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Burning Characteristics of Western Conifer Needles

Abstract
1heneedle! i romthir teenspeciesof$estcrncol l i t i r \scrcbunicdrocomparclhmnubi l i r )ofnonrood)f i reh.ThefoI lo lv ing
bul ning characreristic\ $efe measured in a complelel] randomjTcd dcsign A\OlA: lnainlum ilanle height. flanre time. embef
rime. burn rime. percent combusted. and ean rite of weig|t lo!s. Thc buming charrctelisrics rested in this studl addfes\
important a\pccrs of non$ood,v iucl fla nnabilily in conilcrou\ ibrcsls. Ponderosa pine, Jeftie) pine, Nlonrerei pine. coast
rcdwood. knobconc pinc. gianr scquoir. and sugur pire runked in the upper h.rlf of most of ihe bum categories. lhesc highlf
ilan)milblc spccic\ air pronincnt in conmunilies lbr $hich fire retufn mten rls rfe tq1) lo four decades. l-odgepolcpinc. rcstcrn
rcdccdtrl. Douglas lir, Pacilic siher iir. subalpire lir. nd \\'estem hemlock seldom rlnked in rhe upper hilfofan) oi lhc burn
calcgorics. Thc nccdlcs ol lhcsc \pccies are less flammable th n the upper grcup of \e!en. Ihe fire retrrn intcr\al! ibr lhc
com lrnilic\ i. whrc| thc! sro$ i:Lrc comnonl! l\\o or more centuries.

lntroduction

Mosttbrest communities inWashington. Oregon.
and Califomia experience fire at some time in their
developmental history. For sorlc. thc fire return
inteNal (FRl) is about one to thrcc dccades,
whereas for others the FRI is one kr th cc or rnrr e
centuries. Fire is a natural cnvironnrental factor
affecting forcst communities. but the eft 'ects of
t'ire are determined by tuel loading, size class,
affangement. and chemical composition. These
luel characteristics are affected by other commu-
nity characteristics.

When lcedback t'nrrn natural community char-
r ( le r i . l i c .  l i n r r t '  thc  l iequene l .  in len . i t ) . , r r  \e -
veritv oftire. the relrt ionship rnay be consideled
homeostatic (r(r1r, Odum 1969: e.9.. fire-stable).
Stabil ity is a measure of homcostrsis (Holl ing
1973), the abil ity of thc component species to
tolerate adisturbancc and maintain the niche struc-
ture of the comnunily. Forcsts that historicallv
met the dellnition ofllrc-stable are characterized
b_v- : 1.) shorr FRI (Agee t993. Pyne et al. 1996):
2) species rvith highly flammable fuels because
of luel chemistry and low fuel moisture (Mutch
1970. Bond and Midglcy 1995): 3) frequent ig-
nit ion events lrom lightning (Komrrek 19611,
Keeley 1977, Agee 199:l); 4) low intensity, low
severit.v surl'ace fires (Agee 1989); 5) species with
fi re-adaptive charactcristics, allowing individual
plants to survive the tire (Agee 1993. Pyne et al.
I 996). Further relerence to fire-stable forests in
this paper are to historical fire rcgimcs.

Ponclerosa pine, Jeftiey pine, and giant sequoia
dominatc lbrcsts with fi re-stable chamcteristics
(Sweeney l967.Vogl 1967.Weavcr 1967, Kilgore
I 972, Habeck and Mutch 1973. Kilgore and Taylor
1979.  Arno  1980.  Madany and West  1980.
Bonnicksen and Stone 1982. Arno and Peterson
l983, Swetnam and Dieterich 19113. r 'an
Wagtendonk 1983, Agee et al. 1990, Swetnan
l ( ) q  r .  A o c e  l g O  l r .  S u !  r r  p i n e , ' f t e n  e \ i \ t \ , 1 .  l
subord in r te  n rcmber  u f  f i r c - r l rh lc  i r ' rnmur i l ie \
(Kilgore 1972: van Wagtendonk 1983: Thomas
and Agee 1986).

Communities collholled by lre ale not homco-
static withfire.butthc individual species in the com-
munity still nust respond to the disturbancc. Re-
silicncc is a measure of persistence (Holling 1973.
Fonda 1976, Westman and O'Leary I 986). the abilit)
ofthe component species topeniston thc sitc. Many
specics cxist in tirrest communities that arc iln'olved
with flre on a stand replacing scale. Such llrcs of'-
ten bum with high intensity and high severity (Agee
1 993). Individual trees are killed by stand-rcplac-
ing fires. yet the species peEist on the site. Such
forests. for which the prefire species retum to the
posttire site. are termed fire-resilicnt. Forcsts thrt
historically met the defl nit jon of l ire resil ient are
charactedzed by: l) long FRI (Agce 1993,Pyne
et al. 1996); 21 spccies with less tlanrnrable l irels
(Mutch 1970. Bond and Midgley 1995 ): 3 ) int're-
qucnt ignition events: ;+) high intersity, noder
ate to high sevcrity. stand-replacing fires (Agee
1989): 5) species that lack fire-adaplivc charlc-
tcristics and generally sur-vive on the postfire site
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by seed germination (Agee 1993:Pyneetal. 1996).
Furthcr rcference 1() fire resilient forests in this
paper are to historical f ire rcgimcs.

Montcrcy pine. coast reclwood. knobcone pine.
lodgepole pine. Douglas-fir, and subalpine l ir
dominate fbrests with predominantly f irc-rcsil-
ient characteristics. although each folest type also
has been kDowr] to suppofi low intersity, Iow se-
verity surface burns (Vrgl 1967, 1973: Fonda and
Bliss 1969: Vogl et al. 1977: Fonda 1976: Arno
l9lJ0: Romme ancl Knight 1981: Agee and Smith
1984 i  S tua f t  1987;  F inney  and Mar t in  1989:
Romme and Despa in  1989;  Agee e t  a l .  1990:
Creenlee and Langcnhcim 1990: Morrison and
S$:rn.on I '100: Ta) lol and Fondr lqqO Aeee l()q i.
199.1; Brou"n and S$etnam 1994, Wetzel 1995).

Western redcedar. Pacific silvcr 1lr. and west
ern hemlock arc associated with fbrest types that
burn intiequentll, usually rvith high severity. stand
replacing fires (Fonda and Bliss 1969; Arno 1980;
Hemstrom ard Franklin 1982; Agee et al. 1990;
Agee 1993, 1994).

Agee ( I 993) classiticd Pacific Northwest co
nifers according to the strategies by which they
adapt to low scverity llres (Table 1). Resisters
g c n e r r l l l  d o r n i r u t e  l i r e - . t u b l e  r , ' m m u r r i t i e . .
$,hereas thc othcr strategies listed in Table I are
adaptations for species tl'rat dominate lire resil-
ieDt comnunities. or are sensitive to tlre i,it any
age. Agee (1993) cautioned Lhatresearchers should
be aware that nost species cannot be classitied
according to mcrcly onc of these strategies. Tree
species respond difler-ently to flre. depending on
tree age and tire severity. For inslance, older trees

of coastredwood, Douglas-fir, Monterey pine, and
rvestern redcedar can resist Io$ severit)' fires (i.e..
a fire stable strategy.). but pedsh as young trees
or in high severit), f ires (i.e.. a fire-resil ient strat-
egy)

ln any community in which fire is an ecologi-
cal factor'. the lire must start and continue to burn.
Four requirements must be met at the time of the
fire: l) llammable fuelst 2) sufficient fuel loads
to carry the fire through the conrmunity: 3) low
e 'ironmental moisture;4) ignition sources.

In this work we lbcus on measures of tlam-
mable tuels. specifically non*oody fuels fiom
specics associatcd with fire-stable and firc-rcsil-
ient coniferlbrests (Table l). Mutch ( 1970) bumed
non*rxrdy tuels to 1i)rmulate r hypothesis that
natural selection favored the development ofhighly
flammablc species thaL perpetuate the fire envi-
ronmert. Taylor and Fonda (l990) employed the
methods used by Mutch ( I 970) to assess burning
characteristics of fuels in subalpine 1lr forests on
Huricane Ridge in Olympic National Park. Be
cause they burned reasonabJy intact samples of
the litter layer that had accumulated on the forest
t ' loor, their l i tter layers mixed some woody f 'ueJs
with the largely nonwoody tuels. To our klowl-
gdge, no other studies exist that tested burning
charactcristics ofnonwoody fuels to describe their
conffibution to the fire status of forests.

We studied in a tire chamber burning charac-
teristics of thc nccdlcs tiom 13 conifer specics
from forests in Washington. Oregon, Califbrnia.
and Nevada as indicators of flammability. Flam-
mability has four components: ignitabil ity.

TABt-E L Species sampled rnd col lect ion \ i res.  BotanicaL nonenclature lb l lows Hickmn (1991).  Thc l l ra|cg) Lrscdby m lurc
n ees io fe\ist lo$ se! efit! fire is based on inlornalion pro! rdcd in A gcc ( | 993 ).

SnrLIeg! Collecti0n site

Corsl  rcd\100d
Douglas i i r
Girnr  scquoia
Jciirc) piic

Lodgepole pine

Montere,,- pinc

Sub.rlpnre ur
Sug.r pine

S' q oi( \.ne{tiftnl
Pv'tklotsug D.(ari('ii
.S I q tp it k1 ( rul h,t r i r 0 n kat

Tsutu h(t00ph\lltL

J.  P Burns Park (Big Suf) .  CA
Cascade Nlountains ($'enrtcbee), $A
Sequoir N ti(mal Park (Girnt Fofe\t). CA
Cabon Range llrke Trfioe). NV
Siskiyou trloLrnurins (Cavc Junclion). OR
0lyrrpic Nalional Parl (Dccr Park). WA
Monterey Peninsul . r .  CA
Cascrdc Nlounkins (Sr.c!cn! Pds\). \\A

Cascadc Mountains (Roslyn). \A

Ol,vmpic National Park (Deer Park). $:

Siski_vou Mounrains (Cave Junctioll). Oll
Ol ,vmpic Peninsula (Satpho).  \A
Lake Padden Pafk (BellinghrLn). \\A

Resister
Resister
Re\ister
E!ader
[ !adcr
B!ader

Rcsis lcr

Rc\ is tcr
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combustibil i ty (intensity). sustainabil ity. and
consumability (Maftin ct al. 199,1). Our u'ork
relates to inteDsjty (flame height), sustainability
of the fire (t'lamc lime. enbel time. and burn time).
and consumability ofthe tuel (perccnt consunp
tion i,Lnd mean ratc of weight loss). \!'e sought
answers to two research questions: I ) are difter-
cnces in buming characteristics among thc spe-
( i e . . i ! n i l l c  n t  l  2 r h t ' u  J , ' t h c . e  l l s p c c i c . c o n -
tribute to the fire enyironment ofthe communities
in which they gro* ?

Methods

We tbllowed the methods in Mutch ( 1970) and
Tu)  lu r  . rnJ  Frn t l r  t  loqO) .  The erper i tnen l  u  u '
designed as a completely randomized design
ANOVA. with the species constituting the 13 treat-
ments. Significant ditTcrcnces among the spe
cies tirr cach buming characteristic were deter-
mined by a Newniin-Keuls multiplc range test
(Zar 1996). The signitjcancc level was set at 57r
before testing began. The data tbr percent com-
busted wele transtbrmed by arcsin bcfore analy
sis. We burned l0 samples of each species, f i)r a
total of 130 burns.

Species and collection sites are l isted in Table
1. Ncedles fron all species were gathered tionr
nearly pure batches liom several dif'ferent loca-
tions at each site, then trllowcd to dry in the lab.
Necdlcs for the bum tests were separated tiom
the lbrest deblis and stray ncedlcs of other spe
cics mixed in the sample.

We used - l5-g samples of coniter nccdles in
the test burns. Sanrples rvcrc placed in alumi
num trays and dried at 103"C for 72 hr. Samples
were rcmoved fronl the ovens and allowed toequili-
brate lbr 2-3 min, then weights were adjusted by
rcmoving needles unti l the sample to be burned
\ \  e igh(J  l5 . l ) t , '  15 .1F.  Mor \ lu r (  (on lcn l  i r l  l i n le
of buming was L5 2.7%.

The llre chamber was I m'by 3 m tall. $ith a
four story exhaust chimney. Excessivc draw from
the chimney over thc lirc bed was prevented by a
series of baffles in the chimney. and air nrovc-
ment u'as contnrlledby a lan in the chinme,v. Meal
air velocity equaled 9.96:10.9 cm sec ', bascd on
25 meilsurcmcnts using a Barnant Company Tri-
Sense meter (Model 637-0000).

The fuel bed was aranged on the lloor of the
chamber in a 35 x 35 crn grid formcd by eight

strings dipped in x,vlene. All fuel becls vere < 5
c m  h i g l r .  5 t r i n p .  r r e r e  i p n i t e J .  r n J  l u , '  l i m c r .
u'ere started when fucls first ignited. Marimum
t'lamc height wasjudged by comparing the high-
est point leached by tllrmes against a meter stick
at the rear of the lire chanber-. At this point. the
room lights were extinguished so that we could
judge flane and burn times.

The first timer \\"as stopped q'hen all flanres
were extinguished (= flarne tirne). The sccond
timer was stopped whcn the lasl ember was ex
tinguished (= bum time). The difference between
these two is ember ti lne.

Percent fuel combusted was dctcrmincd by
weighing the ashes, atter removing thc unbumed
bits of string, then dividing consumed weight by
initial we ight. Mean rate of weight loss $'as cirl-
culated as mg lost over burn tinre.

The six categodes shown il Table 2 were cal-
culated from the burn data. Regardless of the
fesults of the multiple range test (MRT), species
were ranked in order tiom the top species (#l) to
the bottom species ( # 1 3) 1br each category. For
each species, we addcd thc ranked \,llues for each
burning characteristic to create a single list of
conbined flammability ranks, as shou'n in Table
3. ln ourjudgnent. each charucteristic centrib-
utes to the interpretatiol of lire ellects in a firr-
est. so that they have equal u'eights. The means
of all treatments are provided in Table 2 lirr rcad-
ers who wish to create thcir own ranking.

Results

Jeffiey pine had significantly higher flanles than
any other species. followcd by ponderosa pire
(Table 2). Mcans for both species exceeded 60
cm. Jcflrey pine had the four highest flanes ( 87
cnmax) ofthe 130 individual burns in this study.
Maximunr height for rn individual poncicrosa pine
burn *as 75 cnr. Thc diffcrences among coast
redwood, Monterey pine. sugarpinc. and knobcone
pine were not signitictut, nor were the differences
urnung l , ' t l gep , , l c  p inu .  g i rn t  seq t to i l .  ue . te rn
redccdar, and Pacilic silver fir. The llames lbr
Douglas fir and westerr hemlock (no signiflcant
difl-erence) and subrrlpine lir wcrc thc sho esl ol
the species tcstcd. Subalpine fir had significantly
shorter nleiln flame height than any other spe
cies. Maximum tlame height for subalpine hr
was 22 cm.

Conif er Burning Chuactcristics



'I^lll-F- 
l. N4ca.s oJ burniis chr.rctcristics resuhing lron ten test bufns lirr each specics.

JP PP RW

16.7 69.3 59.4

DI,' WH

26.2 21.6

SP LP WRC DF

1 2 8 . 5  1 2 1 . 8  I 1 3 . 2  1 0 5 . 8

MAXIMUM FLAME HEIGHT (cm)

MP SP KP LP CS WRC PSF

58.3 55.6 55.6 43.2 42.6 47.4 38.4

FLAME TIME (sec)

KP PP  MP SAF

99.2 92.4 82.6 79.8

PSI: RW WH JP

?9 .8  73 .4  68 .4  61  7

SAF

r 6 . 7

C S

148 .5

MP JP RW

328.3 326. ' ,7 3t/ .J

EMBER TIME (sec)

PP WRC LP SP SAF

149 . ' , 7  1 i 0 .7  118 .7  103 .2  91 .8

PS F' WH DF

84 .8  43 .6  21 . r J

GS KP

242..6 206.3

MP JP

4 1 0 . 9  1 9 1 . 4

GS KP

386  I  105 .6190 .8

BURN TIME (sec)

WRC PP LP SP

243.9 212.1 2,10.5 231.8

SAF PSI DI:

l 7  |  . 6  t 6 1 . 6  1 2 1  . 6

\,\ H

| l  t

PP JP

9 l . l  9 0 . I

MP KP

85.1 8,1.7

RW

86. I

% COMBUSTED

SP GS LP WRC

77.1 7s.8 73.0 45."1

PSF DF SAF WH

32 .0  26 .6  25 .6  I 8 .8

WH SAF

26.E 23.4

PP SP LP

5 8.2 50.9 49.3

MEAN RATE OF WEIGHT LOSS (pgAec;

KP JP RW DF GS MP WRC PSF

42.Q _15.i  33.5 3 r.6 30.4 30.3 29.9 29.4

N4ea.s co..cctcd b-" undcrlirc rrc not signiilcantlt difiefent. Species abbreviatio s: DF = Dougl,rs lir: GS = giant sequoia: JP =
Jci i ic \  p i r )cr  KP = knobcone pher LP = lodgepole pine:  MP = Nfonterey pinc:  PP = pondcrosa pine:  PSF = Paci f ic  s i l !er  f i (  R\ \ '
= cor\l rcd$ood: SAf = subrlpnre fir: SP = sugrL| pine: WH = s estern hcmlockl \\'RCl = ucstern redcedrr.
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The tlanes lbrgiant sequoja Iasted signiliclntly
Iongcr than rny other species tested (Table 2.).
Four of the ten trials cxcccdcd 160 scc. rvith a
nrarimum of lE7 sec. Otherwise, there was much
or,erlap in the MRT lbr mean llane tines. aod
the remaining species exhibitecl r continuum of
lirnes. There were no significant differences among
the seven species with less than 95 sec mean tlanre
lime (ponderosa pine, Nlonterey pine. subalpine
flr. Pacitic silvcr i ir. coasl rcdwood, westem hem-
lock. and Jefl iey pinc).

Ember times fol Montere.v pine. Jellrey pine,
and coast redwood $'ere not signiticanti-" ' difTer-
cnt. Mcan cmber limes lbr these species exceeded
300 sec (Table 21. Mrxinrum enrber tinres tirr
individual burns for Jeffiey pine and coast red
rvood u'crc.15,1 scc; t i)r Montcrcy pinc,,118 scc.
This upper gloup vas l ir l lowed by giant scquoia
and knobcone pine (not sigrilicantly different),
fbr which nrean ember tinres were in the 200 sec
range. A large group, ranging from 8.1 150 sec
includes ponderosa pine. $ estern redcedar. lod-qe-
pole pine, sugar pine. subalpine 1ir, and Pacific
silver llr. The maximuln enber time for an indi
viciual burn firrthe species in tlr is group was 242
sec (ponderosa pine). There were no signiticant
diflcrcnccs bcLrvccn rvestern hemlock and Dou-
g l : r .  l r r .  lb r  uh ieh  nr< . rn  emh(r  l i rn ( .  \ \ ( re . i ! .
nificantly shoftcr (< 50 scc) than any othcr spccics.

Thefc  uer ' (  ro . iFn i l l c l r t  d i l t c re r r .e r  i r r  n re ln
bum time among Montercy pine. Jeffreypine, coast
redurxrcl, and giant scquoia. all of which hacl si-u-
niticantl l longer mean burn times than the other
ninc spccics (Tablc 2). Each of the top species
had at least three individual burns that exceeded
.100 sec. Knobconc pinc was significantly dil lcr-
ent f iom all other species. but shorter than the
upper group. No klobcone pine bum exceeded
355 scc. wcslcrn rcdccdar pondcrosa pinc, lodgc-
pole pine. and subr)pine tir composed the middle
group. thc mcans of which wcrc in the mid-200
sec range. The group $'ith the shofiest burn tines
comprisccl subalpinc l ir. Pacil lc silvcr 1lr. Dou-
glas-tlr. and western hemlock. Mean burn times
in this group rvere < 200 sec, significantly shorter
than the other species. M.lxinuln bum tine anoDg
these fi)ur spccics was 203 scc (subalpinc l ir).

Mcan percenl fuel combusted was no1 signil l-
cantly difterent between ponderosapine and Jeftrey

pine. bcxh of which had greater values than any
of the other species (Table 2). The mrnrmunr
percent consumed for any individual bum for these
lwo spccics was 1377c (pondcrosa pine). There
rvere no signilicant dillercnces amolg coast red
wood. Monterey pine, and knobcone pine. Sugu-
pine and giant sequoia werc not signiticantly clit '-
ferent. The minimum single bum virlue among
these five species rvas 65% (giant sequoia). Lodge-
pole pine lost >707, fuel. but ranked significantly
bclow sugar pine and giant sequoia. Western
hemlock had signilicantly less rnean fuel com
busted than an)'other species. and maximum tuel
combustcd for an individual wcstern hemlock burn
u,as 227r.. Douglas fir and subalpine fir (not sig-
niticantly dil lerent) ranked just above rvesterl
hemlock. Westem redcedar and Pacific silvcr
l ir. both signitrcantly different t iom other spe-
cies. averaged less than 50% fuel conbusted.

Ponderosa pine fuel was consuned at a sig-
niticantly higher mean rate than any other spe
cics (Tablc 2). Ponderosa pine also produced the
trvo highest irdividual rates (80 and 73 pg/sec).
There were no significant dillerences among sugar
p ine  and loJgepo le  p in< .  io r  uh ich  In r \ i rnun l
individual ratcs wcre 62-63 gg/sec. Knobcone
pine was the lifth species to lose more than a mean
of.10 gg/sec. rvith r mrximum value of ,16 gg/
sec. The remaining species constitute alarge group
anong rl,hich there was much overlap in the MRT
ancl lrrgely no signiticant differences. They lost
rr eighr ar r mern rat( ol < -10 !p/.r( .

The combined ranking based on bulning char
actcristics (Tablc 3) indicatcs how well the needles
of these 13 species will contribute to fire. Thc
top seven species lue separated by only 9 points,
whcreas the bottom six species ue separated by
3r point.. PLInJ(ru\r pinc enJ Jefl-rcr pine :rrc
scparatcd by onc point. Thesetwo species ranked
in the upper half of every burning characteristic
cxccpt tlame tinre. Monterc)r pine, coast redwood,
ancl knobcone pine are separated by mcrcly tirur'
poilrts. Giant sequoia and sugar pine ale sepa
rated b)' two points. AIJ ofthcsc spccies contrib-
ute $ell to tire. With a 1ew exceptions, they were
in the upper half of the burning characteristics
(Table 2). The species at the botton ofTable 3
(Douglas fir, Pacitlc silver fir. subalpinc lir. and
wcstcrn henrlock) were the bottom tbur species
in every category ercept flame time. These four
species contribute poorly to tlre.

Colifer Bulning Charactedstics



TABLE i. Combired rrnking o1 \pccics bilcd o. si\ burn
i .s  charactcr is t ics.

sPtcttrs

Discussion

The burning charactedstics tested in this study
address important aspects of nonwoody iuel flam-
mability in conifcrous forests. Flame height, flame
tine. enber tine, and bunl tine measure the in-
tensity and duration of a bumable condition in
the Deedles, so that a sprcading fire can be sup-
pofted. Pcrccnt combusted and nean weight loss
rate indicate how much of the luel bed will be
involved with fire and how quickJy the fuel wil l
be consumed. No singlc characteristic defines
flammability, especially on the communit,v level,
u'hen only nonrvoody fucls arc considcrcd. Taken
together. however. the characteristics in Table 2
speak to the rolc of firc in the forests in which
these 13 species are doninant. The top ranked
species in these categories are prominent in ti)r-
ests in which fire is comnron. Some ofthese for-
ests are fire stable. others are fire-resilient with
FRI on the order of a ferl decades.

Ponderosa pinc and Jcfl le) piDe, the top two
lanked species (Table 3) grow in tbrests with shoft
FRl .  S tud ie .  r , l ' f i re  h is t , ' r1  in  p , 'nJcr ls r  p ine  r t
various localions in the Rocky Mountains and the
Siena Nevada and Cascade Ranges put the FRI
at less than l5 yr (Arno 1980; Madany and West
1980; Arno and Peterson 1983: Swetnan and
Dieterich I9ti3; r,an Wagtcndonk 1983; Agee
199:l). Fires may be even more tr-equent in Je1:
frey pine fbrests (Vogl 1967), and they clearly
favor J effrey pine ( Sweeney 1967;Vogl1967). Both
species arc resisters (Table 1). They exist in fire-
stable lbrests. where fiequent underbums arc sup-

ported largely by nonwoody tiels. The buming
charactcristics indicale that sudace llres would be
\\'ell-supponed, and the f'uels woulcl be consumed
rapidly and aJmost completely (Table 2).

Monterey pine. coast rcdwood, and knobcone
pine are prominent members of forest stands along
the nofihern California ooast into southern Or-
egon. Fire is a common environmental factor in
this region (V)glet al. 1977; Stuan 1987: Grccnlce
and Langenheim 1990; Brown and Swetnam 199,1).
and the forests generally are fire-resiliert. Be
cause of scrotinous concs and volunlinous sccd
crops released by fire, Monterey piDe is adapted
b stand-replacing fires. although surface fires also
bum in these lbrests (Vogl et al. 1977). Krobcore
pine, with 33-50 yr FRI (Vogl ct al. 1911), dc-

fenJ .  r 'n  \ l rnJ - ren l . r f ine  l l  re .  l r r  r r le l  \e r r ' l i n ,  'u \
cones to lepopulate the posttlre site (Vogl l 97l ).
Both pincs arc evaders (Table 1). The FRI lorcoast
redwood is on the order of 6-8 yr (Brown and
Swetnam 1994)  to  135 y r  (Green lee  and
Langenheim 1990). and at least in the Santa Cruz
Mountrin. \omc uI these fires i l lr be extensir e.
Fires in forests dominated by Montcrey pine and
knobcone pine are much more intense and more
severe than fires in ponderosa pine forests, largely
because of the greater woedy fuel component.
Fircs in coast redwood forests varl' l'rom low to
high severity (Greenlee and Langenheinr 1990;
Brown and Swetnam l99.l). Fires in all three for
est types are sustaincd bccausc thc highly flan-
mable nonwoody fuels ignite longer time-lag
woody fuels. These three species had no signifi
cant dif l 'erences among thenr tirr f lame height,
ranking just behind ponderosa pine and Jelhey
pine (Table 2). Furthermore, they ranked in the
top fi\'e for bum time.

C i rn t  requ, r i . r .  Ihe  numher . i \  .pec ic . .  g ro$ \
in a series ofisolated groves in the Siera Nevada
Range. tbr which historic FRI ranged frorr 5-8
yr from 500 to 800AD and tion 2-4 yr trom 1000
to 1300 AD (Swetnam 1993). Similar to pondc-
rosa pine and Jeftrey pine, the lbrests were fire-
stablc and the ftres were low intensity. low sever-
ity surtace burns (Kilgore 1972; Bonnicksen and
Stone l982). Giant sequoia is a rcsister (Table
l). Giant sequoia had a long burn time and -76%

tuel consumed (Table 2), which, coupled with the
shon FRI, indicates thatmost of the fuel consumed
by natural tircs was nonrvoody.
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The relationship bctwccn sLrgar pine and lire
is known tiom studies of mixed conifer fbrests in
thc Siera Nevada and Cascades (Kilgore 1972:
van Wagtendonk l9U3; Thomas and Agee l986).
Sugar pine is a promincnt subordinate species i l
giant secluoia and pondcrosa pine forests. Ma-
ture sugar pines resist l lrc (Table l). Sugarpine's
presence in the community depends on frequent
lires removing its nain competitor, white llr The
model created by vanWagtendonk ( l9tl3) showcd
tl'rat sugar pine seedlings were t'avorcd by an open
Ialdscape. presumabiy creatcd by fire. Sugat pine
density remained abovc 600 trees/ha through 80

!r of l ightning fires at mcan intervals of 8.9 yr'.
Sugar pine may be morc susceptible to postlire
insect attack than to thc llre itself (Thomas and
Agec 1986). Although sugar pine ranksjust be-
1o$ giant sequoia. and considertbly bclow pon
derosa pine (Table 3), thc contribution of sugar
pine needles to regular l lres in these forests is
important. It is notewonhy that 77% of sugarpine
luel was consumcd at a rate of 50.9 ptg/sec. and
that it had a long flame time (Table 2). Mixed
with cither giant sequoia or ponderosa pine needles.
sugar pine enhances the tlarnmabil ity of the fuel
toaq.

The bottom six species in Table 3 exist in dra-
matically dilferent fire regimes lrom the top seven
species. Fires in communities dominated by these
species usurlly are high intcnsitl,. high severity.
and stand-replacing. Lod-eepolc pine, Douglas
fir. and subalpine fir are associated with fire le
silient fol-ests in the Pacit'ic Norlhwest. and owe
their coDtinued donrinance on the landscape to
stand-replacing fires at FRI on the order of 150-
200 yr or morc (Fonda and Bliss 1969t Fonda
1976: Arno 19110;Agec and Smilh 198,1: Romme
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the absence of f irc (Fonda and Bliss 1969:
Hcmstrom and Franklin 1982: Agee et al. 1990:
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