
Donald McKenzie, Un vers ty of Wash ngton F e d Stat on for Protected Area Research Col ege of Forest Resources
Box 352100. Seatte Wash ngton 98195'2100

Fire, Vegetation, and Scale: Toward Optimal Models for the
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Abstract
Thefc is grcir lariabili!- in liequcncy. se\efil!. and \pLrtirl lcalcs oflire in the Pacilic Noihwest. tsecruse ofsleep Sradicnts in

elevation and precipir.llion in mounlainous.egion\. fire rcgincs change frpidl) $ith gcographic distrnce. Course scalc iire

nodels lnusl accounr for illt.-fnal spaliaL hetercgeneit) ol lirc bcha\'ior and l_ire efiecls. Nlosi research on the ellecls of lirc on

veget.Lrim htr\ bccn conducred rt \mall sprdal \cales; thu\ large scalc nodels rru\t .rddfess thc prcblc of rggfegrtion. or sc.llc

extraDol l t i1n 'Thc0rc1ica]q 'o|khasslx^!ntha1-cVcn$' i th indetemini5 l ic \ !s tems.the|eispersiSlcn|crora!soci i l
aggregarion unless mlrdcl components afe entirclr- homogeneou\. but el1or minirrizaiion is rehti\c1," \lraightforxafd. When

model components include srochrstic element!. dccision rules brsed on cxpcr! opinion. ancl quaLiluli\c clcments such rs !egetrr

don classiticrrion\. clTors Uopag re through thc sysrem in conlplex $.rr-\. ind no single apprLrach lo \calc cxtrapolatior is inher

entl! superior. I rc!i.'$ rhe t) pes md qu.rlil) ol cmpiricaldrta rvailrblc lor large'scale fire nlodeling. and pre\ent r classific.ttior

of \lfategic\ lbr cxrapolating models to bro,1d scale\. An e\amplc is given ofde\elopmg a sprdalnrodeloffife frequency ir thc

Colunrbir Ri!cr Basin iiom llre hinory datab,$es and lafge'scale \cgclation classific.rtxms.

lntroduction

Predicting the occunence and the effects oflarge-
scale disturbanccs. particularl l t ires. wil l be ar
important challenge tirr scicntists and resourcc
managers in coming decades. Signilicant changes
in tire scverity and tire size arc predicted for many
ecosystetls as a resull of land use changcs and
fire exclusion (Habeck 1985, Green 1989, Turner
e t  a l .  1989.Agee 1994.  Baker  1995) .  In thepas t .
c:.lr'eme e\ents. associated with anomalous wcather
patterns thal increase landscapc connectivity. hrve
accountecl ti)r most of the area burncd by files
(P ick fo rde ta l .  l980 ,St r russc la l .  1989.  Johnson
and Worvchuk 1993. Bessie and Johnson 1995).
Evrc rne  eren l .  r r rc  h igh l l  .1n ih r , 'n lu '  in  t ime
and space, and cause abrupt. largc-scale changes
in vegetatlon patterns.

Additionally,long tenn shifts in vcgctation are
anticipaled tbr the next centur! due to an unprec-
edented rate of global warming, l0-50 times that
of the historical alerage (Schneidcr 1989). Al-
though large scale r,egetrtion change is constrained
prinlaril! b) climrtc (Woodward 1987. Woodward
and McKec 1991.). charges in tirc regimes could
significartly alter vegetation patterns (Fosbcrg et
al. 1992, Baker 1995, Neilson 199-5, McKenzic
et al. 1996a). Simulation models used b predict
Iarge-scale \cgetation change arc driven by cli-
mak)logical vadables (Neilson 1992. Running and
Hunl 1993), but also nccd lo iDcoryorate the etltcts

of fire, because fire often imposes critical con
straints on vegetation. To date, continental-scalc
ccosystem process models have not successtully
incoryorated disturbance (Fosberg et al. J992.
Schimel et al. 1997). Data on the ecological ct-
ftcts of fire are not gencralll available at these
scales. and nost empirical rescarch has beel con-
ducted at the tbrest stand level, although conclu
sions are often extrapolated to lalger scalcs
(McKenzie et al. 1996b). Similarly, most pro-
cess-based fire-eflects nlodels have been built dt
thc s|and le\,eI, and assume homogeneity of cru-
cial inputs over the spatial scale to \\"hjch they
are applied (Rotherrnel 1972; van Wagner 1977.
1993: Kerchcr and Axelrod 1984, Peterson and
Rlan 1986; Keane et al. 1989;Keaneetal. 1994).
Spatially explicit mechanistic models tbirt are
applied at lalger scales require large amounts oi
cmpidcal data as inputs (Finney 1995, Keane et
al. 1996a). and i,rre sensitive 1() the scale of reso-
lution to which the raw datr are aggregated. Fire
behavior and the subsequent etlects of f irc on
vegetation lrry rvith abiotic factors such as nri-
croclinate and topography and with patterns of
vegctation structure and composition at dillerent
.p r l i . r l  \ ( r le \ .  Pre . l i c t r rc  mot lc l .  n f  \ece tJ l i  n
change need to account fi)r this vadability.

The problcm of ertrapolatiol. or aggregation
cnor, is substantial in hcterogeneous environments.
in rhich nonlinear relationships produce biased
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cstinalion of means (O'Nei1l t979. King et al.
1990). Thus simple aggregation rechniqucs based
on a mctn lesponse al€ insutlicient tbr accurate
predictions. Some progress has bcen made 1n
quantifving and rnininrizing extrapolation enor
rn model ecos) stems driven bv dift 'erential cqua
tions (Cale et al. 1983. Iwasa et trl. 1987, Gard
1988). but crror propagalion rapidly becomes
problematic in complex nrtural systems (Cale
1995, Pahl-\bstl 1995). For example.lhe sercr-
itl and extent offire cffects may bc complcx func-
tioDs of topogr-aplty. nicroil inate. and tuel
loadings, and subject to error ti.om spatial auto-
col:re]ation at any scale of resolution. Spatial
heterogeneity is a sigl] if icrnt source of aggrega-
tion etror', lnd is relatccl to disturbance sprcld
(Green l9ll9. TLrrner.ancl Romme 199.1). f i ic se
verity (Kcssell 1976. Baker lg89). and aspccts
of landscape pattern (Green 19U9. Turnei and
Ronrme 199,1. Mlaclenollet al. 19967.

Aggrcgation of fiDe scale compolcnts lbr broad
scale predictions is necessarv. hower,er not only
lor computational emciency. but also to a\,oid thc
cumulati\,e crror when each of thc rnultiple com-
ponents in complex models recluir.es the eslimation
ol separate parameters (O Ncill 1973. Rastetter et
al. 1992). Each aggrcgation technique can.ies 1ts
o\\rD sources ofenor and its analvtical and cornpu-
tiitlonal dilficulties (Kins 199I . Raslctter el al. tg92).
lt rrrlcl it ion. t., rL h ee, '1, 'c ierrl ploces ple'cnr. unique
difllculties. because each process "perccives', het-
ero-geaelt) in a unique way. and because its func-
tional rcprcsentalion ma! change its one moves to
largel spatial scales (King et al. 1990).

Thc Pacific Nofihwesr exemplil ies the difl i
cultics of extrapolating fire efltcts to large spa
t i r l  se i les  Srecp gr r rd ienr .  in  e le r r r ion .  p r re ip i
tation, and tempelature exist lcross mullipJe scales.
The diversity of climatic condirions. topography
and elevations suppofls a variety of ecosystent
types. lncluding coaslal temperate rainlbrest. sub_
alpine parkland and alpine rneadou,s. drier nixed
conilertbrests, and semi arid sllublands and grass
lards (Daubenrnirc I 978, Lassoie et al. t985). It
also produccs a var iety of lire regimes (Agee l9931.
including large. sland replacing fires (Agee rnd
Smith 198,1, Hufl 198,1. Hendcrson et al. l9li9),
mixed scverity. rnediunr tiequency fires (Morrison
andSwanson 1990. Taylor and Halpem l99l). and
nonlcthal (1o trees), high ficquency fircs (Bork l9li5,
Kenis 1986). It is dillicult to associare fire regimes
clo.cl) uith particul.u f, 're.tetl regcli l i ,,n l)fe\.
because hislorical reconsff uctions have oemonstrated
signilicant u'ithin-type va-riabilit)'. However broad-
scale differenccs in fire liequency are evidentiv
r . .o . r i r led  u  r rh  d incren t  gc ,Ur lph i (  !u -e i l . .L l td  J i . -
tiDct environmental conditions (Table l ).

Is it possible to develop a conceptual frame
rvork fbr large scale firc modcling applicable to
the diverse ecosystems olthe pacil ic Norlhwest?
Fire researchers have agreed that the ,,ideal', lire
eftects model would have the fbllowing attributes
(Schmoldt ct al. 1998):
. Be process based, rather than statistically-based
. Be spatially explicir
. Be applicable over broad and fine scales

'IABLE 
l. NIerLn ilrc return rrrerval (|RI) ar sc]ecred gcographic afeas in the paciiic Noih$,esr.

L-ocr l ror  (dol l l inrn l  !cger. r r jonj Nlean l-Rl (ye.rr!) Sourceat

E,r\tern C.L!crde Iiange. Orcgon

wenrtchlc Vts.. \'r\hingron
(DonglN! l i f /grand t i f )

Dlue Ni l \ . .  Oregor l . rnd Walhirgron
(rnul t lp lc l

ts i r lc l r0ot  \ { l ! . .  Idxho & \ lonlrnLr
rSubulpine f i  r /Dougl . rs l i r )

La\l north Crscrde Range. \Vrshingron
(Paciiir sil\cr llr/Douglx\-fi f )

Nlr. Rrinier \\'rshingron
(P.r . i1 lc s i1\er  l i r )

c)2

2T Nlul t ip le sources c i lcd in Hc,-efdaht  et  . r t .  (  19951

Wischnot.ske & Andefson (  1983).  Wrighl  ( j  99! l

Bofk r  19811. Maruoka (199.1)

A r n o  (  1 9 7 6 .  1 9 8 1 )

r \gcc et  a l .  (1990J

Henslrom and Ffankl ln (1982)
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. Be as modular as possiblc. whiie integrtting
llr. hehlrr inr'. l lrc clt 'eLt.. and sueei.siun

. Incolporate changing climate

Tn mosl cases. practical and theoretical con-
sidcrations precludc the attainmenl of this ideal.
Forexample. ifamechanistic rnodel has bccn built
locally with high-quality mcasurements of vc-t-
ctatiorr i d climate. lack ofempiical data lbr other
geographic areas may prcclude application ofthe
model to other arcas. As a result. "rnissing val-
ues' \\,ould confbund aggrc-qati()n nethods.

In this paper, I eranine the characteristics of
th ree  t lpe .  o t -cmpi r iLu l  dam l :  rher  penr in  ro
thc aggregatioD problem. I retine a classitication
of extrapolation sffategies for tire-elfects model-
ing presented in McKenzie et al. (1996b). and
suggest conditious uDdcr which each ntight be
an effective strategy firr mininizing crors. Choices
are divcn by the type trnd quality ol arailable
enpidcal data. and by modeling objectives. I
pror,ide an examplc ol one strategy froln ongo
ing rcsearch to develop a spatial modcl of tire
tiequency for the Intedor Columbia River tsasin.

Empirical Data for Fire-effects Models

Most llrc-et]ects databascs cover short tintc pe-
riods and sm:rl l 5patial scales. and haYe not bccn
eff'ectively integratcd rt aregional lcvel (Schmoldt
et al. 1991i). although largc-scale assessmcnts have
begun (Quiglcy et al. 1996, Sicna Nevada Eco-
svstem Project 1996). Often diflerenL rlpes of
data rvithin a database are collectcd at differenl
spatial and temporal scalcs. Forexample, weather
data often arc collected hourly, whereas succcs-
sional data are collected at intervals oftiYe years,
or nrirre. Thus, the ettent l:i'td. resolLltion of em
pirical data are inrpoltant considerations. Addi-
tionally. the ry.ili1r11rrillelll of samplcd data lnay
not reflect thc sprtial pattem of \.ariability in the
landscape being nodcled. For erample. when
vlewed at large spatial scalcs, drta poiDts will often
be clustered. due to the local nrture of mosl data
collection (e.g., Figure 1). I l such cases it is easy
to undcrestimate the inlrinsic variabil itr, of the
data. and dilllcult to discern ils autocorreladon
structurc (Rossi et al. 1992).

Empirical data that lbnn thc basis tbr fire/rcg-
ctation models arc ofthree tvpes: l) cl imate data;
2 l  l l r c  h i . lu f ]  recon. ln l i l r , rn \ :  and 3r , ,cger r r ion .
tuels. and topography data. Each entails key ques-

tions regarding extent, rcsdution. and spatial pat-
tern. andpresents key problems affecting the quality
of data and its usefulness for modeling (Table 2).

Climate Data

Some firc-efl'ects models rely on climate or weather
data rs basic drivcrs. eithel dircctlv or indirectly.
Forcxrmple. firc sprcad rnodels use hourly weather
intbmration (Finney 1995). In confasr, some
succcssional models that incorporate fire use
Inr 'n lh l )  IncJ I \  r ' l  te tnper  u re  und prec ip i t r r ion
to prcdict resulting species specific gro\\,th re-
sponses. Trce growth is thcn used to predict sturd
structures and available fuels (Keane et al. 1989).
h ' r in rJ l in I  e l imr t i .  p r ra rne ter ' \  a l  i l ppropr i r le
scales in the complex tcrrain ofthe Pacific North
wcst is difficul1. and cur:rent gcneral circulation
models hrve too broad a resolution to be appli
cable, although mcsoscale modcJs may help to
bddge the gap (Hsie 1987. Pielke et al. 1992).
Available mcthods tbr interpolation frctn weather.
stations are constrained to particulal tempora]
scales (Hungedbrd et al. 1989. Daly et al. 1994).
S t r t i s t i c r l  r re r therFenera t , \ r .  re l )  on  t i tnc  \e r ie \
ftom wcather stations, and are subject to the sane
constraints as raw data (Schmoldt et al. l998).

Proiections oltuture climatc need to be incor-
poratcd into pledictions ofllture disturbance rc-
glnes. because luturc ignition pattcrns are ex-
pected to change with altered climates (Pdce and
Rind 199,1. Qu and Omi I 99:1). lnrcrpolared pre-
dictions ofcurrent climatic parameters must pro-
vide baseline data for f'uture projections 1br spe-
citic localities. Total eror for future projcctions
will be r llnction of error associated with cx-
tmpolation down in scale tiom regional climatc
models. and error associated rvith currcnr rnrer.
polations.

F i re  H s to ry  Reconst ruc t  ons

Fire frequency is a basic paraneter in simulation
models of fire eftects on vegetation. lt may be
lixed at the beginning ofmodel runs (Kercher and
Axelrod 1984. Kearre et al. 1989). or sampled at
random fronr a probability disrriburion (Baker
1995. Boychuk et al. 1997). Fire fiequency mod-
cling generally involves assessing the goodness
of liL of a sequence of fire retum intervals from
l i le  h i \ lo r )  recuns l ruc t l l l n .  t , r  the  negr l i \e  c \po-
nential. two-parameter Weibull. or other right-
skcwed distributions (Johnson and Cutsell 1994).
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Figure 1. Loc.rrion\,in iire histof) site\ (fronl Heyc ahl cl al. I995) in $e Intefiof Colunbitr Rivcr Basin.

Reconstructions provide [rca1 inf 0rmation; models
thal use them as baseline data assume homoge-
neity of lire fiequency o\er the geographic range
that they are applicd.

Fire history data are expensive and time-con-
suming 1o collect. There are scvcral methods for
establishing mcan or medial f ire return intcrva]s,
and each has a different cxpected value lbr the
same raw data (Agee 1993, Johnson and Gutscll
1994). Thc method of choica usually is deter
mined by specilic local objectives. Thus. therc is
a lack ofconsistency ofmethods and quality among
iire history studies. In the Pacitic Nonhwest. data
points are clusterecl, and the extent and resolu-
tion of studies varl significantly (Heyerdahl et
a l .  1995) .

The dominant vegctation in forest ecosystems
is otten verl 'scnsitive to changes in the mcan.
variance, and distlibution offire retum inteNals.

ln particular. dillerent succcssional pathways ensue
in  r r .pon. (  to  d i f fe ren t  sequ(n(e \ , ,1  l ime- . incc-
fire (Catteliro et al. 1979, Frelich and Rcich 1995,
Clark 1996). Fire-eft'ects rnodels that are applied
ut  h rour - l  scu lcs  u  i l l  nced lo  tddre \ .  th i . .en \ i l i \ -
i l )  b )  \a i id r t in !  lhe  ch , ' i .e .  , ' l  l i re  re tu rn  in tc r -
vals used in simulations.

\ /a^6 t i t  ^ .  t r  ,d  a  rnd  T^n^^r f ,n-  - . ,  . . . . y

There are a number ofGIS-based vcgetalion clas-
sil lcations fi)r thc Pacific Nolthwest (Pacitic
Meridian Resources l99l, 1996, Morrison 199,1.

Quigley et al. 1996). Becausc ofdifferent objec
tivcs and methods (Adarns et al. 1995. Moflctt
and Besag 1996). classifications even ofthe same
area may be drastically diflerent (Norheim 1996.1.
Most fuel inventories are stand-based (Schnoldt
et al. 1998). although large-scale databases are
being developcd (Loveland et al. 1991. Hardy et
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TABLE L Characleri\tics ol cl)]pm!al datr (fesolution. exlen!. and spatial partern) .rft'ecdng dre succcss ol large-sc.rle tire mod
eling. llnd key proble'nr prcscntcd b,,- erch tvpe of data.

ChIlracteristic c l inralc dara Fire hinor!
Vcgeruti0n/luels &
topograph]

ResoLut ion

Kc) problcln\

E\ tent

Sparial paucm

Rcsolulion 0l rLrw drt (e.9.

$carhcr ! tat ions) !s .  fesolu-
lion ol sin1uhred irput daia
tor modds (c.g. inrcrp0lated
gfrdsl

Ra\ i  c l imrte data does nol
lprn rhe range of \,.rrinbiliri
ol modcled cliInate.

Placemen! of  $calhcr  stat ion\
incomplex terrain !s. rcgul.rr
it,"- 0f gridded sinNlated data.

lnterpolalion or cxlmpolation

Time-step differe cc\ in rr$
d|t.r or \t.rtistical wealher gcn

Sampling intensir) m.ry noi be
e|lough to caprure small-scrle
\ar iat ion,

Spadrl reso]| tion olfemotelv

T,vpes arc nol.rll muppcd with
equal r.rxonomlc rcsoluti|)lr.

Ra$ d.r t r  do not  span (he

ransc of lrriabilit! (rf mod
clcd dat i l .

Pr tch,v d isconr i l1u0us l i re ls.
ard heterogencou! ale stfur-
lures ol  vegetr t lon.

Classi i icar ion crrors in fe-
nnrteh sensed dalr.

Heterogeneity at scalcs criti
c . r l  ib f  f i re model ing i \  nor

Drt.r afe olien qualitlrti\e !s.
qLrant i tat i !e.  and ! i te c l l ic ls
(bioph,,- sicul ftcn)|s) otien nol

Fire hLs ofv sites do not span
!h.-  range of  en! i ronmental
\'ltriabilir! ol modeled site\.

Hetefogenei t !  of  burn pat-
tefns \s. sampling patlcrn.

Fire scars nol crossdated.

Drt.r points clustercd. so dii-
licuk to interpolate.
Cost l )  rnd t ime-consulning.

Difficult ro asscss stlnd his-

al. 1997). Classilications also exisl forforest struc-
tural stage classes (Quigley et al. 1996) and lirc
regimes (Morgan et al. 1996). Digital elevation
models are available at a variety of resolutions.
The inleractions of vegetatiol't composition and
structure with fucls and topography are critical
lbr predicting fire efttcts.

Vo ' t  o f  the .e  l r r rge-sc . r le  r l l s . i l i ca t ions  l rc
qualitative. and therefore of l imitcd use tbr quan-
titative models. Givcn the inconsistency of re-
sults and virr)'ing methodologies, attcmpts to de-
rive quantitative data fbr process-based modeling
from these coyemges would be subject to signifi-
cant biases. In some cases it may be pref'erable
to make use ofqualitative intbrmation as is, rather
than transtbrming it to quantitative l yers ofques-
tionable accuracy (see beLow).

Conceptual Approaches to Scaling Up
Predictive Models

Interactions bet$,een climate and vegetation, and
bet$een disturbancc and vegetation, are bi-direc-

tional. Vegetation composition affects atnn)spheric
noisturc and microclimate. and although tire ini
t iation is a stechastic function of climate. fuels.
and human impacts, vegetation inlluences fucl
loading and fire severity. I have previously clas-
sified nodels tbr predicting the cffects of tire on
vegetation into three c;ltegories: (l) standlevel
mechanistic tire behavior models and flrst-ofder
fire eft 'ects rnodels. (2) stand-level successional
models incorporating fire stochastically, and (3)
landscape scale models of disturbance (McKenzie
et al. 1996b). Output lrom types (1) and (2) is
frequently aggregated to larger scales. whereas
in type (3) input data are often aggregated ro the
scale at which the modcl is applied. A founh
type of model may be usetul at the ecoregional,
or biome scale, tbr predicting aspects of fire re
gime orlong-term effects offire on vegetation. I
wil l call these models semi-quaiitative; they are
olten based partially, out of necessity. on expert
opinion or subjective classifications instead of
quantitative empirical research. Examples of these
are lre regime classifications (Morgan et al. 1996),
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TAul-Ii 3. Ad\rntrge\ rnd di\advrLnrages ofmcthods lbr c),lrapolating fire etfect! to large spatial scale\.

Descr ipt ion Di\!dv.rnlagcs

F-\ i rapolar ing f i fe behr\ , iof
n()deh directlv.

Integrating nn)dels

l -and\cape distufbrnce

Senr i  q u J l i r . r  r l  \  u rn,  d( l \

Ertrapolarirg firc bcli! ror

)odcl\ dircctl) r(r hlome scale

bcfore calculating fi fe effect\.

Closed f ( r r rn n lnthemat ical
expfession r ! . r i l . rb le.  . r lne-
n.rble to e{isting lne$odolo
g'es.

Str ! ishl i ( ) r$ ard rra. \ larron

Combines lire behr!ior \iith
ecol0gical  proccsscs (succc\

Cln rccorrnrodatc !ariabilitv

anrong indi\,idual organi\ms
( indnidual-based lnodel) .

\4odels opefaie expl ic i t l )  a i
sc|tle of intere\t. bec.Lu\e ir'

futs ftrther rhrn outprrts Lrre
aggreg.rted.

No ir.Lnsient component. and
lnrior tenporal scale incom-
pat ib i l i t ics.

Dc\c l0pcd al  i l  nc splr i . r l
sc i l lcs i .conpar ib lc $ i th cur
renl  ecos] \ renl  nn)dels.

No closcd lbm1 mr(hclnrlicrl
c \prcssion po\srblc.

Spatial lcale is restricted Io
sub stand.  and extrxpolat ions
fequ're ne.rr !  co 'npuLLUon,
statisti!al modclirs. ()r data
intcnsivc c|1libration.

,A.ggregated inputs .rss ume hL)
nogeneous responses at lh.ll

Prediclion\ are !efy ,iensiti!e

to \c.rle of res0lution.

Niost  d i f f icul t  Io cal ibf r le.
v a l i d a t e .  I e s t .  S u b j e c t i r e
choice\ in\'ol\'ed that may noi

Errrapolar ing up l iom l i re/

Addi t i \e.  \ r .Lt is t i r r l .  or  pro

c e \ s - b a s e d  p p f t ) r c h  ( s e e

,A.ggrcgrtion ol Irrodel inputs
( landsclpc succcs\ i ( rn and
dinu$rncc nrodels.  inc luding

ccl lu lar  automaton models) .

Qualilali\'e ru1es ard erpe
judgenrenr bui l t  in t0 nodel

Acccpl\ widcr ra gcolinpurs.

Valurblc whcn cnrpincal dala
arc no! adeqllate fb|nore
quantitalive methods.

succcssional pathrvay models basecl on clecision
rules (Fischer and Cllyk)n 1983. Fischer and
Bradley 19137. Bradley et al. 1992). Iarge-scale
successional nodels driven by such decision rules
(Keane et al. 1996b, Keane ancl Long 1998). and
rule-br.e,i m, 't lc lr , ' l ' trrn:rt iun. in \ ee(tlt ion t) pe\
in response to changes in fire re-{imcs (McKenzie
et al. 1996a).

No single apploach to coarse-scale modcling
of f ire eflects is inherently supcrior: modeling
objectives, computcr resources. and the chari,rc-
tcristics of specific systems determine thc best
strategy tbr each situation (McKenzie et al. 1996b).
Each of the strategies outlined below has its ad-
viintages and disadvantages (Table 3). and each
nru . t  addre . .  the  Ins .o t  l lne- . , . r le  h . tc roBcne i t )
and resulting increases in landscapc connectivity
and altered rates of f irc spread (Agee 1998). Be-
causc fire is a "contagion" process. simLrllted firc

spread and intensity at one site, or pixel, depencl
on characteristics ol surrounding pixels. Bul as
spatial rcsolution increases. adjacent pixels be
come nore similar, thus artiticially inllating the
connectivity of Iandscrpes. Similarity ol adjaccnt
pixels is scale-dependent, and this is a source of
aggregation erur lirr any modcling strategy thal
uscs algorithms developed at snlaller scales than
those at which they are being applied.

F re Behavlor and Firsforder F re Effecis

MechaDistic nodels offire behavior calculate. tirr
r single tire. flamc length. fireline intensity and
scorch height liom measures of1'uel loading, fucl
moisture lcvcls, and wind speed (Rothermel 1972,
l99l: Burgan and Rothermel 198:[,Andrcws 1986).
In combinrtion with fire sflccts models (Pete$on
and Ryan 1986. Ryan and Reinhardt 1988. Keane
et al. 1994), they pledict stand structure and com-

5,1 McKenzie



position resuJting l icrn l ire given specific init ial
(  o rd  i t ions  rc . ! . .  l c r  l -  r rc . r  in t le r .  spe .  ie '  con tpo
sition by percent basal area. crown heights), but
do not pr-oject ecological efl'ccts into the tirture.
h order kr drive a transient or dynamic predic-
tive model, they need to be l inkcd to projections
oi stl lnd development.

Fire behaviol nodels can bc applied directly
at auy spatial scale. and a flrst-order' fire et'fects
model can be applied unifonnlv across each unit
ofvegetation bcing modeled (Kessell 1976. Neilson
199-5). Input variables to the fire behavior model
are constrained to bc honrogeneous at the nodel's
scale of resolution. This scale can be the entire
landscape. in which case init ial conditions tirr f irc
efl'ects and Ilrc behavior tre honogeneous across
the lrndscape. or it can be a subunit(s) of the land-
scape lbr which data are available. In the latter
casc. outputs calr be additive. or a morc sophisti-
cated anallt ical method may be used to produce
landscape scale results (McKenzie et al. 1996b).
Raster images liom lire behavior models (Finney
l995lcould be coupled with image analvsis (Besag
1989) to model the dishibulion and range of f irst-
order lire ct'iccts. This method is appropriate for
equil ibrium predictions. but not f i)r nrodeling
d)  n i tn t  ie  p r i  ' ( c . . f  $u f  h  r .  (  un l  inuous  \  egeml ion
change under alterecl t ire rcgimes. Itcanbeven'
usefirl. however. tbr de[ronstraLin-s thc need to
il 'rcorporiltc disturbance i nto continental,scalc
nrodels of vegetation distribution (Neilson 1995).

F  re  and Success  on

Fire succcssion models simulate structural and
cn rpos i l iun i r i  chr rn3c '  in  \ ( !e rJ t ion  o \e r  l imc
, 'n  r  l l r cd  . i ze  p lo t .  in . , ' rpor . r l in !  l l re  in i l i ! r t io
as a stochastic element (Kercher and Axehod 191i4.
Keane et al. 1989). Most are based on the
JABOWA-FORET class of "gap" modcls lShu-ern
and Prentice 1992, Botkin 1993). $,hich proiecr
individual tree grou'th detenninistically as a func-
tion of a specics-spccitic maximun gro\\"th rate
modilied by rcduced light levels frorn shading and
by dcpafiures fiom species specific optina ti)I
environmenlal variablcs. More detailed bio
gcochemical nrodeling. hower,er. nay rcplace the
individual tree based growth algorithms in future
succcssionrl models (Running and Hunt 1993.
Keane et al. 1996a). ln contrast to crnpirical grcwth
models, the sffucture of successional models al-
lorvs firr incorporatioD of the effects of climatic

chalge on succession (Urban et al. 1993). The
fire subroutines employ a mechanistic fire behavior
model that operates by rcducing stand basal area
and fuel loadings. thus altering relative species
dominance and susceptibil i ty ofthe stand to dam
age from thc next fire. Model outputs suggest
that changes in l'ire frequency will strongly af-
fect successional path\\,ays (Keane et al. 1989).
Thesc models are l imited in spatial scale by: (1)
the  i rs .u rnp t ion  o f  homogcne i t l  r ' l  l he  inpu l  \  a r i -
ables to thc tire behavior nodule. (2) thc restric-
tion ofthe explicit modeling ofthe l ight environ
nent to thc size of a forcst canopy gap. and (3)
vadation in microclinrate across a landscape.

Output fiom Lhc successional model then needs
k) be aggregated to the spatial scale lbr which
pr (d i ( l i t ,n :  d rc  nceJed.  Th i .  p roce .s  i \  no l  ne-
nable to the analytic nethods that apply to math
ematicalmodels with closed tunctional fomrs (King
199l, Rastetter et al. 1992. Cale 1995). The re
nainin-t options are: (1) an additive approach in
which nany plots covering the entire landscape
u x "representative" sample are simulated indi-
vidually and the results averaged, (2) a statistical
approach in which model outputs are aggregated
based on the statistical distributioDs olkey biotic
fcatures ofthe landscape, such as stand age. spe
cies conrposition. and leaf area index. and (3) a
mechanistic approach in which growth, regcnera-
tion, and natural monality dcpend on biogeochemi-
cal processes that can be simulated at broad scales
(e.g., Running and Hunt 1993), aod disturbancc
initialion and spread are simulated in a separate
model (Hargrove 1994, Finney 1995. Gardner et
a l .  1996) .

The statistical approach avoids the computa
tional burdcns of the additive approach. but en-
tails theoretical diff icult ies in modeling discrcte
disIibulions ofbiotic features and the transitions
bet$'een "states" occupied by diff'erent propor-
tions ol stands in the landscape (Acevcdo et al.
1995). A mechanistic approach avoids the theo-
rclical statistical difficulties. but presents lbrmi
dable problcms of calibration, needing massive
amounts of data when applied at broad scales
(Keane ct al. 1996a). Thus the mcchanistic ap
proach is preferable for large-scale application
when data arc available fbr initialization. but the
magnitude of enor wil l be diff icult to determine
r rhr :n  J r lu  r re  no t  a ra i lab le .  ln  e . 'n l rJ :1 .  u  s ta l i5
tical rppruil ih r\: lIne\ \onte r!:[:rcg ir\n err r.
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but error mrgnitucle is controlled if distrjbutions
ofbiotic features on the landscape have been cor-
rectly parameterized (Acevedo et al. 19951.

r n d < . r n o  D  < i  r h . n ^ a  N / l ^ d a  <

Continuin-s advanccs in computcr technology have
made the conputational burdens of spatially ex-
plicit models less lbrmidable, thus nuch recent
rvork has incorporatcd intcractions betu'een fire
effects on vegetation and landscape pattem (Green
1989. Antonovski et al. 1992. Turner and Rommc
199.1. Baker l995.Ratz | 995. Fall and Fall 1996.
Gardner et al. 1996. MlaclcnolTct al. 1996). A1-
though fire behavior models can predictfire spread
across a heterogereous landscape (Finney 1995),
calculations assume homogeneity of input param-
eters such as *indspeed. slope. and fuel loadings,
at thc scalc of rcsolution at which thel are ap-
plied. Spatial patterns of these parameters wil l
not cxactly coincidc. thus fire behavior models
cannot explicitly'. accounl for the infl uence of spatial
heterogeneity, or landscape pattem, on the propa
gation of disturbance.

Morc abstract approachcs that sacrif ice the
mechrnistic elenents offlre behavior models are
useful for simulating the efl'ect ol landscape pat-
tem on the spread ofdisturbance (Hogu'eg 1988,
Green 1989. Turner et al. 19ii9. Turner and Romme
199,1). ln abstfacl nlodcls. disturbancc is init iatcd
at individual pixels stochastically, and its likeli
hood is a function of t ime since last disturbance
or site "r'ulnerability." Spatial extent is usually a
lunction of init ial intcnsity and thc vulnerabil ity
of adiacent pixels, and tinal burning patterns are
emphasizecl rather than mechanistic behrvior or
cxplicit sprcad ratcs (Grccn 1989. Turner and
Ronme 199'1). Comectivity of landscapes and
other constraints on the spread of disturbance can
change drastically as a function ofland use changes
and altered disturbance regimes (Baker 1995), and
model landscapes car be used to explore a rvide
rrnge of possibil i t ies.

In models using real landscapes. input data are
oticn aggrcgatcd into broad categories (individual
t rce .  t re  (o lnh i l )ed  in to  age c1r . .e . .61  .pc i ie .
( ,  'n  lp,  rs i t i i  r  Jr l r  Jrc cr  ' tnhi  Ud ln l , 'L l ,  'mi  i tn l  ! i r \  er

t)pes), and disturbance init iation and spread no
longer have thc ncchanistic clcmcnts of f irc bc-
havior nodels (e.g.. Marsden 1983. Mladeroff
et al. 1996). No aggregati()n ()foutputs is needed
bccilusc thc modcl opcratcs cxplicit ly at the scalc

of interest. Aggregated inputs can be precisely
tuned to the ecological system of interest to mini-
mize loss of infolmation. For example. in a for-
est type wilh two conif'er species that respond simi-
lurl; to l ire. rnd a numher of dcciduou\ \pc(ic.
that arc cither susceptible or resistant to lire. three
cover rypes may suflicc: conit'er, deciduous/sus-
ceptible, and deciduous/resistant. Likewise, in a
ti)rest that is a mosaic of even-aged stands initi
ated by fire (such as much ofthe Northcrn boreal
tbrcst). a 1'ew distinct age-classes mjght convey
nost of the usetul information about stand agc
ancl rcsulting vulnerabil ity to disturbance.

A signilicant source ofenor lbr these models
is the assumptioo that vegetation wil l respond
homogeneously t0 distuftance at the spatial scale
ofthc aggrcgated inputs. The flaw in this assump
tion is exemplified by large lbrcst tjres. r,hich
create a nosaic ofburued and unbumed (orlightly
burned) areas (Romne and Despain 1989) under
conditions that $,ould probably be modeled as
homogeneous vegetation. llels, and fire weather.
The errer magnitude should be positively core
latcd wilh the scale of resolution, or "grain." of
the model. Because measuremcnts of spati l l  het-
erogeneitv in a landscape also depend on the grain
size (Baker 1989), the output of a landscape dis-
turbance simulator when modeling real landscapes
will be very sensitive to the choice of pixel size.
For each ecological system and process being
modclcd. there maybe athreshold grain size, below
which it u,ould be advantagcous to consider ag-
gregated datato be homogeneous. and above which
these data mjght be better detined by statistical
distributions of djfterent aggregated types. For
example, in subalpine lbrests ofthe Pacihc North-
$'est. character-ized by large-scale, stand replac
ing tires (Agee 1993), thjs grain size might be
quite large, bccausc large areas (pixels) wil l re-
spond relatively homogeneously to firc (by be-
ing completely bumed). In contrast. in the low
to mid-elevation for-ests of the Ofegon (USA)
Crscade Range, characterized by variable inten-
sity fires burning unevenly (Monison ald Swanson
1990). cven relatively srnrll areas, or pixels, night
be better characterizcd by a statistical distribu-
tior of covef types or stand ages.

This strategy is useful when spatially cxplicit
outputs are desired (e.g.. spatial patterns of ag(]
classes, or cover types), and therefore when the
interactiol of landscape pattems with fire is bc-
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ing specitically addressed (Agee 1998). What is
losl b) cschcwing the nrechani!t ic approach may
be oftlset if spatial autocorrelation can bc intergrated
nore tlirectly into lirc-ef}'ects models. The scale
dependence ofinter pixel sinilarity rvill conlirund
attempts to implement mechanistic models at
coarse scales. unless contagion propenies within
large pixels (that arc aggregates ofhelerogcneous
smallcr units) can be represented statistically.

Future altcnrpts to incorportte spatial
autocorrelation might: (l ) model t ire spread as a
stochastic process (Gu1|ory 1995), generalizing
existing l ire behavior nodels to include spatial
dcpendency based on empirical distributions of
key parameters such as f'uels and rveather (2) build
.pe(  i l i c  r lgor i lhnr .  lo r  Jer i inS u  r th  c ,  'n t r !  i ,  ' n  in t , ,
largc-scalc nrechanistic. or "process" nodeling
of t lre etlects and succession (Keanc and Long
1998) .  oL  (3 )  inc )udc  contag ion  i rnp l i c i t l y  by
modeling fue severitl (rvhich is a function of abrupt
changes in lrndscape coonectivity) directl)
(Lenihan ct al. 1998). Rule-based models on
abstract landscapes (Tunrer cl al. 1989) mry pro-
\ idc tcrtile territory tirr a detailed exploration of
contagion properties. and may suggcst $hat types
ol cmpirical data wil l be most useful to test the
c f le . t i renes .o l  re l l  r io r ld  rn , ' t l c l '  i n  i r . ' , , rp , r r , r l -
in-e spatial dependency. The.v can also tesl ex-
haustivcl,r thc rclationship between spatial scale
and contagion in both neutral models (Carclner
rnd O Neil l l99l) and nodels based on paltcrns
of spatial heterogcncity tirund in leal landscapes.

Sem -qua tative l\,4ode s

There ue no algorithms firr nrininrizing enor propa
gation in complex natural systcms (Cale 1995).
Errors propagate thlough systems quantitati\el) '.
but scale exlrapolations also otien require quali
tative chiinges in perceptual categodes (Simard
l99l). Perceptual categorics can be crit ical to
modcl building. especially in the establishment
ofdecision critcriN firr lule-based models (Neilson
19921. In nany cases, slalistical aggregittes pro-
vide nrore inlbrmatio1r than detailed measurcn]cnts
at smaller scil lcs (Lcvin 1992). and ecological
pattelns can be lioked to ecosystem processcs such
as sLlccession only al discfcte scales (Bradshaw
19911). Thus. rt some spatial scales quantiLativc
aggregation rules may lcad t() an erroneous char
acterization of model input or output. In these
situations combjnations of quantitati ' ,,e and quali-

tative infbrmation may bc required to optimize
modcls.

Prob ems of Temporal Scale

Anticipated climatic changes limit the applica
bil ity ofempirically based models to future con-
ditions (Dixon et al. 1990). but en.rpirical data are
essential for the calibration and testing ofpredic-
tive models and for assessing thc precision of al,
temate methods of scale extrapolation. Model-
ing cfforts in vhich parameters are estimated fiom
empirical data may involve trade-ofts arnong de-
grees of precision at different tenporrl scales.
Whcn predicting large-scale regetation patterns.
there will be a lrade-ofT between the cumulativc
error tiom ftequent re-estimation and the larger
increments of cstimation en-or that should be cx-
pected when climatic condil ions chan-ee continu
ously.

For example. cxtrapolating a fite behavior modcl
and its resultant first-ordcr fire efftcts to large
:eu1.  r  J i re i t l ;  requ i re .  e l rp i r i i r I  r l i 1 I ]  I  c \ l  in r i l l e
the density functions fbr input paramete$ that are
heterogeneous at the landscapc scale. Suppose
these enpidcal dattr are output from a stand dc-
\  c l r , f  men l  mude l .  and the  Jen: i l )  funr r i r  ' I \  (  r ,n t -
b ine  the .c  Ju t r  u  i th  re l re . . ion  coe l f i c icn t : . .1 i -
m r l e d  u n d c l  r  p r n i ( u l a r  r ' l r n i r t i c  . ! e n a r i L ) .
Variability in large scale vegetation patterns will
be sensitivc to the time step tbr linkages bctween
llre behaviol ald stand dcvelopment. This time
step (or distribution of t ime steps) wil l bc tightly
linked to the expected lemporal pattern of igni
tions. A longsr time step, corresponding 1() a lower
lire tiequency, would rcduce the number of link-
ages between li le behavior and succession. and
thus thc number of t imes that the input param-
eters lbr the fire bchar.ior model had to be esti-
matcd. This would increase the potential error
rvhen a l inkage was n'radc. assuming that the re-
gression coetfi cients change nonotonically with
climatic changc. As a resuJt, qualitatively differ-
ent effor corectlon procedures could be neces-
. : r11  f , ' r , l i l l ' e ren t  l i re  rcg ime. .  h rhau\ t i \e  le \ l
ing of the model might revealpattems in predictive
crrors that would suggest how to incorporate cor
rcction procedures into the model.

Extrapolating successional models that incor-
porate fire subroutines involves eithcr an addi-
tive approach. which presents a huge computa-
tional burden in lon-{-term sirnulations without

Fire. Vegetation. and Scale 51



major simpl i l icalions. ora statistical approach to
thc distribution ofkel biotic featurcs. Assuming
that techniqucs arc de\eloped lbr the latter. thesc
distdbutions $'i l l  change ovcr successional t ime.
A balance must be reached betu een the error as-
sociated with ftequent re-estinlation of the sta
tistical propenies olrlandscape (snall time steps)
and the error rcsulting from the persistence ol
uncorrecled properties (large timc steps). F-or
example, supposc thal a ' 'scaled up" successional
model uses 30 of the 300 simulaled plots lD a
landscape to dellDe the statistical propeftics of
the hndscape at each time step. If these proper
ties were re-estimated evcry 5 time steps, the cu-
mulative error (in representiDg biotic features as
accurately as if all 300 plots had becn prqected
individually) might actually be greater than the
error from "letting the model go" for 25 Line steps.
The estimated lanclscape could diverge more tnd
morc fiom the' true" landscape, pafticularly wheD
the estimation process cntails nonlineal functions
(O'Neil l 1973. Rasletter et al. 1992).

A mechanistic approach (e.g.. Kerne et al.
1996a) circumvents sonrc of the above diticul-
l ies but creates problems o1 ils own. Aggrega-
tion of biogeochenical processes, such as nutd
ent uptakc and carbon allocation. originally
modeled at the stand lc\el may mask noll inear
relationships between these procasses. lt is also
diflicult to reconcilc: (1) the spatial scales at which
cach process is homogeneous. and (2) the tine
step appropriate to ecophysiologicrl pfoccsses with
the time stcp appropdate fbr successional mod
els (Ehleringcr alld Field 1993). Thus. it wil l bc
difficult to specity an idcal timestep for a par-
ticular spalial scale. because lbr each spatial scale,
the processes being modeled wil l have disparate
oplimal t inesteps.

In simulation modcls. the choice of t ime step
depends on the crit ical tcnporal units of the pro-
cesses of interest. Unfintunalcly, there can be
major incompatibil i t ies of t ime scalc bclween
interacting componcnts of models. Fire behrv-
ior and llre spread nodels and ecophl'siological
process nrodcls operate on scales lrom hours kr
da,vs (Running and Hunt 1993t Finnev 1995),
rlhereas successional models and landscape scale
disturbance models commonly usc an lnnual t ime
step (Urbiln 1990; Mladenoftet l l . 1993). Enor
propagation in aggregating lemporally scaled pro-
ccsscs ma1'confound an otherwise cfl lcienl tech
nique lirr spatial scale extrapolation. Forexanrple.

the intractability of long-term weatherpredictions
u'i l l  compromisc thc direct integration ofcurrent
l lre behavior models into simulations of f ire ef-
tects ovcr long tine periods.

Example: A Semi-qualitative Model of
Broad-scale Fire Frequency

Fire liequenc) nrodels for forest ecosystems de
pcnd on reconstructions of frre historl (Johnson
and Gutsell 199,1). but fire history data are inter
si\,e mther than extensive. When vierved atbroad
spatial scales. data points are clustered, thereby
cxaccrbating the difliculties of nodeling. The
spatial autocorrelation structure wil l bc particu-
Iarly hard to disccrn with clustered data (Isaaks
and SrilasLava 1989).

The Columbia River Basin scientif ic asscss-
ment includcs a qualitative classification of t ire
regines. both lbr fiequency and scvcrity (Mor-
gan et al. 1996). GIS coverages for both these
classitications exist. However, a quantitative cov-
crage rvould be more useful lirr models o1 vcg-
etation change that incorporate disturbance. The
fire history database compiled by He)'erdahl ct
al. ( 1995) contains 21 I data points inside the In
terior Columbia River Basin (ICRB - Fi-surc 1).
The database includcs mean fire return interval
(FRI), clcvation. and geographic coordinates. In
addition. I have extracted the mean annual prc-
cipitation fbr each sitc liom PRISM coverages
(Daly ct al. 199'l). and associated each site \! ith
\eF( t i l l i on  l \ne .  l r , ,m l thc r  CIS eorer lgc ' .  in
cluding four coverages from the Columbia Rivcr
Basin assessment (Tablc 4). Thus each site ir
the fire history database has quantitatrve envrron-
rncntal data and qualitative vegetation data asso-
ciated with it.

I have explored twi) quantitative nethods for
cxtrapolating frorr known data points to a lirc
frequency covcragc for forested areas ofthe ICRB
(McKenzie et al. 1997):

I . Multiple regressiol offue return inten'a] on mean
amual precipitation ancl elevatiol. A good fit
would suggest that the regrcssion equation could
be applied to any site rvhose biotic and abiotic
characteristics were in the range of the sample
data. This model had mixed results (p < 0.001.
but Rr = 0.17). and graphical analysis suggested
that tire retum inter.rals were underpredicted in
the nofiheast of the ICRB trnd in Yellowstone
National Park (Figure 2.).
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IABLE.1. \'egctrljo]l 1!pes frolll three clussilicarions repfesenred b) siles in thc fi.c histofr- datrbrse li)r lhe Colurnbra River

Basin.

Ihslor icr l  .Lnd current  porcnr ia l  vegela-

t ion r lpes (Keanc crr l .  1996b)
Historic.rl rDd cun cnt coleftypes (Keune

el  r l .  l996bl
,{ggrcgared Kuchlef l)pes (N,lcKenzic.l

a l .  1996.r)

, \ l t ine Shfub Hcrbrccous

Bafren
Big Sage \\J.rrrlr

Ced.rr/l lcnlock Br\t CrserdeJ

Cedar/Henllock lnLand
DIl DougLas llr $ith Pondefos.r pine

Dft Douglas fir !lilhour Ponderosa piic

Dry airandl ifnvhileFir

lcscuc Crassland r \  i rh Coni ler

CIa d Fir/WhiIe Fif E|st C.rscadc!

Cna.d l'ir^i:hire Fir l rrd
Inredof Ponderosa Piic
\ Io ist  Douglas hr
\ {ornla in ts ig Sage NIcsic Eist

$ i th Coni tef
Prc i r ic  Si l \er  Fi r
Spfure-Fir (LPP>wUPl
Spfuce Fi(wBbl .PP)
Sprule f i r  Dr)  r j th, \spen

Sprucc Fir llr! \\lthout Aspen

Alpir. Turdra

Barcn
Big Sagebrush
Lngelmrnn Spruce/Subnlpjne l ' i r

Fescue Bunchgrass
Grand Fir/white Fif
lnterior Douglas lir
Intefiof Ponderosr Pi e
I-odgepole Pire
NI ixed Coni ler  Woodlands

Shrub or Hcrb/Trce Regenerriion

\Vcster. lledcedrf^Vene Hcrnlock
We\lern whirc Pinc

Doughs-fir
Gfeat Basin Shrubland
N,lixed gras! Prairie

Shongrass Prrine

(1) LPP = Lodgcpolc p ine.  WBP = \ {h i tebark p inc

2. Spatial interpolation within clusters ofpoinls.
using ordinlry Kriging (Tsaaks and Srivastava
1989). Although this method could not be used
ontsjde clusters. local response surtilces wilhin
clustels could be convertcd to GIS coverages.
Variogranrs (not shown) sho$,ed that the co
variance sffuctule within data clusters could
not be paramctcrized in $'a,ys suitable tin spa
tial interpolrtion. due to the spatial clustenng
at all scales. and the high vafiabil itv betu een
neighboring points.

Given that no satisfactory quantitative method
could be dcvcloped to predict llre frequenc)' at
ncw locatiols rs afunction ofsite variables. T rm
developilg a senri-qualitative nethod, based on
the idea that a rrult idinensional vi$v of the i l
flucnces on tire liequencl-, incorporating all alril-
able empirical drta. should reduce the amounl of
uncxplained varjation exhibitcd b1' the simple
regression nrodel. Both qualjtative and quantita
tivc information $'i l l  be synthesized to establish
an overall measurc of similalit l  among sitcs. un-
der the assumplion that beciiuse vegctation, cli
matc. and distulbance are relatcd, similal sites

will bave similar disturbance regimes. Thus a
reasonablc estimator of the lire frequcncy rt one
site is a \\'eighted avcrage of that at other sites,
u  here  thc  r re igh t .  r re  in t .  r . i t c  ' rmr l r r i t ie . .

Con sider thc vegetation classilications tiom Tablc
.1. Similarity rankings of the types in each chssiti-
cation can be estirblished, and represeDted llulrlen-
c;i l ly (J.K. Agee, /tcru. coTrri.). Thc sinli larity
rarkings can be based ul expefi oplnion, as suc-
cessional pathway models hrve bccn i[ previous
applications(Bradleyetal. l992.Keaneetal. 1996b).
Thus each site in thc fire history database will have
a mnt associated with it for each vegetation type.
in addition to climatic tuctors (clevation and pre
cipitation) and gcographic cooldinates.

Thcsc variables wil l constitute the columns of
a data natrix rvhosc dimensions can rcduced b,,-
principal components analysis (Rencher 1996).
Intersite distances iD principal componcnls space
\ r  i l l  l r , , !  rdc  r  mcasure  o t  ' im i l r r i t ;  hc tuuun s i le .
tbr which thc l ire frequency is knovn. If a row
vector of infbrmatii)n (vcgetatioD type ranklngs
plus environmental variables) tiom a new sitc (any
pixel in the ICRB) is added to the data matnx. a
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Ficufe 2. Fl\lirnalcd lire Ietm inter\rl\ (fRIs) Uom the reer\sion n{xlelfir lbrencd rlclrs of tbe Interior Colunbi.r Riler Uasii.
1-RIs $crc onll pfedicred for silc\ under 3000 m elevarion Itnd \\ ith les\ than 2700 mm rLnnual DrcciDilarion.

new aDalysis wil i place that ncw site "nearby"

sinilar sitcs in principal components space. and
its fire l'rccluencv can be estinated rs a weighted
averagc of kno\r n sites.

Indirect methods k) provide inpuL data mav
be required as broad-scale fire-cfftcts rnodels are
de\,elopcd and retined. Firc frequency is onl1
onc of manv inputs 10 nrodels. but exemplit ies
the inadequacy of current databases for use in
process-based or evcn rigorous statistical mod-
cls. Methods such as thc rbove can pro\ idc use-
ful approximations when ernpidcal claLtr for ini-
t ializing simulation! at particular locales are
lacking. In tLrrn. allexible serni-qualitative method
can be retined as new cmpirical data are collccted.
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Conclusions
No strategv l irr lrrge-scale firc modeling is supe-
rior fbr all situation s. Process bascd models may
be prcterable when the cxtent and quality of ern
piricaldata e adequate. Although nuch progress
has becn made io buildin-q databases. futurc rnod-
eling el'forts u'ill depend on filling gaps in theory,
methodology. and empirical data (Schmoldt et al.
1998). h particular. t ire history data afe lacking
firr much of the Pacitic Nofihwest. and methods
and quality are inconsistent anong completed
studies. Changes in conccptual fiarnework mav
be neccssary as modelin-t moves to larger sclles
(Simard 199I ). For example. no|e direct mod-
eling ol't ire sevelitv as a ccntral element in iarge-



scale vcgetation composition may be recluired tbr
proactive managernent (Strauss et al. 1989, Lenihan
et al. l998, Schmoldt et al. 1998). Also. since
l l re  i '  r  J ,  'm in rn l  i r ( lo r  in  \eg( ta l ion  \u (  !  e \ \ i r r r
in much of the Northq est. ti-e rnay need to play
a more cental role ir lirture successional mod-
els. Successional pathways are sensitive to snlall
differences in fire regimes (e.g.. variabil ity, t in-
ing of severe er,ents), lite history strntcgies that
respond to these differences (Clark 1996), and
the spatial scalc at which vegetatiol is modeled
(Frelich and Reich 1995). Better l inkages arc
nceded between disturbance spread modcls and
fi)rcsl growth and succession modeis (but see
Bcvins and Andrews 199:t. Keane et al. 1996a
tbr initial efforts).

Spatial autoconelatior also needs to be intc-
gra tcd  in to  l l re -eHe,  t :  m, ' t l c l . .  \ \  hen  contag ion
propcrties are added to coarse-scale models. burn
pattens and subsequent a-qc structures on the land-
scape are more rcalistic (Keane and Long 199E).
A rnodcling rpproach that combines mechanis-
tic algodthns that $,ere developcd at small scales
with stochastic melhods that operate on statisti-
cal aggregates of mechanistic rcsults n-Iay prove
fruit l 'ul. For example. statistical propertics ()1
nultiple outputs ol tire sprcad nodels (Finney
1995) or cellular automata (Hogweg 1988) mry
bc used b parametedze coarse-scale stochastic
models (R.E. Keanepers.otn t). SimiliLrly, a meta
model at the landscape scale could be built trom
the statistical properties ol repcatcd simulations
of 1) a sbchastic model offire ignitions, 2) a spa-
tially explicit nrodel offire sprcad, and 31a coarse
) ( u l e  m o J . l  o i  i i | c  c l l c c t s  l n d . u e r ' e - . i , ' n
(McKenzic ct al. 1996b).
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