
R.W. Fondar, Biology D€partment, Wbstern lllashington University, B€llinghan, Washington 98224p9160

and

J. il.Varnef, School of Natural Resources and Environment, Universiw ot Florida, Gainesville. Florida 32611-8526

Burning Characteristics of Cones from Elght Plne Species

Abstract
This experiment studied buming characteristics of pine cones as a s€pamte fuel compbnent. Cones of 6re resist€rs pondercsa pine,
Jeffrey pine, longleaf pine, and south Floriala slash pine, and cones ol fire evaders Montcrcy pine, knobcom phe, sand phe, and
pond pine were bumed in a fre chamber The experiment tested fire adaptive st are$r (rc$iste6 vs. evad€rs), geographic region
(westem vs. eastem U.S.A.), and interactions between those two factors itr a 2x2 factorial exFrirnent. Jeftey pine, loryleaf pine,
and south Florida slash pine supported the longest flames, smolder times, and bum times; tlpy also lost >89% of cone mass.
Monterey pine and knobcone pine sustained flarnes that lasted >10 min. CoDes of Mont€rEy pine, sadd pine, atrd pond pine lost
<50% cone mass. Resisterc significandy exc€€ded evaders in all buming caiegories except flarc time atrd meatr mte of weight
loss. Westem pines significantly exceeded eastem pines in all buming categories except fame lenglh and percent fuel combusted.
Significant interactions between fire adaptive sEategy and geographic region existed for a[ buming charac{edstics except mean
rate of weight loss. The intemction was accounted for by cones of eastem evaders, which had the lowes! mean itlues for most
characteristics. Only recently have cones tr€en regarded as a separate fuel componetr! yet 6ey contribute nrore to fire regimes in
their cornmunities than previously lhought. Firc models might tre rnore accumte if they inco4orare tbe contdbutions of cones to
firc regimes. Furthermore, smoke emitted by smoldering cones is an important smoke m2nrg.@nt concer[

lntroduction

The t'?ical pine life cycle described in botany
textbooks depicts cones opening and releasing
seeds in the second growing season after cones are
formed. Species with serotinous cones, however,
are an exception. These cones comrnonly remain
closed on the tree, impregnated with resin and
sealed shut until heat ftom a stand-replacing fire
opens them. The se€ds are released to germinate on
the postfire landscape, forming the next forest.

Depending on which strategy they use to adapt
to repeated lires in their environment, pines are
classified into two groups. Species that use a
stategy of cone serotiny are evaders (Rowe 1983,
Agee 1993, Fonda et al. 1998, Fonda 2001), and
forests they dominate are termed fire-resilient
(Fonda et al. 1998. Fonda 2001). These forests
typically support high intensity crown fires and
occasional surface fires, in which the entire stand
is killed (Abrahamson 1984, Myers 1985,Voglet
al. 1988, Harms 1996, Schwilk and Ackerly 2001 ).
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Continued dominance of pines depends heavi\
on the success of seed in the serotinous (closed)
cones. Except for a few species that resprout, such
as pond pine (Pinus serctina) (Fowells 1965),
most parent hees do not survive the fire. The
importance of cone serotiny as an evolutionary
strategy for 6re evaders is demonstrated by the
significant negative corelation that exists between
cone serotiny and self-pruning, leaflength, needle
density, nvig thickness, and minirnum reproductive
age (Schwilk and Ackerly 2001). Cone serotiny
represents a co-evolution strategy with traits that
typify fire evaders (Schwilk and Ackerly 2001).
Because eyaders maintain cones in the canoov
for many years. only occasionally dropping rhem.
litter layers in fire-resilient forests axe sparsely
populated with fallen cones (Figure 1). Often
these cones are attached to twigs that have broken
from parent trees.

The other group of pines comprises species
that have developed different strategies to resist
and survive fire, and their cones have few to no
fire adaptive values (Schwilk and Ackerly 2001 ).
In this article. we will refer to these pine cones
with reflexed cone scales as open cones, to con-
tast with closed serotinous cones. Soecies for
which cones are nre-neubat are resislers (Rowe
1983,Agee 1993, Fonda et al. 1998, Fonda 2001),



Figure l. Concs of pond pinc. r life elader scattered iD the

and fbrests the)' dominate are temed fire-stablc
(Fonda ct al. 1998. Fonda 2001). Typically, f ire
stable forests support 1o$, intensity surface fires
in highly flannrable fine fuels (Sweeney 1967,
Vogl 1967. Will iamson and Black 1981, Arno
and Peterson 1983. van Wagtendonk 1983, Myers
19115. Agee 1994). Continued survival ofresister
species depcnds on thick bark, hre-resistant bark,
selfpruning, or thick needle clustcrs that protect
meristems and aerial ponions of the trees. Because
resisters shed concs t'rcquendy, litter layers in fire-
stable tbrests are heavily populated rvith downed
cones (Figure 2).

Reviews ofwildland lire ecology lbcus on fire
regimcs. bchavior. severity, effects. history, and
managenent (Agee 1993. Pync et al. 1996). These
books. which sunmarize the existing body ofiire
ecology knowledgc, contain no ret'erences to cones
as a tuel source. The fuel model is one ofthe nain
components of any lire behavior model, and sereral
lucl model clescriptions and classifications exist
(Rothermel 1972. Albini 1976. Anderson 1982.
Andrews and Chase 1989. Andrews and Bradshaw
1997). Nonc of these identit ies cones lrs a separate

Figure 2. Cones of Jefffe) pine. a fire resistcr. around ree

tuel component. Perhaps those who shouldbe rnost
aware ofcones as a fuel source are involved with
fire suppression. however. a typical publication
ibr wildland firefighters (Teie 1994.t has no tcxt
on how cones rclate to fire suppression eftbrts.
Cones are esscntially the invisible fuel.

Cone fuels have been considcrcd in fire sci-
ence, albeit predominantly inpassing. Brown ct aJ.
I la82) inclutle concr in rhe l iner l.r1er lbr purpo.e.
of calculating fuel loadings. Concs. however,
were not spccifically isolated as a separate fuel
componcnt, and in the example given in Brown ct
al. (1982) the oontribution ofcones to thc 0.09 kg
m I fuel loading in the litter layer ol'a lodgepole
prne (P t ontorta) lorcst is not identified. Clements
r  leTr . r r  in resr iF r ted  I , i rebrands  { long d i \ l rnce  c rn_
bers that cause spot fires) for fucls in the eastem
United Sutes. He :tudied cone. (,t ' \ i \ pine rpecie..
including longlcaf(P palustis), slash (P elLbuii).
and pond pinc. measuring their teminal veloc-
ily and burn out t imes. He concluded that cones
represented significant firebrand fuels, but placed
no more emphasis on cones than any of the other
25 firebrand fuels (Clements 1976).
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ln a study of 19 Sierra Ncvada conifcrs van
Wagtendonk et al. (l998) identified cones as a l'ucl
component separate lronl thc commoD categodes
used in most fire behavior moclcls. Mean hcat
conLcnts of the 19 species varied nanowly tr-om
2l.22 MJ kg I u' ith ash to 21.64 MJ kg' without
ash, bur dit ltrences among spccies were not
significant. Because thcse heat conlcnts werc nor
substantially dillcrent trom hcar contents calculated
tbr foliagc. duff. and woodl fuels. contributions
ol cones to i ircl ine intensity should bc consid
ered in fucl calculations tbr wildland tires. The
values fbr Sierra Nevada fuel componcnts were
highcr than standard values used in fuel rnodels
to predict fire behavior, which could predict lower
fl reline intcnsities than actuallv encountered. Cone
t'uels contributed to these overall values. To our
knorvledgc, vrn Wagrcndonk er al. ( 1998) is the
only rclerence that tecognizes cones as a sepal-ate
fuel component.

The burning charitcteristics of needles t'r.om
eight specics ofpines wcre investigatcd recently to
exanrine aspccts of f lanmability. and k) compare
fire resisters with llrc evaders and rvestem pines
with eastem pines (Foncla 2001). Diffbrences
exlsted among the eight species, between resrst-
crs and evadcrs, aod betwcen westem and easten)
pincs. Significant interactions existed behveen firc
adaptive strategy and geographic region firr all
burning chariicteristics cxcept mean rate ofweight
loss. The interaction was accounted for primarily
by differcnces betwccn westeru cvrders. which
had high values fbr rnost buming charactcristics.
and easlcrn evaders. which had some ofthe lowest
values. ln this studv. we examined pond pine and
all butjack pine (P Darrtsrua) ofthc eight species
studied bv Fonda (200l) 10 cletermine how their

cones contribute to thc same aspccts of flammabil
ity cxamined previously lor pine needles.

The cight pines srudied herc (Table 1) were an
ideal group to investigate the relationship between
f l  umrnab i l i t l  u f  cone '  and dre  adrn l i \e . l rc leg ie .
in l lre-stable and lire resil ient communities. The
research was designed to comparc l) diff'erences
umons Ihc  e ighr  p inc  spec ie r .  2 r  tbur  rc r i \ le rs
with lour evadcrs.3) four western pines with
tour eastern plnes,:+) two u'estern resisters with
two eastern resistcrs.5) and two weslem evad
ers wrth two castem evaders, and fo analyze the
rnteraction betwecn fire adaptive stratcgy and
geographic region.

Methods

Exper lmenta  Des ign

Wc used the srme basic method described in
Fonda et al. (1998) and Fonda (2001.). burning
10 cones of each species tbl a totl l of 80 burns.
The research was a 2x2 factorial expcriment in a
completcly randomized design (CRD) ANOVA,
with the sigDilicance level sct at P=0.05 before rhc
research bcgan. This design allou,ed us to desig-
nate spccies as a treatnent ef'fect. and to test for
signiticant dif lerences according to a basic CRD
analysis. The two main faclors (A: nre adaptive
strategy and B: geographic rcgion) combined
lo  c , ,n l r ibU le  f , \u r  Uc t ln tcn l \ :  uer tc rn  re \ i . le r . ,
eastenl resrsters, wcstern evaders. and castern
evadcrs. These conbinations. the main fhctols.
rnJ lhe rntcrr. t ions bcl\L een thc mirin l irclor\ $ ere
tested fbr significant diffelences for each burning
ch actedstic by standard faclorial analysis (Zar
1999). Signil icant differcnces among nrore than
two treatments fbr each buming characteristic
werejudged by a Newman-Keuls multiple range

'IAUI-E 
1. Species lampled. fife adapdle srfirtegy. and co ection sites. Resisrcr (R) of eladcr (E) designatiors are ba\cd on

iDf i fmat jon i io ln Ro$e (1981) and Agee (1993)
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Figufe I. Cones ofspecies used in this slud,v. Fronr ro\!. fron lcli:ponderosr pine, south Florida slash pine. pond pine. \and tinc.
Back fo$. fron lefl: Jeltie\ pine. l(rnglcafpi.c. Nionlcrcl pinc. knobcone pine.

tcst (MRT). Datatin percent luelcembustion were
transfbrnred by afcsin before analysis.

F e d C o  e c t o n s

Cones from the l itter layer wele collected in
August-October 2002 at scveral locations from
' i rc .  on  u  h ieh  , ' r r l )  Ihc  l . r rge leJ  p ine  .pe \ ' ie :  g rew
(Table J). Only cones that fell befbre sunmer 2002.
and that showed no signs of decomposrtron. were
collected. At least l5 cones rvere collected fron
each location and takcn lt. l  Wcstcrn Washington
University. fiom which 10 were randomly chosen
to be burned. We did not knowingly collect more
than one pine cone lrom a givcn parent tree. The
cones ofeach spccics wcrc allowed to air dry. then
ovcn dricd tbr at least 72 hr at 100"C. Cones were
removed tiom theoven, allou,ed -20 min lbr weight
to stabilize, then weighed. Mean fuel moisture at
the l ime of buming ranged tiorn 0.3% (Monterey
pine) to 2.37r, (ponderosa pine). Equilibrium fuel
moisture during fire weather is on the order of
1 3% (Agee 1993). and wc clcctcd to bum all
cones at approximatclv thosc values

Burning Character ist ics

We used a fire chanber to srudy buming charac-
tc l i . t i r ' .  o t ' tone .  t i , rn  lhe .e  e ighr  p ine  .pec ie .
(Figure 3) as indicators of flanmability for this
fuel component. Flammability has four compo-
nents: ignitability. combustibility (inrensiry) and
consummability of the fuel. and sustainability of
thc firc (Manin ct al. 199.1). This work relates
to intensity (flame length), sustainability (flame
time. snolder time, and buln l imc), and consunr-

mability (percent fuel combustion and mcan rate
ofweight loss), as defined by Fonda et al. (1998)
and Fonda (2001).

The fire chamber was I mr x 3 m tall. with a
four-story exhaust chimney. Excessive draw from
the chimney over the lire bed *as prevented by a
series ofbaffles in the chimney, and air movcncnt
was controlled by a lan in the chimncy. Mean air
velocity over the luel bed was 9.9 crn scc I (Fonda
et  a l .  1998,  Fonda 2001) .

Each cone was placed on thc l loor of the 6re
chamber on three l5-cm xylene-soaked strings.
Strings were ignited. lrnd two time$ were stafied
when fuels first ignited. Maximun flamc length
was compared against a 2-m rule on the rear $'all
ol the lire chalrber. This 5-cm wide steel rule. u,ith
promincnt 1-cm markings, was machined specifi
cally fbr this fire chamber Distance betwecn thc
flames and the steel rulc was -30 cm. Atter flame
length was recorded, room lights were tuned
off tbr judging flame and bum times. We uscd a
nilTor to obsen'e flames, embers, and smoke on
the back side ol the cones.

Thc firsttimerwas stopped when iLll flanes were
extinguished, the second when the last embcr was
e\ l ingu ished or  u  hen :n rokc  no  l ,  ' Igc r  $ , ' \  em i t -
tcd. whichever came last" The first timer measured
flametime, the secondmeasured bum time, and the
difference between the two was smolder (cmber)
time. For cones of sand pine and pond pinc, which
smoked during the smoldering pcriod. we used
a flashlight bcam to highlight the smoke against
the mirror In cases for which we werc unsure if
smoke was no longcr bcing emitted. third tilner
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was started at thc time we suspected smoldering
had cnded while we continued to watch the cone
li,r rt le.r. l 60 sec to L'e certrin. This er.tm lirnc
was subtracted frorn the second timer oncc we
stopped the t\\"o timers.

Unbumed string was renoled andunconsumed
ashes u'ere *eighed. Percent fucl combusted $'as
calculated bv dil iding consumed rveight by init ial
wcight. Mean rate of$'eight loss was calculated
as mg lost over bum time.

Because cone weights vaded widely across the
eight species, all data ucrc analyzed to identi ly
buming charactcri stics that coryelated significantly
rvith cone *eight.

ln nature. cones are embedded in the needle
lryer on a tbrest floor. We wanted to know lrow
burning charactcristics would differ if the cones
wcrc ignited by the needle l itter. rathel than by
string. Means t SE were calculated tbr cone
\\'cights fin each species. based on the 80 cones
we bumed individually. One unburned cone of
each species within t2 SE ol the mean (i.e.. not
signilicantly difl'erent tiom the mean \\,eight) was
selected to be bumed on 15 g of pondcrosa pine
needles (i.c.. thc lucl source $as constant). These
cones and needles were oven dried at 100"C for 72
hr. then bumed according to the same protocol as
previouslv. Values for each buming charactcristic
lbr thc cones burned rvith needles were compared
to mern r alue. of thc ..rrnc huming \ 'hJfJ( leri. l ic.
derived from individual cones in a paired t-test,
wherein each species was a pairing factor'.

Results

Burning Behavior

Anong the resisters. longleaf pinc and JetTrey
pinc concs burned nearly completely to white ash.
The cones glowed red as soon as flamcs began.

and whitc ash appeared well before flanes wcre
extinguished. Longleafpinc was the onlv species
for which wc heard an audible whooshing sound
as the cones caught fire. South Florida slash pine
cones also glowed red with flames. and emitted
dcnse smoke when flames were extinguished.
These cones burned nearly as completely as Jef-
frey pine and longleaf pine, but some blackened
conc scales remained. Ponderosapine cones ncver
created white ash: all endcd the burn period u'ith
heavilv blackened cones.

Serotinous cones burncd inconrpletely, and
finished the burn period with heavily chancd cone
scales. A11 closed cones in this study had densc
whorls ofthick cone scales at their bases (Figure
3). All lbur species emitted flames from thc basal
rvhorl. but none of thc scales *as consumed.
Only the distal. sl ightly open. scales glowed rcd
and were consumed by flames and smoldering.
Knobcone and Monterey pine cones smoldercd
u ith abundant ember: rnd l iI lc \mnke, in (ontrrsr
to sand and pond pine cones for which flames
and embers werc cxtinguished simultaneously.
The smolder times for these cones wcre judged
by smoke emissions.

Burn  ng  Charac ter is t l cs  o f  nd  v  dua l
S pec ies

Mean maximum llame length was significantly
greater for longleafpine than all other species, and
all tcst burns exceeded 80 cm. Jeffrey pinc htrd
significantly longer mean maximum llame Iengths
than the ofier six species (Table 2). but only one
cone suppo ed flames as long as 80 cm. Mean
maximum flame length did not differ signiiicantly
bet\\,een south Florida slash pine and ponderosa
pine, between Monterey pine and knobcone pine,
and between sand pine and pond pinc. Sand pine
and pond pinc had the shertest flames.

TABLE L Nteans of cone $eight and buming charactcrisdcs hom 10 te\t bums for each pine specics. Valucs in.r ro\"- with
identical letters are not sisnillcanth diiierenl.

Jeffre! Ponderosa Longleaf SF slash Knobcone Montercy Sand PoDd

\{arimun lialne lenglh (cn,

Bufn t ime (sec)

Fucl combusted (q )

\ \ 'e ight  loss (mg^cc)

Cone \ \ 'e ight  (g)

69.1
t6:,

1611
89.0.
1 9 . 1  '

96.6.

57.5'
250f
86:lf
I  I  1,1
78.9
1,1.9 f

21.2'

8 t . l
208b
295E.
3166
93.E,
1 7 . 1 '
56 .1

57.6,
20?f
2388"
2595.
88 .8
7.9

)2.21

.19.31

1.r0.
12621
2002"
68.0
2E.8"
70.4

50.1b :l t.,l' 12.'7'

605' 10',7t 328b

1 6 5 2 b  1 7 8 "  r 8 8 "

r r 5 l .  1 8 5 ,  5 t 6 f
,1'1.0b .19.3" 13.6F

1 8 . 8 "  l t . 3  1 8 . 0 h

8 8 . t .  1 0 . 3  1 9 . 8 !
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Mean flame limcs for Monterey pine and
knobcone pine rvere not signilicantly dift'erent,
and both species flamed significantly longer
than all othcr spccies (Table 2). There were no
r ign i f i c rn l  d i l i c rences  anronp lhc  rcmarn ing  r i r
species. Maximum/minimum flane tines were
109,1/533 sec 1br knobcone pine and 935/339 sec
lbr Monterey pine. The next two longest flane
times among the other six species rvere 910 and
50,1sec (Jeffrcy pinc). Every species had at least
one cone that flamed for 2300 sec. and ,10 of the
ll l) hur neJ r',,ne. f lumed lbr >100 sec.

Smolder times are the noteworthy buming
characteristic lbr these pine species. Jeffrey pine
cones smoldered signil icantly longer than all
, ' ther .peL ie. fTirble l r. Four Jelfrel pinecone.
snoldered for >501X) sec. Longleaf pine and south
Florida slash pine did not differ signiflcantly, nor
didMonterey pine. knobcone pinc, and ponderosa
pine. Of the 20 cones burned tbr longleaf pine
and south Florida slash pine. 11 smoldered tbr
longer than 2500 sec. Of the 30 cones bumcd for
Monterey, knobcone. and ponderosa pine. three
exceeded 2500 sec. Pond pine and sand pine were
not signiflcantly difterent. and had the shortest
srnoLder times of the eight species.

Mean burn times lbllowed the same order as
snolder times, although rnore ditTerences u'ere
significant for this burning characteristic (Table
2). Jcffrel pine rnd longleaf pine ranked flr.st
and second, and both were significantly longer
than thc other species. Two Jefliey pine cones
h d total bum times >6000 sec. Maximum burn
time lbr longleaf pinc was 3755 sec. Differences
drnone sou lh  F lo r id l  s la .h  p ine .  Monterc l  p inc .
and knobcone pine rvere not significant. As with
smolder time. sand pinc and pond pine were not
significantly different, ard had signilicandy shoner
bum times than thc other species. Maximum burn
times fbr these species were <650 sec.

Mcan percent tuel oombusted did not differ
significantly among longleaf pinc. Jcffrey pine,
and south Florida slash pine, for which at least
88% of the fucl was consumed. (Table 2). These
species u'ere signiflcantly greater than any othe$.
Ponderosapinc cones lostnearly 80d/r oftheir mass.
Knobcone pine had the highest percent combustion
of the closed cone pines. but significantly lower
thlLn ponderosa pine. Percent combustion among
sand pinc, Monterey pine. and pond pine did not
differ significantly: all were <507c combusted.

Mean rate of weight loss provides l itt le infbr-
mation on which to separate the species (Table 2).
South Florida slash pine had a significantly lower
rate than olhcr spccies, and sand pine was next
lowest. The others were mostly not signil lcantl)
different, and the ovcrlap between knobcone pine
and ponderosa pine indicates that a gradient of
ratcs existed among these cones. All lost weight
at values between 17 and 29 nrg sec '.

Mean cone weights for Jef'fuey pinc and Mon-
terey pine wcrc not signifioantly different fiom
each othet and they were significantly heavicr
than the other spccics (Table 2). Knobcone pine
and longleaf pine were each signii lcantly dif-
lerent from all others, and significantly heavicr
than the remaining tbur species. Mean weights of
these above tbur species all exceeded 50 g. Mcan
weights of the remaining four species were <25
g. Pondcrosa pine. south Florida slash pine, and
pondpine did not differ signiilcantly. Sand pine had
signiticantly l ighter cones than any other species.
Cone weights corrclated significantl), with thrce
buming chat.acteristics. Heavier cones had longer
flame lengths. smdder times, and bum times. No
other characteristics conelated signifi cantly with
cone weights.

Values in Table 2 are based on individual cones
burning on the floor of the burn chamber. For
cones bumed with pine needles as the ignition
source, smolder tines were significantly ionger
by 1302 scc. burn times were signii icantly longer
by 1338 sec. and percent combusted was signifi-
cantly greater by 8.3%. Mean rate of $ eight loss
was signil icantly lower by 9.3 mg sec r. The most
impotant effect lorcones bumed with pine needles
was longer smoldertimes. which led Lo longerburn
times and greater fuel consumption. The greater
heat createdby the pine necdle bed involved more
of the core of the cone in combustiorr.

Treatments Combin ng Fire Adapt ve
Strategy and Geograph c Reglon

Flame length is ameasure off,re intensity. Eastem
resisters had significantly longer flames than all
!, lher cornbinl ions. lolloued b1 !{c\rcm re\i\rer\
(Table 3): both groups exceeded 60 cm. Flame
lengths for westem evaders and eastem cvaders
were not significantly difttrcnt; both groups were
<50 cm.

For measures of f lre sustainabil i ly (f lanre.
snoldcr and total burn time), westem evaders
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TABLE l. llcan! of core $eight .rnd burning characlcfistic\ liom :0 ten burns pcr group to cornparc facbr\. Vllues in r fox
!1 i lh idcnt ical  let ters afe not  \ igni l ican! ] , " -  d i t lefent .

Eastern

\{a\imuln lirlne lenglh (cm)

Flanre i inre ( lcc)

Smoldef  t ime (sec)

Bun] dlnc l\ec)

Fuel combrstcd (tl l
\ \ . ighl  loss (ng/secl

Cone $eight (-s )

63..1
256
2618.
:89.1.
9 r . 3
11.0.

12.1
201.
1673'
2880
81.0
12 .5 '
39 .1

19.7.
67)

2129
56 .1
2-1.8'
79 .1

4t.6.
268.
1 8 3
15 l
.16.+

t5 .6 '
15 .0

supported significantly longer flame times than
all other combirations. among which there were
no significant dit lerences (Table 3). Western
rcsisters and eastem rcsisters had significantly
longer smoldcr times and bum tines than other
groups. E:istern evtders had the shoftest smolder
and bum times (Tablc 3). Western evaders wcre
signil icantlv lcuger. bv a considcrable dif lerence.
ir both calegorics than eastem evaders.

For measurcs of consunmability. pcrccnt fuel
combusted differed signillcantly among all groups
(Table 3). Westem resisters lost over 907. of cone
nass. lbllowed by eastem resislers. Western evad
ers lost >507c ofcone mass. whereas eastem erad-
ers losl <507. ofcone mass. Mean rate olrveight
Ioss did not dif lcr significantly between western
resisters and westem evadcrs. nor between eastenl
resisters ilnd eastern evade$ (Tablc 3). Western
Icsisters and $'estem cvaders had signilicantly
h igher  ra tc . , ' i  ! \ . ' i uh t  lu ' .  th rn  e r \ t r fn  r r . \ i : le f \
and castern evaders.

Mcan cone weights differed significantly across
all groups (Tablc 3). Western evadels had the
he, t r ies t  cones .  lo j lo r rcd  hr  $e \ tc rn  rc . i . te r \
and caslern resisters. The liglttcst cones in the
experiment were castcrn evaders.

\lain Effects of F re Adapt ve Strategy and
Geograph c  Feg on

For th< mrin effcct., ' l ' l ire lddpli\ e .lrrleg\. r.\ i . l-
crs had significantly grealcr flame lengths. smolder
timc. bum time. and percent fuel contbusted (Table
,1). Evaders had significantly longer l lame times.
The diffelences betwccn resisters and evaders fbr
llean rate of rveight loss and cone rveight were
not signillcant. Of the top four spccies fbr flame
length, snloldcr t ime, burn time. and percent tuel
combusted at least three \\"ere resistcrs, whereas
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the three top spccies fbr flame time wcre evaders
(Table 2). Exccpt tbr f lane time. rcsisrers had
h iphe l  r . r luc .  io I  ehr r . r .  te r i \ r i cs  re  l J l ing  r r ,  in len-
. i l \ .  .u ' (u in , lh i l i l \ .  lnd  i t ' n .umrnrh i l i r l .

For the main efl'ects of geographic region.
westem spccics had signif,cantly iarger values
lo r  f fame t in rc . .m, r lL le r  t im<.  bum t ime,  meun
rate of weight loss, and cone weight (Table 5).
The differences bctween western and eastern

T,{BLE.1.  Nfeansofconcweishtandburningcharacrr is t ic \
fr.om .10 test burn! per group to co parc $e
narn .-ffecrs of lirc adapd!e strateg). Valuc! jn

a ro$'  $ i ih  ident ical  lcr lers are not  s ieni f icand!
di f terenr.

R. , i i l ( r \  E\alcr \

N4aximuln llame lenglh (c )
Flame time (secl

Bunl tilne (sec)

Fucl combusted f?i

\\'eighr loss ( lg/secl

Cone \\'eight (g)

61.9
t3l
2656
2888
87.6
17 . : .
,19.8'

:16.6

110
820
1290
5 r . 3
19 .7 "
n.a'

T,{BLE 5. Nteans ofcoric scight |nd burning characlcrisrrcs
ffo m .10 te s! bums per lroup to cornpnrc thc maiD
efiects olgeogrnphic rcgion. \'alues in arow wi(h
identical lcttcrs arc nol signilicantl) diffcr.nr.

Eastcm

Nlaxnnum flane lcngrh (cnl)

Snl0lder tnne (sec)

Burn I ime (scc)

Fucl conbusted (ta)

\reighl los\ ong/sec)

Cone ueighl  (g l

55.6.
,16.1

:0,18
25 t2
70.0.
22.9
69.1

58.0.
238
1.128
1666
68 .8 ,
l , l . l
21 .1



pines for maximurn flame length and percent
fuel combusted were not significant. Wcstcrn
species had significantly highcr values for all
charrctcristics rclating to intensity, sustainability,
and consummability.

Factor nteraction

Significant interactions between lirc adaptive strat-
egy and geographic region existed for aLl burning
charrcteristics cxccpt mean rate of weight loss
(Figule,l). The midpoints on the lines connecting

Figufe.l. Intefactions between lire idaplivc nmtcgy and gcographjc region. based on lhe data in Table 3 All interactions \iere
signi l ic  nt .  except $eighL loss ratc.  WR: wcstcrn rcs is iers:  W.E: r \eslern evadeN; E,R: eastern resisters l  E.E:  ea\ tern

Fleme lctrgdr (c-rn)
hErlctioD : -?.55

Flarnc .imc (scc)
lnt r.dion: -l?8

*u-"-"'t'

Sr}oucr tirE (s.c)
l .retioo: 555

Burn tin€ (s.c)
Inicridion : -834

wj -- ER

Ftcl cornb0$.d (%)
Itrtcr*tion : l.l9

*'t *--=-=--=------*

Conc wcitl{ G)
lDE rclion : -21.45

wI.

E R

BE
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the W.R-E.R and W,E E,E pairs represent rhe
central tendcncies of the groups. ancl the vertical
difterence between thc two midpoints identifies the
nagnitude ofthe intenction. For instance. the mid-
points fol weight loss are extemely close, thus the
interaction of0.66 is not significant. Conversely.
lhe  nr idpo in l .  fo r  . r l l  u lh ( r  b r t rn  ehr ra r ' rc r i \ t i c .
are widely separatcd and significant. Thc nrain
cffects of the factors for erch burning character'-
istic (Tables 4. 5) *ere alfectcd significanrly by
the interactions. which aLre reciprocal within the
burning categories. Stratcgy contributed strongly
to evcry interactlon except cone weight. Region
contributed strongly to conc weight. flame, smol-
der. and burn times. but conlributed only slightl)'
to the interactions involving flame lengths and
percent fuel combusted. In general. interactiols
were driven bv responses fiom eastem cvaders.
which had the Iowest mean values fbr nost char-
l l c le r is l ie .  r f igure  1) .  On lS io r  l l rme r i lnc  ue le
westenl evadcrs the top-ranked group.

Discussion

Thc data tion this study exemplif.v dil'fercnces
in cones relative to ilrc adaptive strategies. Re-
sislers burned for a long time and to white ash.
with high values for pcrcent tuel consumption
(Table 4). Evaders (particularly Monterey pine and
knobcone pine) supported flames for significantly
longer times thiln resisters, but otherwise resist
ers had higher values in all bum categories. The
constant chiuacteristic among the evaders was
the low perccntage of cone mass cornbusted by
fire (Tables 2-4.1. Diflerences belween open and
closed cones drove the significant interactions
in this study. Regional ditlerences centered on
the timed characteristics. for which the western
species had signil icantly higher values (Table 5).
Flarne lergths and pcrcent tuel combusted did not
ditler signilicantly bct*,een eastern and wcstern
species. Cone serotinv is negatively correlated
u i lh  \e \c rJ l  r rJ i l .  a \ .oc i ,1 led  u i rh  t i re  in  p ine .
(Schwilk and Ackerly 2001). The long flame
times ofknobcone pine and Monterey pine for thc
cones (Table 2) and needlcs (Fonda et al. 1998.
Fonda 2001) are strategics that should enablc
crown fires. Forests doninatcd by these species
typically have abundant laddcr tueJs when they
are fire-prone, so that flames tiom the cones and
needles should ignite the ladder fuels. leading to
a crorvn Iire. The cones and needlcs of sand pine
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and pond pinc (Figure l). howcvcr. are less l ikely
to ignite ladder fucls.

These eightpines are prominentin communities
forwhich fire is an inponant envircnmenlal factor.
and virtually all authors ol papcrs exploring lirc
relationships mcntion their highly llanmable fine
fuels. We compared mean values for each buming
characteristic for cones (Table 2) against needles
(Fonda 200l: Tablc 6) by paired t tests. Cones had
signilicantly longer fl ame, smolder and bum times.
$'hereas necdles had signilicantly gretter flanlc
lcngth. percent combusted, and rates of $ eight
loss. It is also noteworthy thrt flame times ofcones
(Tablc 2) were not significantly differcnt tiom
total burn times of needlcs (Fonda 2001). Cones
atc  c le r r l l  . rn  impor t rn t  l ' uc l  !u rnponent  i | |  l i ne
fbrest fi[e regimes, especially whcn combined with
needles. These two components should ensure llre
sustainabil ity and consumntabil ity in ecosystcms
dominated by resisters. and thcy should help pre-
heat and ignite ladder fuels in tbrests doninatcd
by westem evaders.

Sntok .  p roJuc t ion  h l '  he . , . rme tn  in t lo r r . rn t
consideration in wildland fire. Thc data for thesc
cones (Tables 2 5) indicate that buming and smol
dering conc: r 'untribUte lo Ih..\mu(e en\ ironmrnl
lbr time periods that cannotbe ignored. Except for
eastem evaders. the other groups produced snokc
IUr  u  e l l  o r  e r  J0  min  rTab le  3  ) .  Jc i t re )  p ine  er -
aged > I hl of smoke production (Table 2).

Regardless of geographic location, all four
resisters domirate conrmunities in which surlace
tires are conrmon, and thefbuming characte stics
demonstrate that thev produce highly flammablc
cones (Table 2). Jefirev pine and ponderosa pinc
had the most {lanrmable needles of 13 western
conifers (Fonda ct al. 1998). Longierf pine and
south Florida slash pine had some oI the longest
flames from needles (Fonda 2001 ). The cones of
these foul species clea y augment the surface lirc
regime created by the needles (Figurc 2). yet their
rolehas been uruecognized. Sudace ilrcs that might
bc carried poor'ly by mininral fine fuel loads should
move more dependably when cones iill in gaps in
the fuel bcd and iLre an additional flarne source.
Cone fuels may also rnaintain competition frec
environnents surrounding resister pines in a kil l
thy ncighbor strategy (sensu Bond and Midgley
1995). Taylor and Fonda (1990) noted that fueJs
in a ponderosa pine stand were not concentrilted
near trccs. ignoring the clustered cones that are



so common in these stands. Pondelosa pine and
Jcfticy pinc concs had longcr flame, smoldcr.
and burn tiores than needles, although cones had
shorter f lane lengths. Rather than being i ire
neutrrl. these pines have invested the siime kind
of highly flammable strategies in cones that they
invested i l needles.

\\restern evllders dominate lbrests in which
surl'acc and crorvn llrcs arc common. Thcir nccdlcs
are highly flammable. u"ith long flarnes. long flame
times, and the longest buming times (Fonda et
al. 1998. Fonda 2001). Their cones curtribute to
the fuel layer. although they are less concentmted
on the forest floor than cones trom resisters. The
heavy cones of Monterey pine and knobcone
pine supported flames for >10 min (Table 2).
and they had longer burn times than thg eastern
evaders (Table 3). The combination ofhigh needle
ilammability and long flame and ernber times of
cones ensurcs that sufhce tuels jgnite ladder fuels
and init iatc thc crorvn fircs on which sccd rclcasc
depends. Abundant cones in the canopies should
help sustain l ire in the crowns. as suggested by
Clements (1976). Even with these high values
for i lanrmrbil ity, it is signil icant that cones were
only -507r, combusted (Tables 2. 3). The strategy
to protcct sccds againsl lire by developing cones
that resist corsumption is pammount with these
evaders.

In contrastto western evadeni. fbrests dominlted
by eastem evaders generally do not suppol't suface
ri re. r Vr er. I q8.i ' . Cr('u n fire' .rre. hur.r,. terist i.
ol fires in sand pine (Myers 1990), less so in pond
pine communitics (Hams 1996.1. Jack pinc nccdlcs
were burned by Fonda (2001), and they proved
to be among the least f lamrnable pine needles.
Beclusc wc uscd pond pinc concs in this lest, we
u'arted to know how needle flanmability differed
between thes{] two spccics, which would providc
morc information on hov cones and needles relrte
to fire behavior in forests dominated by eastern
evaders. Ten l5-g samples of pond pine needles
wcrc bumcd according to thc above protocol and
compared to jack pine data (Fonda 2001). Pond
pine needles rvere more flammable thanjack pinc
and sand pine. except that pond pine flame times
werc significantly shoftcr (Tablc 6). Pond pine
needles produced flames that $'ere signii icantly
longer than any pine species tested previously
(Fonda et al. 1998, Fonda 2001), which might
be a fi ictor in init iating sudlce flres in the dense
pond pine understory. Although the short bum

TABI-E 6.  N{ca.s of  bur. ing characr. r is l ics l iom l0 test
hurns ibr  nccdlcs i ronl  t | rcc cartcn c!adcrs.
\ . , l , r c .  i f .  - . $  $  r r ' 1 .  . .  m ,  l ,  r ( -  r c  n .  l . i !
nificantl] different. Data for jack tine and sand
pine are f ron Fonda (2001).

Pond Jack Sand

Nlarilnum lhne length (cln)

Fiamc t imc (sec)

Embef time (sec)

Bum t im! ' i !cc)

Fuel  combusted 1?)

l\,lean rale of\reighl los\ (mg/sec)

87.2
n9. I

2 l i . 2
30r.t"
88.5

16.-1 50.3
167.8 195.,1
69.9 11.1.6

217.6 -119.9'
60.7. 61.6,
39.:r.  29.l

t imes tbr pond pine and sand pine did not differ
signilicantly for either needles or concs (Tablcs
2. 6), sand pine needles had longer flame tines
whereas pond pine needles had longer ember
l i rn (  . .  A \  \ \  i l h  \ \  L  . l .  m ,  t  ud ,  r . .  luc l  con .uml t i ,  rn
was lorv for eastem evader cones (Tables 2. 3).
Pcrhaps most imponantly, thcsc cones smoldered
with no glowing emben, and total bum time was
-450 sec (Table 3). All of these data argue that
|rccdles and concs iuc unlikcly b contributc sut'-
ficient fire to ignite a crorvn fire in eastern evader
communities. especially compared to western
cvader communities.

Only rcccntly havc concs bccn rcgtirded as a
separate and distinct fuel component (van Wag-
tendonk et al. 1998). Heat contents of fbliage,
dufi woody fuels, and cones of Sicrra Ncvada
conifers u'ere about equal. but they \\"ere higher
than standard values commonly used in lucl
models (van W gtendonk et al. 1998). Although
they did not study cones, Williamson and Agee
(2002) demonstrated that tbliar heat contents of
threc interior Pacii lc Northwcst conifers also
\rere higher than standard values. These authors
clemonstrated that models that ignored the difler-
ent heat contents of these fuel components were
liable to underestimate fireline intensity. and van
Wagtendonk et al. (1998) turther implied that
ignoring concs would result in nriscalculations.
Indeed. heat content with ash vaded naro*ly
among knobcone pine. Jeiliey pine. and ponderosa
pine cones in the Siena Nevada (20.73-22.52 MJ
kg r). yet the cones of each species burned quite
differently (Table 2).

Fire behavior models should incorporate the
diversity in flanmability of fuels with similar
shapes. sizes. and heat contents (i.e., thef buming
chirracteristics). rnd also their placement in the
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fuel bcd. The buming characteristics ofthese eight
pine species (Tables 2 5) indicate that they con-
tibute more to fire regimes 0ftheir cornntunittes
than previously thought. Closed cones and open
cones rcspond ditlerently 1o fire. as do wcstern
and castern species. Models for lbrests in \\'hich
the dominant species arc resisters. whcther elrst
or west. should account for thc burn times of the
concs (Tables 2, 3) ancl their abil i ly to ignite flne
fuels to sustain surface 1ires. Furthennore, bccause
cones in resister dominrted fbrests invariably are
distributed evenly throughout thc fuel layer. thcy
sustain suface tjres and scrve as Yectors olground
flres when thel are abundanl.

Models lbr cvader dominated tbrcsts should
differ according to eastern and westem species. The
large cones ofwestem evade$ supportedflamcs fbr
amean of >l I min (Tablc 3). Although these cones
arc scarcer in the l'uel laver compared to resisters.
they still arc capable ofigniting abundanr fine tirels
that charucterizc mature westem evader-dominated
forests. These cones are also l ikely 10 ignite in the
tree canopies. lirrther enhancing the likelihood of
a crown fiLe. On thc other hand. our data argue
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that nodels tbr eastem evader-doninated fbrests
would not benefil from recognizing cones as a
significant contributorto the firc envircnment. AII
of their buming characteristics are unimportant
in stafiing or carrying ground files.

Although dillerences in thc imponancc ofcone
fuels cxist anong llre-adaptive strategies (i.c..
cone serotiny) and geographic region. it is evident
that t'uturc models should better incoryorate thesc
factors and begin to lecognize thc role of concs.
hr f r '1 , ' l i ' re .n  in r  i ' , i h le  u  i ld land tue l
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