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Abstract
Forest coDposilion and \tNcture on the eastem slope of the Crscade Mountains hale been nrfluenced b]' decades of fire exclu-
sion. Multi-h)ered crnopies andhigh numbers of sh.rde'tolerant true lirtree\ inieracl wiih\\'estern spruce bud\\'orm to alrerforest
structure and to rftect potential fire beha\ior and efiects. nt compared mea\ufements taken in 1992 (early budworm outbreak)
rnd 2000 (lare bud$orm ourbreak) lioln 21 pernurent plots localed in a late successioDal reserve souih of \ft. Adams in $hshing-
ron. Canopy clolure decrcalcd signiiicandy. lioln a nean of 78q., ir 1992 ro 13V. in 2000. but the coarse wood] debris load
incrcascdsigr i f icant lydur ingthesamepcr iod. i iomabout40Nlghai to80Mgha.Trccnror la l i tv$asnrcsl ly in lhcsmal ler(<20
cnr) diameter c lasses. Poteniial surface fi re flame lengrhs increased signiucantly from L,l nr in 1992 to 1.9 nr jn 2000. bul changcs
in torching poteDtial and independent crorn fire behalior rlere no! signillcant. Projections using thc First Ordcr Firc Ellccls
N{odel indicate ihat a !l ildfire in conditions siinilar to those in 2000 $ould not bc of stand rcplaccmcnl scvcdly and would lea!e
l,l8 lrccs ha and morc than 3,1 mr ha ofbasal arca.

lntroduction

Biological and social oonoerns about the persis-
tence of species associated with old forests ofthe
U. S. Pacific Nothwest helped to create a regional
forcst reserve network in 1994 (USDA and USDI
l99,1). These reserves called late successional
reser,'es (LSRFarc lrcatcd on fcderal land through-
out the range of the northern spotted o$l (S/rur
occitlerttalis cuuriro) in Washington. Oregon, and
Crlift 'mir r Figurc I t. Onc LSR ohjcctirc ir to pr, "
tect late successional forest from large scale fire.
insect and disease epidemics, and m;rjor human
impacts (USDA and USDI 1994.1. Here we evaluate
how insect and tire interaction may affect this
objective for a LSR in the eastem Washington
Cascadcs  phys iograph ic  p rov ince  (F igure  1) .

Forest stmcture and species composition are
shaped by disturbance history !Lnd. jn turn, inllu-
ence disturbance dynamics. The mid-elevation,
mixed-conifer fbrest on the east slope ofthe Cas-
cadc Mountains has a variable-intensity, mixed-
.ereritS fire regime fAgee lgql). Lo\\ ntens t)
surface fires lavor dominance by ponderosa pine
(Pinus ponderosa). western larch (La x occi-

rAuthor Io $,honr corrclpondcncc lhould bc addrcsscd,
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dentalrr), and Douglas fir ( P seudotsuga menziesii) -
which have thick. llre-resistant bark (Arno et al.
l9ll5. Prance and Prance 1993). Low- or moder-
ate intensity fires favor seral tree species such as
Douglas-tir and westem larch, over species like
grand fir (ADles grairdls), which has thinner bark
and is thus more easily killed by fire (Agee 1993).
Federal f ire exclusion policies dating to the early
20th cantury (Dana and Faidax 1980) have ex
tended fire free inteNals in western states
(Covington et al. I 994), and in the mid-elevation
forests on the eastem slope ofthe Cascadc Moun-
tains this has resulted in higher numbers ofshade
tolerant. fire-intolerant grand fir (Camp 1999).

Changes in species composition have been
accompanied by structural changes in the amount
and distribution of foliage and of dead or dying
trees. Higher biomass of late successional trees
like grurd fu (Brookes et al. 1985) and more caropy
laycrs (Brookes et al. 1987) increase forest sus-
ceptibility to outbreaks of insects such as the
western spruce budworm (C/rorlstotrcLtru o(ci
dentalir) (Hessburg et al. I 99,1, Swemam and Lynch
1993, Swetnam et al. 1995). Trees may die if spruce
budworm defirliation persists over several years
(Edmonds et al. 2000), which contributes dead
wood to the stuctural complexity and ecological
function ofthe tbrest (McComb and Lindenmayer
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Figure L Ph\'\iographic pro\inccs $ithir the range of the
nonhem spotted o\\'l (sourcci FEMAT 1993). Star
iderlilies location ofthis study.

1999). Tree size and age divcrsity, canopy fbli-
age distribution. and dead u'ood are all impofiant
components of for€st structure (Spics 1998).

Forest structure interacts with firc behavior.
which is a function of fuels. weather, and topog-
raphy (Agee 1996). A fire nray move through a
forest as a sud'ace fire. an independent crown fire,
or some combination thereof (Van Wagner 1977).
Intense sudace fire may transition into a cro$'n
fire through a process called torching. which is a
function of the height to live crown and foliar
moisture content. Above threshold conditions of
fireline intensity defined by these variables, the
fire will move into the canopy. lndependent crown
fire spread is a function of fire rate of spread and
the foliar density ofthe canopy (Scon and Reinhardt
2001) .

In late succassional reserves, developing or
main t r in ing  fo re \ r  \ l ru ( lu re  lh r l  suppof ls  spec ie :
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like the spottedowl is a key goal (USDA andUSDI
199,1). Large trees, downed wood. and dense. multi-
layeredforest canopies are important becausc these
lelures ruppon ( 'u I ne\ting i lnd loraging acrir i-
t ies (Thomas et al. 1990). Spotted owl ncst sites
on thc cr.tern sirle of th< Cr.cade Vounlirin: are
reported to have a broader array ofstructural con-
ditions than on the western side (Everett et al. 1992).
but common elements include closcd canopy for'
ests with large Douglas-fir trccs, dollned wood.
and multiple canopy laye$ (Buchanan et al. 1995.
King et al. 1997). Depending on their magnitude
and intensity, budwom defoliation and fir'e might
affect thesc elements of owl habitat in different
ways. The spruce budwom modifies fbrest struc
ture by increasing mortality of defoliated under-
story trees, by predisposing larger trees to attack
by bark bcctles (DsndroctonLts ot Sol\-tus spp.),
and by altcring the amount of canopy fbliage
(Hadlcy and Veblen 1993). The duration and tie-
quency of budworm outbreaks have increased with
decreasing forest fire fiequency in the westcrn
states (Anderson et al. 1987). Fire modifies 1br-
est structure along a gradient. thinning smaller to
larger trees and thin, to thicker-barked species as
fireline intensity increasss. We investigated the
interaction ofbudwom and tire by measuring how
Iive and dead forcst structure is changing in as-
sociation with budworm defoliation and by simu-
lating how these changes affect potential fire be-
havior and effects.

Study Site

Ours tud l  . i te  i .  in .ou lh .cen l r : r l  \ \a .h ing ton  5 l i l te
in the Gifford Pinchol National Forest (Hummel
et al. 2001) (Figure 1). The approximately 80-ha
site covers Smith Butte, a cinder cone related to
Mt. Adams that lies l3 km south of the mountain
and about 3 km west of the Yakama Indian Rcs-
er,/ation. The elcvation of Smith Butte raDges from
1 120 to 1300 m and slopes. which average 22o,
range from 10o to 3 I '. The volcanic parent nlate-
rials are covered by coarse-textured. sandy loam
soils ranging from 0.15-1.2 m deep (Gifford
Pinchot National Forest Soil Resource lnventory
1971). Vegetation varies by aspect and elevrtion,
but generally resembles the grand fir/creeping
snowberry/vanillale al (Ab i e s g rand i s / S 1- np h o ri
carpos mollis/Achl'-s triphylla) or grand hrlbig
huckleberry (Abies grandisNaccinium metnbra-
,.rce r J associations described in Franklin and
Dyrness ( 1988) and Topik ( 1989). Several species



ofconittr root pathogens occur in scattered pockets
across the stud)' site (Fil ip 1980). The nerrest
weather records arc from the USDA Forcsl Ser-
vicc Mt. Adams Ranger Station in Trout Lake,
\\hshington. rvhich is located about l0 knr south-
rvest and 600 m lou,er than Smith Buttc. Trout
Lake receivcs about I l6 cm of annual prccipita
tion, nd snow generally colers Srnith Butte from
Novcmbcr to April.

Currcnl forest conditions on Smith Butte are
at.vpical for the aret bccause, although Douglas-
fir. ponderosa pine. and \\"estem larch ha\c been
harvestccl llorn surounding fbrest. the butte has
not bccn logged. A map fronr thc 19rl0s shou, s
the fbrcst types on Smith Buttc by aspect: ma-
turc Douglas-fir on the wcsl l lank, larye-pole
ponderosa pine on thc south flank. and mixccl
coniter on the east flank. These 1i)rest types. which
the map illustrates but docs not explicitly deflne.
rvereroughly equal in size (20 28 ha) (Bright 1941).
Cun.ent conditions are a legacy ofthese relict forest
t)'pes, and thc bulle is, therefin-e. a typc ol ref
ugium (Camp et al. 1997) \\'here rescarch oppor
tunities abound. Indeed. Smith Butte was con-
sidered tbr inclusion in a net\\"ork of Research
NaturalAreas (RNA) (Franklin et al. 1972) and a
grid ol2l sample points rvas cstablished in l992.
Although \,egetation condilions at elrch point werc
measured and the ccntcr locatiol permanentl]-
marked. Smith Bullc never became a designatcd
RNA. Ellbrts hlve been revived to obtain RNA
status. in part because a meadow on top of the
butte provides habital lbr the mardon skippcr
( Polite.t nnrdon). abuttelfly listed as cndangered
by the statc of Washington (Potter ct al. 1999.).

.tn 199,+. Smith Buttc was included in the 6000
ha GotcherLSR and bccame subject to the Giffbrd
Pinchot Nirtiural Forcst objectives 1br the reservc
(USDA Forcst Service 1997). Also in 199,1, an
nual aerial detection survcys began recording a
budwornr outbrcak in the Gotchen LSR. BuclwoIm
had been incrcasing from endemic levcls since
lhc  l r rc  lqR0, .  rnd  b)  lq ( ) l  Je t i , l i r r ion  $r .  rp
prrent from the ground (Jim White, USDA For-
cst Service, pelsonal conlmunication 2000). An-
nual defoliation hrs bccn documented since 1992
(Willhite 1999). Since 1999 annual counts o1.
budrvorm larvac and adult noths indic teasharp
decline tbr populations in the vicinity of Smith
Butte (Beth Willhitc, USDA Forest Service, per-
sonal communication 200I ).

Smith Butte is adiacent () a spotlcd owl nest
site that has becn monitorcd for a decade. Although
the nest site previously providcd suitable habitat,
by 2001 s[ccessful owl reproduction at had not
been docunrcnted lbr at least 3 yr (Mendez-
Treneman 2001). This declinc occu[ed sinulta
neously with the ongoing budworm detbliation
and inspircd our research questions.

Oblectives

Our obiectives $ere to invesligate horv spruce
budwonn defoliation on Smith Buttc has altered
forest structure and how the changes night in-
t'luence ilrc behavior and eft-ects. It is ditficull ltl
predict the course of the currcnt budworm out
break. but f ir this sLudy we consider 1992 to be
carly in the outbreak and 2000 to be lale. We tested
two null hypotheses relative to spotted o\\'i habi-
tat elements: l) canopy closure has not changed
and 2) the basal 'LIeaoflargetrees has notchanged.
We tested tive null hypotheses relative to tire be-
havior and effects: l) coarse woody debris lcvcls
have not changed,2) potential surface fire behavior
has not changed,3) torching potential has not
changed..l) independcnt crown fire potential has
notchanged and 5) potentialtree density andbasal
area losses to wildflre have not changed.

Methods

The 2l sample points instalted on Smith Butte in
1992 were remcasured in 2000. We recorded the
location, slope, aspect, and plant association for
cach point. Each sample point consistcd ol three
nested plots and a fuel transect. The largest plot
had a variable radius, based on a,10 (English unit)
basal area factor (BAF) prism (Bell and Dilworth
1988). Insidc this vadable radius plot were twe
lixed plots: one 0.02 ha and the other 0.008 ha.
Each plot shared the same center stake. The 1(X)
ln fuel transect extended ftom the center stake in
the direction of the next sanrple point. Supple
rnental fuels data on fuelbed depth and
abovcground biomass were collected in 2001 us-
ing the estimation proccdures in NEWMDL
(Burgan and Rothemel 198,1). a program that
creates a tlel model suitable for llre behaviot
prediction from field-collected data. Dala liom
I qql and 201)0 $ ere compared urinF r uri, 'u. .t.r-
tistical tests and softwarc packages. Data from
the variable radius plot were used to test hypoth-
cscs about chalges in canopy closure and conifer
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basal area betwccn 1992 and 2000, whereas data
from the fixed plots and thc lucl transect were
used to tcst hypotheses about changes in firc be-
havior fbr the same period. Details about the
nethods and analyses are provided belo\\".

Trees and Snags

ln the variable radius plot, data wcre collected
on canopy closurc and on all trees and snags larger
than 12.5 cnl dbh (diametcr al breast height or
1.3 m). CaDopy closure was estimlted using a
spberical densiomctcr (in 1992) and amoosehorn
dcnsitometer (in 2000). Densiomelcrs may over
estimate actual cover in mature conifer stands by
3-9% compared to densitomete$ (Ganey and Block
1994). Two canopy closure mcasurements were
nrrde. cach 3.6 l-Ir from the center (adjusted tbr
slope). north and south of |he plot center stake.
The average of these two measurcments is the
point value. Samplc trees and snags were selected
usin-s standard variable plot sanrpling methods
(Bell and Dilwodh l98lJ). An average of6 8 trees
per point rcsulted from using the 40 BAF prism.
For each sample tree specics. status (live or dead),
diameter and height were measured or cstimated.
For each samplc snag. the measured attributes
included species, diameter and height.

a, .  rh -  Ho,h< . . - r . - r  Tra6 aaf loncf  at  O' t

ln the fixed-radius plots. all shrub and herb spe-
cies rverc rccorded, together with an estimatc tl1
cover to the nearest l0% and a tally of conifer
rcgcneration. Estimates of shrub and helb cover
rvere madc by using the comparison chafts fbr
visual estimation of fbliage covcr by Tenl et al.
(l955) as adoptcd by the USDA Forest Service
Pacillc Nofihwest Region 6 Area Ecology Pro
gram (Topik 1989).

Fue ls

Along the 100 m transect, luels data were col-
Iected based on Brown (1974). Fuels are the dead
twigs. branches, and boles oftrees and shrubs that
have fallen and lie on the ground. Calipers were
used to mcasure all coarse woody debris (> 7.6
cm in diameter) within 2 m of the ground over
the entire ffansect. Smaller fuels and duff depth
were sampled on three 2.7 m segments. Thc i irst
interval began at.10 m tlom the center stake, the
second rt 60 rn. and the third at 80 m. Data on
llne fuels were collected jn each sampling seg
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ment. The I houl fuel load (0-0.62 cm diameter)
was tallied ovcr the 1lISt 0.91 ln of the segment,
the l0 hour fuel Ioad (0.63-2.5,1cm diameter) was
tall ied over the first L8 m, and the 100-hour tuel
load (2.55-7.62 cm diameter) was tallied over the
entire 2.7 m.

Surface Fire Behavior

Two components ofsurface lire behavior (fuelbcd
depth and aboveground live biomass) u'ere not
directly measured in either 1992 or 2000. so we
cstimated them by using shrub and herb cover
data collected in 2000 together with biomass es
timatcs in 2001. We assume biomass changed
minimally between 2000 and 2001. For 1992 bio-
mass values. thc 2000 cover data and the 2001
bionass estimates u,ere used to devclop rcgres-
sion cquations for herb and shrub loadings. These
equations are:

He$Load (t/ac) = 0.08181 Ln (Hcrb Corcr l%l) r: = 0.61

Shn|b]-oad (Uac) = 0.11170 Ln lshrub Cover [+])  r  = 0.16

We used these relationships to estimate l992 herb
and shrub loads from the l992 cover data. Brsed
on our estimates. wc assigned the fuelbed depth
of the Northern Forest Fire Laboratory (NFFL)
Model 10 (Albini 1976) to 1992. For 2000. we
used our estimates of fuelbcd depth from 200l.

Analysis

Habitat Elements

Changes in canopy closure, the basal area oflarge
conifers. and dou,n wood between 1992 and 2000
were evaluatcd by subtracting the 1992 estinates
of canopy closure, basal area by size class. sound
coarse woody debris, rotten coarse woody debris,
and lotal coarse u'oody debris from the 2000 es-
timates 1br each plot.

Canopy Closure

A paircd t-test was used to computc the mean
difference in canopy closure between 1992 and
2000 (P = 0.05 for ali analyses). Due to missing
values, 13 paired plots wcrc available for analy
sis (Table l).

Basal Area

Basal area per tree was conrputed lronr measured
dianete$ and the values summed into 12.7 cm
diameterclusses fbr all live grand fir and Douglas



TABLE L DifTefence in crnop] clGure (t'.) betreen 1992
and 2000 fof points on Smith Butte.

Diference

T.\BLE I  f i f t  \er ther forTrour I  Jkc

loth 95th
Percenlile Pefcentile

r99l

I

2
l
5

l l
l - l
t 5

t l

20
2 l

70
60
80
90
80

70
90
90
10
80
IJU

9l-)

t3
l2
26
-r0
,ll
21
60
l 6
5 l
11
6)
50

a
-21

50
t 8

-.13
30
71

- i 3
-33
ti i

I  hr  fucl  nroinurc (%)

10-hf  fuel  moisture ( i ; )

l (Xlhr  tuel  moi \ ture ( t :

Herbaceous fuel moisture (tZ)

Woodr- tuel moisture (% )
6. I  m wind spccd (km hr )

6.85
r0.59
11.95
90.11

110 .61
1.1.5

.1.01
6.00
8 .7  |

55 .0 r
91.95
21.5

fir trees. The difference in rneans between 1992
and 2000 of diameter classes larger than 63.5 cm
dbh was con]pared using a one sample, two-sided
paired t-test 1br the 16 plots on which large trees
cxistcd.

Fue s  and F  re  Behav io r

Changcs in fire and woody debris parameters
between 1992 and 2000 were evaluated by sub
tracting the 1992 values lbr surface tire tlame
lcngth. critical torching flamc lcngth, actual flamc
length, critical canopy bulk density, actual canop.v
bulk density. sound coilrse woody debris. rotten
coeLrse woody debris, and total coarse woody de-
bris liom the 2000 values. One sanple, two sided
t-tests with the null hypethesis that the difference
rvas zero were perfonr-red on each parameter.

Surface fire behavior predictions were made
through the TSTMDL program of BEHAVE
(Burgan and Rothemrel 1984). Fuel models for
each plot \ i 'ere developed by altering the NFFL
Model l0 (Albini 1976) with new fuel loads and
fuel depths. Slope was enlered as the percenl slope
nomal to the contour at each plot location. Weather
was estimated fiom FireFanrily (Bradshaw and
McCormick 2000) summaries of historic f ire
$'eatherat the nearest weather station (Trout Lake)
at fhe 70 percentile and 95 percentile fire weather
(Tablc 2). Wind spceds wcrc adjustcd down by a
tactor of 0.9 in stands with high canopy cover
(>70%) with lower ad.justment factors ln more
open stands \\"ith lower canopy cover (Rothemel
r9rJ3).

Torching and independent crown fire behav
iors were assessedby the techniquc ofVanWagner
( 1977). We enabled torching ifthe predicted fireline
intcnsity from BEHAVE (95 percentile) erceeded
the critical fireline intensity defined by Van Wagncr
(1911):

l,= {0 0IBLC(.160 + [26FMC])l ' '

Whcrc I., = critical surlacc llrcljnc in|cnsily {kW m )
BLC = base to ihe l i \e crown (m)

FMC = foliaf lnoistufe conteni (tercent)

Foliar noisture was treated as a constant 9061, in
these analyses. bascd on 95-percentile moisture
of woody plants derived from local u'eather records.
Base to the live crown was estinated from indi-
vidual plot trcc data in 1992 and 2000 as evalu-
ated by the Fire and Fuels Extension of the For-
cst Vcgctation Sinrulator (FFE-FVS) (Beukema
et al.2000). Fireline intensity can bc scalcd to
tlarne length; our results are expressed in tenns
of surface fire flame length and critical flarne
length.

lndependent crown fire activity was assessed
by comprring crit ical levels of canopy bulk den
sity (CBD.) to actual levels dcfincd by FFE-FVS
(CBD") (Beukena et al. 2000). We use canopy
bulk dcnsity instead ofcrown bulk density (Scott
and Reinhardt 2001), but in previous literaLurc
thc two tcrms arc intcrchangeable. Crit ical levels
were delined by comparing actual to critical canopy
bulk densities (Van Wagner 1977. Will iamson
J999). Independent crown fire behavior depends
on maintaining a minimum level of heat t ' lux into
the unbumed fuel ahead ofthe fire. The heat flux
is a f 'unction of f ire rate of spread, the bulk den-
sity of the crown, and heat of ignition:

E = R(CBD)lt

Wherc E = nel horirorlal heat llur (kW In )
R = rate ofspread (m sec )
(lBD = canopy bulk dcnsiry
h = heat of ignition (kJ kg )

Defo l ia t ion  and Poten t ia l  F i re  Beh lv io r  lb - l



The equation can bc cxpressed in ter-ms ofmass
llow rate:

S = R ( C B D ) = E / h
Whcrc S = mrss l l0$ rare (kg m:sec )

Van Wagner (1977) cmpiricallv detined a mini
mum mass flou'rate (S) of 0.05 kg mr sec be-
low which indcpendent crown lire splead *as not
possible. Therefore, a crit ical canopy bulk den
sity (CBD.). defined as rhe canopy bulk densir)
belou, r'hich independent crown fire spread is
unlikell'. is:

cBD. = 0.05/R

Rrtes of torward spread (R) werc cstimated ibr
each plot based on Rothermel (1991). The 95-
percent i le  f i te  uer ther  u l .  u .cJ  I r ,  ( . l imate  \u r -
t'ace lire ratc of spread on each plot using NFFL
Fucl Model 10 (Albini 1976) and a 0.,1 adjust-
ment to open windspeed. with that value multi-
plied by 3.34 to obtain R. The calculated CBD.
ihen wis compaled to the CBD, tiom the FFEI
FVS prograrn to detennine whethcr crown fire
should be enablcd ft)r that plot.

Poten ta  Fre  Ef fec ts

The tree list dala tiom 1992 and 2000. along with
the i lame lengths from BEHAVE using 95-per-
ccnti le t ire weather, were used as inpuls 10 the

First Order Fire Effects Model (FOFEM)
(Reinhardt et al. 1997). Absolure and percent
change in basal area due 1rl a simulated wildfire
in thc 1992 fbrest and the tbrcst in 2000 were
calculated from the percentage nortality ofeach
trcc l ist species and size combination on each plot.
If torching or independent crown fire were pre
dicted for a plot, the post fire density and basal
area \\"as set to zclo. Basal area and density pro-
pofiional loss werc analyzed through a paired t-
test usilg an arcsin-squarc rq)t transfonnation
0f the propo ion.

Results

Canopy Closure
We rncr .u red  r . ign i l l (an l  L le . re . r .e  in  canop)
closure betq'een 1992 and 2000 (P<0.0001). Or
average. canopy closure decreascd f'rorn 787c in
1992 to 43'y'r' in 2000 (Table 1.). The 957r confi
dence interval calculatcd around the mean dif-
lerence indicates that the change varies fuom -48
to 227c. This decrease is much greater than pos-
sible enor due lo ditlerent sampling methods in
the two periods. lt likely stems fiom a combina-
tion ofdefoliation on large trees and mortality of
smaller ones. Tree dcnsity decline was primarily
in the smaller size classes (Figure 2)

Figurc 2. Tree den\it) e.rrlf (1991) and latc (1000) in |he re\ten spruce budqofln dcfolialion elent.
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Basa Area of Large Trees

No significant difference in the basal area ol large
Douglrs-fir or grand fir trees was found between
1992 and 2000. The mean basal arca oflarge trces
(>63.5 cm dbh) was 4.6,1 mr har in 1992 com-
pared to 5.05 m2 ha I in 2000.

Fue ls  and F i re  Behav io r

Downed Waad

The rnean dou,ned coarsc woody debris load in
1992 was about 40 Mg ha r. about 607r of which
was sound (Table 3). By 2000, the load was sig-
nificantly grcatcr in all categories and fuel bed
dcpth indicates this higher loading was tightly
packed. Sound coarsc woody debris increased by
an average of 14.2 Mg ha-r (P = 0.02), rotten
material increased by 2,1.3 Mg ha I (P = 0.001).
and the total coarsc woody debris increased by
thc sum of these differences (38.5 Mg ha r: P =
0.001). In eight years. the coarse woody debris
load nearly doubled.

TABLE 3. Coarsc $ood) debris (\fg ha r) |l Smith Bullc in
1992 and 2000.

Fire Wealher

Figure 3. Averrge sudace llre llame lengds across 2l Smith
Butte plots in 1992 and 2000. Error bars indicate

one standard deviation.

TABLE,I. Firc bchavior and crolvn chafacter estnnates lbr
1992 and 2000.

2

5 ' u
9 1
!

0.5

1992 2000 Dilicrcncc

Flane lenglh (m)

Citical flame lengih (m)

Height to live crown (m)

Actual canop) bulk
density (kg 'n r)

Cfitical canopy bulk
dersi ry (kg nr)

1 . .1  1 .9
3 .0  3 .3
6.9 8.9

0.5
0 .3
2.0

0 .01

Category 1992

t J . l  I

0 . l 9

0 .12

0 . l 9

Sound
Ro1lcn
Total

2 1 . l 5
11.6',7
,t0.82

37.35
11.91
79.t2

l, l .2l
1,1.30
38 .50

Surface Firc Behavior

Predicted surtace fire flamc lengths significantly
increased (Table,1. Figure 3) lrom 1..1m in 1992
to 1.9 m in 2000 (P = 0.0003). This was largely a
function of increasing tuel load, because topog-
raphy and weather inputs remained constant.
Midf lamc windspeed increased somewhat because
of a more open canopy.

Torching and Crown Fire Behaviol

In 1992, fbur of thc 21 plots had torching enabled.
Most of the plots did not, howevcq because of
the large difttrence between the critical flame
length needed fbr torching and the lower actual
f'lame length predictions (Table ,1). In 2000. the
number of plots whele torching was enabled de-
clined to lwo. None of the lbur plots in which
torching was enabled in 1992 had torching enabled

in 2000. This variable response is suppoftcd by
statistical analyses. which showed that height to
live crown and critical torchin-r flame lengths did
not differ significantly between 1992 and 2(XX).
Critical flamc lengths decreased on 7 plots, in-
creased on l0 plots. and showed no change on I
plot.

Crown characteristics that col'rtdbute to inde
pendent crown fire potential did not ohange sig-
nificantly during this time period (Table 4). Ac-
tual canopy bulk densities as mcasured by
FFE-FVS did not change significantly between
1992 and 2000, and crjtical canopy bulk dcnsi-
ties remained stable.

Potentia F re Effects on Forest Structure

Early in thc budworm outbreak. a wildfire burn-
ing in 95-percentile tire weathcr would have re-
moved about 22olo of the density and 2lolo of the
basal area (Figure 4). Moderate flarne lcngths
(Table 4) and stand dominance by large trees
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Figure.1.  B:rsal  area hnrha )  and den\ i ry ( t rees ha r)  in $e
errl) budworn condilion ( 1992), the eafl] bud-
$ofm condi t ion i f  burred b)  a 95-pefcent i le
$eather 1ire. the late budworn condition (2000).
and th.l.rte budwom condilion il burned by a 95-
percentilc wcalhcr llrc. Erorbar! indrcatc onc stan
dard de\ iadon.

cont bute to fiis low prcdicted loss. Between 1992
and 2000. tree mollality wrs mostly in the smaller
diamelcr classcs (Figure 2) and the residual stand
thus maintained a large avcragc diamctcr Greater
surtace fire behavior did not have significant im-
pacts oD the proponional loss ofdcnsity and basal
arca. which in 2000 averaged 29% an<l25Vc re-
spectively. Absolute density and basal iLrea were
larger in 1 992 than in 2000, but proportional loss
did not dift-er signilicantly for either density or
basal area between 1992 and 2000. Our FOFEM
predictions indicate that a \\ i ldfire in conditions
similar to those measured in 2000 would leave
residual stands on Smith Butte stands with 1.18
trees ha I and more than 34 mr ha I of basal area.

Discussion

Forcst structurc, including canopy closure and
levels ofdowned wood, has changed significantly
on Smith Butte fbllowing 8 yr olbudworm defo-
liation. Changes in tbrest t ire behavior resulting
tiom human or natural disturbance can be ex-
pressed as changes in surface fire. torching po-
tential. and independent crown fire potential. Our
assessmentoffire behavior changes on Smith Butte
includes rl l three. $,ith nixed results. Coarse
woody debris levels are significaltly higher. and
this increase in fuels contributes directly to a pre-
dicted increase in surface fire flame lengths. In
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contlast. the eilects on torching potential and crown
fire behavior were nodcrated by the pattern of
tree mortallty.

We expected more extrme flame lengths, given
both the largc surface fuel loads in 2000 and the
significant incrcase since 1992. Other studies have
predicted much greater losscs in defoliated stands
due to the buildup ol fucls from trees killed b)'
budworm (Mutch et al. 1993). Two l'actors may
have moderated our predicted flame lengths.
Fuelbed depth is the lirst moderating firctor Dur-
ing our 2001 site visit, we rarely saw placcs with
fuelbeds deeper than 0.60 m. This means that the
high amount ofwoody debris was tightly packed,
and that these cornpressed llels created an unfa-
vorable packing ratio. If. in our analysis. we had
made the fuels less compressed and thus deep-
ened the fuelbed, fire behavior would have in-
cleased, particularly fof the 2000 measurements.
The second moderating l'actor was the relatively
mild 22.5 km hrr windspeed at g5-pcrcentile

weather, and the reduction factor of 0.9 used fbr
the closed canopy stands. If we had used highcr
windspeeds typical ofweather stations east ofour
. lud)  s i te .  o r  had ured  a  les .  con .er ru ( i re
windspeed reduction factor of 0.7 or 0.8, fire pre-
d ic l ion .  u  ou ld  h . r !e  resu l led  in  mure  in tense:ur
face wildfire behavior.

The amount and pattern of tree mortality af-
fected both llre bchavior and stand structnre. and
thercfore had complex etlccts on predicted fire
severity. The proponional loss in tree density and
basal area alicr a fire was predicted to be the same
for 1992 and 2000, even though there was almost
a 507o decrease in tree density late in the bud-
worm event (Figure 4). A substantial density of
snags \a'ill add to the down coarse woody debris
totals over the next decade regardless ofwhether
a fire occurs. and an additional 307a reduction in
tree density is predicted if a wildfire bums the
area. Whilc coarse woody debris is not a factor
in surface file potential models, intense fires may
receive an impoflant contribution ofenergy from
large fuel (Rothermel 1991). This additional fuel
could play a role in extending the duration and
increasing the severity of frres above what our
results predict. ln contrast, the response of shtxb
and herb loads should continue to increasc in the
morc open fbrest, which can dampen the effect
on surface fi re behavior (Agee et al. 2000). While
it is not clear how tire behavior will change. it is
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clear that ongoing tree rnortality wil l continue to
affect potential fire sevedty on Smith Butte.

Although the residual live tree graph (Figure
2) appears sinilar to what might result from ei
ther a mechanical low thinning (Smith 1962) or
fire, the effect of the small tree rnortality associ
ated with budworm defbliation is dillerent. Me-
chanical thinning typically rcmovcs many stcms
at once, \\"hereas the mortality on Smith Butte
occufied over several years. lnstead of being re-
moved. the dead trees are either tall ing to the
ground or remaining as snags. The net effect ofa
tire would also be less residual cotrrse woody debris
than that associated with budwonn defoliation.
because fuel existing prior to the budworm out-
brcak would bc consumcd, cvcn as ncw mortal-
ity occurred. In both instances, more woody de-
bris results from the small tree mortality associated
with budworm dcfbliation. Our simulations sug-
gest that cunent debds loads will not result in
stand replacenrent fires, but more surtace woody
debris willbe accming over time as cunent snags
lall and perhaps more are created.

The structural clcmcnts that nloderatc potcn-
tiiil fire severjty on Smjtb Butte. namely large trees
that are fire resistant because of thick bak and
tall crowns, are also elements considered impor-
tant for spotted owl habitat. Immediately follo$,
ing a disturbance. stlxctural elements like canopy
closure or basal arca pcr hcctarc might not bc
sufficient for spotted owl habitat, but such effects
might be shorl term (decades) rather than long
term (centuries). Future etlects on owl habitat
would be very different ifthe large trees on Smith
Butte did not survive either a wildfire or subse-
qucnt inscct or pathogen attacks. lncreasing lev-
els of large woody debds may benefit owls by
improving conditions for kcy prcy species, but
the fire risks and hazards associated with such
levels are not well understood.

A remeasurcment of the Smith Butte plots is
planned to assess how continucd monality and
fuel inputs affect fire behavior. Since several root
pathogens are also present at the sitg, w9 cannot
be completely ceftain how much mortality is at
tributable to budworm, but the remeasurement
should help characterize the lag effects of bud-
worm detbliation.

It is impo ant to remember that the conditions
on Smith Butte are uncommon in the area. In-
dccd. forests rvith large diameter. early-sera1. fire

resistant tree specics arc not common in ei$tern
Washington. owing to horvest history (Covington
et al. 199,1). Our projections suggest that within
such relict patches, fire behavior may not result
in stand-rcplacement fire severity. lfthis is thc casc,
theconditions on Smith Bufte rnav oft'er some struc-
tural guidelines for managing firc severit), in thc
e . r ' le rn  Wash in l tun  ph l . iugr i rph ie  p rUr ince .

Although we have empirical data for changcs
between mcasurcmcnt pcriods, we rclied on nrodels
fbrourfirc behavior assessments. While BEHAVE
appears relatively robust due to an extended his
tory ofuse, the FFE extension to FVS is new and
hus.erer r l  Le)  us .umpt iun .  re la ted  to  impondnt
f i re  behr r  io r  l c r i cb lcs .  He igh t  to  l i r  e  c lou  n  i r  l
crit ical variablc in thc prcdiction of brching po-
tential. It is defined in FFE ls that heigbt in the
crovn u'here canopy bulk density reaches 0.0lI
kg m rin a 3 m horizontal slice through the crown
(Scott and Reinhardt 2001). Thcrc are l itt le data
to validate this assumption. Canopy bulk density
is expressed as the highest 5 n running mcan of
layers 0.3 m thick through the cro$n. yet another
possible way to express it would be as the aver
age through the crown from the base of live crown
to fhe tree tops. Both of these would be subjcc-
tivc, but the latter would resLrlt in a decreased
predicted crown fire behaviol. Selection of an
appropriate metric fbr height to live crown and
canopy bulk density is a difficult challenge in the
heterogeneous stand stluctures conmonly found
in forcsts in the eastem Cascadc Mountains. The
last model we used was FOFEM. which predicts
mortality trom a given flame length or scorch height
based on bark thickness and crown dimcnsions.
It is density independent and does not consider
secondarl' mortality due to balk beetles or other
agents, so it underpredicls monality that may occur
from syncrgistic disturbances. These are the stron-
gest models we cunently have, but their outputs
should be used cautiously.
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