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Fire is a fundamental disturbance that drives#trial and atmospheric carbon
dynamics. Previous studies have quantified fifeat$ on carbon cycling from local to
global scales but have focused nearly exclusivelfiigh-severity, stand-replacement
fire. Since 2002, variable-severity wildfires haugned more than 65 000 ha across the
east slope of the Oregon Cascades, including 4 lenes that burneda.50% of the
forested area within the Metolius Watershed in 280@ 2003. This thesis integrates
data from 64 field plots, remote-sensing, and arsgstem process model to investigate
the effects of low-, moderate-, and high-seveiity.f The primary research objectives
were to: (a) quantify combustion and mortality efseon carbon pools, postfire net
ecosystem production (NEP), and potential regeloeratajectories at the stand scale; (b)
introduce novel remote-sensing datasets into a hmgdieamework to assess the
importance of low- and moderate-severity fire asib® landscape and region.

At the stand-scale, the 3 levels of burn sevéaterstory tree mortality) resulted
in profoundly different impacts on combustion, nadity, postfire carbon balance, and
potential regeneration trajectories. Simulated lmestion ranged from 16.6 to 32.3 Mg C
ha', or 13% to 35% of prefire aboveground carbonraBdfers from fire-induced tree
mortality were larger in magnitude than combustemlive aboveground C decreased by

>90% from low- to high-severity stands. Despitis ttecline, total net primary



productivity (NPP) was only 40% lower in high- W@w-severity stands, reflecting a
compensatory effect of non-tree NPP. Dead woquinasry losses were small relative
to C uptake (range: 10-35% of total NPP), sugggstinportant decomposition lags in
this seasonally-arid system. Although soil C, seslpiration, and fine root NPP were
conserved across severity classes, NEP declinédinateasing severity, driven by
trends in aboveground NPP. Postfire conifer sagdlensity was generally abundant
and varied over 5 orders of magnitude (study-wigelian: 812, range: 0 — 62 134
seedlings hd). Seedling density was negatively correlated witarstory mortality,
whereas shrub biomass showed the opposite respndgating a wide range of
potential successional trajectories. Despite suitisi combustion and mortality effects
on carbon pools and fluxes, the rapid responsesifipe vegetation, coupled with
conservation of belowground processes, may oftsej-term declines in carbon storage,
indicating a surprising degree of postfire stapiliThese stand-scale results describe a
broad range of fire effects—a high degree of pyrediity—but because burn severity
was not evenly distributed across space, the |lapgskevel fire effects depend on the
severity mosaic.

At the landscape-scale, moderate- and low-seviaryontributed 25% and 11%
of total estimated pyrogenic carbon emission, retspely (0.66 Tg C total, oca. 2.2%
of statewide anthropogenic G@missions equivalent from the same 2-year period).
Moderate- and low-severity fire accounted for 239d &% of landscape-level tree
mortality, respectively, which resulted in the ster of 2.00 Tg C from live to dead
pools. This carbon transfer wea. 3-fold higher than the one-time pulse from pyragen
emission, but it will likely take decades for tllisad wood to decompose via
heterotrophic respiration. The inclusion of modetseverity fire reduced postfire (2004)
mean annual NEP by 39% compared to the high-sgwatly scenario; low-severity fire
influence on NEP was small (additional reductiod ®¥ in mean NEP), likely because
of high tree survivorship and the relatively loveeeal coverage of low-severity fire.
One year postfire, burned areas were a strong f€esdnet C exchange across 53 000 ha:
-0.065 Tg C ¥; mean + SD: -123 + 110 g Chy™) vs. a prefire mean near C neutral
(1997-2001 mean NEP + SD: -5 + 51 g G ). The model has been known to



underestimate carbon uptake in mature and old aeichforests, so the prefire value is
likely underestimated.

Despite the resurgence of wildfire across wediarth America, including a
substantial increase in the proportion of high-siéyére in the ecoregions studied here,
low- and moderate-severity wildfire accounts fa thajority of burned area in the
Pacific Northwest region. This non-stand-replaceifiee has important consequences
for carbon loss and uptake at landscape- and ralgsmales. The results from this thesis
suggest that by accounting for the full gradientiraf effects, carbon modelers can
substantially reduce uncertainties in key compamehtegional and global carbon
budgets, particularly pyrogenic emissions, mogtaind NEP. Understanding the effects
of disturbance variability on terrestrial carborcloyg will become increasingly important
in the context of emerging regional and global oarpolicies.
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PREFACE

The stability was of a wildly dynamic sort.

Kurt Vonnegut
Cat’s Cradle
1963



CHAPTER 1||INTRODUCTION

Forest ecosystems are inherently dynamic, defiyathbnge more than
constants. In many parts of the world, includingstern North America, wildfire is the
principal disturbance factor—or agent of ecosysthiange (Agee 1993). As such, fire is
a fundamental driver of carbon dynamics, generaiatterns of live and dead carbon
pools, as well as periodic pulses of carbon taath@sphere through combustion.
Because fire can drive long-term carbon storagesaiftithe short-term balance between
carbon sink and source, it is increasingly crumalnderstand in this era of rapid,
unpredictable anthropogenic climate change. Asp@icies addressing carbon
emissions, land use, and forest management emarderstanding the role of
disturbance, and fire in particular, remains anangnt research frontier (Running 2008).

Though nearly universal as a disturbance facta difects are anything but
uniform across time and space. Just as foreswdedireed by change, fire regimes are
defined by variability. The mixed-severity firegime is widespread and complex,
exhibiting high pyrodiversitydensuMartin and Sapsis 1991) and including elements of
both surface and stand-replacement fire at irredrtéguencies. Although mixed-
severity fire is a dominant disturbance processurch of the Pacific Northwest, previous
studies have focused primarily on high-severitgndtreplacement fire. This thesis
contributes to our growing understanding of the i@fl disturbance heterogeneity in
shaping forest carbon cycling by explicitly compagriow, moderate, and high-severity
wildfire.

This project builds on a strong legacy of carbode&yesearch in the Metolius
River area of Oregon and takes advantage of a featygal experiment resulting from
recent landscape-scale wildfires. Specificallya@ter 2 describes results from an
intensive field campaign across 4 fires that burB®% of the Metolius Watershed (115
000 ha) in 2002 and 2003. This study surveyed@dritory plots stratified across 3
landscape gradients: burn severity (overstory nitytaforest type (ponderosa pine and
mixed-conifer), and prefire biomass. The resealfwbctive was to quantify: (a)
combustion and mortality effects on carbon podi$postfire net ecosystem production

(NEP); (c) regeneration and potential C trajecri€éhe stand-scale results describe a



2
wide range of short-term fire effects and respomisaswill influence carbon storage for
decades. This chapter also highlights the appagesidtance of these disturbance-prone
forests to fire-induced state changes, suggestsuy@ising degree of ecosystem
stability.

Chapter 3 integrates Landsat-based detectioneoéfitent and severity from the
Monitoring Trends in Burn Severity database with Biome-BGC process model to
investigate the impacts of the same large firdbeatandscape-scale. Specifically, this
chapter focuses on improving the way the Biome-Bfustlel accounts for disturbance
events, comparing 3 scenarios: high severity ontlygr areas assumed unburned),
moderate and high severity, and all severities (lowderate, and high). After describing
the improved disturbance coverage enabled by nedlehparameterizations, as well as
regional patterns of burn severity, Chapter 3 respon the net effects of the 2002-2003
fires on carbon pools, fluxes, and pyrogenic eraissiThe chapter concludes with a
discussion of remaining uncertainties and futuseaech opportunities for landscape and
regional carbon modeling.

Chapter 4 synthesizes emergent themes from Chédpterd 3 and concludes the
thesis by placing the recent wildfires in a broadtartext of global change, disturbance

ecology, and future research priorities.



CHAPTER 2 || INFLUENCE OF WILDFIRE SEVERITY ON PYROGENIC
CARBON TRANSFERS, POSTFIRE CARBON BALANCE, AND
REGENERATION TRAJECTORIESIN THE EASTERN CASCADES, OREGON

ABSTRACT

Since 2002, variable-severity wildfires have barngore than 65 000 ha in the
Eastern Cascades of Oregon. This study quant(B@sombustion and mortality effects
on carbon pools; (b) postfire net ecosystem pradn¢NEP); (c) regeneration and
potential C trajectories. We surveyed 64 forestdsaacross four fires that burned 35%
of the Metolius Watershed (115 000 ha) in 2002 2008, stratifying the landscape by
burn severity (overstory mortality), forest typ@aerosa pine [PP] and mixed-conifer
[MC]), and prefire biomass. Stand-scale C combustmged from 13% to 35% of
prefire aboveground C (area-weighted mean = 22%o%s the sampled landscape, total
estimated pyrogenic C emission was 0.76 Tg C, edgmt to 2.5% of statewide
anthropogenic C@emissions from the same 2-year period. C tran$fens fire-induced
tree mortality were larger in magnitude than contibas as live aboveground C
decreased by >90% from low- to high-severity stabispite this decline, total net
primary productivity (NPP) was only 40% lower irght vs. low-severity stands,
reflecting a compensatory effect of non-tree NP@addwood respiratory losses were
small relative to C uptake (range: 10-35% of tdiBP), suggesting important
decomposition lags in this seasonally-arid syst&fthough soil C, soil respiration, and
fine root NPP were conserved across severity dadeP declined with increasing
severity, driven by trends in aboveground NPP.firestonifer seedling density was
generally abundant and varied over 5 orders of madm (study-wide median: 812,
range: 0 — 62 134 seedlingshaSeedling density was negatively correlated with
overstory mortality, whereas shrub biomass sholWwedapposite response, indicating a
wide range of potential successional trajector@ess the mixed-severity mosaic.
Despite substantial combustion and mortality effext C pools and fluxes, postfire
vegetation responded rapidly, potentially redudorgy-term declines in C storage in this

disturbance-prone system.



INTRODUCTION

Forest ecosystems play a vital role in the glalaabon cycle, and spatiotemporal
variability due to disturbance remains an actiemfier in carbon research (Goward and
others 2008; Running 2008). With increasing fooagorests in the context of climate
change and potential mitigation strategies for mmbgenic carbon emissions (CCAR
2007; IPCC 2007), it is important to quantify tingpacts associated with anthropogenic
and natural disturbance regimes, particularly wigf Although numerous studies have
investigated the effects of fire on carbon dynaimesy few to date have analyzed the
full spectrum of burn severity and compared pyraogearbon transfers, postfire carbon
balance, and regeneration dynamics across muftpdst types in the first few years
following disturbance.

Fire’s role in the terrestrial carbon (C) cyclesleen studied extensively in the
boreal zoned.g.,Hicke and others 2003; Kurz and others 2008) and,lesser extent, in
temperate forest®(g.,Kashian and others 2006; Gough and others 2007many
uncertainties remain. Like other disturbancese@ts pathogens, large storms), fire
alters the distribution of live and dead C poold associated C fluxes through mortality
and regeneration, but fire also causes direct Gsam through combustion (Amiro and
others 2001; Campbell and others 2007; Bormanrodrats 2008). Depending on burn
severity (defined here as overstory tree mortali@yjransfer to the atmosphere, and from
live to dead pools can vary substantially. In saases the amount of C released from
necromass decomposition over decades can exceddmmemissions from combustion
(Wirth and others 2002; Hicke and others 2003; ttnesis, Chapter 3). One key
uncertainty is the magnitude of pyrogenic C emissiod the relative combustion of
different C pools (Campbell and others 2007). Aeoimportant uncertainty is the rate
at which postfire vegetation net primary produd}iNPP) offsets the lagged
decomposition of necromass pools and their effectset ecosystem production (NEP;
Wirth and others 2002). A third uncertainty is t@nge in heterotrophic respiration
(Rn) and soil C over the first few years postfire.th®lugh fire might incread®, or
facilitate soil C loss, studies in Western Oregaménshown that both can be remarkably

conserved following disturbance, buffering potemiegative spikes in postfire NEP



(Campbell and others 2004, 2009; Irvine and otB86¥). A final uncertainty is the
distribution and abundance of understory vegetatioonifer regeneration, shrubs, and
herbs—which influence both short-term NPP dynaraiud C balance through
succession. All of these ecosystem responsesrargdtainties might diverge radically in
high- vs. low-severity stands, but most fire-carlstudies have been limited to stand-
replacement events. For example, regional andrantal C models typically ignore
low-severity fire, largely due to remote-sensingedgon limitations (Turner and others
2007), despite the inherent heterogeneity of fifecés across forest landscapes.

The area burned by wildfire has increased in redecades across western North
America due to an interaction of time since presitite, forest management, and climate
(Westerling and others 2006; Keane and others 20R8tent fires have also exhibited
increasing severity, but low- and moderate-sevdingyeffects remain an important
component of nearly all large wildfires (Schwindd80 Miller and others 2009). The
mixed-severity fire regime, defined by a wide raage high variability of fire
frequencies and effectsd., high pyrodiversity; Martin and Sapsis 1991), isut@tteristic
of many forest types (Schoennagel and others 2AGéitjle and others 2005; Hessburg
and others 2007) and may represent a new fire egirother types that historically
burned with lower severity (Monsanto and Agee 200/)e widespread increase in
burned area, combined with the intrinsic variapitf mixed-severity fire regimes,
represents a potentially dramatic and unpredictsitiié in terrestrial C cycle processes.
In addition, historically uncharacteristic firessome systems, including ponderosa pine
(Pinus ponderosaprests, can push vegetation into fundamentaffgint successional
pathways and disturbance feedbacks (Savage and20@5st Bradley and others 2006),
which may lead to long-term reductions in terre$t@ storage (Dore and others 2008).

Since 2002, large wildfires have burned approxatya5 000 ha in and around
the Metolius River Watershed in the Oregon East@des (Fig. 2.1). These fires
generated a mosaic of variable burn severity acragtple forest types and a wide range
of prefire conditions. The extent and variabibfythese fires, coupled with robust
existing datasets on C pools and fluxes in unbufoezsts in the Metolius area.(.,

Law and others 2001a, 2003), presented a uniquertynity to understand fire’s impacts



on the terrestrial C cycle. In this study, we istigated C dynamics and vegetation
responses across three levels of burn severityvemdorest types 4-5 years postfire. Our
research objective was to quantify three relategarse variables associated with

immediate, short-term, and long-term fire effectspectively:

1. Pyrogenic C transferscombustion and mortality effects on C pools

(immediate).

2. Postfire C balancefire effects on C fluxes and net ecosystem pradaoct

(short-term).

3. Postfire regenerationunderstory responses and potential C trajectories

(long-term).



METHODS
Study area

The Metolius Watershed is located NW of SistefR,dd delineated by the
Cascade Crest to the W and the Deschutes Rivaeth {Fig. 2.1). The Metolius River
is primarily spring-fed from high-elevation predgtion and groundwater on both sides
of the Crest (USDA 1996, USDA 2004). The watersimetludes approximately 100 000
ha of forest, almost half of which has burned sib@@2. Most of the area is
administered by the Deschutes National Forest (DWFh private inholdings and a
portion inhabited by the Confederated Tribes of W&prings. The postfire landscape is
shaped by three important environmental gradidatest type associated with climate,
prefire biomass associated with past disturbander@anagement, and burn severity from
recent fires (defined here as overstory tree my}al

Forest type and climatic settind.he east slope of the Oregon Cascades is
defined by a steep climatic gradient from high-aten subalpine forests (cool, wet) to
low-elevationJuniperuswoodlands (warm, dry), with several forest typekilkiting an
unusually rich assemblage of conifer species (Sexedb973). This study focuses on the
two most prominent forest types—ponderosa pine @PB)mixed-conifer (MC)—which
encompass theinus ponderosandAbies grandigorest zones of Eastern Oregon
(Franklin and Dyrness 1973). The higher elevatiasic MC forest is generally more
productive and supports higher biomass than thafeBt. In the MC forest type,
ponderosa pine, grand fiAbies grandis)and Douglas-fi(Pseudotsuga menziessje
the dominant trees species, and incense-¢&#docedrus decurrensyyestern larch
(Larix occidentalis)and lodgepole pinéPinus contortajre also abundant (see
Appendix 1 for full woody species list and taxongmin the PP forest type, ponderosa
pine is dominant, with frequent presence of incesestar. Across both forest types,
characteristic understory species include shrubsrdeaf manzanitghrctostaphylos
patula), snowbrusi{Ceanothus velutinusand bitterbrusltiPurshia tridentata)forbs
fireweed(Epilobium angustifolium)yracken ferr(Pteridium aquilinum)and American
vetch(Vicia americanum)and graminoidpinegrasgCalamagrostis rubescens),

squirreltail grasgElymus elymoidesand Idaho fescu@estucadahoensis)



Study area elevation ranges from 600 m to 2006um(nit of Black Butte).
Despite generally gradual slopes (up to 22° in dadhplots), this area is among the
steepest precipitation gradients in western NortieAca (Daly and others 2002; PRISM
Group, Oregon St. Univ., prismclimate.org), spagrtime transition from a maritime to a
continental climate (Swedberg 1973). Mean anntegipitation ranges from 400 mm in
eastern parts of the PP forest type to 2150 mnightgoints in the MC forest type
(estimated from a 23 y record of spatially-modeikehate data; Thornton and others
1997, DAYMET 2009). Summers are warm and dry, rmodt of the annual
precipitation falls as snow between October ane Juaw and others 2001a). From
west to east across the study area, average mindanmary temperature ranges from -6
°C to -3.5 °C, and average maximum July temperatanges from 22 °C to 30 °C
(DAYMET 2009). Soils are volcanic in origin (vieryands and vitrixerands), well-
drained sandy loams/loamy sands. Additional saréw characteristics are summarized
in Table 2.1, and characteristic postfire standsshown in Fig. 2.2.

Historic disturbance and prefire biomas$he Metolius Watershed spans a range
of historic fire regimes, from frequent, low-sewgfire in PP to infrequent, high-severity
fire in subalpine forests. Historic fire returnarvals ranged from 3 to 38 y in PP forests
(Weaver 1959; Soeriaatmadhe 1966; Bork 1985; Hittd005), from 9 to 53 y in the
MC forest type (Bork 1985; Simon 1991), and up®8 ¥ in subalpine fores{3 suga
mertensianajSimon 1991). Given the abundance of lightningtigns (Rorig and
Ferguson 1999), lack of prominent topographic leasriand high vegetation
connectivity, it is likely that historic fires bued through multiple forest types and
exhibited high spatial and temporal variabilityfire behavior. Thus, mixed-severity fire
effects have likely been a component of all fotgses in the area; this complex
disturbance regime is widespread in Western NortteAca but is not well understood
(Schoennagel and others 2004).

In addition to fire, several other disturbancerdagdave shaped these forests,
including volcanoes, insects, severe drought, tieers, and pre-European anthropogenic
management, and the prefire landscape was a mufsstiand ages associated with these

legacies. During the 20th Century, fire suppressipazing, timber harvest, and road
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construction resulted in effective fire exclusiddy 2002, many low-elevation PP stands
were outside the range of historic fire returnwéds, and high-elevation forests were
reaching the upper limits of their range. Anthrgpoic disturbance dominated landscape
pattern and process. Dispersed patch clearcuttasgthe primary disturbance in recent
decades, and most low biomass areas were youn@enrs (DNF silvicultural GIS
data). Relatively dry years between 1985 and 1B MET 2009, Thomas and
others, 2009) contributed to regional drought strasd beginning in 1986, an outbreak
of Western spruce budwor(@horistoneura occidentalignd bark beetles (Family
Scolytidag defoliated and killed trees across a substantidiqroof mid- to high-
elevation MC forest (Waring and others 1992; Fram&hd others 1995; Filip and others
2007). In addition, the Metolius Watershed expereel anomalously dry and warm
years from about 2000 to 2007, with 2001, 2003,20@b being 3 of the most severe
drought years (Fig. 2.3). All of these interactfagtors—time since previous fire, forest
management, climate, and insect activity—likelytcimted to high fuel accumulations
and horizontal and vertical connectivity, settihg stage for landscape-scale wildfire.
Recognizing the potential threats, the DNF and gepaiblic identified stands at high
risk of “catastrophic” wildfire and had initiatedpaocess of active fuels management and
forest restoration (USDA 2003b).

Recent large wildfiresSince 2002, more than 10 large (>400 ha), variable-
severity wildfires have burned about half of theekied area in the Metolius Watershed.
The landscape fires burned across multiple foyges and land ownerships and a wide
range of fuel, weather, and topographic conditioBsrface, torching, and active crown
fire behavior yielded a heterogeneous spatial patietree mortality and survival at
stand- and landscape-scales, initiating diversipo€ trajectories (Fig. 2.2). This
study focused on the four major fires that buro@B5% of the watershed in 2002-2003
(Fig. 2.1, Table 2.2).

Sampling design and scope

We measured postfire C pools and fluxes and vegeteegeneration at 64

independent forest stands across the Metolius \8fadr(Fig. 2.1), sampling burned

stands in 2007 (4-5 y postfire) and unburned stam@808. We employed a stratified
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random factorial sampling design with two factors+ekt type and burn severity—and
included prefire biomass as a continuous covarigfe. stratified the postfire landscape
using remotely-sensed imagery from the US Foresti&:DNF and Laboratory for
Applications of Remote Sensing in Ecology (LARSEywfsl.orst.edu/larse). We used
a plant association group layer to delineate parg#epine and mixed-conifer forest types
and combined dry and wet ponderosa pine into gne @#yd dry and wet mixed-conifer
into the other type. For burn severity, we usediMrned area reflectance
classification (BARC) maps, which were derived frtdme Landsat differenced
normalized burn ratio (ANBR; Key and Benson 20@@yeasure of pre- to post-fire
change, from which the DNF identified four sevedtgsses (unburned/very low, low,
moderate, high) corresponding to overstory treetahity. For each combination of burn
severity and forest type, we used GIS to geneeatdamized points and establish 8
survey plots from these lists in random order(64; Table 2.1, Fig. 2.1). We used GPS
to establish permanent plot centers after fieldeading each point with respect to forest
type and burn severity and recorded elevation gtope (°), and aspect (°). All plots
were on DNF non-wilderness land at least 50 m froads, non-forest, salvage-logged,
and riparian areas. In addition, we used a libeyaground biomass map from 2001 to
sample the full range of prefire biomass and tawensomparability between
type*severity treatments. This biomass map wawel@ifrom random forests regression
tree analysis of Landsat spectral data and biopalypredictors (S. Powell and others,
USDA Forest Service, in prep.).

We used standard biometric methods describedqusdi (Law and others
2001a, 2003; Campbell and others 2004; Irvine @hdre 2007). Here, we summarize
these methods and provide details specific to pestieasurements. Each plot
encompassed a 1 ha stand of structurally homogdooest, which we sampled with a
plot design similar to the USDA Forest Inventorylaknalysis protocol (USDA 2003a)
with enhanced C budget measurements includingriceement, litter, fine and coarse
dead pools, and soil G@ffluxes (protocols in Law and others 2008). Walad all
measurements to slope-corrected per-ha or emits for comparison across study

treatments.
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Like other fire studiese(g., Turner and others 2004, Donato and others, irspres
the current project sampled a particular set esfion a specific landscape. This natural
experiment precluded detailed prefire data, butoteig-sensed prefire biomass, GIS
databases, and plot attributes allowed us to a¢doupre-existing differences to the
extent possible. In addition, the spatial patt#rforest type, burn severity, and prefire
biomass on the landscape was not randomly assigoete limited statistical inference
and interpretations to the sampled forest typekiwihe study area. To minimize
potential confounding effects of spatial and terapautocorrelation (Hurlbert 1984), we
located random plots at least 500 m apart, maxighizeerspersion within study area
gradients, and sampled multiple fires from twoeléint years. As such, we assume each
plot to be an independent sample from the populaifdorest type-burn severity stands
from which it was drawn. The experimental unit wias 1 ha plot. For brevity, we refer
to the factorial combinations of forest type andnbseverity as ‘treatments.’
Ecosystem measurements

Aboveground biomass and productivit{/e quantified aboveground biomass and
productivity for all live vegetation—trees, shrubsrbs, and graminoids—in four
circular, regularly-spaced, non-overlapping sulbspldtor trees between 10 cm and 69.9
cm diameter at breast height (DBH; 1.37 m), subate& ranged from 154 to 907 (-
17 m radius), depending on tree density (min. 66srsampled Hy We measured trees
larger than 70 cm DBH throughout the 1 ha plot456.radius from plot center) and
saplings (DBH from 1.0-9.9 cm) in 78.51f5 m radius). For the 5284 trees surveyed,
we recorded species, DBH, height, and percent &adkwood char (ocular estimate of
surface area). We estimated tree biomass witimalioc equations compiled in a
database of species- and ecoregion-specific vokgnations and density values
(BIOPAK; Means and others 1994; Van Tuyl and ott2885; Hudiburg 2008; Hudiburg
and others 2009) and computed bole, bark, bramchfadiage mass for each tree from
DBH and height. We used congeneric parameters species-specific parameters were
not available. We adjusted tree biomass estinfateeductions due to charring after
Donato and others (in press), broken status, aretiggspecific estimates of bark, wood,

and foliage combustion from Campbell and other®720 We assumed that the carbon
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content of all pools was 0.51 by mass except feediofloor, which we assumed was 0.40
(SD = 0.08) based on Dumas combustion (Campbelbémets 2007).

We determined annual aboveground net primary mtoaiu (NPP) at the 48
burned plots. We estimated bolewood NPP from ragtaement measurements of
current and previous live tree biomass (Van Tuy atiners 2005; Hudiburg and others
2009). We stratified plots by species and DBH ewitected increment cores at 1.37 m
from 20 live trees in each low- and moderate-séy@tot (and up to 20 dead trees at
high-severity plots, depending on bole decay). eSavere mounted on wood blocks,
sanded, scanned, measured using the WinD&dintage analysis software (Woolley
and others 2007), and digitally archived. Bolewdd®P was the primary application of
these data (but see Appendix 2: postfire growthaese of dominant tree species). We
scaled radial increment measurements to all investtdrees using the mean from each
DBH quartile within a plot (Van Tuyl and others )0 We modeled current and
previous height from DBH using a study-wide expdramegression between measured
height and DBH (height (m) = 58.79 * (1 084" PBH (M 4. R? = 0.86,n = 4604;
fitted using the exponential rise to maximum stiid program in SigmaPlot [Version
11.0, SPSS Science, IL]). To account for climatidability, researchers typically
average radial increment from the previous 5-16.g.(Reich and others 2001; Law and
others 2003). Because disturbance influencesainteral variability in tree growtle(g.,
Mutch and Swetnam 1995), and we could not assustesaly state condition for annual
radial increment 4-5 y postfire, we used only @ full year of radial growth to estimate
bolewood NPP. The years influencing the measwadir growth (2006-2007) were not
anomalous climate years (Fig. 2.3; Thomas and 92@09). Additionally, the time
period of this estimate is on the same tempordéstmbiometric estimates of foliage,
fine root, and herbaceous NPP. For the few ligedrsurviving at high-severity plots (
= 23 trees among 3 plots; <0.5% of inventoried {xe@e applied forest type species-
specific averages of increment data from low- amdienate- severity stands. We
calculated foliage NPP as the product of spea#fad mass per unit area (SLA), leaf
retention time (LRT), and plot-level leaf area irdeAl). We estimated SLA and LRT

from representative canopy shoots with full retemtistratified by species and overstory
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class ( = 5-8 samples per plot, collected via shotgun aockdtbelow 5 °C until
processing). We measured LAI optically using affeek ceptometer (Decagon Devices,
Inc., Pullman, WA) after Law and others (2001b) &nerce and Running (1988). We
sampled transmitted photosynthetically active raaiie(PAR) within two hours of local
solar noon under uniform sky conditions and plaae@utomated unit in a large opening
within 10 km of field plots. We collected 20 meemments at 35 points located
systematically throughout each plot at 1.37 m (tot®6 000 optical observations per
plot). We calculated LAI with the equation (Cam{pli®©91):

@ Lal =[P (1-cost)-1]In (Q/Qy)
A (1-0.47f)

whereA is 0.84 for leaf absorptivitya) of 0.90 in the PAR band\(= 0.283 + 0785a -
0.15%9), f, is the fraction direct beam measured concurreithyforest canopy flux
tower within 15 km, and is the solar zenith angle calculated from latit(4#% 5°N) and
hour of day. Because moderate- and high-severéystibstantially altered tree crowns
through consumption and mortality, and LAl measweta would be biased by dead
canopy light interception, we scaled LAI measuretsi&mom low-severity plots using a
regression of LAl with live tree basal area (LAB:85 * (1 - §0:0311 " live basal areg) o i 2

= 0.54,n = 16; fitted using the exponential rise to maximstatistical program in
SigmaPlot [Version 11.0, SPSS Science, IL]).

We sampled shrubs, forbs, graminoids, ground ¢@ret conifer regeneration in
four 78.5 ¥ (5 m radius) subplots nested within the tree spstplots. We estimated
live shrub percent cover in three height classeés%0m, 0.5-1.0 m, 1.0-2.0 m) and
converted shrub volume to biomass with species#patometric equations (Hudiburg
and others 2009). We computed shrub wood andg®INPP from annual radial
increment and leaf retention time respectively (Hudy 2008). In addition to shrub
biomass and NPP, we analyzed postfire shrub contyndpinamics (Appendix 3). We
estimated the percent cover of graminoids, foitisy| woody detritus, cryptogams,
rocks, and mineral soil and converted graminoid faniol cover to biomass using mass
per unit area measurements from 0.Z%tip plots of dominant species sampled across
the study arean(= 68,> 8 per species). We assumed herbaceous vegetadies
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equaled annual NPP. We recorded postfire seedfiagies, age, 5 cm height class, and
live/dead status. We identified seedlings esthbtishefore fire in 0.5 m, 1.0 m, and 2.0
m height classes when age exceeded time sinceBased on seedling age, vigor, and
DNF GIS data, we determined if seedlings were pldiaind excluded these from natural
regeneration analyses. To assess initial undgretgeneration dynamics 4-5 y postfire,
we compared conifer seedling density and shrub agsm

Aboveground necromass and decompositie surveyed aboveground dead
biomass (hereafter ‘necromass’) in multiple stratanding dead wood (snags), dead
shrubs, stumps, coarse woody detritus (CWD), finedy detritus (FWD), and forest
floor. We measured snags with the live tree surdegd shrubs with live shrubs, and
stumps within 314 mM(10 m radius) subplots. For all tree componemésrecorded
species, diameter, height, decay class (DC 1-5gMasd others 1979; Cline and others
1980), and whether or not trees were broken art#ad prior to 2002 (dead prefire;
determined by advanced decay, lack of bark, andyh@aod char). We estimated CWD
and FWD volume using line intercepts (Van Wagne&s& Brown 1974; Harmon and
Sexton 1996; Law and others 2009) on four 75 nstets per plot (ordinal directions
from plot center), sampling CWD (all piece§.62 cm diameter) along the full 300 m
and FWD <0.64 cm, 0.65-2.54 cm, and 2.55-7.62 @ang@P0 m, 60 m, and 120 m,
respectively. We converted volume to necromasis species- and decay class-specific
density values (Hudiburg and others 2009) afteoating for volume reduction due to
charring (Donato and others, in press). Becauseoutl not identify species for most
FWD, we used the ‘unknown conifer’ species dengitlyes. Dead shrubs were
widespread in the study area. We measured thagee@umber, length, and diameter of
dead shrub stems within the 78.5 % m radius) subplots and converted volume to mass
using the average (decay class 1) wood densityreétlocally-abundant hardwood
genergAcer, Alnus, CastanopsiBpm an allometry database (Hudiburg and others
2009). We sampled forest floor (litter and duéf)nineral soil with 10.2 cm diameter
pvc corers at 16 randomized locations at each(fdat samples ~2 m from each subplot
center in cardinal directions) and oven-dried sasplt 60°C for >72 hrs to determine

mass.



15

We computed aboveground heterotrophic respiratiail dead woody pools by
multiplying necromass times decomposition constaots a regional database for CWD
(Harmon and others 2005). When species-specifistants were not available and for
unknown species, we substituted congeneric corsséanat a study-wide species average,
respectively (3 dominant species: Douglas-fir, grin and ponderosa pine). Because
snags decay much more slowly than CWD in this samdisystem, we assumed that
shag decomposition was 10% of CWD decompositionngdrand others 2007), but we
used the published CWD decomposition rates for gyrfior which microbial decay
processes are less moisture-limited (M. Harmong@meSt. Univ., 2009, personal
communication). We estimated FWD decompositiomfidclver and Ottmar (2007)
and applied a study-wide average (Douglas-fir, grfam and ponderosa pine) for pieces
between 2.55-7.62 cm diameter. For dead shrubnglgasition, we used the decay
constant folAInus rubra(Harmon and others 2005). We assumed that annagd foss
of forbs and graminoids was 50% (Irvine and otl28@7).

Belowground carbon pools, productivity, and sespiration. At the 48 burned
plots, we collected soil and fine roots at 16 ranted locations per plot (four samples
located ~2 m from each subplot center) using am.8liameter auger. Standard
sampling depth was 20 cm with one core up to 10@enplot (sampled maximum depth
=86 cm). At a subset of plots with very rockylsae sampled to 10 cm or 15 cm£ 7
andn = 3, respectively) and scaled estimates to 20 ctm avgtudy-wide simple linear
regression. We used deep soil samples to deriveation factors to estimate C, N, and
fine roots to 100 cm. We assumed that 49% (SD)-ofldoil C, 48% (SD = 17) of soil
N, and 62% (SD = 20) of fine roots were in the 2@pcm, within the fine root variation
reported by Law and others (2003). All samplesavgarrted through 2 mm sieves,
bench-dried, mixed by subplot, subsampled, andyaedlfor mass fraction of C and N
(LECO CNS 2000 analyzer, Leco Corp., St. Joseph, t&xture (hydrometer method),
and pH (Oregon St. Univ. Central Analytical Laborsgt see Appendix 4 for soil N, pH,
texture, and depth results). We measured the @linall stones by displacement to
calculate bulk density for the sieved soil and safeal fine roots (FR: <2 mm diameter)

and other organic matter. We combusted a reprabentR subsample (= 7 plots) in
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a muffle furnace at 550°C for 5 h to determine arg@ontent (74.24%), which we
applied to all FR samples to estimate total orgamatter. Based on published estimates
of regional FR decomposition (Chen and others 2@@#8)mortality (Andersen and
others 2008), we assumed that less than 40% ekiflezl FR remained at the time of
sampling, that far fewer were retained by 2 mmesewand that the vast majority of
sampled FR was newly recruited postfire, even ghiseverity stands. We estimated
that live roots were 61% of total FR mass in PRddgO. Sun, Oregon St. Univ.,
unpublished data; Irvine and others 2007) and 87F&Romass in MC stands (P.
Schwarz, Oregon St. Univ., unpublished data). \bfaputed fine root NPP as the
product of total organic mass and a root turnorndex from multi-year rhizotron
measurements in a nearby unburned ponderosa past {dndersen and others 2008).
We estimated live and dead coarse root (CR: >10dmameter) mass from the tree, snag,
and stump surveys as a function of tree DBH (S&oitém and others 1977) and
computed CR NPP from modeled current and previeediee diameters (from
increment cores). This equation is applied wideliNorth American conifers due to a
lack of published species- and region-specific @qna (Campbell and others 2009), and
reported trends in CR mass and production areysaltinction of tree patterns. Because
the median stump height was 30 cm, we applied @ection factor of 0.9 to account for
bole taper to 1.37 m for stump CR estimates (addpben D. Donato, unpublished data).

We measured soil Cfflux and adjacent soil temperature at 12 randenhi
locations per plot using a Li-6400 infrared gaslyrer with Li-6000-9 soil chamber (Li-
Cor Biosciences, Lincoln, NE) following establishmdtocols (Law and others 1999;
Campbell and Law 2005; Irvine and others 2007, 2008e estimated annual soil
respiration Rsoii) by matching point measurements with concurremtyly, automated
soil respiration measurements at a nearby unbuknegtiFlux PP tower site (within 20
km) (Irvine and others 2008). A plot-specific @wtion factor was computed based on
the ratio of the mean soil respiration for a gipdot divided by the concurrent automated
rate and scaled to the automated chamber annwaegtcorrection factors ranged from
0.4 to 1.7 (range of type*severity means: 0.8-1.0B)is approach sampled the spatial

variability of respiration within each plot to dat@ne base rates and leveraged the long-
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term, intensive measurements of temperature- anskune-driven variability. Similar
automated measurements were made in previous (Z¥2-2003) in a MC stand that
subsequently burned in the B&B fire. A compariedMC and PP continuous
respiration datasets during the overlapping measeme period indicated near identical
diel amplitudes and seasonal patterns betweeminsites (data not shown). Given this
similarity, we concluded that annual, plot-speciig; estimates based on the PP
automated soil respiration would adequately repretbee spatial and temporal variation
within and among all plots. We computed the hetephic fraction of soil respiration
(Rnsoil) based on previous measurements at vegetationgedlautomated chambers at
high-severity and unburned AmeriFlux tower sitethim the study area (0.56 for high-
severity [value from high-severity sites], 0.52 fooderate-severity [mean of high-
severity and unburned sites], and 0.48 for low-ggvplots [value from unburned sites];
Irvine and others 2007).

Net ecosystem productiolVe estimated net ecosystem production (NEP: the
difference between gross primary production andggstem respiration; Chapin and
others 2006) using the mass balance approach (hdwthers 2003, Campbell and
others 2004a, Irvine and others 2007). This metiwodbines the above and

belowground fluxes described above:

(2)  NEP = (NPR—Ruwp) + (NPR — Rnsoi)

where NPR is aboveground NPP (wood and foliage growth adgreshrubs, and herbs),
Rawp is heterotrophic respiration of aboveground woddiritus (decomposition of
coarse and fine wood, snags, and stumps) gNs’Belowground NPP (growth of fine and
coarse roots), ané s is heterotrophic soil surface G@fflux (decomposition of soil
organic matter and forest floor). NEP is the appede C balance metric at the
spatiotemporal scale of our measurements, wheedascnsystem carbon balance.(

Net Biome Production) describes landscape- to rediscale C balance and longer-term
effects of fire and other fluxes.g.,erosion, leaching, timber harvest; Chapin andrsthe
2006). Here, we assume these other fluxes to ¢legitde at during the sampling period,

and we account for combustion losses independeht{EP.
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Pyrogenic C emissions from combusti@efore-after measurement of C pools is
the most certain method to measure pyrogenic CsgonigPE; Campbell and others
2007), but in this study, co-located prefire meamants were not available, and it was
not possible to establish a paired plot for evamnbd condition across the study
gradients. We estimated C loss from combustiongugistandard simulation program
(Consume 3.0; Prichard and others 2006), augmevitedield estimates of tree
consumption. Consume predicts aboveground fuedwoption, emissions, and heat
release based on weather data, fuel moisture,usatiolefd inputs from the Fuel
Characteristic Classification System (FCCS 2.0m@ttand others 2007) both models
available at: www.fs.fed.us/pnw/fera/). We seldatepresentative fuelbeds for PP and
MC stands (Table 2.3) using GIS and modified thes#evelop custom fuelbeds based
on field measurements at the 16 unburned plots.sWealated low-, moderate-, and
high-severity fire by adjusting canopy combustiod &el moisture content for woody
fuels and duff (Table 2.3; R. Ottmar, US Foreswiger 2009, personal communication).
Because Consume 3.0 does not account for consumydtiove tree stems and bark, we
used field measurements to calculate the changes#s and density due to charring
(Donato and others, in press). We assessed coimbasthe stand-scale and scaled
stand-level combustion to the sampled landscagefaiest type and burn severity GIS

data.
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Statistical and uncertainty analysis

We used multiple linear regression and analysiowhriance to compare
response variables across the study gradientsauBemne- and two-way ANOVA
(forest type and burn severity tested separatedycambined) revealed a significant
difference in prefire biomass between the two forgses P < 0.001) but no significant
difference among burn severities within either $dtgpe P > 0.5), we conducted
analyses separately by forest type. We deriveadstasstics (coefficients and standard
errors) from a multiple linear regression modelhw response variable as a function of
prefire biomass (continuous) and burn severitye@atical) within a given forest type.
Regression analysis showed no significant intesastamong explanatory variables;
coefficient estimates were calculated from additha@dels with an assumption of parallel
lines among type*severity treatments. We log-tfamsed data when necessary to
satisfy model assumptions. We accounted for maltpmparisons and reported
statistical significance as the highest signifiocankowest non-significant Tukey-adjusted
P-value @ = 0.05) common to all groups.{.,severity classes) in a given comparison
(PROC GLM Ismeans multiple comparisons; SAS 9.1S 3#stitute, Inc., Cary, NC).

We take a pragmatic view of uncertainty analyftisrdrvine and others (2007).
Many scaling assumptions are necessary to estjphatéevel metrics from components
sampled at varying spatiotemporal scales. Furtieen the wide range of sampled
prefire biomass and variability across the postarelscape, it is possible to commit
Type Il statistical errord.€., fail to reject false null hypothesis) when impottan
differences exist but are confounded by additidaetiors. We thus focus on the trends
and proportions across type*severity treatmentserathan absolute magnitudes. To
estimate NEP uncertainty, we used a Monte Carlogatare with the four major fluxes
described in equation 1 for each type*severityttnest (NEP uncertainty expressed as +
1 SE after 10 000 iterations based on the stanuamrdal distribution with mean,
standard deviation, and between-flux covariande [R Development Core Team
2009]). We also tested the sensitivity of NEP Byying the key component fluxes by

the range of sampled conditions (analysis not shown
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RESULTS AND DISCUSSION
Pyrogenic C transfers: combustion and mortality effects on C pools

Simulated pyrogenic C emissiomhe two fire-induced pathways of C transfer to
the atmosphere are combustion (pyrogenic emis§i&i) [and vegetation mortality with
subsequent decomposition. Simulated mean PE wadV&5C ha (range: 16.6-32.3
Mg C ha') and was very similar between forest types, suggsquivalent surface fuel
loading. Because prefire biomass was lower intBfds, the % consumed was
substantially higher (range: 23-35% vs. 13-24%HBrvs. MC stands respectively, Table
2.4). Stand-scale PE from low-severity fire wa%sdnd 65% of high-severity emissions
in MC and PP stands, respectively, indicating thatlargest fraction of PE was from
combustion of surface and ground fuels. This taswdonsistent with Campbell and
others (2007), who determined that >60% of totahloostion was from litter, foliage,
and small downed wood, and that these high sudeegvolume ratio pools were readily
consumed (>50% combusted) in all burn severiti€SWh Oregon mixed-conifer forests.
Our field-based estimate of live tree stem conswnpias on average 1.24% (range:
0.23-2.77%) of live bark and bole mass, a triviabant compared to other PE
uncertainties. The largest remaining uncertaistyat the Consume 3.0 model does not
account for belowground C loss due to combustiorsien, or other fire effects, which
can be substantial in some cases (Bormann andsdbéB). Without detailed prefire
measurements, we were unable to address thisdggadly, but our soil C surveys did
not show any significant declines in high-sevesiignds (described below).

Scaled to the sampled landscape 80 000 ha of burned area), simulated total
PE was 0.76 Tg C (Table 2.4). High-severity MGdtg with the largest per unit area
emissions and landscape area, contributed a disgiapate amount of PE (42% of the
total), whereas all PP forests combined releasétl @@otal PE. These proportions
underscore the importance of incorporating landsgegiterns of vegetation and fire
effects {.e., the severity mosaic) into modeling and policy asayy On a per unit area
basis, total PE from these fires was 33% highar tha 3.8 Tg C estimated for the 200
000 ha Biscuit Fire (25.5 vs. 19 Mg Ch&ampbell and others 2007). This C transfer

represents a substantial pulse to the atmospheateresto annual net C fluxes from
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unburned forests in the Metolius area (mean ammeiaC uptake at a mature PP site: 4.7
+1.2 Mg C hd y* ; Thomas and others, 2009). Conversely, 0.76 Taca.2.5% of
Oregon statewide anthropogenic £#€nissions for the 2-y period 2002-2003 (30.62 Tg
C equivalent; http://oregon.gov/energy/gblwrm/docgfreportO8web.pdf). Itis
important to note that the study scope burned iarea 60% of the area burned in and
around the Metolius Watershed in 2002 and 20030fha, 19 000 beyond this study
scope) and that these were large fire years reljyonBhus, PE from our study area
represents a relatively small proportion of totar@issions from wildfire. Although
further refinements are possible, the current amslyrovides a reasonable constraint for
regional modeling efforts.

Mortality and postfire C poolsBecause large C poole.g.,live tree boles) were
largely unaffected by combustion but were readille&, fire-induced mortality was the
most important overall C transformation, largemagnitude than total combustion. The
distribution of live and dead C pools changed prtadily with burn severity, dominated
by the shift from live trees to dead wood mass [@&6). Aboveground live tree and
dead wood mass (g Chboth encompassed wide ranges (live tree ran§80@; PP
high severity to MC low severity; dead wood rang@4-6252, PP low severity to MC
high severity), the latter range encompassing eeaat estimates from Washington East
Cascades high-severity standa.3000; Monsanto and Agee 2008). Mean basal area
mortality ranged from 14% in low-severity PP stat@l200% in high-severity PP stands,
with parallel patterns in MC stands (Table 2.1,.Ri¢). Across both forest types in low-
vs. high-severity stands, this mortality resulte@i>90% reduction in live aboveground
C (P <0.005), coupled with a near tripling of dead waboveground C (Table 2.5).
Trends in non-tree live mass.g.,shrubs, forbs) were inverse to live trees, with
significantly higher mass in high- vs. low-sevestands P < 0.03) due to regenerating
vegetation. Across both forest types, forest flmass exhibited the largest absolute and
relative difference between burned and unburnettistémean: 1588 and 232 g Cm
respectively), consistent with near-complete cortibnof these pools. Whereas the
difference between burned and unburned forest fleass was highly significant (85%

reduction;P < 0.001), there were no significant differences agimw-, moderate-, and
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high-severity stands in either forest type>0.85). Because of the decline in forest floor
and high tree survival, low-severity stands exbithiiower aboveground necromass than
unburned stands (Table 2.5).

Total aboveground C and total ecosystem C declvitdincreasing burn
severity in both forest types (Table 2.5), althotmjial ecosystem C was not significantly
different among severities in MC foresB&X 0.67). In both types, fine root mass and
soil C to 20 cm depth were not significantly difat among severitie® ¢ 0.33). Scaled
to 100 cm, mean soil C stocks (g Gl SE from regression) were 6556 + 348 and
5903 * 195 for burned MC and PP stands, respeygt{Velble 2.5). These values are
similar to nearby unburned stands (7057 g¢) and substantially lower than soil C in
more mesic Oregon forests (14 244 and 36 174 ¢“@hrthe West Cascades and Coast
Range, respectively; Sun and others 2004). Thedgsignificant differences among
severities furthers the evidence that soil C candmserved with disturbance (Campbell
and others 2009), including high-severity fire (therand others 2007). Without site-
specific prefire data we were unable to directlyamwee changes in soil C, and in
applying a fixed-depth approach, a limitation ofsnpostfire studies, we could not fully
preclude the possibility of fire-induced soil Cdadue to combustion, plume transport, or
erosion (Bormann and others 2008). Unlike thadstin steep terrain that experienced
stand-replacing fire, we did not observe seversienoor changes in the soil surface
between burned and unburned stands, and we detext@dnificant differences in mean
or maximum soil depth among severities (Appendix 4)

Our aboveground and total ecosystem C pool estgrae consistent with
previous estimates for PP in the Metolius areatalTabhoveground C values for unburned
and low-severity PP stands are similar to matuckyamung pine stands, respectively,
whereas moderate- and high-severity stands faNdmat the values reported for initiation
and young stands in a PP chronosequence (Law hrtsd@003). Our estimates of total
ecosystem C in moderate- and high-severity PP staredconsistent with those reported
by Irvine and others (2007). No analogous stueiast for the East Cascades MC forest
type; the current study provides the first sucinesties. The trends with burn severity

were generally similar in both forest types, arglftirest types differed consistently only
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in the magnitude of C pools. Total ecosystem C 47& greater in MC forests than in
PP forests (derived from Table 4).

Postfire C balance: fire effectson C fluxes and net ecosystem production
Aboveground C fluxesAboveground C fluxes followed the trends of livedan
dead C pools; NPPdeclined with increasing tree mortality (Fig. 9.4# both forest
types, NPR was significantly lowerR < 0.015) in high-severity vs. moderate- and low-
severity stands, which were not significantly diéfet from each otheP(> 0.21; overall
range: 84-214 g C fy'h). Although NPR declined monotonically with burn severity,
the sum of shrub and herbaceous NRRs about 2-fold higher in moderate- and high-
severity vs. low-severity stands, resulting in ardatic increase in the non-tree
proportion of NPR (Table 2.6). Thus, despite a reduction in livexadground C of over
90% in both forest types in high-severity compaebbw-severity stands, NRRvas
only 55% lower on average (Table 2.6). This trerudipled with NPP (described
below), resulted in a mean reduction of total NPRomut 40% from low- to high-
severity, consistent with a strong compensatorgotidf non-tree vegetation NR.P
Previous studies in clearcut, thinned, and burpeests have shown the same pattern of
rapid recolonization by non-trees contributing digyortionately to NPP (Campbell and
others 2004; Gough and others 2007; Irvine andret?@07; Campbell and others 2009),
and this study furthers the evidence across thedwkrity gradient in two forest types.
These findings suggest that a tree-only perspeive, Hurteau and others 2008) is
likely to result in significant biases and that ®gstem models and C policiesd.,
CCAR 2007) should encompass the full suite of estesy components and processes,
including understory vegetation and rapid belowgubtecovery following disturbance.
Heterotrophic respiration of aboveground necroniBsgp), computed from C
pools and decomposition constants, was a subdtaatigonent of C balance across
both forest types but showed weak trends amongitesgFig. 2.4b, Table 2.7).
Despite the increase in dead wood mass with sgvdidble 2.5), there were no
significant differences in MC stands and only siggige increases d®,wp With severity
in PP standsH= 0.031-0.051). We attribute this surprising resulseveral factors:

differing species- and decay-class specific coristand high variability among plots and
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severities; high retention and slow decompositibsnags; relatively high snag and dead
shrubRnwp in low-severity MC stands; relatively low CWD addad shruliR,wp in high-
severity PP stands (Table 2.7). Although we exggktitat the immediate postfire period
would exhibit maximum necromass over successioma (Wirth and others 2002;
Hicke and others 2003), oRxwp estimates were well less than both WRRd NPRB
(Rowp <35% of total NPP). These findings suggest tloatfpe woody detritus
decomposition contributes a protracted C lossithatore than counterbalanced by NPP.
In addition,Rywp 4-5 y postfire constituted about 15% of tdRalacross both forest types;
Risoil (below) accounted fara. 85% (Table 2.7), demonstrating that belowground
respiration processes are the predominant drivieCsloss.

Our range oRwwp across the two forest types (28-75 g G, able 2.7) is higher
than estimates 2 y postfire in PP forest (Irvind athers 2007), similar to young PP
stands in the Metolius area (Sun and others 2082 pa old-growtlPseudotsuga-Tsuga
forest about 100km away (Harmon and others 200) nauch less than untreated and
thinned PP stands in Northern California (Campéetl others 2009). Our relatively low
Rawp estimates, particularly compared to the C uptade NPP, underscore the
importance of decomposition lags in seasonally-aciosystems, where microbial snag
decomposition is moisture-limited. Other systesugh as tropical or sub-tropical humid
zones where decomposition is not moisture- or teatpee-limited and disturbance
rapidly generates CWDe(g.hurricanes; Chambers and others 2007) may experenc
much more rapid pulse of C emission from necromads$e notion that fire-killed
necromass represents a large, short-term C lasgasinded, however, and warrants
further investigation.

Woody detritus decomposition is a highly uncergaiocess, particularly in
burned forests, where charring and snag fall pigyortant, contrasting roles. For these
Rnwp estimates, we used decomposition constants defrioedunburned forests rather
than measurements of postfire detritus respiratide believe that charring would likely
reduce decomposition rates (DelLuca and Aplet 2D@8ato and others 2009a) but
tested the sensitivity of our estimates by assursirag decay rates equivalent to CWD.

In this scenario, estimated snagwould be 1 order of magnitude higher, and m&aib
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would beca.125% and 50% higher in MC and PP stands, respégtwashing all
burned stands into a net C source (negative NERyudh mear,wp would remain
<50% ofRysoil in both forest types). Our use of the 10% fracttoconsistent with
previous studies (Irvine and others 2007); othedists have ignored snag decomposition
entirely €.g9.,Wirth and others 2002). Our short-term study luged the assessment of
snag fall, a stochastic process dependent on lewarisy, topography, climate, and tree
species, size, crown scorch, decay stage, andtgé¢Rsissel and others 2006). That
Idaho study, in unlogged stands across a gradfdnira severity, estimated snag half-
lives for ponderosa pine and Douglas-fir of 9-1@ 4B-16 y, respectively (Russel and
others 2006), suggesting that the majority of srggeerated in the Metolius fires will
last for at least 10 y postfird&R,wp may increase with accelerating snag fall (parédul
in high-severity stands) but will remain small tala to Rysei, and NPP will likely
increase over the same time period. Future st@dlesecessary to reduce the
uncertainty of decomposition and snag dynamickimdrea.

Belowground C fluxesBelowground C fluxes were by far the largest andtmo
variable components of the annual C budget andeditoer overall magnitude of NEP
(Fig. 2.4). Belowground NPP (NBPwas not significantly different across the entire
study (overall mean: 284 g Chy; P> 0.68 in both forest types). Fine root NRP 1
m, based on total fine root mass and a constambwer rate, accounted for about 90% of
NPRs, with increasing importance in high-severity stenahere very few live tree coarse
roots survived. The apparent rapid establishmfime roots in high-severity stands
contributed to the strong NPP compensatory effenbo-tree vegetation (Table 2.6).
NPR; accounted foca. 50% of total NPP averaged across all severitidsfamrest types,
but high-severity stands in both forest types exéibhigher NPR than NPR (NPR; =
58 and 54% of total NPP in MC and PP, respectiyatglicating belowground C
allocation values between those reported for graslsl and shrublands (67 and 50%,
respectively; Chapin and others 2002). These astisnof fine root NPfare very
similar to those reported for moderate- and higreggy PP by Irvine and others (2007),
even though that study accounted for fire-indudee foot mortality and computed fine

root NPP from live rather than total fine root #®c Our estimated FR NPP is higher
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than a thinned PP forest in Northern Californiar@@aell and others 2009) and lower
than a mixed-deciduous forest in Michigan (Gougth atmers 2007). Our estimates of
total NPP ¢a.200-400 g C i y*) and NPR:NPR; ratio (overall mean: 1.15; Table 2.6)
are within the range of previous studies in the@dtaw and others 2003; Campbell and
others 2004) and consistent with the postfire Gcallion patterns described by Irvine and
others (2007).

Heterotrophic soil respiratiofiR{s.i) was not significantly different among burn
severities and forest typeB £ 0.2; Fig. 2.4b, Table 2.7), consistent with tlemtls of
forest floor, fine roots, and soil C (Table 2.5jean annuaRnsqi (g C m?y?, +1 SE
from regression) was 294 + 12 and 274 + 15 in M@ RR stands, respectively, very
similar to previous estimates in mature unburnedtaRds (Law and others 2003; Sun
and others 2004). The lack Rfs.; differences among severity classes and similégity
unburned forest suggests that this flux is resigtadisturbance-induced changes and
supports the findings of previous studies (Irvine athers 2007; Campbell and others
2009). Rysoil chamber measurements 1 y postfire in a nearbygeghrity site on the
2006 Black Crater fire were also similar to unburi forest and the values in the
current study (J. Martin, unpublished data), intirgathe lack of a largBnsei pulse from
1-5 y postfire. Although we did not find evidenaiethis postfire pulse in the absolute
magnitude oRysj, the conservation d®,soi across severities, coupled with declines in
NPP, resulted in a dramatic decline of the NRRPatio (ca.0.55 in high-severity stands,
both forest types; Table 2.7). This increase latiee Rysoi equated to a muted postfire
pulse that is reflected in our NEP estimates.

Implications for NEP.In both forest types, NRRRvas the principal driver of NEP
trends, whereaR, i controlled NEP magnitudes (Fig. 2.4, Table 2NEP was
significantly lower in high- vs. low-severity stasth both forest types(< 0.035). In
MC stands, mean NEP (g C1y*, +1 SE from Monte Carlo simulations) varied from a
slight sink (21 + 48 and 21 £ 55) in low- and maaterseverity stands to a substantial
source in high-severity stands (-174 £ 32). Inf&®@st, mean NEP varied from C neutral
in low-severity stands (0 + 33) to an intermedsdarce in moderate-severity stands (-87

+ 35) and substantial source in high-severity ségpti42 + 37). Thus, mean annual NEP
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was similar in high-severity stands of both fortgpes 4-5 years after fire. These results
are consistent with previous estimates of NRf?and NEP in unburned, moderate-, and
high-severity PP stands within the study arearignand others 2007), although our NEP
estimate for high-severity stands is lower.

Previous studies quantified a NEP recovery petaca net sink of 20-30 y in PP
forest following stand-replacement clearcuttingwland others 2003, Campbell and
others 2004). Longer term measurements are negdesdetermine the NEP fate of
these postfire stands, but <30 y seems approfaategh-severity stands, which are
already closer to zero than initiation stands deedrby Law and others (2003), despite
the removal of necromass via timber harvest in shady and higheR,wp reported here.

In both forest types, low-severity NEP was not gigantly different from 0 (Table 2.7,
SE includes zero), which may be explained by netairapid recovery of NEP and/or
limited fire effects. Although not a large C soaito the atmosphere, C neutral stands
represent a substantial decline from prefire NE®@uned PP mean + 1 SE: 50+14gC
m?y?!, Irvine and others 2007). Management actionsrthatic low-severity fire via
prescribed burning or thinning (thus removing ClJ ikely reduce short-term NEP and
long-term average C storage (Campbell and othéd9;2@itchell and others 2009).

Postfire regeneration: understory responses and potential C trajectories

Conifer and shrub regenerationn the first 5 y following fire, postfire conifer
regeneration was patchy but generally abundantoist type*severity treatments (Fig.
2.5b). Mediarseedling density (seedlingsHavaried over 5 orders of magnitude (study
wide range: 0 — 62 134). Conifer regeneration ngker in MC than PP stands, and
both forest types showed a negative correlatioh ewverstory tree mortality (Fig. 2.5);
for low-, moderate-, and high-severity stands, rmedieedling density was 10 223, 5111,
414 and 1338, 844, 0 in MC and PP stands, respéctiSeedling density was
significantly higher in low- vs. high-severity M@asids P = 0.036) and significantly
lower in high-severity PP stands than all otheisBidds P < 0.003). Given that a
density of 500 seedlings has considered adequate stocking (Oregon Foresti€ea

Act: www.leg.state.or.us/ors/527.html), all treahtseexcept for high-severity PP
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(median: 0 seedlings tipexhibited a robust regeneration pulse in the idiiate postfire
period. The large range of variability we obserigesimilar to conifer regeneration 2-4 y
postfire in high-severity SW Oregon MC (5 ordersragnitude; Donato and others
2009b) and 11 y postfire in high-severity Rocky Mtain lodgepole pine (6 orders of
magnitude; Turner and others 2004). PP seedlingitiles were higher in low- and
moderate-severity stands than analogous patctiae Black Hills, South Dakota, and
consistent with the near absence of regeneratibigmseverity patches beyond the
dispersal range of surviving seed trees (Lentikk @hers 2005).

Like conifers, shrub regeneration was generallynalant and highly variable
across type*severity treatments, and responsesmwech stronger in MC forests (Fig.
2.5c¢). Shrubs showed the opposite relationship tatrn severity, however, increasing
in abundance with tree mortality; in both foregigy, live shrub mass was significantly
higher in high- vs. low-severity stand3 € 0.015). Shrub biomass was not significantly
different among unburned, low-, and moderate-sgvstands P > 0.14), indicating
rapid recolonization to prefire levels 4-5 yearstfice. In some cases, shrubs appeared
to have survived fire, but in general, almost &llhe shrubs we observed established
postfire, predominantly from seed banks but alsgetegive resprouts. These results
suggest strong shrub resilience in both forestsypere shrubs are an important
component of mature stands (Franklin and Dyrneg8)19Fire appears to have played a
dual role of initially reducing shrub mass and teeabling rapid shrub growth via
overstory tree mortality, as demonstrated by thatpe relationship with severity.
Whereas shrubs have recovered to prefire levdtsnnand moderate-severity stands in
both forest types, shrubs in high-severity staralelachieved substantially higher
standing biomass, which will likely influence comifregeneration dynamics and
associated successional trajectories.

Carbon trajectory implicationsPostfire understory regeneration is a small
component of the stand-scale C budget but initiateg-term trajectories of C loss and
accumulation (Gough and others 2007). Postfire AIRPNEP may diverge widely in
stands dominated by shrubs vs. seedlings (Hickeotirets 2003), depending on the

establishment, growth rates, and relative abundahttee and non-tree vegetation.
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Because seedlings and shrubs were strongly cardelath overstory mortality, the
mixed-severity mosaic could influence C dynamiasdiecades, as illustrated by the two
extremes of conifer regeneration across the stédyindant regeneration in low-severity
MC stands could bolster overstory NPP and NEPem#ar term. Alternatively,
hyperdense standsgnsuSavage and Mast 2005) could exacerbate drougissstin
mature trees and facilitate (via ladder fuels) dteeplacement wildfire, yielding a C
source for years to decades. In high-severitytBiRs, the near absence of conifer
regeneration, coupled with 100% tree mortality,gasys a possible state change to non-
forest conditions with lasting C impacts. Densemibk and the widespread presence of
non-native cheatgragBromus tectorumgould facilitate subsequent reburn and
substantial short- and long-term reductions indCagfe (Bradley and others 2006; Dore
and others 2008). Although it is possible that s@ites could remain in
shrubland/grassland conditions for decades (Saaagdélast 2005), the region is now
transitioning from an anomalously warm/dry periéth( 2.3) to a negative Pacific
Decadal Oscillation (cool/wet; Oregon Climate Seeviwww.ocs.oregonstate.edu). PP
regeneration is strongly linked to climate, patacly summer rainfall (Barrett 1979),
and because establishment can occur over many pesiftre if seed sources persist
(Shatford and others 2007), conifer regeneratiatilispossible.

The widespread presence of shrubs, particularhygh-severity stands, may
initially reduce seedling growth through competiti@avitkovski and Newton 1968), but
over the long-term, understory shrubs play an ingmamrole in maintaining soil quality
(C, N, microbial biomass C) in this ecoregion (Buagsd others 1996). In addition,
Keyes and Maguire (2008) quantified positive assomms between PP seedling survival
and the microclimate beneath shrubs (reducedeoipérature and increased shade), and
Tappeiner and Helms (1971) documented MC regewaragsociated with the low-lying
shrubCeanothus prostratus the Sierra Nevada, an association we observéd wi
Calocedrus decurren@ata not shown). These and other studies Shatford and
others 2007) suggest that even where conifer sepdensities are currently low, shrub
presence may enable protracted conifer regeneratidriong-term productivity. On

shorter time-scales, shrubs contribute to the cosgitery effect of non-tree vegetation
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NPP, potentially bridging a productivity gap untges recover to prefire levels of LAI.
Other factors such as climate, management, andreztuisturbance will influence
long-term successional trajectories and are bettomdcope of this study.
Theimportance of scale-dependence and landscape pattern

The C patterns and processes measured here anedaep on the spatiotemporal
scales of measurement. This short-term study gesva measurement of direct fire
effects and establishes an important baselineofgg-term monitoring. Current trends
may continue over time, but they will likely evolv&or example, Busse and others
(1996) assessed shrubl/tree interactions over ap@sigd, and 20 y elapsed before
evidence emerged of positive understory effects@amgrowth and soil quality. With
predictions of accelerating climate change andeiasing fire extent and severity in
western forests (IPCC 2007; Balshi and others 2B0er and others 2009), long-term
field measurements are essential to determine st@mayesistance to fundamental state
changes. Federal inventories provide importang{i@mm data but should integrate some
of the methods described here to quantify surfaeksf(understory, forest floor) and soill
C, as well as fire effects such as combustion &adrmg.

Complex spatial heterogeneity is inherent to virédélisturbance, and although
the stand-scale results presented here are illivstréhe net effect of fire on C pools and
fluxes depends on the landscape pattern of typetgg\reatments across the study area.
For example, the high-severity MC treatment acoedifibr 33% of the sampled
landscape, whereas all severities of PP forestuated for only 25% combined (Table
2.1). Thus, although high-severity PP stands coepdesent a state change from forest to
non-forest with lasting C consequences, that camdiepresents only 9% of the study
scope. Previous studies have shown that the spaterogeneity from disturbance can
result in as much variability in ecosystem proceg$edy.,NPP) as temporal variation
through succession (Campbell and others 2004; Tame others 2004). Depending on
fire frequency and the arrangement of burn sevehg/landscape may prove to be
surprisingly resistant to lasting reductions infake and storage (Kashian and others
2006).
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CONCLUSION
This study quantifies the carbon consequencesidfing severity and

underscores the importance of accounting for tHednge of disturbance effects on
carbon pools and fluxes. Recent wildfires acrbssMetolius Watershed caused large,
direct carbon transfers from live to dead pools faonh terrestrial pools to the
atmosphere, and our estimates of these fluxesgeameaw constraints for regional carbon
modeling and policy frameworks. In both forestagpthe rapid response of early
successional vegetation offset declines in NPPN###é, reducing potential long-term fire
effects on stand and landscape C storage, parlicwhen combined with the lagged
decomposition of necromass and conservation oflgglmund components (Soil &, soi,
and NPRB). Mean annual NEP was highly variable and dedlweh increasing burn
severity, resulting in a substantial C source ghkseverity stands of both forest types 4-
5 years postfire. Regeneration of conifers andishwas generally abundant and highly
variable, but the two functional types showed ojipagsponses to tree mortality,
suggesting a wide range of potential postfire caripajectories. Because non-stand-
replacement fire account for a large percentagbeofinnual burned area (58% in this
study), modeling efforts that focus exclusivelytogh-severity fire systematically
underestimate pyrogenic emission, mortality, andides in NEP, factors which are

likely to play an increasingly important role iegional and global carbon cycling.



32
REFERENCES

Agee JK. 1993. Fire ecology of Pacific Northwesegis. Island Press, Washington, D.C.

Amiro BD, Todd JB, Wotton BM, Logan KA, FlanniganDVi Stocks BJ, Mason JA,
Martell DL, Hirsch KG. 2001. Direct carbon emisssoimom Canadian forest fires, 1959-
1999. Canadian Journal of Forest Research 31:5%2-52

Andersen CP, Phillips DL, Rygiewicz PT, Storm M00&. Fine root growth and
mortality in different-aged ponderosa pine stai@adian Journal of Forest Research
38:1797-1806.

Balshi MS, McGuire AD, Duffy P, Flannigan M, WaldhMelillo JM. 2009. Assessing
the response of area burned to changing climateegtiern boreal North America using a
Multivariate Adaptive Regression Splines (MARS) eggeh. Global Change Biology
15:578-600.

Barrett JW. 1979. Silviculture of ponderosa pin¢ha Pacific Northwest: the state of our
knowledge. USDA Forest Service General TechnicaldRePNW-97. Portland, OR.

Bork BJ. 1985. Fire history in three vegetationaymn the eastern side of the Oregon
Cascades. PhD Thesis. Oregon State University. 94 p

Bormann BT, Homann PS, Darbyshire RL, Morrissette B008. Intense forest wildfire
sharply reduces mineral soil C and N: the firsedirevidence. Canadian Journal of
Forest Research 38:2771-2783.

Bradley BA, Houghton RA, Mustard JF, Hamburg SRA&0nvasive grass reduces
aboveground carbon stocks in shrublands of the &ke&iS. Global Change Biology
12:1815-1822.

Brown JK. 1974. Handbook for inventorying downedoas material. USDA Forest
Service General Technical Report INT-GTR-16. Ogdé#h,

Busse MD, Cochran PH, Barren JW. 1996. Changesndgrosa pine site productivity
following removal of understory vegetation. Soil&we Society of America Journal
60:1614-1621.

Campbell GS, 1991. Application note: canopy LAInr&unfleck Ceptometer PAR
measurements. Decagon Devices, Inc., Pullman, WA.

Campbell JL, Alberti G, Martin JG, Law BE. 2009.r8an dynamics of a ponderosa pine
plantation following a thinning treatment in therth@rn Sierra Nevada. Forest Ecology
and Management 257:453-463.



33

Campbell JL, Donato DC, Azuma DL, Law BE. 2007.dggnic carbon emission from a
large wildfire in Oregon, United States. JournaGa&ophysical Research 112.

Campbell JL, Law BE 2005. Forest soil respiratioroas three climatically distinct
chronosequences in Oregon. Biogeochemistry 73:289-1

Campbell JL, Sun OJ, Law BE. 2004. Disturbanceratcecosystem production across
three climatically distinct forest landscapes. GloBiogeochemical Cycles 18.

CCAR. 2007. Forest sector protocol version 2.1lif@alia Climate Action Registry
(CCAR). http://www.climateregistry.org/tools/protas/industry-specific-protocols.html.

Chambers JQ, Fisher JI, Zeng HC, Chapman EL, BaBeHurtt GC. 2007. Hurricane
Katrina's carbon footprint on U. S. Gulf Coast &ise Science 318:1107.

Chapin FS Ill, Matson PA, Mooney HA. 2002. Prineiplof Terrestrial Ecosystem
Ecology. Springer, New York, NY.

Chapin FS IIl, Woodwell GM, Randerson JT, Rastdf®Br Lovett GM, Baldocchi DD,
Clark DA, Harmon ME, Schimel DS, Valentini R, Wir@ Aber JD, Cole JJ, Goulden
ML, Harden JW, Heimann M, Howarth RW, Matson PA,&4dre AD, Melillo JM,
Mooney HA, Neff JC, Houghton RA, Pace ML, Ryan M&nning SW, Sala OE,
Schlesinger WH, Schulze ED. 2006. Reconciling cartycle concepts, terminology,
and methods. Ecosystems 9:1041-1050.

Chen H, Harmon ME, Sexton JM, Fasth B. 2002. Fow-decomposition and N
dynamics in coniferous forests of the Pacific Nalt, USA. Canadian Journal of
Forest Research 32:320-331.

Cline SP, Berg AB, Wight HM. 1980. Snag charactmssand dynamics in Douglas-fir
forests, western Oregon. Journal of Wildlife Marraget 44:773-786.

Daly C, Gibson WP, Taylor GH, Johnson GL, Pasteri2002. A knowledge-based
approach to the statistical mapping of climatenfalie Research 22:99-113.

DAYMET. 2009. Distributed climate data, http://wwdaymet.org/.

DeLuca TH, Aplet GH. 2008. Charcoal and carbonagerin forest soils of the Rocky
Mountain West. Frontiers in Ecology and the Envinemt 6:18-24.

Donato DC, Campbell JL, Fontaine JB, Law BE. 20@aantifying char in postfire
woody detritus inventories. Journal of Fire Ecologypress.



34

Donato DC, Fontaine JB, Campbell JL, Robinson WByfman JB, Law BE. 2009Db.
Early conifer regeneration in stand-replacementiguos of a large mixed-severity
wildfire in the Siskiyou Mountains, Oregon. Canadiournal of Forest Research, in
press.

Dore S, Kolb TE, Montes-Helu M, Sullivan BW, WinaldVD, Hart SC, Kaye JP, Koch
GW, Hungate BA. 2008. Long-term impact of a stagplacing fire on ecosystem CO2
exchange of a ponderosa pine forest. Global ChBrajegy 14:1801-1820.

Eyre FH (editor).1980. Forest cover types of théééhStates and Canada. Society of
American Foresters, Washington, DC.

Filip GM, Maffei H, Chadwick KL. 2007. Forest hdaldecline in a central Oregon
mixed-conifer forest revisited after wildfire: A 3&ar case study. Western Journal of
Applied Forestry 22:278-284.

Fitzgerald, S.A. 2005. Fire ecology of ponderosee@nd the rebuilding of fire-resilient
ponderosa pine ecosystems. Proceedings of the Syunpon Ponderosa Pine: Issues,
Trends, and Management, 2004 October 18-21, Klafath, OR. USDA Forest Service
General Technical Report PSW-GTR-198. Albany, CA.

Franklin JF, Dyrness CT. 1973. Natural vegetatib®@gon and Washington. USDA
Forest Service General Technical Report PNW-GTRetland, OR.

Goward SN, Masek JG, Cohen WB, Moisen G, CollatzH&haley SP, Houghton RA,
Huang C, Kennedy RE, Law BE, Powell SL, Turner BRilder MA. 2008. Forest
disturbance and North American carbon flux. Eogn$actions, American Geophysical
Union 89:105-116.

Gough CM, Vogel CS, Harrold KH, George K, Curtis. R807. The legacy of harvest
and fire on ecosystem carbon storage in a nortpeeate forest. Global Change Biology
13:1935-1949.

Harmon ME, Bible K, Ryan MG, Shaw DC, Chen H, KltglaJ, Li X. 2004. Production,
respiration, and overall carbon balance in an otowth Pseudotsuga-tsudgarest
ecosystem. Ecosystems 7:498-512.

Harmon ME, Fasth B, Sexton JM. 2005. Bole decontjposiates of seventeen tree
species in Western U.S.A.: A report prepared ferRacific Northwest Experiment
Station, the Joint Fire Sciences Program, and tinest Management Service Center of
WO Forest Management Staff.
http://andrewsforest.oregonstate.edu/pubs/webdgusts/decomp/cwd_decomp_web.ht
m.



35

Harmon ME, Sexton JM. 1996. Guidelines for measergsiof woody detritus in forest
ecosystems. U.S. Long Term Ecological Researchr@modletwork Vol. 20.
Albuquerque, NM.

Hessburg PF, Salter RB, James KM. 2007. Re-examiim severity relations in pre-
management era mixed conifer forests: inferenaea fandscape patterns of forest
structure. Landscape Ecology 22:5-24.

Hicke JA, Asner GP, Kasischke ES, French NHF, ResaateJT, Collatz GJ, Stocks BJ,
Tucker CJ, Los SO, Field CB. 2003. Postfire resparfdNorth American boreal forest
net primary productivity analyzed with satellitesebvations. Global Change Biology
9:1145-1157.

Hudiburg T. 2008. Climate, management, and forsgst influences on carbon dynamics
of West-Coast US forests. M.S. Thesis. Oregon &tateersity. 86 p.

Hudiburg T, Law BE, Turner DP, Campbell JL, DonBX@, Duane M. 2009. Carbon
dynamics of Oregon and Northern California forestd potential land-based carbon
storage. Ecological Applications 19:163-180.

Hurlbert, S.H. 1984. Pseudoreplication and thegihest ecological field experiments.
Ecological Monographs 54:187-211.

Hurteau MD, Koch GW, Hungate BA. 2008. Carbon pebta and fire risk reduction:
toward a full accounting of forest carbon offs&montiers in Ecology and the
Environment 6:493-498.

IPCC. 2007. Climate Change 2007: The physical seidrasis: Contribution of Working
Group | to the Fourth Assessment Report of thegateernmental Panel on Climate
Change (IPCC) [Solomon S, Qin D, Manning M, CheMa&yquis M, Averyt KB, Tignor
M, Miller HL. (eds.)]. Cambridge University Pre€3ambridge, United Kingdom and
New York, NY, USA. http://www.ipcc.ch.

Irvine J, Law BE, Hibbard KA. 2007. Postfire carbpools and fluxes in semiarid
ponderosa pine in Central Oregon. Global Chang®§yo13:1748-1760.

Irvine J, Law BE, Martin JG, Vickers D. 2008. Irdanual variation in soil CO2 efflux
and the response of root respiration to climatecmbpy gas exchange in mature
ponderosa pine. Global Change Biology 14:2848-2859.

Kashian DM, Romme WH, Tinker DB, Turner MG, Ryan MZw06. Carbon storage on
landscapes with stand-replacing fires. BioscierG:6%B-606.



36

Keane RE, Agee JK, Fule P, Keeley JE, Key C, Kic86&, Miller R, Schulte LA. 2008.
Ecological effects of large fires on US landscajbesiefit or catastrophe? International
Journal of Wildland Fire 17:696-712.

Key CH, Benson NC. 2006. Landscape assessmentn@raeasure of severity, the
Composite Burn Index; and remote sensing of sgyehieé Normalized Burn Ratio. In
FIREMON: Fire effects monitoring and inventory srst USDA Forest Service General
Technical Report RMRS-GTR-164-CD. Fort Collins, CO.

Keyes CR, Maguire DA. 2008. Some shrub shadingeffen the mid-Summer
microenvironment of ponderosa pine seedlings int@e®regon. Northwest Science
82:245-250.

Kurz WA, Stinson G, Rampley GJ, Dymond CC, Neil&nh 2008. Risk of natural
disturbances makes future contribution of Canddeests to the global carbon cycle
highly uncertain. Proceedings of the National Acag®f Sciences of the United States
of America 105:1551-1555.

Law BE, Arkebauer T, Campbell JL, Chen J, Sun Ow#atz M, van Ingen C, Verma S.
2009. Terrestrial carbon observations: Protocalyvégetation sampling and data
submission. Report 55, Global Terrestrial Obser8ggtem. FAO, Rome. 87 pp.

Law BE, Ryan MG, Anthoni PM. 1999. Seasonal anduahrespiration of a ponderosa
pine ecosystem. Global Change Biology 5:169-182.

Law BE, Sun OJ, Campbell JL, Van Tuyl S, Thornt& P003. Changes in carbon
storage and fluxes in a chronosequence of pondeinsaGlobal Change Biology 9:510-
524.

Law BE, Thornton PE, Irvine J, Anthoni PM, Van Ti8/12001a. Carbon storage and
fluxes in ponderosa pine forests at different deelental stages. Global Change
Biology 7:755-777.

Law BE, Van Tuyl S, Cescatti A, Baldocchi DD. 200Hstimation of leaf area index in
open-canopy ponderosa pine forests at differerdessional stages and management
regimes in Oregon. Agricultural and Forest Meteogyl!108:1-14.

Lentile LB, Smith FW, Shepperd WD. 2005. Patchdtrte, fire-scar formation, and tree
regeneration in a large mixed-severity fire in 8wth Dakota Black Hills, USA.
Canadian Journal of Forest Research 35:2875-2885.

Martin RE, Sapsis DB. 1991. Fires as agents ofiberdity: pyrodiversity promotes
biodiversity. In: Harris RR, Erman DE, Kerner HMchnical coordinators (Ed.),
Proceedings of the symposium on biodiversity otmeestern California. Wildland
Resources Center, Santa Rosa, CA, pp. 150-157.



37

Maser, C., Anderson, R.G., Cromack Jr, K., Williadhd'., Martin, R.E. 1979. Dead and
down woody material. Wildlife habitats in managedests of the Blue Mountains of
Oregon and Washington, USDA Forest Service AgnicelHandbook No. 553.

Mclver JD, Ottmar RD. 2007. Fuel mass and stanagire after post-fire logging of a
severely burned ponderosa pine forest in northea€ireegon. Forest Ecology and
Management 238:268-279.

Means JE, Hansen HA, Koerper GJ, Alaback PB, KlopgV. 1994. Software for
computing plant biomass-BIOPAK users guide. USDAeBbService General Technical
Report PNW-GTR-340. Portland, OR.

Miller JD, Safford HD, Crimmins M, Thode AE. 200Quantitative evidence for
increasing forest fire severity in the Sierra Nevadd Southern Cascade Mountains,
California and Nevada, USA. Ecosystems 12:16-32.

Mitchell SR, Harmon ME, O'Connell KEB. 2009. Foréstl reduction alters fire
severity and long-term carbon storage in threefiedd¢orthwest ecosystems. Ecological
Applications 19:643-655.

Monsanto PG, Agee JK. 2008. Long-term post-wildfiymamics of coarse woody debris
after salvage logging and implications for soil tivegin dry forests of the eastern
Cascades, Washington. Forest Ecology and Manage2bér952-3961.

Mutch LS, Swetnam TW. 1995. Effects of fire sewedihd climate on ring-width growth
of giant sequoia after burning. USDA Forest Ser@emeral Technical Report INT-
GTR-320. Ogden, UT.

OFRI. 2006. Forests, Carbon, and Climate Changgymthesis of Science Findings.
Oregon Forest Resources Institute (OFRI). Portl@Ri,

Ottmar RD, Sandberg DV, Riccardi CL, Prichard D72 An overview of the Fuel
Characteristic Classification System - Quantifyiolgssifying, and creating fuelbeds for
resource planning. Canadian Journal of Forest Res83:2383-2393.

Pierce LL, Running SW. 1988. Rapid estimation afifeyous forest leaf-area index
using a portable integrating radiometer. Ecologyl862-1767.

Prichard SJ, Ottmar RD, Anderson GK. 2006a. ConsBud@ser's guide. Pacific
Wildland Fire Sciences Laboratory, USDA Forest &envPacific Northwest Research
Station. Seattle, WA.
http://www.fs.fed.us/pnw/fera/research/smoke/consimdex.shtml.



38

Prichard SJ, Riccardi CL, Sandberg DV, Ottmar RID6b. FCCS user's guide. Pacific
Wildland Fire Sciences Laboratory, USDA Forest &ervPacific Northwest Research
Station. Seattle, WA. http://www.fs.fed.us/pnw/fécas/index.shtml.

Reich, P.B., Bakken, P., Carlson, D., Frelich, LFEiedman, S.K., Grigal, D.F. 2001.
Influence of logging, fire, and forest type on hiaasity and productivity in southern
boreal forests. Ecology 82:2731-2748.

Rorig ML, Ferguson SA. 1999. Characteristics ofifigng and wildland fire ignition in
the Pacific Northwest. Journal of Applied MeteoplB8:1565-1575.

Running SW. 2008. Ecosystem disturbance, carbahckmate. Science 321:652-653.

Russell RE, Saab VA, Dudley JG, Rotella JJ. 200GgS3ongevity in relation to wildfire
and postfire salvage logging. Forest Ecology anadd@ment 232:179-187.

Santantonio D, Hermann RK, Overton WS. 1977. Ramnhss studies in forest
ecosystems. Pedobiologia 17:1-31.

Savage M, Mast JN. 2005. How resilient are southevegponderosa pine forests after
crown fires? Canadian Journal of Forest Resear®d63977.

Schoennagel T, Veblen TT, Romme WH. 2004. The aatesn of fire, fuels, and climate
across Rocky Mountain forests. Bioscience 54:663.-67

Shatford JPA, Hibbs DE, Puettmann KJ. 2007. Comdgeneration after forest fire in
the Klamath-Siskiyous: How much, how soon? Jouoh&lorestry 105:139-146.

Schwind B (Compiler). 2008. Monitoring Trends inrBiBeverity: Report on the Pacific
Northwest and Pacific Southwest fires -- 1984 t62Available online: http://mtbs.gov.

Simon SA. 1991. Fire history in the Jefferson Wittess area of east of the Cascade
Crest. A final report to the Deschutes NationaldsbFire Staff.

Soeriaatmadhe RE. 1966. Fire history of the porstepine forests of the Wam Springs
Indian Reservation Oregon. Ph.D. Thesis. Oregote &taiversity.

Sun OJ, Campbell JL, Law BE, Wolf V. 2004. Dynanaésarbon stocks in soils and
detritus across chronosequences of different faypsts in the Pacific Northwest, USA.
Global Change Biology 10:1470-1481.

Swedberg, KC. 1973. Transition coniferous foregha Cascade Mountains of Northern
Oregon. American Midland Naturalist 89:1-25.



39

Tappeiner, JC, Helms JA. 1971. Natural regeneratfddouglas fir and white fir on
exposed sites in the Sierra Nevada of CalifornfaeAcan Midland Naturalist:358-370.

Thomas CK, Law BE, Irvine J, Martin JG, Pettijol®, Davis KJ. 2009. Seasonal
hydrology explains inter-annual and seasonal vanah carbon and water exchange in a
semi-arid mature ponderosa pine forest in Centrafj@n. Journal of Geophysical
Research, Biogeosciences, in press.

Thornton PE, Running SW, White MA. 1997. Generasngaces of daily
meteorological variables over large regions of clexperrain. Journal of Hydrology
190:214-251.

Turner DP, Ritts WD, Law BE, Cohen WB, Yang Z, Hudlig T, Campbell JL, Duane
M. 2007. Scaling net ecosystem production and ioeb® production over a
heterogeneous region in the western United StBtegeosciences 4:597-612.

Turner MG, Tinker DB, Romme WH, Kashian DM, Litt@M. 2004. Landscape
patterns of sapling density, leaf area, and ab@wegt net primary production in postfire
lodgepole pine forests, Yellowstone National P&isA). Ecosystems 7:751-775.

USDA. 1996. Metolius Watershed Analysis. DeschiiaBonal Forest, Sisters Ranger
District. Sisters, OR.

USDA. 2003a. Field instructions for the annual megy of Washington, Oregon, and
California. Forest Inventory and Analysis PrograiSDA Forest Service Pacific
Northwest Research Station. Portland, OR.

USDA. 2003b. Metolius Basin Forest Management Rtdj&IS. Deschutes National
Forest, Sisters Ranger District. Sisters, OR.

USDA. 2004. Metolius Watershed Analysis — Updateséhutes National Forest, Sisters
Ranger District. Sisters, OR.

Van Tuyl S, Law BE, Turner DP, Gitelman Al. 2005ani4bility in net primary
production and carbon storage in biomass acrosgo@r®rests: An assessment
integrating data from forest inventories, intenssites, and remote sensing. Forest
Ecology and Management 209:273-291.

Van Wagner CE. 1968. The line intersect methoaradt fuel sampling. Forest Science
14:20-26.

Waring RH, Savage T, Cromack K Jr, Rose C. 199&nihg and nitrogen fertilization
in a grand fir stand infested with western spruggviiorm. Part IV: An ecosystem
management perspective. Forest Science 38:275-286.



40

Weaver H. 1959. Ecological changes in the pondgrosaforest of the Warm Springs
Indian Reservation in Oregon. Journal of Foresiyl5-20.

Westerling AL, Hidalgo HG, Cayan DR, Swetnam TW0@0Warming and earlier
spring increase western US forest wildfire activigience 313:940-943.

Wirth C, Czimczik Cl, Schulze ED. 2002. Beyond aalnudgets: Carbon flux at
different temporal scales in fire-prone SiberiantS@ine forests. Tellus Series B-
Chemical and Physical Meteorology 54:611-630.

Woolley TJ, Harmon ME, O'Connell KB. 2007. Estinngtiannual bole biomass
production using uncertainty analysis. Forest Egpland Management 253:202-210.

Zavitkovski J, Newton M. 1968. Ecological importeraf snowbrusiCeanothus
velutinusin the Oregon Cascades. Ecology 49:1134-1145.



41
FIGURES AND TABLES

T
121°40'W

-°| Metolius |
Watershed |

Mt. Jefferson

*  Green Ridge

Legend

$°5 Large fires 2002-2007
5°5 Metolius Watershed
XA Field plots

Blaok Butte A High severity

B Moderate severity

@® Low severity

% Unburned

Forest types (study scope)
95 Mixed-conifer (MC)

10 km | 0 55 Ponderosa pine (PP)

Sisters
N

Figure 2.1. Metolius fire study area on the eagpelof the Oregon Cascades. Point
symbols denote survey plots £ 64), labeled fires are the four surveyed (T&b®, and
shaded areas are the sampled forest types. Otbemafie outside the study scope and are
labeled by fire year only. Forest type layer clippe study scope: two types (MC and

PP) on the Deschutes National Forest (DNF) withenMetolius Watershed. Other types
(unshaded area within fires) include subalpinedtsren the western margiyniperus
woodlands to the east, non-forest, and ripariaasak@set map shows study area location
within Oregon elevation gradients. Fire perimetatt orest type GIS data from DNF.
Other GIS data from archives at Oregon State UsityerProjection: UTM NAD 83. See
also the color map in Figure A2.1 (Appendix 2).



Figure 2.2. Characteristic forest stands acrosMtelius Watershed study gradients. Clockwise ftoptleft: (a) unburned MC,
(b) low-severity PP, (c) moderate-severity MC, lf@)h-severity PP. Unburned stands contain heavateimulations and high
tree and understory vegetation density; low-seystands show partial bole scorching, high tregigarship, and rapid recovery
of surface litter; moderate-severity stands shaweiased bole scorch heights and overstory mortiigy-severity stands show
near 100% tree mortality and generally thick unaeysvegetation (shrubs and herbs). Note that almibre-killed trees
remain standing 4-5 y postfire.
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Figure 2.3. Climate anomalies in the Metolius Wstted. Anomalies in precipitation (mm) and tempeeaftiC) are in reference
to the 30-y mean (1978-2007) from PRISM data (pcismate.org) extracted at a central location inwaershed (described by
Thomas and others, 2009). Water year is definddea&2-mo period from October-September. The 20@@myear marked the
beginning of an anomalously warm and dry periothadent with a positive phase of the Pacific Dedddscillation (Thomas
and others, 2009). These anomalies contributedotagtit stress and set the stage for wildfires artdrgially harsh conifer
regeneration conditions.
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Figure 2.4. (a) Net primary productivity (NPP), t@terotrophic respiration (Rh), and (c)
net ecosystem production (NEP) by forest type amd beverity in the Metolius
Watershed. Bars in (a) and (b) denote means; bamsrdenote =+ 1 SE from 8 plots in
each forest type*burn severity treatment. Boxpiot&) from Monte Carlo uncertainty
propagation (see Methods); line denotes medianghiges denote #5and 75’
percentiles, error bars denoté"idnd 98 percentiles, and points denofd&nd 9%'
percentiles. Abovegroung, includes all dead wood, shrubs, and herbaceoustatsgn
(Table 2.7). SoiR;, fractions from Irvine and others 2007. Lowercadtels denote
statistically significant differences (Tukey-adedP < 0.05) among severities, tested
with regression of each response variable givefirprieiomass and severity.



45

a. £ 100 F — = 100
= d
s 75} 175
[e]
£ < b
e 50| 450
[0}
ﬁ b
(2]
8 25F a 125
¢ L L
F oo | 0
b. 20000} T -
10 000 } a . g
Il S {6000 =
y ab . ~ 2
¢ o
4000 | 1t 44000 » §
> =
D3
~ o
2000 } 1t a {2000 @
ab a a <£_
s || i 0 <
0 mm = b_Ig
c. ¢
o 150 } _|b 4 150
o
(2]
@ b .
S q00 a ab b 4100
o
O
O
2 50t a a ab 450
e a
(/2]
: i M & [
=
- 0 T T T T T 0

Unburned Low Mod High Unburned Low Mod High

Mixed-conifer Ponderosa pine

Figure 2.5. (a) Tree basal area (BA) mortality,dbpifer seedling regeneration, and (c)
live shrub biomass 4-5 years postfire by foresetgpd burn severity in the Metolius
Watershed. Bars in (a) and (c) denote means; barsrdenote + 1 SE from 8 plots in
each forest type*burn severity treatment. Due ®nsless, bars in (c) denote medians
and error bars denote®&nd 7%' percentile. Note the different scales betweenstore
types above y-axis break in (c). Tree mortalityahis % BA mortality due to fire in
burned stands and total % dead BA in unburned stdrmvercase letters denote
statistically significant differences (Tukey-adedP < 0.05) among severities. Statistical
tests for (a) used total % BA mortality, a metreranon to all treatments. Statistical tests
for (b) used logtransformed data. (a) and (b) excluded the préiimenass covariate.
Seedlings are live, non-planted trees from thefppestme period only. Note that high-
severity PP stands included 100% tree mortaligfli® plots and a median seedling
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Table 2.1. Metolius Watershed study area charatiesi

Total tree o
oSt g Eer Gon Smedares  Hemion(n)  (gieeg PSSR sty (ean moralty
study scope ’ (mean, range) ha', SEY trees hd, SEf  (mean, SE)
Mixed-conifer (MC} 32 21 95: 74 1160  (910-1558) 8.4 (1-22) 36 (3) 874 (103) 61 (6)
Unburned 8 ne na 1139  (910-1558) 49 (1-22) 35 (7) 911 (255) 3 13
Low severity 8 23¢€ 25 1045  (972-1128) 6.8 (2-14) 40 (5 1041 (252) 29 (4)
Moderate severity 8 ALl 16 1155 (1068-1291) 105 (5-22) 35 4 1068 (142) 58 (4)
High severity 8 90¢ 33 1300 (1136-1479) 116 (8-14) 33 (V) 477 (81) 96 (2
Ponderosa pine (PP) 32 B21 26 1004  (862-1247) 5.2 (1-22) 21 (2 643 (91) 54 (8)
Unburned 8 ne na 1035 (862-1247) 55 (1-17) 24 (4 1020 (247) 6 (2
Low severity 8 371 8 977  (910-1074) 55 (1-22) 27 (5) 515 (122) 14 (4)
Moderate severity 8 & 9 1046  (921-1092) 41 (1-7) 14 (3) 461 (122) 49 (7)
High severity 8 B2: 9 957  (902-1063) 5.8 (1-15) 18 (5 578 (168) 100 (0)
Overall 64 29 77: 100 1082  (862-1558) 6.8 (1-22) 28 (2 759 (70) 58 (5)
Notes:

Study scope was the area available for field samgpDeschutes National Forest (DNF) non-wilderdasd at least 50 m from roads, non-forest, and
riparian areas. These area estimates are alsdardaddscape-scaling of pyrogenic emissions (Tat#®. Note the uneven distribution of severity#yp
treatments across the sampled landscape.

& Determined from DNF plant association group GlgdBorest type rows describe sum or mean valuapgiable.

®Determined from DNF BARC burn severity GIS data.

® Mean basal area and density of all trees with DBHm, including live and dead. SE in parentheses.

4 Mean % basal area mortality due to fire for bursehds (indicated by italics), mean % dead tresaltarea for unburned plots. SE in parentheses.
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Table 2.2. Four large fires selected for studyhm Metolius Watershed.

. Fire size (ha) . Ignition
Fire name within watershed Fire year source
B&B ComplexX 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) 29773
Metolius Watershed area 115 869

Notes:

#Booth and Bear Butte Complex: two large fires thatged into one.



Table 2.3. Consume 3.0 severity parameterizatiodnF2CS fuelbeds to estimate pyrogenic C emission.

Severity parameterization

10-hr fuel 1000-hr fuel Duff Canopy
FCCSfuelbell  Forest type T%aé,\jb%/i%%)bund Burnseverity  moisturd moisturd moisturé  Consumptioh
g %) (%) (%) %)
) Mixed-conifer 132.6 Unburned
Grand fir --
Douglas-fir forest Low severity 15 40 120 125
(fire suppression)
Mod severity 2 20 70 50
(SAF 213)
High severity 3 10 30 87.5
o Ponderosa pine 87.2 Unburned
Pacific ponderosa
pine forest Low severity 15 40 120 12.5
(fire suppression)
Mod severity 2 20 70 50
(SAF 237) ) )
High severity 3 10 30 87.5
Notes:

@ Fuel Characteristic Classification System (FCQ@)ifeds determined using GIS data and descriptionsUS Forest Service FERA group:
www.fs.fed.us/pnwi/fera/. SAF codes are Society ofelican Foresters cover types (Eyre 1980).

® Total aboveground C from unburned stands, usepdmmeterizing FCCS fuelbed inputs for Consumeetingl Multiply by 2 for Mg h& mass or by
100 for g C rit.

“Consume severity from fuel moisture and canopy eomdion (moisture estimates from R. Ottmar, US Bo8ervice, 2009, personal communication).
94 Surface fuel time lag diameter classes: 10-h65-2.54 cm; 1000-hr 7.62 cm.

° Duff defined by FCCS as "partially to fully decoased organic material between the litter-lichen-$rgisatum and mineral soil" (Prichard and others
2006b).

"Canopy consumption: midpoint of standard burn savelasses (0-25%, 25-75%, 75-100% tree mortdditjow, moderate, and high severity,
respectively; http://mtbs.gov)
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Table 2.4. Pyrogenic C emission (PE) from Consur@esiBnulations and field measurements of consumptio

Stand scale Landscape scale

Forest typ Stand-scale PE % consumption, % consumption, Total PE Landscape %

Burn severity (Mg Cha'®  aboveground £ live tree stem's (TgCYf of total PE¢
Mixed-conifer

Low severity 16.6 13 0.23 0.120 16

Mod severity 25.3 19 0.71 0.122 16

High severity 32.3 24 201 0.320 42
Ponderosa pir

Low severity 19.7 23 0.27 0.047 6

Mod severity 25.6 29 1.43 0.072 10

High severity 30.2 35 277 0.079 10
Across sample 255° 22° 124 0.760 100

burnare (29 773 ha)

Notes:

@ Pyrogenic C emission (PE) computed from simul&iedhass combustion in Consume and field measurenediark and bole charring calculated after
Donato and others (2009a) and Campbell and otBeG7].

® 04 of unburned plot aboveground C (Table 2'3¢8lumn).

% of live tree bark and bole bark mass estimataah tharring (mean, weighted by tree mass).

4 Stand-scale PE scaled to the sampled landscapd basarea of type*severity treatments (Table 2.1).

¢ Mean, weighted by area of type*severity treatméhieble 2.1)
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Table 2.5. Carbon pools of stands in the Metoliwstéished

Aboveground Belowground

For%st tyoé Live tree mass Non-treée live Dead wood FwD¢ Forest flodt Coarse robt Fine root Soil ¢ Ecosystem C

urn severity mas mas$§

Mixed-conifef 5153  (807) 156 (12) 4080 (537) 171 (15) 61035)1 3115 (232) 185 (34) 6556 (348) 18648 (1213)
Unbumed 9302 (1146) 140 (22) 2884 (1008) 205 (31) 1610 (180) 3588 (480) na () na (na) na  (na)
Low severity  o7268 (1147) 105 (22) 2813 (1009) 166 (31) 374 (180) 3162 (481) 172 (62) 5960 (611) 20414 (2189)
Mod severity ,3071 (1140) 181 (22) 4371 (1003) 162 (30) ,289 (179) 2031 (478) 211 (61) 6434 (604) 17884 (2163)
High severity (973 (1141) 200 (22) 6252 (1003) 153 (30) 4,169 (179) 2780 (478) 172 (6l) 7225 (604) 17727 (2166)

Ponderosapife 3178  (538) 104 (9 1898 (300) 112 (16) 53151] 1713 (142) 135 (10) 5903 (195) 12677 (648)
Unbumed 25110 (714) a8  (14) 1517 (543) 179 (29) 1566 (219) 1842 (276) na (na) na (na) na (na)
Low severity 5576  (716) 67 (14) o924 (544) .75 (29) 234 (219) 2131 (276) 128 (18) 6035 (353),15244  (922)
Mod severity ~ ,2098  (724) wdl26 (14) .1934 (551) .130 (30)  ,258 (222) 1563 (280) 141 (18) 5899 (359) ,12089  (937)
High severity 0 ©) 446 (14) .3218 (542) .64 (29) 67 (218) 1317 (275) 137 (18) 5775 (351).10677 (918)

Notes:

Values: mean C pools (g Cin SE from regression in parentheses. Subscrietrfeindicate significant differences (Tukey-adjad® < 0.05) between
severities within each forest type. To convert ealto Mg biomass Hadivide by 50.

@Forest type row: non-italics denote all stands (uned and burned, = 32); italics denote burned stands omy=(24, unburned stands not surveyed [na]).
®Other live pools: shrubs, seedlings, graminoidgygo

“Dead wood mass: sum of snags, stumps, and CWD (ieail wood>7.63 cm diameter).

4FWD: all woody fuels <7.63 cm diameter.

Forest floor: sum of litter and duff.

"Coarse rootg10 mm diameter (modeled from diameter of live asdditrees and stumps).

9Fine roots <2 mm diameter (live and dead), scaieah 20 cm depth (62% [SD = 20] of fine roots assuiinegtop 20 cm)

hSoiI C to 100 cm depth, scaled from 20 cm deptB44SD = 14] of soil C assumed in top 20 cm).

'Ecosystem C: sum of all C pools. Includes deadwsh¢oot included in other columns)
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Table 2.6. Annual net primary productivity (NPP)oofrned stands in the Metolius Watershed.

Aboveground Belowground

For%Slgrtr}wgéeverity Tred Shrub Herbaceotis ~ NPR Crgﬁ%se Fine root NPR? Total NPP (,}:‘gpﬁss\ N Plfgt!\éPPB

Mixed-conife? 93 (15) 20 () 46 (4 159 (13) 18 (3) 132 (24) 130 (24) 309 (29) 42 1.06
Lowseverity 173  (11) 8 (9) 33 (7) 214 (19 36 (3) 122 (44) 159 (44) 372 (47) 19 1.35
Mod severity ;99 (11) 25 (9) 54 (7) Jl78 (15) »18 (3) 151 (44) 169 (43) 347 (46) 44 1.05
High severity (2 (11) 27 ) 51 (7)) 90 (15) 2 (3 122 (44) 15 (43) 215 (46) 87 0.72

Ponderosa pirfe 68 (13) 10 (@) 57 (6) 135 (11) 10 @) 9% (7)) 107 (7) 242 (16) 50 1.26
Lowseverity — ,135 (11) 3 @) B34 (10) 172 (19 22 (2 91 (13) 113 (13) 285 (24) 22 1.52
Mod severity — ,69 (12) 10 @) 1 (10) 151 (15) 9 (2 101 (13) 110 (13) 4260 (24) 54 1.37
High severity 0 (0 16 @) P8 (10) 84 (15 0 (0 97 (13) 97 (13) 180 (24) 100 0.87

Notes:

Values: mean NPP (g CTy%). SE from ANCOVA in parentheses. Subscript lettedicate significant differences (Tukey-adjusted 0.05) between
severities within each forest type. Summary flusekl.

@Forest type row: italics denote values from burskahds onlyr{ = 24; most NPP components not surveyed in unbustauls).
®Tree: sum of bole and foliage NRRCoarse roots modeled from live tree DBH in sefgacalumn.

“Herbaceous: sum of graminoid and forb NP&jual to dry mass.

4NPP,: Annual aboveground net primary productivity (hadtiown in Fig. 2.4).

®Fine root NPR to 100 cm depth based on published turnover ifidaedersen and others 2008) and total fine root reaaked from 20 cm depth.

"NPR;: Annual belowground net primary productivity (boshown in Fig. 2.4).
9 Total NPP: sum of all above- and belowground faigatering the system (bold).

"Non-tree NPR: sum of shrub and herbaceous NPP

TS



Table 2.7. Annual heterotrophic respiratiomn)(Bnd NEP of stands in the Metolius Watershed.

Aboveground Rywp) Belowground
For%irtrﬂ%everity Snaj  Stump CWD®  Deadshrub Herbacedus  Ruwo® Rreoll thsg{igwi' TotalRY NEP" ertﬁ)d&
Mixed-conifef 7@ 5@ 24 @4 3 @ 2 2 6 @ 204 (12) na 357 (12)  -44 (28) 087
Unbumed 3@ 7@ 20 9 1 @ 19 @) 59 (12) na (na)  (na) na (na) na (na)  (na)
Lowseveity 7 (2 3 (1) 14 (9 7 (4 17 @ 48 () 305 (21) 048 353 (20) .21 (48) 105
Modseverty 9 (2 5 (1) 22 (9 1 () 27 @) 64 (2) 261 (21) 05 327 (19) 21 (55) 106
Highseverity 9 (2 5 (1) 32 (9 3 () 26 @) 75 (12) 314 (21) 056 388 (19) 174 (32) 055
Ponderosapife 2 (1) 3 (1) 9@ 2 @ % (3 42 @ 274 (15) na 317 (17)  -76 (20) 076
Unbumed a0 (1) 4 (1) 18 (3) 2 (2 216 (4) 40 (6) na (na) (na) na (na) na (na) (na)
Lowseveiity o1 (1) 3 (1) 5 (@) 2 (2 L7 (@) .28 6 262 (28) 048 290 (30) 0 (33 098
Modseverty .2 (1) 3 (1) 8 (3) 4 (2 36 (@) .53 6 286 (28) 052 338 (31) 487 (35) 077
Highseverity .5 (1) 3 (1) 4 (3 1 (2 34 (4) 50 6 274 (28) 056 324 (30) ,142 (37) 056

Notes:
Values: mearR, (g C m?y™). SE from ANCOVA in parentheses, except NEP SEffonte Carlo simulation (see Methods). Subscafiets indicate
significant differences (Tukey-adjust&ck 0.05) between severities within each forest tghenmary fluxes bold.
@Forest type row: non-italics denote all stands (uned and burned, = 32); italics denote burned stands omy=(24, unburned stands not surveyed [na]).
®SnagR, uses 10% of CWD decay rate and stuRqpises 100% of CWD decay rate.
°CWD R, includes FWDR,, which was less than 0.15% of CWARin all treatments.
9Herbaceous: forb and graminoid combined (assuméd &Qiry mass).
®Rawp: sum of aboveground components (bold). Includebdweous annual turnover (50% of dry mass).
"Rusoiic heterotrophic soil respiration, based on totéleffiux and heterotrophic fractions from Irvinecothers (2007). Moderate severity fraction is mea
of unburned and high severity fractions.
9Total R,: sum of all above- and belowground fluxes frondlam atmosphere (bold).
"Net ecosystem production: sum of NPP (Table 2.8)Rarfluxes. SE from Monte Carlo uncertainty propagatilPPR, ratio <1 if negative NEP
&)
N
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CHAPTER 3 || BEYOND STAND-REPLACEMENT DISTURBANCE:
SIMULATION OF LANDSCAPE CARBON DYNAMICSACROSSA WILDFIRE
SEVERITY GRADIENT IN THE EASTERN CASCADE RANGE, OREGON, USA

ABSTRACT

Low- and moderate-severity wildfire influences éstrial carbon dynamics in
forest ecosystems worldwide, but previous carbodetiog efforts have focused
primarily on high-severity, stand-replacement fifere, we integrate Landsat-based
detection of fire extent and severity from the Moring Trends in Burn Severity
database with the Biome-BGC process model to ifgegstthe impacts of large,
variable-severity wildfires on carbon pools, fluxeaad pyrogenic emission across a 250
000 ha landscape in the Oregon Cascade Range.dsefb on the effects of 4 fires that
burnedca. 50 000 ha in 2002 and 2003, comparing 3 scendrigh:severity only (other
areas assumed unburned), moderate and high sewerityll severities (low, moderate,
high). At the landscape-scale, moderate- and loxer#ty fire contributed 25% and 11%
of total estimated pyrogenic carbon emission, respay (0.66 Tg C total, oca. 2.2%
of statewide anthropogenic G@&missions equivalent from the same 2-year period).
Moderate- and low-severity fire accounted for 239d &% of landscape-level tree
mortality, respectively, which resulted in the ster of 2.00 Tg C from live to dead
pools. This carbon transfer wea. 3-fold higher than the one-time pulse from pyragen
emission, but it will likely take decades for tllisad wood to decompose via
heterotrophic respiration. The inclusion of moderseverity fire reduced postfire (2004)
mean annual NEP by 39% compared to the high-sgwatly scenario; low-severity fire
influence on NEP was small (additional reductiod®¥ in mean NEP), likely because
of high tree survivorship and the relatively loveeeal coverage of low-severity fire. One
year postfire, burned areas were a strong C squeteC exchange across 53 000 ha: -
0.065 Tg C ¥; mean + SD: -123 + 110 g Cy™) vs. a prefire mean near C neutral
(1997-2001 mean NEP + SD: -5 + 51 g C gi'). The model has been known to
underestimate carbon uptake in mature and old aseichforests, so the prefire value is

likely underestimated. Despite the recent riseninual burned area across western North
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America, including a substantial increase in thegpprtion of high-severity fire in the
ecoregions studied here, low- and moderate-sewgilitijire accounts for the majority of
burned area in the Pacific Northwest region. Tlis-stand-replacement fire has
important consequences for carbon loss and uptake tandscape- and regional-scales,
even though high-severity fire impacts are greaténe stand scale. These results suggest
that by utilizing novel remote-sensing datasetsdmount for low-, moderate-, and high-
severity fire, carbon modelers can substantiallpgoe uncertainties in key components
of regional and global carbon budgets, particulpgiygogenic emissions and mortality.
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INTRODUCTION

Given the pivotal role of forests in terrestriatloon storage and mitigation
strategies for anthropogenic greenhouse gas emssgRCAR 2007, IPCC 2007),
accurate modeling of disturbance processes is@aasingly important scientific frontier
(Korner 2003, Gowardt al.2008, Running 2008). Fire is a fundamental, dloba
phenomenon that has influenced carbon cycling, te¢ige, and climate for millions of
years (Cope & Chaloner 1985, Bowmetral. 2009). Though pervasive, fire is highly
variable across space and time. Stand-replacemilglfite is a vital ecological process,
but low- and mixed-severity fire regimes are cheastic of many forest types,
particularly in western North America (Schoennagedl. 2004, Hessburgt al. 2007).
Despite the widespread occurrence of non-lethaldird other partial disturbances (Agee
1993), most carbon model research focuses soletyam-replacement disturbance.
This study presents a novel remote-sensing and Ingdeamework to quantify the
carbon consequences of recent variable-severitifives in the eastern Cascades of
Oregon.

Numerous carbon (C) modeling efforts have investig stand-replacement fire,
particularly in boreal foreste(g.,Kanget al. 2006, Bond-Lambertgt al. 2007, Kurzet
al. 2008), yet many uncertainties remain. One kejlefhge is the detection of
disturbance extent and severity (defined hererastay-sensed vegetation mortality).
Studies to date have been limited by remote-sertatgsets of high-severity disturbance
over a relatively short time periodg, Landsat MSS since 1972 [Cohetnal. 1996],
AVHRR since 1982 [Pottest al. 2003]). For longer-term analyses, researchers hav
typically measured chronosequences, substitutemgdsage for time since disturbance
(Law et al. 2003, Lawet al.2004). These approaches are appropriate whereglthsce
results in stand-replacement and generally eved-figests, such as fire in the boreal
zone and clearcut harvestd.,Amiro et al 2001, Bond-Lambertgt al.2007), but few
studies have addressed the effects of nonletlesl, fivhich are widespread in many
regions. By definition, low-severity fire does ridvmatically alter the distribution of

live and dead C pools, but it does have importapigicts on C cycling, particularly
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pyrogenic emission, understory vegetation, anceoesystem production (Meigs al.
20009, this thesis, Chapter 2). In a time of ragichate change and correlated increases
in fire extent and severity (Westerliegal. 206, Miller et al.2009), accounting for the
full disturbance gradient is crucial to reduce utaaty in regional and global C budgets.
Yet, to our knowledge, no modeling studies havdieitly assessed the effects of low-,
moderate-, and high-severity fire on C pools angdk.

Ecosystem process models have been used extgnsivelestigate the
interactive effects of disturbance, climate, G€rtilization, and N deposition on C
dynamics €.g.,Thorntonet al. 2002, Lawet al. 2003, Smithwiclet al. 2009), and recent
advances in remote-sensing enable enhanced distérlaacounting. Because they are
based on mechanistic relationships, process madleis robust hypothesis testing
(Mékelaet al.2000) and evaluation of variable disturbance regiiBalshiet al. 2007).
The Biome-BGC process model integrates diversda t@golution data inputs and
enables spatially-explicit, seamless mapping obGipand fluxes (Thorntoet al. 2002,
Bond-Lambertyet al. 2007, Turneet al.2007), including measures of C uptake: net
primary production, net ecosystem production, agtcbiome production (NPP, NEP, and
NBP, respectively; Chapiet al.2006). It also provides flexibility in disturbasc
parameterization and can simulate multiple distackaevents derived from remote-
sensing datasets. In the current study, we usetagrging change detection datasets—
Monitoring Trends in Burn Severity (MTBS; http:/flostgov/) and LandTrendr time-
series change detection (Kennedl, in prep.)—to characterize carbon cycle responses
along a gradient of burn severity.

Following a relatively fire-free period, recentldfires have burneda.65 000 ha
as a variable-severity mosaic in and around theolst River Watershed (Figs. 3.1 and
3.2), altering the landscape C balance and emidtiregionally important C pulse
through combustion and lagged decomposition ofareass (this thesis, Chapter 2). The
large spatial extent and variability in fire effectombined with previous field, modeling,
and remote-sensing studies in burned and unbuoresdt$ in the are@Q.,Law et al.

2003, Irvineet al. 2007), provided an unprecedented opportunity vestigate the role of
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wildfire severity in landscape-scale C cycling. isTstudy compliments previous
modeling efforts—including extensive site-specéi@luation of the Biome-BGC model
(Thorntonet al. 2002, Lawet al. 2004, Turneet al. 2007)—by introducing new remote-

sensing datasets and improved combustion estim@tesspecific objectives were to:

1. Describe burn severity patterns at the landsaeapaegional scales to assess
the importance of non-stand-replacing wildfire.

2. Test the sensitivity of carbon cycle impact8 tourn severity scenarios:

High severity only; moderate and high severity; |owoderate, and high severity.

3. Account for all 3 burn severities to quantifyt fiee effects on pyrogenic

emission, mortality, C pools, and net ecosystendycbton.

Our primary hypothesis was that the introductiotoaf- and moderate-severity fire into
the modeling framework would substantially increpgeogenic C emission but that in
contrast, high tree survival in low-severity areamild result in relatively small
reductions in C pools, NPP, and NEP.
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MATERIALS AND METHODS
Study area

The simulation area is a 244 600 ha landscapadim the Metolius River
Watershed, located on the east slope of the Or€gsnades within two major
ecoregions: the Cascade Crest (CC) and East Cas(faa® (Fig. 3.1; Omernik 1987,
Griffith & Omernik 2009). East slope vegetatiordefined by one of the steepest
precipitation gradients in western North Americansitioning from subalpine forests
(cool, wet) toJuniperuswoodlands (warm, dry) within 25 km. The mixed-deniforests
include ponderosa pin@inus ponderosapPouglas-fir(Pseudotsuga menziesiBbies
spp., Tsuga sppand numerous locally abundant tree species (Ssvgdi®73, Griffith &
Omernik 2009). Forested elevations range fromr@G0 2000 m, with volcanic peaks
reaching up to 3200 m. Slope steepness is gepgraliual but increases with
topographic complexity at higher elevations. Sumsage warm and dry, and most
precipitation falls as snow between October ane Juawet al.2001). Mean annual
precipitation ranges from 400 to 2300 mm, averagemum January temperature ranges
from -6 °C to -3 °C, and average maximum July terajpee ranges from 22 °C to 30 °C
(Thorntonet al. 1997; DAYMET 2009). Soils are volcanic (vitricryds and
vitrixerands), well-drained sandy loams/loamy sands

Recent fires are previously described in detalirapter 2 of this thesis. The
study area spans a wide range of historic firennegiassociated with the climate
gradient, from frequent, low-severity fire in ponoga pine (return interval: 3-38 y;
Fitzgerald 2005) to infrequent, high-severity finesubalpine forests (fire interval: 168 v;
Simon 1991). By the late 2@entury, a combination of time since previous, fiire
suppression, anomalous drought (Fig. 3.3), andires#ivity generated fuel conditions
conducive to large-scale wildfire (Warieg al. 1992, Frankliret al1995, Fitzgerald
2005). Since 2002, 10 large (>1000 ha) wildfiraséhburned across multiple land cover
types, yielding a heterogeneous spatial pattetreefmortality and survival. This study
focuses on 4 major fires that burnzad 35% of the watershed in 2002-2003 (Figs. 3.1
and 3.2, Table 3.1).
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Biome-BGC model background

Biome-BGC is a widely-used, daily time step ectaysprocess model described
in numerous publicationg@.,Running & Coughlin 1988, Running & Hunt 1993, White
et al. 2000, Turneet al.2007) and evaluated previously in the study aresv(t al.
2001, Thorntoret al. 2002, Lawet al. 2004). Here, we provide a concise overview and
highlight details specific to new disturbance pagtarizations. The model simulates
coupled terrestrial carbon, nitrogen, and watetecgeocesses, including photosynthesis,
respiration (autotrophic and heterotrophic), Cadloon, decomposition, plant mortality,
nitrogen mineralization, and evapotranspirationgfftonet al.2002). Key inputs
include daily meteorological data and a suite nfllaover, soil, age, ecophysiological,
and disturbance parameters derived from satedliteote-sensing. We used Biome-BGC
version 4.1.1, modified for spatial analysis of iRadNorthwest regional C cycling and
variable disturbance severity. We ran the modallakm grain to produce annual maps
of disturbance effects on C stocks and fluxes fi@®5 to 2004 in the EC and CC
ecoregions. A reference model run for hypothelwmat, moderate-, and high-severity
fire in 1950 provides an adequate postfire timeqgokto show trajectories of NEP
recovery (Figure 3.4).
Principal inputs: land cover, climate, stand age, and ecophysiology

We derived land cover, soils, and climate inpgisg the same procedures as
Turneret al. (2007). Land cover was grouped into 7 classesroheted from 2 primary
sources: the National Land Cover Data set (Vogeinetmal.2001) and Oregon GAP
analysis (Kagaet al. 1999). Transitional vegetation in recent cleasauas reclassified
as conifer forest. We identified the EC and CCregions from level Il and level IV
ecoregion descriptions, respectively (Omernik 19&iffith & Omernik 2009), and
obtained soils data from U.S. Geological Surveyetages (CONUS, 2009). We used
daily, 1 km resolution minimum and maximum temperat precipitation, humidity, and
solar radiation data from 1980-2004 developed WithDAYMET model (Thorntoret
al. 1997, DAYMET 2009) and recycled the 25-y recordiniy model spin-up. We

employed an age map based on land cover, rematabked disturbance, and regression
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of Forest Inventory and Analysis plot data with daat spectral indices. For conifer
forest, we assigned the actual age to those pitetgified as stand-replacement
disturbance since 1984 by the MTBS and LandTreathskts (described below) and
grouped all other pixels into four age classes 85,150, 250 y) using regression-based
modeled age (Duaret al.,in prep). Deciduous and woodland pixels weregnesl ages
of 50 y and 70 y, respectively. Landsat-derivedaldes were resampled to 25 m
resolution for scaling with 1 km resolution climatata, and all spatial data were
projected in Albers conic equal area NAD 83. Weduthe same ecophysiological and
allometric constants described previously (Tumteal. 2007). To minimize bias in the
age-specific patterns of live wood mass, we raararpeter optimization procedure with
regional Forest Inventory and Analysis data to chetige the fraction of leaf nitrogen as
rubisco (FLNR) and annual mortality (%) that bestidated ecoregion live wood mass
distributions. FLNR has been used previously ifimjzation exercises with Biome-
BGC because the model NPP is sensitive to it, shiue is poorly constrained by
measurements (Thornt@t al 2002). Mortality is likewise poorly constrainadd it has
a strong influence on age-specific wood mass.

Novel disturbanceinputs and parameterization

We resolved annual disturbance from fire and tinfiagvest across the study area
using two complimentary Landsat remote-sensingsgéésa The MTBS program has
mapped all fires >400 ha in western North Amerroat 1984 to present using before-
after change detection with Landsat TM and ETM+gerg (Schwind 2008). MTBS
analysts compute the differenced normalized buro (dNBR; Key and Benson 2006), a
widely used metric of pre- to post-fire change, dedve 6 burn severity classes (Table
3.2). For this analysis, we accounted for low-derate-, and high-severity fire but
excluded the unburned-low class, which represeatgatantial area within fire
perimeters (Fig. 3.5; Schwind 2008; http://mtbs/yjov o determine if the severity
proportions in our study area were representativegonal patterns and to assess the
importance of non-stand-replacing fire across #wpon, we used the MTBS database to
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investigate the patterns of burned area and sg\@aisses across the Pacific Northwest,
comparing states, ecoregions, and two 11-y timege(1984-1994, 1995-2005).

LandTrendr is a new change detection techniquddliarages a set of
segmentation algorithms to identify salient treadd events in a time-series of Landsat
imagery, enabling capture of slow disturbaneeg.(insect defoliation) and partial
disturbancesg(.g.,thinning, prescribed fire) at an annual time-st€pr(nedyet al. 2007,
Kennedyet al, in prep). We extracted all LandTrendr disturlesnwith a duration of 1-
2 y and relative magnitude >15% cover change fr&@8612004, excluded pixels within
MTBS-identified fires, and assumed that all othistudbances were clearcut timber
harvests. We also used LandTrendr data to fibw, moderate-, and high-severity fire
pixels within MTBS non-processing mask areas (cefim Table 3.2). In these areas,
we extracted LandTrendr disturbance data withinyaa of the fire occurrence and
classified low, moderate, and high severity witherochange relative magnitudes of 15-
30%, 30-50%, and 50-100%, respectively.

We accounted for the 2 most recent disturbantfdsss than 2 disturbances
occurred after 1984, we assumed that age represegmie since disturbance and that
stands less than and greater than 75 y old werated by clearcut harvest and high-
severity fire, respectively. We estimated pyrogebiemission with severity- and
biomass pool-specific combustion factors from pahEd measurements in western
Oregon conifer forests (Table 3.3; Cample¢lal. 2007). To estimate tree mortality
(transfer from live to dead tree pools), we used-range values from MTBS severity
classes of percent tree mortality: 12.5%, 50%, 9&8pectively for low-, moderate-, and
high-severity fire and subtracted prefire from fiostpixels. We assumed that clearcut
harvest resulted in 100% tree mortality and remdf&db of live tree mass from stands
and that no disturbance occurred in non-foresteelpiTurneret al. 2007).

Biome-BGC simulations

To isolate the effects of low- and moderate-séydie on C pools and fluxes, we

ran 3 burn severity scenarios: high severity omggerate and high severity; low,

moderate, and high severity. Because of computationitations from the number of
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pixels at 25 m resolutiom@& 4000 000), we ran the model for the 5 most prevale
combinations of land cover and disturbance histatlin each 1 km pixel= 2446;
Turneret al. (2007). This approach captured >80% of the 2®solution variability for
93% of the simulation landscape (data not showimere were 395 unique combinations
of land cover and disturbance history (10 mostuesq combinations shown in Table
3.4). Following model spin-up, including a dynamiortality model (Pietsch &
Hasenauer 2006), we simulated all disturbance siosn® the year 2004 (the last year of
available DAYMET climate data). After area-weigigito the 1 km resolution, the data
were assembled into spatial surfaces of key regpoasables.

Data and uncertainty analysis

We calculated summary statistics (mean, spatiabSDkm cells) for mapped
pre- and post-fire C metrics among the 3 sevedénarios described above. We
computed annual NEP as the difference between MEReterotrophic respiration and
guantified NEP, pyrogenic C emission, and harvestavals separately rather than
combining them into a single metrice(, net ecosystem carbon balance; Chapial.
2006). After we determined the differences betwsmrerity scenarios, we focused on
the “all severities” scenario (low + moderate +Hggverity) to assess net fire effects on
C pools and fluxes.

Previous studies have evaluated the Biome-BGC hamiless this landscape and
region (Thorntoret al.2002, Lawet al.2004, Turneet al.2007), but the new remote-
sensing datasets described above provided an optgrto investigate the uncertainty
due to disturbance extent and severity. As suehheld other model parameters constant
between burn severity scenarios. To assess tleaaycof the MTBS severity
classification, we compared the severity classéls ground-based measurements of burn
severity (% tree basal area mortality) from an petelent dataset of field plots within the
study arear( = 24), described in detail in Chapter 2 of thissik.

We evaluated Biome-BGC outputs of annual NEP ¥figld measurements 4-5y
postfire at a subset of ponderosa pine plots 15). The DAYMET climate record
(1980-2004) did not coincide with field measuremnsesftNEP (2007), precluding a direct
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comparison. We therefore simulated fire eventsd@5 in order to estimate NEP 5y
postfire in the year 2000, the climate year masilar to the year when field plots were
surveyed, thereby minimizing the confounding inflae of interannual climatic
variability on NEP (Fig. 3.3). We simulated lowpderate, and high severity according
to the MTBS classes and compared measured anctig@dialues at individual sites and
within severity classes. We estimated stand agedighing modeled live tree stem
mass to field-measured prefire biomass, calculasetthe sum of postfire live tree stem
mass and fire-killed standing dead trees. Althoiaghtrees had fallen at the time of
sampling, this approach likely underestimated dqitefire live tree mass because of
infrequent snag fall and mass loss due to chafbagatoet al.2009). We were unable
to determine the extent of complete combustiomudlktrees across the landscape and
among different severities. For the purposesisfhefire live tree reconstruction, we
assumed that this pool was negligible relativertdipe aboveground biomass of large
overstory treesi.g.,one large overstory tree is equivalent to 60 sonadlerstory trees;
Fellows & Goulden 2008).

We performed an additional analysis of remotelyssel disturbance inputs,
comparing the spatial extent and severity resatuios different, readily-available
datasets. In addition to MTBS, we used the staptacement disturbance map from
Turneret al. (2007), two Landsat-based fire maps obtainectyrérom the Deschutes
National Forest, and the MODIS MCD45A1 global butaeea product (Rost al.
2008), filtered to avoid double-counting of burrmxels. Other model uncertainties,
including spatial inputse(g.,land cover, stand age, soils) and long-term pestfir

responses, are beyond the scope of this study.
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RESULTS
Burned area and severity patterns acrosstheregion and ssimulation landscape

The 22 y MTBS record (1984-2005) provides a redicoatext for the large fires
simulated in the current study and demonstrateprénvalence of low- and moderate-
severity fire throughout the Pacific Northwestwasdl as important ecoregional and
temporal trends (Fig. 3.5). Averaged across alyand forested ecoregions in Oregon,
low- and moderate-severity fire accounted for Hrgest proportions of annual burned
area (42% and 30%, respectively, of total low-, erate-, and high-severity area),
whereas high-severity fire averaged 28%.(moderate and high severity totaled 58%.
Burned area increased substantially between thenteovals (1984-1994, 1995-2005),
more than doubling in all ecoregions except theeBllountains and Coast Range. In
addition, there was a marked increase in the ptmpoof high-severity fire in the
Cascade Crest, East Cascades, and Klamath Mouetainsgions (Fig. 3.5). These
trends were partially driven by the large fireseas®d in this study, particularly in the
Cascade Crest ecoregion, which exhibited the higireportion of high-severity fire.

At the Metolius landscape scale, the large fine2002 and 2003 yielded a
complex spatial mosaic of burn severity. Mosthaf burned landscape exhibited high
heterogeneity from pixel to pixel, with low-, modéz-, and high-severity areas
frequently co-occurring within 1 km pixels (Fig23. Although the 3 severity levels
were generally interspersed, there was an incieds@n severity and patch size at
higher elevations on the western portion of theléaape (Cascade Crest Ecoregion).
Clearcut harvest was pervasive throughout burndduaburned forests on both sides of
the Cascade Crest, but fire was the predominaehtetisturbance in the Metolius
Watershed (Fig. 3.2).

Sensitivity of simulated carbon cycle impacts to burn severity characterization

This section reports the relative differences leetwsimulated severity scenarios,
and the following section presents results from“tlleseverities” disturbance
parameterization only. Despite the relatively hpgbportion of high-severity fire in the

Cascade Crest Ecoregion, this condition accourttelé$s than half of the total burned
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area across the 4 large fires in 2002 and 2003 (448e 3.1, Fig. 3.2). Inclusion of
low- and moderate-severity fire more than doubleisimulation burned area (127%
increase from high only scenario). High-severitg tlisproportionately impacted carbon
pools and fluxes, but moderate- and low-severig $ubstantially increased estimated
pyrogenic emission and tree mortality and decrepsstfire NEP. The effects of
moderate- and low-severity fire on C responsesremsrkably consistent, respectively
contributing 25% and 11% of pyrogenic emission, 28% 5% of tree mortality, and
26% and 8% of fire-reduced NEP (Table 3.5, Fig).3Athough the % differences for
tree mortality were smaller than the results faroggnic emission, the magnitude of C
mortality was larger (Fig. 3.6). For simulated N&f® year postfire, the inclusion of
moderate-severity fire resulted in a 39% decreasegan NEP, and low-severity fire
further reduced NEP by 11%; low- and moderate-sgveombined reduced stand- and
landscape-scale NEP by 50% (Fig. 3.7).

Fire effectson carbon pools, pyrogenic emission, and NEP

The largest overall C transfer was tree mortatgflected in the change in live
wood mass across the simulation landscape (Fiy. Ei8e-induced mortality created
large swaths of very low live wood mass (<3000 g€, reducing high-severity areas to
values well below adjacent unburned forest, woaiaand shrublands (Figs. 3.8a and
3.8b). The simulated reduction in live mass wastgr than 8000 g C fr(equivalent to
80 Mg C h&) in many high-severity pixels, a function bothfioé effects and prefire fuel
mass (Fig. 3.8a). Across the burned landscapestimate that total tree mortality
(transfer from live to dead wood pools) was 2.00CTfyveighted mean: 56 Mg C fa
Based on published negative exponential decompasitinstants for two dominant
conifers Pinus ponderosad.011,Abies grandis0.038; Harmoret al. 2005), it would
take 18-63 years for fire-killed necromass to 1660 of its massi.g., half-life) and
substantially longer for full transfer to the atmpbere, particularly given that these
published decomposition constants are from downdyal@tritus and standing dead trees
decay at a much slower rate until they fall (M. iHan, Oregon St. Univ., 2009, personal

communication). We expect that NPP of surviving eegenerating vegetation will
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offset these decomposition losses which are fundgatie different from the immediate
combustion release (this thesis, Chapter 2).

Total simulated pyrogenic C emission was 0.66 Twith a severity-weighted
mean of 19 Mg C h&(Table 3.5), one-third of the C transfer due é@tmortality. The
landscape pattern of pyrogenic emission paralldledurn severity mosaic and
demonstrated the pervasive influence of low- andenate-severity fire as well as the
spatial heterogeneity in prefire C poalg( fuels; Figs. 3.8 and 3.9). Total simulated
emission from the 2002-2003 fires was 2.2% of Onegfatewide anthropogenic O
emissions equivalent for the 2-y period 2002-2@IBq Tg C equivalent;
http://oregon.gov/energy/gblwrm/docs/ccigreportOBypef).

The prefire landscape exhibited interannual vartglin NEP with climate and
localized disturbances (mostly patch clearcuts)areas that eventually burned in 2002
and 2003, simulated NEP was close to C neutrabtirout the study period, before
changing to a large source in 2003 (Fig. 3.10).PNiEross the entire simulation
landscape averaged 19 g G m' (spatial SD = 67) from 1997-2001 (averaged from Fi
3.11a.). Across burned areas, postfire (2004) BiegPaged -123 g C iy (spatial SD
=110). The spatial pattern of negative postfilePNwvas highly variable, however,
linked to prefire C pools, NEP, and burn severityg(3.11b). Much of the simulated
postfire landscape was a strong C source (lower $@g C rif y*) immediately
postfire, and some high-severity areas exhibitadtalecrease in NEP of > 250 g G m
y! (Fig. 3.11c), driven largely by reductions in NPBummed across the burned
landscape, total simulated NEP in 2004 was -0Ti$E y*, a large reduction from a
prefire net C exchange (1997-2001 mean: -0.003 ¥g)C Net C exchange across the
entire landscape declined from the prefire to p@sferiod, but despite the large-scale
wildfires, the simulation landscape remained a s@alink (prefire: 0.046 Tg CY
postfire: 0.018 Tg CY; postfire mean NEP + SD: 7 + 111 g CiyiY).
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Uncertainty analysis

Remote-sensing dataset comparisdine 5 readily-available remote-sensing
datasets diverged widely in total burned area, elbag the level of precision and
severity-specific coverage (Fig. 3.12). The MTBEfadet increased burned area by 43%
compared to the Landsat stand replacement map¢€ifetral. 2007), and the
combination of MTBS moderate- and high-severityaar@as similar to the stand
replacement area. Conversely, the MTBS area w#sl@8s than the fire perimeters, and
the MTBS burned area was very similar to the BurAegh Emergency Rehabilitation
(BAER) map. Finally, the MODIS MCD45A1 global beaharea product (500 m
resolution, based on spectral change detectiorLhkelsat; Royt al.2008) dramatically
underestimated burned area (27% of the MTBS buanea). The MODIS product
detected fire at 7 out of 48 randomly-located, petedent field plots (Fig. 3.13). We
further assessed the MODIS product, comparingMT®S for the Biscuit Fire in SW
Oregon, and the MODIS underestimation was moreemrta. 5% of the burned area,
Figs. 3.12b, 3.14).

Evaluation of modeled severity effects on C uptdkedeled annual NEP values
were not strongly correlated with measured NEPy4pbstfire (Fig. 3.16a). The model
tended to overestimate NEP, and there was onlyad Virear trend ¢ = 0.05).
Comparison of modeled and observed NEP at theiggetass level did not show
improved correlations (Fig. 3.16b), although thedei did correlate well with field
measurements of NEP in unburned ponderosa pinstfior@001 when multiple plots

were aggregated for each data point in the coroaeld®ppendix 5).
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DISCUSSION
I mportance of low- and moder ate-severity fire acr oss the landscape and region

It is clear from both the regional trends in beaverity (Fig. 3.4) and the
distribution of severity classes across the sinutdbndscape (Table 3.1, Fig. 3.2) that
low- and moderate-severity fire influence C dynasvat multiple scales. Averaged
across the total burned area, low- and moderaterisg¥ire decreased stand-scale
(average per unit area) pyrogenic emission bueased landscape-scale pyrogenic
emission by 57% (Table 3.5). High- and moderateessy fire are clearly the principal
drivers of C responses, but in the case of pyragemission, the omission of low-
severity would lead to the underestimation of émissions by 11%. Part of the
underlying mechanism is the high combustion offéest floor relative to other pools
(Table 3.3), wherein tree survival can be relativegh despite substantial pyrogenic
emissions (Campbedit al.2007). These results support the approach of pue\studies
limited to stand-replacement disturbance (Letval. 2004, Turneet al.2007) but also
underscore the value of accounting for the increalaifects of moderate- and low-
severity fire for specific C responses. Becausditlks in our simulation landscape
included some of the largest proportions of highesigy fire in the Pacific Northwest,
the C impacts of low- and moderate-severity firalddoe more pronounced in other
ecoregions and at the regional scale.

The prevalence of low- and moderate-severitydomss forested ecoregions of
Oregon (72% of the mean total from 1984-2005) rssesient with our expectations of
fire behavior and effects for temperate foresthis region (Agee 1993). Other biomes,
however, may diverge widely from this pattern, bgdboreal (Bond-Lambertgt al.
2007) and chaparral systems (Keeley & Zedler 20@®cause the Cascade Crest
includes subalpine forest with fire regimes (Sini®91) similar to boreal forest or other
high-elevation forests in the conterminous B3)(,lodgepole pine ecosystems in
Yellowstone National Park; Smithwiak al. 2009), it is not surprising that this ecoregion
exhibited the highest proportion of high-severitg Df all the Oregon ecoregions. The

large increase in burned area and severity bettwenintervals could be a function of
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time since previous fire, fire suppression, anchate, or it may also be linked to
widespread insect-caused tree mortality in the #raasubsequently burned in the B & B
Complex fire (Waringet al. 1992, Frankliret al1995). The potential interactive effects
of insects and wildfire merit further study (seerKat al. 2008) but are outside the scope
of the current study.

The substantial increase in annual burned are@mbrtion of high-severity fire
revealed by the MTBS record (Fig. 3.5) supportsfitheings of other studies
documenting the widespread increase in fire exdadtseverity in western North
America (Westerlinget al. 2006, Milleret al. 209). Using the same MTBS dataset,
Schwind (2008) did not find similar patterns acradarger region (including parts of the
Intermountain West and California), but our anayfscused solely on forested
ecoregions at a finer spatial resolution. Mikeral. (2009) used an independent Landsat
dataset and the RANBR continuous burn severityximolguantify increasing burn
severity in the Sierra Nevada, although they atsmichented substantial low- and
moderate-severity proportions across all fires. rdtmgnize that two decades is an
inadequate reference period to assess large-duaiges in fire activity. Current fire
extent is far less than historic levels (Stephetre. 2007, Keeley & Zedler 2009), and
continued increases in burned area thus appedy &ken without climate change
feedbacks. Nevertheless, in the context of comtinacreases in fire activity (Balséi
al. 2009), explicitly accounting for the effects of idule burn severity will become more
important. By integrating new disturbance detettechnologies like MTBS and
LandTrendr, modelers can substantially increask tha areal coverage and precision of
disturbance parameterization. Ignoring low- andlerate-severity fire is no longer
necessary, and studies that exclude these ardaoniinue to underestimate fire effects,
particularly pyrogenic emissions and tree mortality
L andscape simulation of fire effectsin the context of previous studies

Landscape-scale simulation was particularly eiffedior quantifying total C
transfer due to mortality and pyrogenic emissibe,tivo principal mechanisms of fire-

induced C loss. By including low- and moderateesity fire, our simulated estimates of
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tree mortality are substantially higher than pregianalyses (Turnet al.2007).
Although the magnitude of C transfer from live ®ad pools exceeded the one-time loss
through combustion (2.00 vs. 0.66 Tg C, respect)yéhese fire-killed pools will decay
over many decades (coarse woody detritus half1i863 y). In addition, the decay of
standing dead wood is substantially slower (5-20%oavn woody detritus) in this
seasonally-moisture-limited system (M. Harmon, @re§t. Univ., 2009, personal
communication), and the rapid growth of survivimglaegenerating vegetation will
likely offset respiratory losses from these necrssnaools in the next 20 years (Latv
al. 2003, this thesis, Chapter 2). In the short-térowever, most of the burned
landscape remains a substantial C source (neddi¥), consistent with the controlling
influences of soil heterotrophic respiration ontpos NEP (Irvineet al. 2007, this thesis,
Chapter 2). Long-term monitoring of decompositam soil processes is essential to
elucidate pulses and time lags in these principsb@ces.

Our simulated estimates of pyrogenic C emissiepsasent a substantial
improvement from previous analyses, which focusetligh-severity fire only and
systematically underestimated emissions (Tuedeid.2007). On a per unit area basis,
the total emissions of 0.66 Tg C from 35 723 hidestical to the 3.8 Tg C estimated for
the 200 000 ha Biscuit Fire (19 Mg Ch&ampbellet al. 2007), suggesting that average
prefire fuel accumulations were similar betweerséhivo western Oregon landscapes.
Our finding that the one-time pulse from pyrogesmcission is equivalent to 2.2% of
Oregon statewide anthropogenic £#nissions provides an important constraint for C
policies, and it is much lower than a publishedheste that the B & B Complex Fire
released 6 times the average Oregon statewidé fossemissions (OFRI 2006). The
contrast between infrequent pyrogenic vs. annudlrapogenic emissions also calls into
guestion the notion of “catastrophic carbon rele&sen large wildfires §ensuHurteau
et al.2008).

Because our Biome-BGC framework accumulates its fuels at the pixel scale
and accounts for variable fire effects, this apphoanables spatially-heterogeneous,

stand-scale precision. The high spatial resolui®m grain) enables linkages with
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other fuel maps such as the FCCS (McKeetial. 2007), enhancing landscape-level
analysis. In contrast, a regional to continentalesassessments by Wiedinmgéal.
(2006) assumed uniform fire effects (high seveoitly), that all needle-leaved evergreen
fuel types—including open and closed canopy coriifezsts—contained 140 Mg Cha
of fuel, and that a constant 30% of woody fuel wassumed. Although the approach
described in the current study is an improvemeet earlier efforts, many uncertainties
remain due to the transient nature of pyrogenicssiomns and lack of field measurements
of prefire fuel mass and combustion factors. Qmueial uncertainty is that Biome-BGC
does not account for belowground C loss due to cmtidn, erosion, or other fire effects,
which can be substantial (Bormaenal.2008). In the fire studied here, however, an
analysis of soil C and depth showed no significhfierences among severities in this
study area (this thesis, Chapter 2, Appendix 4).

These simulated C pools and fluxes before and faféeare largely consistent
with previous studies in the area and provide goraved understanding of landscape
gradients compared to stand-scale measurementsramge and distribution of
simulated prefire aboveground live wood mass (Figa) is encompassed by C pool
estimates from a ponderosa pine chronosequencedtal2003), and simulated
postfire values (Fig. 3.8b) are similar to quaaitmeasured in burned ponderosa pine
(Irvine et al. 2007) and mixed-conifer forest (this thesis, Caa@). The simulated
change from pre- to post-fire NEP (Fig. 3.11c) wassistent with these studies,
although postfire NEP was generally lower, as destrated by the high-severity fire
comparison in Table 3.6. One limitation of currBiame-BGC parameterization is the
tendency for simulated NEP of older forests to apph C neutrality (Fig. 3.10), despite
evidence that these forests can remain importamk3 both locally (Lavet al. 1999,
Anthoni et al.2002) and globally (Luyssaest al.2008). This model bias could result in

artificially reduced NEP, particularly in semi-aggistems (Mitchelét al, in review).
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Uncertainty analysis

Remote-sensing dataset comparis@ecause disturbance is a crucial control on
ecosystem processes (Latval.2004), the choice of remotely-sensed disturbamgets
is a principal driver of modeling uncertainty. T4&% increase in burned area and
specific severity classes represent a large ingimant over the previous disturbance
map. The MTBS burned area reduction comparedd@irimeters demonstrates the
important role of unburned and very low-severitansls across postfire landscapes and
shows that modelers could substantially overestarfied effectsi(e., pyrogenic
emissions) by using fire perimeters alone. Thelarity between MTBS and BAER is
logical because a dNBR image was the precursoottorinaps, but the dramatic
divergence in severity proportions highlights timeertainty in the project-specific
severity classification and soil burn severity foai BAER analyses (Saffoet al.

2008). Our finding that the MODIS burned area picidvas very low relative to other
disturbance maps is consistent with the MODIS petidypotential limitations for
detection of variable-severity fire in dense fosest sub-regional scales (Retyal.

2008). In contrast to the fire perimeters, modeleould drastically underestimate fire
effects with the MODIS product. Although MODISfidly automated and independent
of subjective classification (MTBS limitations debed below), Landsat appears to be a
more appropriate sensor when targeting specigcduents, given its higher spatial
resolution and established methods for determiburg severity thresholds in this
region. In addition to increasing the area affedig fire, the MTBS archive enables the
parameterization of low- and moderate-severity;ehg reducing uncertainty in both
disturbance extent and magnitude.

Limitations of the MTBS archiveAlthough MTBS appears to be the best
currently available remote-sensing fire datasefteise key uncertainties remain. First,
the MTBS database is not exhaustive and to our letye, landscape-level accuracy
assessment has not been conducted. It excluéss<#00 ha in western North America,
ignoring a substantial number of smaller fires.olm study area, MTBS captured all

major fires, but multiple fires burned together avete grouped, mislabeled, and double-
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counted (in the case of the Cache Mt. Fire). Secodassification of the continuous
variable dNBR image is an inherently subjectivecpss that varies among technicians,
management agencies, and regions (Schwind 20@8)this reason, results from the
current study should not be extrapolated to otbgions where the MTBS classes may
reflect different fire effects and C responsesird;ithe dNBR index has both known and
unknown limitations (Rot al.2006). Like other remote-sensing indices, the RNB
calculation describes changes in spectral dataangible biological factors such as
vegetation mortality, although it is strongly cdated with vegetation and soil effects
and can be tuned with standardized ground measutsrfiéey & Benson 2005). Our
comparison of field-measured tree mortality wite MTBS classes yielded mixed results
(Fig. 3.15). Although the three MTBS severity skas captured a gradient of increasing
tree mortality, there was substantial overlap betwdasses, and six plots with >25%
mortality were classified as unburned to low-sdyeriThis class accounts for a large
portion within fire perimeters (Fig. 3.5), suggasgtihe need for further refinement in
MTBS thresholds and model parameterization. Rm#te non-processing mask area
can reduce MTBS coverage substantially, as in tBeEBBComplex fire. These
limitations underscore the value of combining th€BW data with continuous variable
products like LandTrendr and the unclassified dANBRANBR indices, as well as
independent measures of burn seveety field and aerial surveys).

Evaluation of modeled severity effects on C uptdkeere are many sources of
variability in simulated NEP, particularly in thederlying surfaces of age, land cover,
and climate. Similarly, field-based estimates aepen numerous measurements and
scaling assumptions (Campbetlal.2004). Based on previous studiegy(,Law et al.
2003), we expected NEP to be most negative in begterity stands and closest to C
neutral in low-severity stands, but neither measum@ modeled NEP estimates followed
this trend. The temporal mismatch between modatetlobserved NEP precluded direct
comparison in this study. This early stage of NicEhe first years after major
disturbances is difficult to capture in forest gtbwnodels, which require further

improvements based on field observations.
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CONCLUSION

A period of anomalously dry years was a primaryeirof recent fires across the
Metolius Watershed (Fig. 3.3; Thometsal. 2009), and although predictions of future
climate are highly uncertain, the influence ofdfiles on the terrestrial carbon balance
will likely increase (Balshet al.2009). Modeling the full gradient of fire effectsll
thus become increasingly important. The novebudistnce simulation framework
illustrated in this study increased the area adi@tty wildfire by 43% compared to
previous studies and enabled severity-specific inpal@meterization. High-severity fire
disproportionately impacted carbon pools and fluke$ moderate- and low-severity fire
substantially increased estimated pyrogenic emmsail tree mortality and decreased
postfire NEP. Moderate- and low-severity fire mestprely contributed 25% and 11% of
pyrogenic emission, 23% and 5% of tree mortalibhg 26% and 8% of fire-reduced
NEP. By accounting for all 3 severity classes,estmated that the 2002-2003 fires
released 0.66 Tg C through combustion (2.2% oésfigie anthropogenic G&missions
equivalent from the same 2-year period) and trarexde2.00 Tg C from live to dead
wood pools.

Satellite remote-sensing has enabled unprecedeatedage of disturbance
extent and severity. The MTBS database showeddhatand moderate-severity fire
accounted foca. 70% of the area burned from 1984 to 2005 in forkst®regions of
Oregon and that the burned area and proportioigbfs¢everity fire increased in the last
decade in parts of the Pacific Northwest, includimg recent large wildfires on the East
Slope of the Oregon Cascades. With these curram#lifable remote-sensing
approaches, researchers can achieve a more coraptetenting of disturbance controls
on landscape and regional C cycling. Future rebestiould further reduce uncertainties
associated with the MTBS database and exploregplkcation of continuous variable
change detection indices, including RANBR and Laeddir. Expanding on this active
frontier, longer-term studies can further elucidadstfire trajectories, interannual
climatic variability, multiple disturbance interams .g, insect defoliation, salvage

harvest, and reburn), and future climate changessies.
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Figure 3.1. Biome-BGC simulation landscafgeoregion codes: WC: West Cascades;
CC: Cascade Crest; EC: East Cascades; BM: Blue tdms Other ecoregions
described in Turnest al. 2007. Fire reference numbers in Table 3.1. Insgi:focation
within Oregon ecoregions and topographic gradidddsa sources: Ecoregions: Omernik
1987, Griffithet al.2009. Landcover: Kagaet al 1999, Vogelmanet al 2001. Fire

perimeters: Deschutes National Forest. Spatiahge& m. Projection: Albers Equal

Conic Area NADSS3.
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§5 Fire, mod-severity 5 Clearcut harvest

Figure 3.2. Distribution of disturbance inputs asthe simulation landscape. White
areas assumed undisturbed since 1984. Burn seek#yes from MTBS
(http://mtbs.gov). Timber harvest data from Landiire(Kennedyet al, In prep). Inset
map: zoomed view of spatial mosaic. Same spattal slaurces as Fig. 3.1. Spatial grain:
25 m. Projection: Albers Equal Conic Area NADS83.
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Figure 3.4. Biome-BGC simulation of low-, moderatmd high-severity fire effects on
mean annual NEP, based on mortality thresholds M3rBS (Tables 3.2 and 3.3).
Example model runs from a representative pondeguimeasite with fire occurring in
1950, an arbitrary year that provides a referenceniodel behavior several decades
following fire. Note the high interannual variabjlidue to climate and dramatic NEP
decline due to high-severity fire (and relativetyadl declines due to low- and moderate-
severity fire).
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Figure 3.5Burn severity trends across the PNW region and @regoregions for two time periods:1984-1994 ar@biZ005.
Severity classes from MTBS (http://mtbs.gov), defirin Table 3.2. Forested ecoregions shown for @regGR: Coast Range;
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Figure 3.6. (a) Pyrogenic C emission and (b) tetabd mortality across 3 severity
detection scenarios. Scenario description andgvea in Table 3.5. Pyrogenic emission
computed directly from Biome-BGC outputs. Wood rabty computed as the difference
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Figure 3.9. Pyrogenic C emission from 2002-200&sfinpased on Biome-BGC simulated
prefire fuel loading and field-measured combustamtors from western Oregon (Table
3.3; Campbelket al.2007). Divide by 100 for Mg C Ha Total emissions = 0.66 Tg C.
Values are from simulation including low-, moderatnd high-severity fire. Spatial
grain: 1 km. Projection: Albers Equal Conic Area Di#3.
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Figure 3.10. Mean annual net ecosystem produchi&®| for all 1 km pixels that
eventually burned (red triangles) or did not burtu¢ circles) in 2002 and 2008 £ 531
and 1915, respectively). Note the parallel trendl @nsistent difference between burned
and unburned pixels (due to the burned pixels bgergerally higher elevation, older
forests closer to zero NEP). Points denote theapaean of annual NEP.
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Figure 3.13. Evaluation of MODIS burned area prodMCD45A1; Royet al.2008) with field observations of tree basal area
mortality within the 2002-2003 fire perimeters< 48 randomly located plots). (a) shows burnedspihere MODIS did not
detect fire. (b) shows the 7 burned plots thatvigthin fire pixels detected by the MODIS produgteld plots described in this

thesis, Chapter 2.
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Figure 3.14. Comparison of MTBS (Monitoring Tremd€Burn Severity) and MODIS (Moderate Resolutioraliing
Spectroradiometer) burned area (MCD45A1) acrospkafines in Western Oregon. (a) Metolius MTBS Kbgtolius MODIS
(c) Biscuit MTBS (d) Biscuit MODIS. Inset showsdisize and location across Western Oregon topogrgpddients. Fire
perimeters from MTBS database (http://mtbs.gov)B8Tclasses include low, moderate, and high sevenity (disturbance
inputs for Biome-BGC analysis [Chapter 3]). MODI&hed area product (MCD45A1) described by Rogl. (2008). MTBS
spatial grain: 30 m. MODIS spatial grain: 463 nmojBction: Albers Equal Conic Area NAD83.
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Figure 3.16. Modeled vs. observed NEP (g €ym) for burned plots. Observations from field meamests 5 y postfire in 2007
in ponderosa pine stands that burned across a cdrsgeerities in 2002. Model results from simutbfiee year of 1995 to enable
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Table 3.1. Large fires in the greater Metolius W&tied, 2002-2007.

% severity of burned area

Ignition  Reference

Fire name Fire size (Hfa) Year Low Mod High
source  numbef

Cache Mt 1417 2002 lightning 1 39 42 19
Eyerly Complex 9366 2002 lightning 2 32 35 33
B&B CompleX 36 717 2003  human 3 22 30 48
Link 1453 2003 lightning 4 26 39 35
Total, 2002-2003 48 953 24 32 44
Black Cratet 3800 2006 lightning 5

Lake George 2240 2006 lightning 6

Puzzle 2562 2006 lightning 7

GW 2971 2007 lightning 8

Warm Springs Lightning Complex 5283 2007 lightning 9

Total, 2002-2007 65 809
Notes:

Large fires: >1000 ha

@Based on fire perimeter GIS data from DeschutaNal Forest.

P For study area map labels (Fig. 3.1).

¢ Percentage from MTBS (http://mtbs.gov) severifsskes (Table 3.2, Fig. 3.2), extracted in GIS @otipns of 2002-2003 fires
that burned with low, moderate, and high seveltgd: moderate severity.

4 Booth and Bear Butte Complex: two large fires thatged into one.

®Black Crater fire burned on southern edge of satiom landscape and was excluded from Fig. 3.1.
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Table 3.2. Monitoring Trends in Burn Severity (MTBsgverity classes.

MTBS class MTBS descriptidn

Unburned to low-severity within fire perimeter, mither unburned, or visible fire effects
occupy <5% of area

Low-severity all strata altered from prefire state; some stsatzstantially altered
(particularly forest floor and understory vegetajicoverstory
mortality up to 25%

Moderate-severify transitional in magnitude and/or uniformity betwdew- and
high-severity; many possible combinations of diediee effects

High-severity uniformly extreme, generally long-lasting effeatsoss strata;
overstory tree mortality typically >75%; understmggetation and
forest floor mostly consumed; >50% newly exposederal soil

Increased greenness fire-induced increase in visgetzover, density, and/or
productivity (usually herbaceous or shrub)

No data/non-processing mask  missing data due sosgmoblems or interference (clouds,
smoke, shadow, snow); filled in with LandTrendradat this study

Notes:

Source: Schwind 2008, http://mtbs.gov

@Based on forested sites in general.

b Classes used in this study; other classes assuntedned.
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Table 3.3. Combustion factors for pyrogenic C emisgstimates.

Live Dead Forest Woody

Burn severity stem Foliage stem floor®  detritu$
Low 0.02 0.125 0.11 0.66 0.17
Moderate 0.03 0.50 0.14 0.66 0.22
High 0.05 0.95 0.18 1.00 0.39
Notes

Proportions are mean combustion factors, weighyesklerity class area, derived from
field-measurements in western Oregon conifer fer@gSampbelkt al. 2007), except

foliage.

& Foliage proportion from MTBS (http://mtbs.gov) biseverity classes for percent tree
mortality, the same value for transfer from lived@ad tree pools.

P Weighted mean of litter and duff.

¢ Weighted mean of coarse woody and fine woody tstri

Due to model logic, live fine and coarse roots mgame effects as foliage and live stem,

respectively.



Table 3.4Top 10 combinations of land cover and disturbanstty across the simulation landscape.

Last disturbance Last disturbance First disturbance First disturbance

Number Land cover type yeaf type yeaf Area (ha) Frequency
1 Conifer clearcut harvest 1959 fire, high severity 1759 65 986 0.18
2 Conifer fire, high severity 1854 fire, high sater 1654 59 322 0.17
3 Conifer fire, high severity 1754 fire, high sater 1554 47 483 0.13
4 Woodland fire, high severity 1934 fire, high sdtye 1734 36 477 0.10
5 Shrublan8 na na na na 35 660 0.10
6 Conifer fire, high severity 1924 fire, high sater 1724 31197 0.09
7 Non-vegetatébl na na na na 17 713 0.05
8 Conifer fire, high severity 2003 fire, high sater 1803 12 095 0.03
9 Conifer fire, mod. severity 2003 fire, high seter 1803 6713 0.02
10 Conifer fire, low severity 2003 fire, high seitser 1803 4342 0.01
Notes:

Top 10 combinations account for 88% of the simalatandscape (total area: 360 400 ha, the rectanfraime in Fig. 3.1).

@ Disturbance year before 1984 is based on stan¢staya initiating fire) for conifer pixels and assed age of 70 y for
woodlands.
P No age assigned for shrubland and non-vegetatetspi

TO0T



102

Table 3.5. Pyrogenic C emission across three bewergy detection scenarios.

Burned % increase in % increase in
Severity scenarfo area burned area Mean PE Total PE total PE
y (hat from high only (MgCha)® (TgCyP  from high only
scenario scenario
High only 15 704 0 26.94 0.423 0
Mod + high 27 079 72 21.73 0.588 39
Low + mod + high® 35723 127 18.56 0.663 57

Notes:

& Severity scenarios and area burned from MTBS eta@#ttp://mtbs.gov) within 2002-
2003 fires combined (Table 3.1, Fig. 3.1). Boldizades scenario including all severities.
P Weighted mean and total PE both based on are@thimreach severity class.

¢ Includes low-, moderate-, and high-severity classe
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CHAPTER 4 || CONCLUSION
Synthesis

This thesis quantifies the carbon consequencesldfire severity across the
Metolius Watershed and demonstrates the importahaecounting for the full range of
disturbance effects on carbon pools and fluxesst&td- and landscape-scales, the
severity mosaic resulted in diverse fire impacigddiversity) and some surprising
overall effects (pyrocomplexity). The 2002-200&4$ released an estimated 0.66 to 0.74
Tg C through combustion (depending on simulatigpregches), equivalent ta. 2% of
statewide anthropogenic G@®missions from the same 2-year period, and trenesfe
2.00 Tg C from live to dead wood pools. Despitsthdramatic short-term impacts, the
rapid response of early successional vegetati@ebffotential declines in NPP and NEP,
reducing long-term fire effects on stand and laadsdC storage. This apparent
ecosystem resistance was bolstered by belowgroamg@anents (soil C, soil
heterotrophic respiration, and belowground NPP)tardagged decomposition of
aboveground necromass. Mean annual NEP was highlgble and declined with
increasing burn severity, resulting in a substa@iaource in high-severity stands. NEP
simulations indicated that although burned areas w&darge C source in 2004 (net C
exchange across 53 000 ha: -0.065 Tg"G the overall landscape remained a small C
sink (net C exchange acrass. 250 000 ha: 0.018 Tg C%. Conifer and shrub
regeneration was variable and generally abund@anifer seedlings were negatively
correlated with overstory mortality, whereas shioidmass showed the opposite
response, indicating a wide range of potential @artpajectories.

As expected, high-severity fire exerted dispropogte C effects, including
pyrogenic emission, tree mortality, NEP, and unideysregeneration. The majority of
burned area across the Metolius landscape and RIgbty, however, experienced low-
and moderate-severity fire. The stand-scale ingpafcthis non-stand-replacement
wildfire were reduced compared to high-severitg fiut accounted fara. 30% of
overall fire-induced C responses. With the disinde datasets and methods introduced
in this thesis, researchers can achieve a moreletargccounting of disturbance controls

on C cycling from local to global scales.
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Global change context

Large, infrequent disturbances like the landscaps tiescribed here appear to be
on the rise regionally and globally with climateadlge, and it is likely that fire activity
will continue to increase (Balshkt al.2009). Positive feedbacks between disturbance,
carbon, and climate change could potentially acatdeecosystem decline, and some
forest landscapes could switch from net carbonssialsourcese(g.,Kurz et al. 2008b).
The Metolius fires occurred during anomalously gegrs (Thomast al. 2009), and
although predictions of future precipitation patehave high uncertainty, multiple years
of prolonged summer drought could yield profoungt-mediated impacts on C pools
and fluxes in these semi-arid forests. Converdgeb/has long played a crucial role in
the development and vitality of these forests, thiedrecent wave of fire may represent
the restoration of a crucial historic process.

The results of this thesis, at both the standlamdscape scales, do not indicate a
strong climate-induced state change. Recentdictsender unequivocal impacts,
including widespread mortality, regionally signéitt pyrogenic emissions, and declines
in NEP. In the case of high-severity fire in pora$a pine stands, it may take decades to
recover prefire stand structure and carbon balatarage. In general, however, the large
proportion of low- and moderate-severity fire, vigas growth response of surviving and
new vegetation, and conservation of belowgroundgsses suggest a surprising
conservation of ecosystem structure and functideross the landscape, negative fire
impacts were mitigated by the severity mosaic aterspersion of unburned forest
patches. The pyrogenic emissions represent anriengane-time pulse to the
atmosphere, but annual anthropogenic €Qissions from the state of Oregon weae
45-fold higher over the same time period and camtito increase annually.

Futureresearch
Future studies should extend the spatiotempoad¢sdinvestigated here and link
fire effects to other disturbance processes. Aatthl fires since 2003 provide an

opportunity to investigate a short-term chronosegaeand reduce uncertainties in
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immediate postfire C responses, and simulationitofré climate and fire scenarios could
elucidate probable long-term dynamics. In additmstudies at multiple temporal
scales, an explicit analysis of spatial scalingslavould enable the comparison of
baseline scenarios with alternate successionalctajes due to variable-severity
disturbance (Enquist al. 2009).

This thesis explores the role of wildfire severhiyt the effects of other
disturbances—and their interactions with fire—remieey scientific frontiers.
Specifically in the Metolius Watershed, large-sdadée mortality from insects likely
influenced fire behavior and net C effects in mamyed-conifer stands that burned in
2002 and 2003, while postfire salvage harvest readdv from burned stands and likely
altered successional pathways. With new approasihies as MTBS and LandTrendr)
that can map previous disturbance interactionsnamitor current events, regional C
models can better inform emerging policies andalgietential shifts in system behavior.
Although the forests investigated here appearivelgtbuffered to the impacts of recent
large fires, subsequent disturbances, includingmelcould push these systems into
fundamentally altered states. Long-term field &savill be essential to advance our
understanding of this socially-important landscapé the fundamental, dynamic role of

wildfire disturbance.
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APPENDIX 1: WOODY SPECIES LIST.

Table Al. Tree and shrub species encounteredlthdtady (Chapter 2).

Growth form  Cod# Common name Botanical nanm@gnus specieauthorship) Forest type
presence

tree ABIGRA grand fir Abies grandigDouglas ex D.Don) Lindl. both, generally MC

tree CALDEC incense-cedar CalocedrudecurrengTorr.) Florin both

tree JUNOCC western juniper Juniperus occidentalislook. PP

tree LAROCC western larch Larix occidentalisNultt. both, generally MC

tree PICENG Engelmann spruce PiceaengelmanniParry ex Engelm. MC

tree PINCON lodgepole pine PinuscontortaDouglas ex Louden both, generally MC

tree PINLAM sugar pine Pinus lambertiandougl. ex Taylor & Philip$ PP

tree PINMON western white pine Pinus monticoleDouglas ex D.Don MC

tree PINPON ponderosa pine Pinus ponderos®ouglas ex P.Lawson & C.Lawson both

tree PSEMEN Douglas-fir Pseudotsugaenziesi{Mirb.) Franco both

tree THUPLI western redcedar Thujaplicata Donn ex D.Dofi MC

tree TSUHET western hemlock Tsugaheterophylla(Raf.) Sarg. MC

tree TSUMER mountain hemlock TsugamertensiangBong.) Sarg. MC

both CASCHR golden chinkapin Castanopsis chrysophylia.DC. MC

both UNKNOW unknown ra both

shrub ACECIR vine maple Acer circinatumPursh MC

shrub ACEGLA Rocky Mountain maple  AcerglabrumTorr. MC

shrub AMESPP serviceberry ‘na both

shrub ARCPAT greenleaf manzanita Arctostaphylos patul&reene both

shrub ARCUVA kinnikinnick Arctostaphylogiva-ursi(L.) Spreng. MC

shrub CEAPRO squaw carpet Ceanothus prostratudenth. both, generally PP

0cT



shrub CEAVEL snowbrush CeanothuselutinusDouglas ex Hook. both

shrub CHIUMB pipsissewa Chimaphilaumbellata(L.) Nutt. both, generally MC
shrub CHYVIS yellow rabbitbrush Chrysothamnusiscidiflorus Nutt. PP

shrub CORSPP dogwood species ° na both

shrub HOLDIS oceanspray Holodiscusdiscolor (Pursh) Maxim. both, generally MC
shrub LONINV twinberry honeysuckle Lonicerainvolucrata(Richardson) Banks ex Spreng. MC

shrub MAHNER Oregon grape Mahonia nervosgPursh) Nutf both, generally MC
shrub PAXMYR Oregon boxleaf Paxistimamyrsinites(Pursh) Raf. MC

shrub PRUPEN pin cherry Prunuspensylvanicd..f. both

shrub PURTRI antelope bitterbrush Purshiatridentata(Pursh) DC. both, generally PP
shrub RIBSPP gooseberry/currant species ¢ na both, generally MC
shrub ROSSPP rose species ° na both, generally MC
shrub RUBSPP raspberry species ® na MC

shrub SALSPP willow species ha both

shrub SORSIT mountain ash SorbussitchensisM.Roem?" MC

shrub SYMALB common snowberry Symphoricarposlbus(L.) S.F.Blake both, generally MC
shrub VACSPP vaccinium species °na MC

Notes:

first three letters of genus and species combined.
® primary source: International Plant Names Indetp(Hwww.ipni.org).
¢ plant association group: MC = mixed-conifer, PBonderosa pine.

9only 1 individual observed.

® na: identified to genus level only.

" source: USDA PLANTS Database (http://plants.usuig.g
9 could also beé. aquifolium.

" could also b&. scopulina

T
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APPENDIX 2: POSTFIRE TREE GROWTHhfluence of burn severity in mixed-
conifer forests of the Metolius Watershed, OR

Note: This appendix was derived from an independesject by Lipi Gupta, a student at
Crescent Valley High School who processed lab sesnptluding tree cores. Lipi
conducted her study during her freshman and sopheyears and won several honors.
These included participation in the Central West@negon Science Expo (2008, 2009),
North West Science Expo(2008, 2009), and Intetnateonal Science and Engineering
Fair (2009, Reno, NV), as well as multiple collegholarships and awards. Her final
report is available upon request from Garrett Meigs

Extended abstract

Question
Does tree growth change after fire?

Background

Although post-disturbance tree growth is vitallypiontant for understanding and
managing western North American forests, very fawlies have quantified tree growth
patterns following wildfire. Recent large firestimee Metolius Watershed provided an
unusual opportunity to investigate tree growth oeses to low- and moderate-severity
wildfire. We hypothesized that (1) tree growth waebulitially decline due to fire damage
and then exceed prefire growth due to the relebsesources (reduced competition for
light, nutrients, water); (2) Fire-resistant spsei@uld show positive growth responses
whereas fire-sensitive speciesuld show negative growth responses; (3) Growth
responses in moderate-severity stands would eXoeedeverity stands due to increased
stand-level mortality and reduced competition amsumyiving trees.

Methods

We collected an extensive tree core dataset 445 yastfire as part of a broader study of
postfire carbon dynamics (this thesis). For theentranalysis, we compared 3 tree
species—qgrand firAbies grandiy ponderosa pind’{nus ponderosaand Douglas-fir
(Pseudotsuga menzigstacross a representative range of tree sizes.dllected 20
cores at each of 16 1-ha plots and pooled datanngtkevels of overstory tree mortality
(low and moderate severity) in mixed-conifer stafrdsnber of stands in each condition:
n = 8; total number of coren:= 277). The 3 target species were evenly-distedbut
(Table A2.1); other tree species were surveyecdkciuded from this analysis. We
measured annual ring widths with the WinDentfrprogram and computed a growth
index based on the ratio of postfire growth (fiemyand each year postfire) to prefire
growth (mean of 6 y prefire), after normalizing &ze-dependent growth differences
(i.e., converting ring widths [mm] to percentage of tastl10 y).
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Results and Discussion

The three species showed surprisingly strong andis@nt growth trends in both burn
severity classes (Fig. A2.2). Douglas-fir postfirewth was higher than prefire, whereas
ponderosa pine postfire growth was lower than greéind grand fir growth was
generally conserved. The positive Douglas-fir resgeowas especially evident in the low-
severity class, and the two other species’ resgowsee consistent between severities
(Fig. A2.2).

No clear postfire temporal trends were evident @tlgpsis 1 not supported). The positive
response of Douglas-fir (fire resistant) suppottgdothesis 2, but the negative response
of ponderosa pine (fire resistant) and neutralarsp of grand fir (fire sensitive) were
inconsistent with hypothesis 2. The strong respaf&ouglas-fir in low-severity and
similarity between severities for the other two@es did not support hypothesis 3.

Possible explanatory factors for species differencelude differential damage,
differential competitive fitness, or inherent sgecdifferences in immediate post-
disturbance growth and carbon allocation. For exanipouglas-fir may have suffered
less overall damage, responded more rapidly tdabtairesources, allocated
photosynthate to stem growth, or may be generatisermesponsive to sudden
environmental changes. Conversely, ponderosa paehave suffered greater damage to
fine roots in the forest floor, may be less contpatiin these mixed-conifer stands, or
may take several years to exhibit positive grovegponses (consistent with Hypothesis
1). Finally, the surprising lack of reduced growthgrand fir may be attributable to the
live trees (the ones that were cored) being theisns, whereas many grand firs died in
both low- and moderate-severity fiiee(, same factors predisposed trees to survival and
neutral growth response). The strong Douglas-fipoaise in low-severity fire suggests
that this level of mortality (10-35% basal area taliy) resulted in a pulse of available
resources without damaging surviving trees, whemeaderate-severity fire (35-75%
basal area mortality) damaged all trees substintiatiuding survivors.

Conclusions

These results suggest that Douglas-fir was the algaer in the immediate postfire
period, whereas ponderosa pine may not readilyexdoom recent fires. This study
underscores the importance of individual specisparses and the variability intrinsic to
mixed-severity fire regimes. It also highlights tineed for further research in multiple
fires, forest types, and climatic conditions, pararly over longer postfire time intervals.
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Figure A2.1. Metolius fire study area on the e&spes of the Oregon Cascades. Point
symbols denote survey plots£ 64). Forest type layer clipped to study scaywe: types
(MC and PP) on the Deschutes National Forest (DM#)n the Metolius Watershed.
Other types (uncolored area within fires) includbalpine forests on the western margin
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species mean of the growth index (see Appendij.tExtor bars denote £1 SE of the
mean. Tree cores collected from live trees @77) for NPP computation. Severity

classes from Chapter 2. Note the strong positisparese of Douglas-fir, neutral response
of grand fir, and negative response of ponderase. pi

Table A2.1. Number of tree core samples by spexidsseverity (Totah = 277).

Tree Species | Moderate Severity Low Severity
Ponderosa pine 49 31
Grand fir 42 42
Douglas-fir 49 64
Total 140 137
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APPENDIX 3. SHRUB COMMUNITY RESPONSE TO FIREey figures and tables
on shrub community dynamics among forest typeshamd severities.

Note: This appendix was derived from an independesject by Adam Pfleeger, an
undergraduate student at Western Washington Unityaro worked in the field (2007,
2008) and had a special love for the shrubs. Dand2o worked closely with Adam on
data analysis. Adam’s final report is available mp@quest from Garrett Meigs.
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Figure A3.1. Percent cover of live shrubs 4-5 ytfa@sby forest type, burn severity, and
height class. Bars denote means; error bars deh@&@E from 8 plots in each forest
type*burn severity treatment (total= 64). Note that the pattern generally follows the
same trend as shrub biomass (Figure 2.5), withrdeccin shrub cover from unburned to
low severity but strong increases with increasneg mortality.
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severity classes, except for low-severity standsclvare widely spaced in this variable
space. Forest types are generally similar excegh®omoderate-severity stands, for
which forest types diverge along Axis 3.



Table A3.1. Shrub species and indicator valuebsst type and burn severity 4-5 y postfire.

Mixed-conifer

Ponderosa pine

. Unburned Low severity Mod. severity  High severity Unburned Low severity Mod. severity H|gh_
Speci Indicator valué severity
pecies (group)
% % % % % % % % % % % % % % % %
cover freq cover freq cover freq cover freq cover freq cover freq cover freq cover freq
(SE) (SE) (SE) (SE) (SE) (SE) (SE) (SE)
- 11.9 15 0.0 0.1 0.0 0.0 0.0 0.0 0.0
Acer circinatum MC-U (15) 13 (0.0) 0 (0.0) 25 (0.0) 13 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0
7.1 0.0 0.1 0.1 0.3 0.0 0.0 0.0 0.0
Acer glabrum MG-H (0.0) 0 (0.1) 13 (0.1) 25 ©0.3) 13 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0
. - 39.7 13 0.0 0.0 0.1 0.5 0.1 0.2 0.2
Amelanchier alnifolia MC-U 0.6) 75 (0.0) 25 (0.0) 13 (0.0) 25 (0.3) 75 (0.0) 63 (0.1) 25 (0.1) 25
29.7 4.2 0.6 21 4.3 1.2 14 8.6 9.5
Arctostaphylos patula PP-H 3.2) 63 (0.4) 50 (1.8) 88 (1.9) 75 (0.5) 88 ©0.7) 75 (1.4) 100 (3.6) 100
. 21.7 1.6 0.0 0.3 0.0 0.0 0.0 0.0 0.0
Arctostaphylos uva-ursi MC-U (1.4) 25 (0.0) 0 (0.3) 13 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0
. 37.8 4.2 3.9 12.3 35.9 0.6 5.4 6.9 25.9
Ceanothus velutinus MC-H 3.1) 50 (1.8) 100 (3.3) 100 9.0) 100 (0.3) 50 2.9) 75 (4.1) 75 (8.5) 88
. . 21.8 11 0.7 0.3 0.2 0.2 0.0 0.0 0.0
Chimaphila umbellata MC-U 0.6) 50 (0.4) 63 0.2) 50 ©0.2) 38 (0.1) 38 (0.0) 13 (0.0) 0 (0.0) 0
. 12.8 0.1 2.0 0.5 1.3 0.0 0.0 0.0 0.0
Chrysolepis chrysophylla MC-L ©0.1) 25 (1.3) 25 (0.3) 38 (1.2) 38 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0
- 24.0 0.0 0.0 0.0 0.0 0.3 0.0 0.1 0.0
Chrysothamnus viscidiflorus PP-U (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.2) 38 (0.0) 0 (0.1) 38 (0.0) 13
. 8.3 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0
Cornus nuttallii MG-M (0.0) 0 (0.0) 0 (0.1) 13 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 13 (0.0) 13
. . 11.2 1.6 0.0 0.1 0.0 0.0 0.1 0.0 0.0
Holodiscus discolor MC-U (16) 13 (0.0) 13 (0.0) 25 (0.0) 0 (0.0) 0 (0.1) 13 (0.0) 13 (0.0) 0
. . 12.5 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0
Lonicera involucrata MC-M 0.0) 0 (0.0) 0 0.1) 13 0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0

8¢T



Lonicera utahensis

Mahonia nervosa

Paxistima myrsinites

Prunus virginiana

Purshia tridentata

Ribes spp.

Rosa gymnocarpa

Salix spp.

Sorbus scopulina

Symphoricarpos albus

Vaccinium spp.

Notes:

% Indicator value (0-100) indicates species relatiom with forest type-burn severity groups<8 stands in each group, totet 64). Bold denotes species
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significantly related to grougP(< 0.05). Group abbreviations: MC = mixed-conifeB, = ponderosa pine, U = unburned, L = low sevelty moderate

severity, H = high severity.

See Chapter 2 for methods on overall study desigrshrub sampling.
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Implications of shrub results

The different burn severities had a major impacsiorub cover and on many individual
species. In general, shrubs responded rapidlyshnd percent cover paralleled burn
severity, with higher cover in stands with highgexstory tree mortality). Interestingly,
shrub cover in moderate-severity stands was eanvahrub cover in unburned stands,
possibly indicating that low-severity fires are satficient to induce rapid shrub growth.

Individual species showed generally low overallcgeat cover, with the exception of
Arctostaphylos patula, Ceanothus velutinaisgdPurshia tridentatathe only species with
values >5%. The former two species were the mastspread (highest % frequency)
across the study, wherelaarshia tridentatavas associated with the PP forest type and
several species were associated closely with thedvi€st type, includinghimaphila
umbellate, Ribes spp., Rosa gymnocapdyaccinium sppMC forests also showed
generally higher shrub species richness than RE3to(mean richness: 7 vs. 5,
respectively). Shrub species diverged in theindiés to varying burn severity. Key
species that were positively associated with bauesty includeArctostaphylos patula,
Ceanothus velutinus, Mahonia nervosa, Paxistimasmiges, Ribes spp., Rosa
gymnocarpandSalix spp.Species that responded negativity to fire.(found in
unburned and low-severity stands) wAraelanchier alnifolilandPurshia tridentata.
Species that were generally neutral to burn sgveridudedChrysolepis chrysophylla,
Holodiscus discolor, Prunus virginianand Symphoricarpos albus.

The ecological significance of shrubs in the imnagelpostfire environment and
throughout succession are broad: quick regeneréfmout or seed), soil stabilization,
food and habitat for wildlife, shade for other vieg®n (including tree seedlings), and
much more. This importance is intensified in hggverity fires, where shrubs can
dominate vegetative cover and play a key pioneenigin the sometimes extreme
postfire conditions.



APPENDIX 4. SOIL PARAMETERS. Soil nitrogen, pH, taexe, and depth by forest type and burn severy4postfire.

Table A4.1.
Soil N Soil N . Soil depth, Soil depth,
Forest type to 20 cm to 100 cri pH % santl % sil % clay Bulk deﬂs'w shallow deefi
Burn severity N N (g cm®) (cm) (cm)

Mixed-conifet 128 (9) 270 (19) 648 (0.04) 733 (1.3) 225.1y1 42 (05) 082 (0.02) 196 (0.3) 488 (3.4)
Low severity 118 (13) 249 (27) 651 (0.06) 712 62 233 (1.8) 55 (1.1) 085 (0.03) 194 (0.6) 844.(6.6)
Mod severity 129 (14) 272 (30) 650 (0.07)  73.1 .32 231 (2.1) 38 (0.8) 078 (0.06) 194 (0.6) 442.(4.3)
High severity ~ 137 (20) 289 (42) 643 (0.07)  7572.0f 211 (1.7) 32 (05 082 (0.04) 200 (0) 59.85.4)

Ponderosapife 120 (6) 253 (13) 654 (0.03) 642 (1.0) 263 .60 94 (0.7) 095 (0.02) 177 (0.7) 404 (2.4)
Lowseverity 118 (9) 248 (19) 651 (0.05)  66.11.9) 259 (1.4) 80 (14) 091 (002) 181 (1.3) 2.8 (3.4)
Mod severity 125 (15) 263 (32) 656 (0.04)  63.91.4 264 (0.9) 9.7 (0.9) 094 (0.03) 163 (1.6) .634 (4.2)

High severity 118 (7) 247 (15) 656 (0.05) 62.11.6) 26.8 (050 105 (1.4) 100 (0.04) 188 (0.8) 43.8 (4.5)

Notes:

Values are the mean of each forest type*seveggtinent if = 8 stands per treatmentz= 24 stands per forest type). SE of the mean iiarheses.
#S0il N to 100 cm depth, modeled from 20 cm deptidig-wide correction factor: 48% [SD = 17] of shilassumed in top 20 cm). Mass fraction of N
from LECO CNS 2000 analyzer, Oregon St. Univ. CarAmnalytical Laboratory.

®Soil texture by hydrometer method, Oregon St. U@lentral Analytical Laboratory.

“Bulk density from mass and volume of mineral saged through 2 mm sieve.

9Rocky soils at some stands precluded consisterplaagrto 20 cm depth, particularly moderate-seyepitnderosa pine stands.

®One deep core sampled per plot, up to 100 cm.

"Italics denote mean and SE from burned plots. i8iikurveyed in unburned stands.
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APPENDIX 5. UNBURNED NEP EVALUATION.

Figure A5.1 Modeled vs. observed NEP (g € yit) at unburned plots in 2001. Observations frondfiaeasurements described
in Law et al. (2003). Plot (b) shows the mean and SE of pom(g).
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