1 SE from 8

plots in each forest type*burn severity treatment. Due to skewness, bars in C denote medians and error bars denote 25 and

75th percentile. Note the different scales between forest types above y-axis break in C. Tree mortality in A is % BA

mortality due to fire in burned stands and total % dead BA in unburned stands. Lowercase letters denote statistically

significant differences (Tukey-adjusted P < 0.05) among severities. Statistical tests for A used total % BA mortality, a

metric common to all treatments. Statistical tests for C used loge-transformed data. A and C excluded the prefire biomass

covariate. Seedlings are live, non-planted trees from the postfire time period only. Note that high-severity PP stands

included 100% tree mortality in all 8 plots and a median seedling density of zero.

1258 G. W. Meigs and others



mean or maximum soil depth among severities

(Meigs 2009).

Our C pool estimates are consistent with previ-

ous estimates for PP in the Metolius area. Total

aboveground C values for unburned and low-

severity PP stands are similar to mature and young

pine stands, respectively, whereas moderate- and

high-severity stands fall between the values re-

ported for initiation and young stands in a PP

chronosequence (Law and others 2003). Our esti-

mates of total ecosystem C in moderate- and high-

severity PP stands are consistent with those re-

ported by Irvine and others (2007). No analogous

studies exist for the East Cascades MC forest type;

the current study provides the first such estimates.

The trends with burn severity were similar in both

forest types, and the forest types differed consis-

tently only in the magnitude of C pools. Total

ecosystem C was 47% greater in MC forests than in

PP forests (derived from Table 4).

Vegetation regeneration was generally robust but

showed high variability and divergent responses of

tree and non-tree functional types (Figure 4). Non-

tree live biomass (that is, shrubs, forbs) was posi-

tively associated with burn severity, with signifi-

cantly higher mass in high- versus low-severity

stands (P < 0.030, Table 4, Figure 4). The strong

shrub response—at or above prefire levels by 4–

Figure 5. A Net primary productivity (NPP), B heterotrophic respiration (Rh), and C net ecosystem production (NEP)

4–5 years postfire by forest type and burn severity in the Metolius Watershed. Bars in A and B denote means; error bars

denote ±1 SE from 8 plots in each forest type*burn severity treatment. Boxplots in C from Monte Carlo uncertainty

propagation (see ‘‘Methods’’); line denotes median, box edges denote 25th and 75th percentiles, error bars denote 10th

and 90th percentiles, and points denote 5th and 95th percentiles. Aboveground Rh includes all dead wood, shrubs, and

herbaceous vegetation (Table 6). Soil Rh fractions from Irvine and others (2007). Lowercase letters denote statistically

significant differences (Tukey-adjusted P < 0.05) among severities, tested with ANCOVA of each response variable given

prefire biomass and burn severity.

Burn Severity Effects on Carbon Pools and Fluxes 1259



5 years postfire—suggests important interactions

with regenerating trees, which showed the oppo-

site trend with burn severity. Tree seedling density

(seedlings ha-1) varied over 5 orders of magnitude

(study wide range: 0–62,134) and, like shrub

regeneration, was higher in MC than PP stands

(Figure 4). This high variability is similar to studies

of postfire conifer regeneration in the Klamath-Si-

skiyou and Rocky Mountain regions (5–6 orders of

magnitude; Donato and others 2009b; Turner and

others 2004), and the lack of PP regeneration in

high-severity patches is consistent with previous

studies reporting sparse regeneration beyond a

generally short seed dispersal range (for example,

Lentile and others 2005). Although regenerating

vegetation represents a small C pool, it contributes

to immediate postfire C uptake (described below)

and sets the initial conditions for succession. The

widespread presence of shrubs, particularly in

high-severity stands, may initially reduce seedling

growth through competition (Zavitkovski and

Newton 1968), but over the long-term, understory

shrubs play an important role in maintaining soil

quality (C, N, microbial biomass C) in this ecore-

gion (Busse and others 1996). Because tree seed-

lings and shrubs were strongly correlated with

overstory mortality, the burn severity mosaic could

thus influence trajectories of C loss and accumu-

lation for decades.

Postfire Carbon Balance (Biogenic C
Fluxes and NEP)

Aboveground C Fluxes

Aboveground C fluxes followed the trends of live

and dead C pools; NPPA declined with increasing

tree mortality (Figure 5A). In both forest types,

NPPA was significantly lower (P < 0.015) in high-

severity versus moderate- and low-severity stands,

which were not significantly different from each

other (P > 0.210; overall range: 84–214 g C m-2

y-1). Although NPPA declined monotonically with

burn severity, the sum of shrub and herbaceous

NPPA was about twofold higher in moderate- and

high-severity versus low-severity stands, resulting

in a dramatic increase in the non-tree proportion of

NPPA (Table 5). Thus, despite a reduction in live

aboveground C of over 90% in both forest types in

high-severity compared to low-severity stands,

NPPA was only 55% lower on average (Table 5).

This trend, coupled with NPPB (described below),

resulted in a mean reduction of total NPP of about

40% from low- to high-severity, consistent with a

strong compensatory effect of non-tree vegetation T
a
b

le
5
.

A
n

n
u

a
l

N
e
t

P
ri

m
a
ry

P
ro

d
u

ct
iv

it
y

(N
P
P
)

o
f

B
u

rn
e
d

F
o
re

st
S
ta

n
d
s

in
th

e
M

e
to

li
u

s
W

a
te

rs
h

e
d

F
o
re

st
ty

p
e

1

B
u

rn
se

v
e
ri

ty

A
b

o
v
e
g
ro

u
n

d
B

e
lo

w
g
ro

u
n

d
T

o
ta

l
N

P
P

7
N

o
n

-t
re

e
8

%
o
f

N
P

P
A

N
P

P
A

:N
P

P
B

ra
ti

o

T
re

e
2

S
h

ru
b

H
e
rb

a
ce

o
u

s3
N

P
P

A4
C

o
a
rs

e
ro

o
t2

F
in

e
ro

o
t5

N
P

P
B6

M
ix

ed
-c

on
if

er
1

9
3

(1
5
)

2
0

(5
)

4
6

(4
)

1
5
9

(1
3
)

1
8

(3
)

1
3

2
(2

4
)

1
5
0

(2
4
)

3
0
9

(2
9
)

4
2

1
.0

6

L
o
w

se
v
e
ri

ty
a
1
7
3

(1
1
)

8
(9

)
3
3

(7
)

a
2
1
4

(1
5
)

a
3
6

(3
)

1
2
2

(4
4
)

1
5
9

(4
4
)

3
7
2

(4
7
)

1
9

1
.3

5

M
o
d

se
v
e
ri

ty
b
9
9

(1
1
)

2
5

(9
)

5
4

(7
)

a
1
7
8

(1
5
)

b
1
8

(3
)

1
5
1

(4
4
)

1
6
9

(4
3
)

3
4
7

(4
6
)

4
4

1
.0

5

H
ig

h
se

v
e
ri

ty
c
1
2

(1
1
)

2
7

(9
)

5
1

(7
)

b
9
0

(1
5
)

c
2

(3
)

1
2
2

(4
4
)

1
2
5

(4
3
)

2
1
5

(4
6
)

8
7

0
.7

2

P
on

d
er

os
a

p
in

e1
6

8
(1

3
)

1
0

(2
)

5
7

(6
)

1
3
5

(1
1
)

1
0

(2
)

9
6

(7
)

1
0
7

(7
)

2
4
2

(1
6
)

5
0

1
.2

6

L
o
w

se
v
e
ri

ty
w

1
3
5

(1
1
)

3
(4

)
w

3
4

(1
0
)

w
1
7
2

(1
5
)

w
2
2

(2
)

9
1

(1
3
)

1
1
3

(1
3
)

w
2
8
5

(2
4
)

2
2

1
.5

2

M
o
d

se
v
e
ri

ty
x
6
9

(1
2
)

1
0

(4
)

x
7
1

(1
0
)

w
1
5
1

(1
5
)

x
9

(2
)

1
0
1

(1
3
)

1
1
0

(1
3
)

w
x
2
6
0

(2
4
)

5
4

1
.3

7

H
ig

h
se

v
e
ri

ty
y
0

(0
)

1
6

(4
)

w
x
6
8

(1
0
)

x
8
4

(1
5
)

y
0

(0
)

9
7

(1
3
)

9
7

(1
3
)

x
1
8
0

(2
4
)

1
0
0

0
.8

7

N
ot

es
:

V
a
lu

es
:

m
ea

n
N

P
P

(g
C

m
-

2
y-

1
).

S
E

fr
om

A
N

C
O

V
A

in
p
a
re

n
th

es
es

.
S
u

b
sc

ri
p
t

le
tt

er
s

in
d
ic

a
te

p
a
ir

w
is

e
si

gn
ifi

ca
n

t
d
if

fe
re

n
ce

s
(T

u
k
ey

-a
d
ju

st
ed

P
<

0
.0

5
)

b
et

w
ee

n
se

ve
ri

ti
es

w
it

h
in

ea
ch

fo
re

st
ty

p
e.

S
u

m
m

a
ry

fl
u

xe
s

b
ol

d
.

1
F

or
es

t
ty

p
e

ro
w

:
it

a
li

cs
d
en

ot
e

va
lu

es
fr

om
b
u

rn
ed

st
a
n

d
s

on
ly

(n
=

2
4
;

m
os

t
N

P
P

co
m

p
on

en
ts

n
ot

su
rv

ey
ed

in
u

n
b
u

rn
ed

st
a
n

d
s)

.
2
T

re
e:

su
m

of
b
ol

e
a
n

d
fo

li
a
ge

N
P

P
A

.
C

oa
rs

e
ro

ot
N

P
P

m
od

el
ed

fr
om

li
ve

tr
ee

D
B

H
(6

th
co

lu
m

n
).

3
H

er
b
a
ce

ou
s:

su
m

of
gr

a
m

in
oi

d
a
n

d
fo

rb
N

P
P

A
,

eq
u

a
l

to
d
ry

m
a
ss

.
4
N

P
P

A
:

a
n

n
u

a
l

a
b
ov

eg
ro

u
n

d
n

et
p
ri

m
a
ry

p
ro

d
u

ct
iv

it
y

(b
ol

d
,

sh
ow

n
in

F
ig

u
re

4
).

5
F

in
e

ro
ot

N
P

P
B

to
1
0
0

cm
d
ep

th
b
a
se

d
on

p
u

b
li

sh
ed

tu
rn

ov
er

in
d
ex

(A
n

d
er

se
n

a
n

d
ot

h
er

s
2
0
0
8
)

a
n

d
to

ta
l

fi
n

e
ro

ot
m

a
ss

sc
a
le

d
fr

om
2
0

cm
d
ep

th
.

6
N

P
P

B
:

a
n

n
u

a
l

b
el

ow
gr

ou
n

d
n

et
p
ri

m
a
ry

p
ro

d
u

ct
iv

it
y

(b
ol

d
,

sh
ow

n
in

F
ig

u
re

4
).

7
T

ot
a
l

N
P

P
:

su
m

of
a
ll

a
b
ov

e-
a
n

d
b
el

ow
gr

ou
n

d
fl
u

xe
s

en
te

ri
n

g
th

e
sy

st
em

(b
ol

d
).

8
N

on
-t

re
e

N
P

P
A

:
su

m
of

sh
ru

b
a
n

d
h

er
b
a
ce

ou
s

N
P

P
A
.

1260 G. W. Meigs and others



NPPA. Previous studies in clearcut, thinned, and

burned forests have shown the same pattern of

rapid recolonization by non-trees contributing dis-

proportionately to NPP (Campbell and others 2004;

Gough and others 2007; Irvine and others 2007;

Campbell and others 2009), and this study furthers

the evidence across the severity gradient in two

forest types. These findings suggest that fire studies

focused solely on tree C pools (for example, Hur-

teau and others 2008) result in systematic biases

and that C models and policies (for example, CCAR

2007) should encompass the full suite of ecosystem

components and processes, including multiple

vegetation functional types and rapid belowground

recovery following disturbance.

Heterotrophic respiration of aboveground nec-

romass (RhWD), computed from C pools and

decomposition constants, was a substantial com-

ponent of C balance across both forest types but

showed weak trends among severities (Figure 5B,

Table 6). Despite the increase in dead wood mass

with severity (Table 4), there were no significant

differences in MC stands and only suggestive in-

creases of RhWD with severity in PP stands

(P = 0.031–0.051). We attribute this surprising re-

sult to several factors: differing species- and decay

class-specific constants and high variability among

plots and severities; high retention and slow

decomposition of snags; relatively high snag and

dead shrub RhWD in low-severity MC stands; rela-

tively low CWD and dead shrub RhWD in high-

severity PP stands (Table 6). Although we expected

that the immediate postfire period would exhibit

maximum necromass over successional time (Wir-

th and others 2002; Hicke and others 2003), our

RhWD estimates were well less than both NPPA and

NPPB (RhWD < 35% of total NPP). In addition,

RhWD 4–5 years postfire constituted about 15% of

total Rh across both forest types; Rhsoil (described

below) accounted for approximately 85% (Ta-

ble 6), demonstrating that belowground respiration

processes are the predominant drivers of C loss.

Our range of RhWD across the two forest types

(28–75 g C m-2 y-1; Table 6) is higher than esti-

mates 2 years postfire in PP forest (Irvine and

others 2007), similar to young PP stands in the

Metolius area (Sun and others 2004) and an old-

growth Pseudotsuga-Tsuga forest about 100 km away

(Harmon and others 2004), and much less than

untreated and thinned PP stands in Northern Cal-

ifornia (Campbell and others 2009). Our relatively

low RhWD estimates, particularly compared to C

assimilation (NPP), illustrate the importance of

decomposition lags in seasonally arid ecosystems,

where microbial snag decomposition is moisture-

limited. Other systems, such as sub-tropical humid

zones where decomposition is not moisture- or

temperature-limited and disturbance rapidly gen-

erates downed woody detritus (for example, hur-

ricanes; Chambers and others 2007), may

experience a more rapid pulse of C emission from

necromass. The notion that fire-killed necromass

represents a large, rapid C loss is unfounded,

however, and warrants further investigation.

Woody detritus decomposition is a highly

uncertain process, particularly in burned forests,

where charring and snag fall play important, con-

trasting roles. For these RhWD estimates, we used

available decomposition constants derived from

unburned forests. We believe that charring would

likely reduce decomposition rates (DeLuca and

Aplet 2008; Donato and others 2009a) but tested

the sensitivity of our estimates by assuming snag

decay rates equivalent to CWD. In this scenario,

mean RhWD would be approximately 125% and

50% higher in MC and PP stands, respectively,

pushing low-severity stands into a net C source

(negative NEP, although mean RhWD would remain

<50% of Rhsoil in both forest types). Our use of the

10% fraction is consistent with previous studies

(Irvine and others 2007), and other studies have

assumed zero snag decomposition (for example,

Wirth and others 2002). Our short-term study

precluded the assessment of snag fall, a stochastic

process dependent on many factors (Russell and

others 2006). The fall rates reported by Russell and

others (2006)—snag half-lives for ponderosa pine

and Douglas fir of 9–10 and 15–16 years, respec-

tively—suggest that the majority of snags generated

in the Metolius fires will stay standing for at least

10 years postfire. RhWD may increase with acceler-

ating snag fall (particularly in high-severity stands)

but will remain small relative to Rhsoil, and NPP will

likely increase over the same time period. Future

studies are necessary to reduce the uncertainty of

decomposition and snag dynamics in this area.

Belowground C Fluxes

Belowground C fluxes were by far the largest and

most variable components of the annual C budget

(NEP; Figure 5). Belowground NPP (NPPB) was not

significantly different across the entire study

(overall mean: 284 g C m-2 y-1; P > 0.680 in both

forest types). Fine root NPPB to 100 cm, based on

total fine root mass and a constant turnover rate,

accounted for about 90% of NPPB, with increasing

importance in high-severity stands, where very few

live tree coarse roots survived. The apparent rapid

establishment of fine roots in high-severity stands
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contributed to the strong NPP compensatory effect

of non-tree vegetation (Table 5). NPPB accounted

for approximately 50% of total NPP averaged across

all severities and forest types, but high-severity

stands in both forest types exhibited higher NPPB

than NPPA (NPPB = 58 and 54% of total NPP in MC

and PP, respectively), indicating belowground C

allocation values between those reported for

grasslands and shrublands (67 and 50%, respec-

tively; Chapin and others 2002). These estimates of

fine root NPPB are very similar to those reported for

moderate- and high-severity PP by Irvine and

others (2007), even though that study accounted

for fire-induced fine root mortality and computed

fine root NPP from live rather than total fine root

stocks. Our estimated FR NPP is higher than a

thinned PP forest in Northern California (Campbell

and others 2009) and lower than a mixed-decidu-

ous forest in Michigan (Gough and others 2007).

Our estimates of total NPP (approximately 200–

400 g C m-2 y-1) and NPPA:NPPB ratio (overall

mean: 1.15; Table 5) are within the range of pre-

vious studies in the area (Law and others 2003;

Campbell and others 2004) and consistent with the

postfire C allocation patterns described by Irvine

and others (2007).

Heterotrophic soil respiration (Rhsoil) was not

significantly different among burn severities and

forest types (P > 0.200; Figure 5B, Table 6), con-

sistent with the trends of forest floor, fine roots,

and soil C (Table 4). Mean annual Rhsoil (g C m-2

y-1, ±1 SE from regression) was 294 ± 12 and

274 ± 15 in MC and PP stands, respectively, very

similar to previous estimates in mature unburned

PP stands (Law and others 2003; Sun and others

2004). The lack of Rhsoil differences among severity

classes and similarity to unburned forest suggests

that this flux is resistant to disturbance-induced

changes in these forests and supports the findings

of previous studies (Irvine and others 2007;

Campbell and others 2009). Rhsoil chamber mea-

surements 1 year postfire in a nearby high-severity

PP site on the 2006 Black Crater fire (J. Martin,

unpublished data) were similar to unburned PP

forest (Irvine and others 2008) and the values in

the current study, indicating the lack of a large

Rhsoil pulse from 1–5 years postfire. Although we

did not find evidence of this postfire pulse in the

absolute magnitude of Rhsoil, the conservation of

Rhsoil across severities, coupled with declines in

NPP, resulted in a large decline of the NPP:Rh ratio

(approximately 0.55 in high-severity stands, both

forest types; Table 6). This increase in relative Rhsoil

equated to a muted postfire pulse that is reflected in

our NEP estimates.

Implications for NEP

In both forest types, NPPA was the principal driver of

NEP trends, whereas Rhsoil controlled NEP magni-

tudes (Figure 5, Table 6). NEP was significantly

lower in high- versus low-severity stands in both

forest types (P < 0.035). In MC stands, mean NEP

(g C m-2 y-1, ± 1 SE from Monte Carlo simula-

tions) varied from a slight sink (21 ± 48 and

21 ± 55) in low- and moderate-severity stands to a

substantial source in high-severity stands (-174 ±

32). In PP forest, mean NEP declined from C neutral

in low-severity stands (0 ± 33) to an intermediate

source in moderate-severity stands (-87 ± 35)

and substantial source in high-severity stands

(-142 ± 37). Thus, mean annual NEP was similar in

high-severity stands of both forest types 4–5 years

after fire. These results are consistent with previous

estimates of NPP, Rh, and NEP in unburned, mod-

erate-, and high-severity PP stands within the study

area (Irvine and others 2007), although our NEP

estimate for high-severity stands is lower.

Previous studies quantified a NEP recovery per-

iod to a net sink of 20–30 years in PP forest fol-

lowing stand-replacement clearcutting (Law and

others 2003; Campbell and others 2004). Longer-

term measurements are necessary to determine the

NEP fate of these postfire stands, but less than

30 years seems appropriate for high-severity

stands, which are already closer to zero than initi-

ation stands described by Law and others (2003),

despite the removal of necromass via timber har-

vest in that study and higher RhWD estimates here.

In both forest types, low-severity NEP was not

significantly different from zero (error estimates

include zero; Table 6, Figure 5), which may be

explained by limited fire effects and/or relatively

rapid recovery of NEP. Although not a large C

source to the atmosphere, C neutral stands repre-

sent a substantial decline from prefire NEP (un-

burned PP mean ± 1 SE for a range of age classes:

50 ± 14 g C m-2 y-1, Irvine and others 2007).

Management actions that mimic low-severity fire

via prescribed burning or thinning (thus removing

C) will likely reduce short-term NEP and long-term

average C storage (Campbell and others 2009;

Mitchell and others 2009), although strategic fuels

treatments may help stabilize large tree C pools

(North and others 2009).

CONCLUSION

The 2002–2003 wildfires across the Metolius

Watershed generated a heterogeneous landscape

pattern of overstory tree mortality and associated

transformations of C pools and fluxes. Our results
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provide new constraints on short-term fire effects

(4–5 years postfire) for regional C policy frame-

works and underscore the importance of accounting

for the full gradient of forest disturbance processes.

Specifically, we found:

1. Stand-scale C combustion varied with burn

severity from 13 to 35% of prefire aboveground

C pools, with the largest emission proportion

from combustion of surface/ground fuels and a

study-wide average live tree stem consumption

of 1.24%. Landscape-scale pyrogenic C emis-

sions were equivalent to 2.5% of Oregon state-

wide anthropogenic CO2 emissions from fossil

fuel combustion and industrial processes for the

same 2-year period.

2. Overstory live tree mass and seedling density

decreased with increasing burn severity,

whereas live shrub and herbaceous mass

showed the opposite trend. From low- to mod-

erate- to high-severity stands, average tree basal

area mortality was 14, 49, and 100% in pon-

derosa pine, and 29, 58, and 96% in mixed-

conifer forests.

3. Despite this decline in live aboveground C pools,

total net primary productivity was only 40%

lower in high- versus low-severity stands,

reflecting a strong compensatory effect of non-

tree productivity. Thus, the rapid response of

early successional vegetation offset declines in

NPP and NEP, buffering potential fire impacts on

stand and landscape C storage, particularly

when combined with the protracted decompo-

sition of dead mass and conservation of below-

ground components (soil C, Rhsoil, and NPPB).

With predictions of accelerating climate change and

increasing fire extent and severity in western North

American forests (IPCC 2007; Balshi and others

2009; Miller and others 2009), long-term field

measurements are essential to assess trends in C

storage and net annual C uptake over the course of

several fire cycles, as well as any potential for

directional ecosystem responses over time (for

example, state change). Because non-stand-

replacement fire accounts for the majority of the

annual burned area in the Pacific Northwest Re-

gion (Schwind 2008), studies that focus exclusively

on high-severity patches systematically underesti-

mate pyrogenic C emission, mortality, and reduced

C uptake following fire, impacts that will likely play

an increasingly important role in regional and

global carbon cycling.
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