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Introduction

Whitebalk pine lPinu: albicaulis) is an importanr
specics of northern Rocky N{ountain high eleva-
tion lbrests. In Montana. Idaho and north\restern
Wroming, i t  has becn an important conpolenr on
about l0-I5o/o ofthe forested landscape (Arno and
HofI l9U9). Although ir has l imited usc as a com-
mercial t imber specics. t 'hi tebark pine produccs
seed-q that are highl l  valued bv manv species of
rvildlife as an important sourcc of food. Thcse
anirnals include black bears ({,/rsus omencanrr^s)and
grizzly bears (Lha"r orctos horibilu) (Kendall 1980,
Nlattson ct al. l99l). red squirrels (Taniasr:iurus
hudsonicus) (!'erner 197,1) and Clark's nutcrackers
(Nucifragt nLlumbiu,na) (Tonrback l9B2). The nut-
cracler plavs an mutuaList ic role in the whitebark
pine regeneration process bccause it is esscntiallv
l l r e  on l r  ' l i - 1 ,e r - c l  r , . l u r  l b r  t l r -  h , . r r r .  r , i r r g l - - s
nhitcbark pinc sccd (Tomback 1982). S hitcbark
pine also plotects snot'pack in high elevation
$,atersheds and delays snorvrnelt (Arno and Hoff
1989 .  Hann  1990 ) .

\ {  h i t ,  ba rL  p i r r -  i s  r . r p i d l r  de ,  r r a - i n2  i n  - , ,m '
subalpine landscapes in the nofihern and r\,cstern

part o{ its geographical rangc (Ciesla and Furniss
1986, Keane and Arno 1993, Arno 19{16. Ken-
dal l  and Arno 1990). This decl ine is a result of
three factors acting separatel,v or in con<rert: (I.i
rnountain pine heetle lDendrortonus ponderotae).
(2) sur:cessional replacemcnt by more shade toler-
ant conifem. and (3) t'hite pinc blister rusr (Cronar-
tlun ibicokt)1- l\Iountain pinc beetle epitlcmics
kil1cd many maturc r,".hitebark pine trees during the
19,10's (Baker et al. l97I). Thc successional
replaccment of whitcbarh pine by subalpinc l i r
(Ahies lasiocarpall and lJngelmann spruce (Picea
engelmannii) is a process that is usuall,v retarded
by naturally occrrrinpl lires. Hovcver, 60 ycars of
firc suppression combined $ith mountain pinc bee
lle and blister rust attncks havc allorved fir and
spruce to become dominant in forests historicallv
Jom ina te , l  l , \  \ l h i t eha r l  p i ne  r { r n .  l qB r , l .  B l i . -
ter rust, an exot;c disease from Europe introduced
in the westcrn Unitecl States in I910, is especial lv
fatal to r.hitebark pine rvhen compared lo other
5-needle pincs (Arno and Hofl -t989. tsedtell and
Childs 1943. tsinghanr 1972. Hofland XlacDonald
1977, Hott et .r l .  1980).
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The ertenl anrl severitv ofvhitebark pine's de-
cl ine across i ts rangc arc poorlv documcnlccl.
Vhitebark pine's lo$ econornic importance cou-
plerJ rvith i ts inaccessiblc habiLat ha,re conlr ibuled
to a lack of inr.cntor'! and rcscarch data for this
species. NIosl information ha.s been liorn casual site
obscnations r-athcr than frorr cxlensivr scienLif ic
sur\ 'ets or inrestigations across entire land-rcapes.
'l'his 

study 1\'as initiated to determine the strtus oI
whitebark pine pol)ulat ions across the Bob X{ar-
shall Siilclcrncss Complcx, a ltrgc nildland pre-
sen'e in northwest X{ontana. Subalpine forest
(.ommunit ics were inLensi lelv inlentoried to de-
velop a spatial classification of covcr tvpcs and for-
esl dedine classes using data frorn saLell iLe
imagery.

SaLel) i te imagely has been used to classify ex-
isting vcgctltion and cvaluale frrrest rJarnage. Tden-
tilication of vef(etation co\.er types is best
accornpl ished using the visible. near-inlrared and
mid-infrarcd spcctral rcgion of solar radiation (Jcn-

sen 1986. l \ Ioore and Bauel 1990. Bolstad and
Lillesand 1992). Defoliation b,v gr.psv moth
(I,)mo tth (lispail has been detecLed using LAND-
SA I 

'lhenratic 
Mappcr (T\'li and SI'OT data (Joria

and -A.hem 199l. Ambrosia er al.  1990). l \ 'ccs
rlarnagerl lrv spruce budworm \Choristoneura

.funifercota) ha.re been mappcd b,v T,cckic and Os-
taf l  (1988) using satel l i te imager,v. Various types
of remotelv sensed imager\ \ras used to document
ftrrest decl ine in Europc and the slate of Vermont
(Kennerreq 1989. Landauer 1989. Rock and
\irgelmann 1989. \rogelmann and RocL 1986).

Sfectral refleclance shiiis rnarkedlv a-" a result
of inscct damagc on bdlsam f ir  lAbies baLsanea)
and lodgepole pine (I>inus tt tntotn) (Leckie et aI.
l98B. Ahern l98B). Stresscd and dving trccs show
a dif ference in ref lectance in Lhe r-ed. near-infrared
and thelmal refioD as compalcd lvith hcalth,v trccs
(Ahern t9BB, Rock et al.  1986. Puritch l98l.
Rock and Vogelmann 19{19). Spectral ! !a\elenglhs
most scnsitivc to thc dctcttion of foliagc mortalit,v
: F F m  l n  r J n g F  l f , ' r n ; ( , t ,  r r r n  I n  r , { ' 0  r r m  a n d  7 7 0
nm to 1600 nm $.hich approximately encompass
TL bands 2-5 (Ahcrn 1988, T.eckie eI aL. l ,98| l .

Joria and Ahern 1991). WavelenpJths in mid-
infrarecl and therrnal regions (TM bands 7 and 6)
havc bccn uscd for f trrcst damagc dctcct ion rvith
limited success (Leckie ancl Ostail 19BB).
Warelengths in these regions include emitted radi-
ation and are used for monalit,v classilication bc-
causc lhcv of icn dclcc{ rroodv dcbris accumulation

such as dcad snags und dorvncd logs (Elvidgc

t 9{:}{:}).

Study Area

The Bob Xlarshall Wilderness (iomplex (BMtr (i)
is a rernote 600.000 hectare preserve in nofth$est
Nlont:rna. []SA. composed oi the Creat Bear, Bob
llarshall ancl Scapcgoat S'iltlcrncss Arcas (Figurc

l).  This area r.onsists of mountainous lerrain dis-
scctcd by major r ivcr drainagcs. Tvo pr:r iods of
glaciation lbrmecl the rrgged cirque and peak land
scape and f i l led ral lel  boLtoms with looseh con-
solidated glacial out*ash alluvium (Alt 1985, Dciss
I958). Parent material is mostly quarlzi te and af-
gilJite r,ith alternating lavers of limcstonc, mostlv
in the eastern porLions (Alt 19{35). The Lontrnen-
tal Divide is a high mountain barliel that transects
the wilderness creating a unique blend of climates
and plant crrmmLrnit ies. Thc cl imate west oI the r] i-
vide is modfied maritime rvith cool t'et vinters and
shofl .  warm<lrv summers. A\erage annual precipi-
tation ranEies liom 50 cm/,vear in the driest val
le!s to over 275 cm/yea| on lhe Swan Front (the

$resternmost mountain r:uge). East-side climates
a r e r . n t i r r e n t c l  s i t h  n i , l e l 1  l l u c t , r a t i r !  \ l i n t r r t r m -
pcraturcs and 1r'arm dr-r' summcIs. Consistcnt
$,inds are comrnon along thc cast sidc ol thc Con-
LinenLal Divide. PreciJri tat ion averages 40 cm/ycar
in the valleys to 150 cm/year along the Savtooth
l l tngc (Soil  Conscnation Scnicc l9Bl).

V hitcbark pinc is a major scral spccics at clc-
\ations abo\e I.Bi:i0 meters lithin the study area.
It  has lhc p( ' lent;al to dominate 35-45Vo oi the
subalpinc lanclscapc t'ithin thc BMWC (tsain

1990). In the absence of disLurbance, whitebark
pine is er.entuallv replaced by the more shade
tolerant subalpine f ir  and Engclmann spruce in
most of the area but it can lbrm nearly pure cli-
ma\ stands on some high. drv r idges and moun-
tain ttrps (Pfistcr et ol. 1977).

Fircs r,cre common on the BI\IWC Jandscapc
during the last ibur centuries. A,vres (1901) esti-
m.rtcd 20-.10?o of tsNlS C's lhitcbark pinc forcsts
hurned cluring -tU60 1(] I900. Large. sLand-
Ieplacement fires are t-vpical in the study area. es-
pecial l ;-  in the t 'hiLebark pine zone (Losensky
1990). Thc grcat dispcrsal distanccs of lhc nul-
clacLcr r low \rhitcbalk pinc a compctitivc ad\.an'
tage in colonizing large br.rrns (Tomback ez nl.
1990). Also, Clark's nutcrackcrs prefcr open.
bLrrned areas lo cache whitebark pine secds

2 l1  (e511e .  \ l o rg . rn .  . r nd  \ l " n . rU -
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(Tornhack cr o1. 1990). Sorne lhitebark pinc

sLands in highcf and d| ier :rre:rs ol thc souihcln

lrort ion o1 thc BNI\\  C conLain eri . lence ol less se-

!crc. more frequcnl suri ircc f irr 's (Galrr iel  1976).
' ihcsc 

f irr :s tencl to ki l l  mostir subulpinc f ir '*hich

fir \1|fs lhe -qomewhat l i rc-tsist:rrrt  rhitebark pine

t  \ f ' , , '  l ! l { r , t .  \ - , r  r ,  - r r l t .  l l , - - -  f i f . -  n r J i ' , l r r r
thitdrark pine clominrncc and t l inr inate the subal

pin. f i r 'undcrsloN {., \r-no and HolT l9B9).
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Methods

Fie d Data Co ection

A rlctai lcd ct 'olopjcal inverrtorr las conducted in
various whitebalk pint stanrJs across Lhe entirc
U\'1\V(l  and surnruntl ing aleas using ECODA I-{
melhorlolof$ (Keane et o1. M!)0. Hann cI o/.
1989). ( l i r<'rr lar 400 m2 mar:rolr loLs lclc located
in rcprcscntative porl;ons of stands r{here \rhrtc-
bark pine harJ a rJcnsitv greater Lhan l0 mature
(gre.l ter lhan l5 cm di:rnett:r  at brcast height-
DBII) trccs pel ha. Stanrl strudure. f i fe hislorv"
i ' . '  1 - .  t u l ' n s r r r , l r .  - , , : 1 .  r ' r , l  1 ,  . r r r t  ,  , , r r ' , r r ' . n i t r  i r r
IorrnaLion wr:rc rccorded aL ear,h macr.oplot. Al l
lrccs llre:lter than 2 crrr I)BH rere samlrlerJ frrl age.
size. arrd hc'alth. l i le scars on lrr:r 's and tree:rges
lcr-c col iected to obLain a l i rc historr lbr Lhr: strrr lv
arca (-{rno arrr l  Sncck 19771. Do*n. dead toodv
l r r e l -  r t s i , . r - .  L " . r r ' ,  h " -  " r r , l  l , ' 1 . r  r r n , l  , , r ; r r r i ,  r r r . r r -
Ler (rJuif  and l i t ter) rharar.Lr- 'r ist ics r, ;ere invenLoriet l
about lhe rnacroplot using planar tcchniqucs
lB r )$n  l 9?4 ) .  Mnc rop lo t s  r c r c  geog raph i ca lh
rei;renced Lrsing a Clobal Po-.itioning Svstcm (Cl'S)
to l ink thc-.e data to satcl l i tc irnagerr lbr.derebp-
mcnt of spe(.tral classi i icnt ions.

Bl istcr nrst seleri t \  $as cvalrratccl 1br each
$hitcbark pine tree as an cst inrat ion ol (t l  nurn-
ber ol tankcrs pcr t lee. {2) numbcr of infected
trrcs t i thin the rna(' foplot ancl ( i3) plopolt iorr of
tree lbl iagc ki l lcr l  bv the rust. Thc nurntrer ol

cankers visible fr lm thc ground rere cst irnated into
bnrarl  dasscs (0 lo 5- 5 Lo 10. and -"o on). l 'hc
nunrber oi inferred trccs and the proportiorr of ru-ct
killed lbliage lcrc ocularh estinrated. Prcscnce of
rnountr in pinc beetle ras also rr:corded 1br each
thitdrark pine snag anrJ lir.ing tlee. (lauses of rnor-
lal i tv wcrc cst im:rted lor r lcad lrccs then evidenr'r:
cr isted.

lmage Processing and C assificat on

Co,;er t lpe :rnd lrrcst decl ine class lor al l  Bl ' l ! i , ( ]
sub:r lpine anri alpinc are:rs uert classi l ied using
s:rtel l i tc irnagcrl in conjLrnction r i th digiLal rcrrain
. r r r J  "n r i r o r r r r r - r r t r l  , l J l . r  r . . ! . .  e l - r r t i , , r r .  r r - 1 ,e ,  r .
slope. est inrlcd annunl precipitat ion and \egcl i l -
t ion tvpc) ( l igure 2). Thc CIiASS spatir l  soi i lare
packaf(e w.ls used to analvze and classif i '  the sar
el l i te irnagery and man:rge the spatid dala lavers
i r r  . r  1 , , . , ; r . r 1 ' l r i c  I n l o r r r : r r i , , r r  S \ . t ,  n r  r ( ; l \ r  r t  S \
CERL 1990). The | lathcacl urd Lerr is and Clark
\;rt ional Forcsts supplied nranv oi thc OIS lavers
uscd irr ' l f r I  classif icat ion analv-sis including previ
ous legctation classilications from LANDSAT l\'lrrl-
t ispech:r l  S.enner (1\ ' lSS) scenes dr)n{r in the late
19 t i 0 ' s  (Ba in  1990 ) .

A late surnmer 1990 Scpternber i i  LANIISAT
' l  

hema t i t  \ ' l appc r  (T \ ' l )  s ccnc  ( ID
Y5237717.1.13X0. P.rth ,11. I lorr 27) las pur-
chased l irr  this classif icat ion elfrrrt .  Al l  scr,en spec-
Lral bands thal compriscd the' l ' \ '1 st,cnr: lcre

CLASSIFICATION

Landsat TIV Scenes

w41
l e€cF 'A , iN  , rAFs I
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indudecl in the analysis. A TM spectral band is
composed of a natr ix of 30 x 30 m pirels rvi th

eac.h pirel's digital r.aluc rcpfesenting the reflcc-
tance of light bet$'een a rangc o[ wa,'elengths in-
tegr:lted across Lhe pirel area. llorcver. the
thermal TXI band 6 had a pixel size of 120 x 120

m and dclecLs mostlv emitted radiat ion- Tl! .  band

i  . r 1 . , ,  , , , n t r i n -  - om '  ,  m i l l F , l  r ne fg \ .

The Tl\{ sr:ene needed somc preprocessing be-
lbre it was uscd to tlassify vegetation. Firsl, all
bands were geomctricallv retrified tc, the !'lathcad
National Folest CIS layers using a q)ordinale trans-
formrt ion function in CRASS (i .rect i fv command)
(RN{S crror :  19.46 metcrs or 0.65 pixel resolu
rion). Nexi. the digital values for al l  seven bands
of thc Tl l  scene were then racl iomctr ical lv con-
\efted to radiance using gains and bias supplicd
bv UOSAT (Price 1987. l ,cpricLrr er al.  f9BB).
'I'hese 

radirncc data were then corrcctcd for haze

and atmospheric cf lccls (Jensen 1986) and in-
cludecl as larers in the BMWC CIS as supplied b,v

thc National l 'orests.

l\{anv portions of thc Bl\'lWC \'!ere e\cludcd
l iom the classif icat ion analysis. l  he TM scene co-
rercd onlv the central port ion of Lhe B\IV C, miss-
ing rnosl of Lhe Scapegoat and Creat Bear
Wildemess arcas (about 250/o of the total BI\{WC

lancl area). As a result, onl,l areas within the bound-

aries of thc BMWC and the imaple wcrc consid-
crcrl in thc rlassification analysis area. In addition.
al l  areas belot l .830rn in elevation, about 2806

ofthe rernaining analvsis arca" were excluded liom
the analvsis because intensive ficlcl obser,'ations,
im:luding those lrom this str.rd,v. indicate vhitcbark
pinc is seldom a majol forcst cornponent belot' this

elevation ir the IIMSiC (Arno and Hoff 1989. Bain
1990. I ' f ister et a1. 1977). Largc geographic lea-
tures such :rs lakes, marshes, ice and persistcnt
snortf iclds del ineaLed in the National Forests" CIS
lavers lere also rcm()ved ftom the analvsis (ab()ut

I o/o of the remaining BNI$C analysis area). I'he
linal anal,vsis area contained 5lo/o o[ the total
BIISC land area or 3l 1,257 hectares ancl is

-.hot'n in Figr,rre lJ.

Approximutel,v [:t00 historical ECODATA mar:-
roplots that were uscd to dcrelop past MSS vegc-
tation classifications in the studv area serled as
additional grouncl truLh for thi-s stucl,v's covcr tvpe

classillcation. lhcsc macroplots \{ere especiallv
usefr for characterizing those covcr typts that did
not contain whitebark pinc (Bain 1990). \one of
the historical ECODATA nractoplots containcd lree

health or mortality inftrmation so they could not
be used in thc forest clecline classfication. Approx-
irnately 262 of thc historical macroplots and I I

of this study's ECODAI'A macroplols \{'ere ran-
domh, cxcluded from the classif icat ion t l forL so
thev could bc uscd as tests of the final classifi-
cations.

A prcliminarv ()\'er tvpe classfication of all
macroplots using the ECOI'AC software package
(Keane et al.  1990) identi f ied 14covertypcsand
3 forest decline classcs imporlanl on the BNIWC
subalpinc landscape. Gradient analysis techniques
such as ordindtion $ith the programs TWINSI'AN
and DECORANA (Hil l  1979a. I l i l l  1979b) t 'ere
used as aids in thc cover lvpe r:lassification cllort
(Cauch I 982). En, ' i ronmental grddrcnls rnter-
preted from ordination rcsults lvere used as guide-
lincs firr plot classilications. I'lots *ere classified
iDto cover t,vJrcs based mostl,v on the ovcrslory
dominance of trec spccies canopv cover' .  Covcr
types vcrc narned lor the three dominant lree spe-
cies in ordel of importance. For example, cover
tvpe I vas dominanted b,v lhitebark pinc (30o/o

canopv cover). i l i th minor amounts of subalpine
fir  and Fingclrnann spruce (17 and 1070, rcspec-

t i !ely). Next, 110 macroplots were selected from
all macroplots used in this classification lo best rep-
resert every covcr type and decline class on the
ground. A minimum of 2 mtcroplots were used

[o represent each covcr type, and a minimum o{
20 macroplots represented cdch forest decline

class. ' fhese selccted macroplots then defincd thc
training sites used ir thc l'Nl sctne supervised clas-
sif icat ion clfort (Jensen 1986). ' l raining sites are
composed of d 3 r 3 pixel buffer around a ccntlal
pixcl that is the rnacroplot loc;:rtion. A digiLal color
composite created from thc TM spectral data 1t'as
used to expdnd some training site boundarics. MaG

roplots not selected for usc as training sites ilere
ru "cd  i n  t hc  lF - l  o f  l hp  T \4  , l u - " i f i , . r t i , ' r r . .

Supervised techniques \{crc Lrsed to deri\'e
spectral signatures fcrr the spatial classilication oI
thc TM scene from training sitc radiance values
(Jensen I986). Spcctral signatures are composcd
of the mcan lalues lbr each TM bancl ancl their '
associated varilnccs and cor'ariances computed
across all pixels within a training sitc. Classilied
layers for covcr and forest decline typc wcre
crealed bv using thc CRASS maximum likelihood
algorithm (r.maxlik command) to clusift each pixel

f t ' , n1  1 le  -pec t r r l  . i g r J t r r r ,  s  . , f  t l ' e  t r a i n i ng  - i t e -

and the TM spcctral dala (USA CERL 1990).
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'fhcsc 
classifiecl lavers lrcrc thcn passecl through

a coarse level llltcr lo 'smooth" the classification
ancl rcnrore'hoise" generatccl fronl the input data
and classif icat;on algori thln (Jcnstn 1986.
Schowengerdt 1983). This l i l ter l 'as a 5 x 5 pixcl

rdndou with the central pixcl assigned a cla-s-r valuc

equal to the modal value oisulrounding 24 pixels.
Thc purpose of this lor'-pass filtcr rvas to achieve

a minimurn p:rtch sizc of 0. I  ha r:ommonlv ob-
sencd on the BNIW(I subaipinc landscape.

Var-ious conrbinations and transformxtions of
the ser.en' l ' \ '1 spcctral bands 1r 'ere used lo dcled
sLrbl le characterist ics in cover and forest decl inc
tvpe for thc classif icat ion. l) i l lerent combinations
ofTII bands (e.g.. 11.4,5,7 is a T.r band sel)tere
osed to achievc thc bcst (r)!er type and clccl ine
,  l . r - - i f i ,  r t i , ' r r .  \ n rmc t i ze , l  J i i l  l  n , .  r . ge ta t i , , n  i n
der {NDVI) transformation t 'as also included in
Tl\ ' l  l ;and sets to dist inguish corer lype. ND\l is

thc rat io ol the r l i l lerence in bancl valr.res and the

sum of band valucs of lhe red and nelu infrarcd
'l 

frl bands (Rand '1 - Bancl 3 / tsand 4 + Band 3)
(Perr ' ,v and Lautenschlagcr 198,tr.  Jensen 1986).
Principal Cornponents dnalvsis (1)CA) uas per'-
formed on the so.cn Tlv. hands using the CRASS
soft lrare to reduce thc cl imcnsional i t- ,-  of the TSI
bancl sct irv c(rmpfessing the inlormation content

of the seven bands into three principal componcnt
imaEies (Jcnsen l9{:}6. Schor,engcrdt l9B3). Ca-
no ical Components Analysis (CCA) r'as also per-
formed on Tl l  bands l-5 and 7. CCA is
implerrented in the CRASS pfogram i.cca that
takcs thc TNI bancl dala and a signature file con-

cover l !pe irom the topographical and cl irnate in-
lbrmation was implcmented lor this eflbrt using lhc
CRASS command r. infcr ([ ,SA CERL ]990).
Rclationships of crlassilied covcr t,vpcs l(r topogra-

l)hy and climatc ucfc taken f|om sampled macro-
plol inform:rt ion and cc,ological sludies (Pfister et
al.  1977. Arno and Hoff l9B9). ' fhe prcvious I\ ISS

vcgdalion dassi l icat ion of tbc Bl\{SrC was also
Lrsecl in this classif icat ion's t-ei inement ro assess
grncral trends of the poorly classif icd pirels. An
eco log ie r l  J ,  s ,  r i l ' t i , , n  ' , f  ea ,  h  c l c - - i l l , . r t i un  ,  r t . -
gorr !!'as summarized from the rnacroplot data us-
ing thr: ECOPAC soli$'are pdckagc (Keane er al.
I990). ( lharactcrist ics thal . lescribe covcr t ,vpcs
or forcst dedine classes 1r'ere computed as an a!er-

ge and ranlie across all macroplols assilined to
that cldss category (Jensen 1986). Onlv thosc areas
classified to cover tvpcs containing $,hitebark pinc
lrcrc used to classi l l ' lbrcst dccl ine.

The linal classificd cover tlpe laver rr'as tcstcd
for accuracr alter the l i l ter smoothing using the
ECODAT4. rnacroplots ertluded from the classifi-
cation cffo . A 3 x ii pixel boundart around each
macroplot location 1r'as uscd as rel;rence in the
test proccrJure yielding nine test pixcls pcr rnacro-
plot. The tcst invol,'ed overlaying the classificcl
laver on the nine pixel macf{)ltot reference stands
to e\.nluatc horv the relerence pixcls matchecl the

classified pirels. lhc samc rnethod was used to test
the final forcst decline classilication but onl,v the
macroplrt  data taken for this study \ras used be-
cause historical rnacroplot information dicl not in-

clude adequlte nlst and trcc mortalily elaluations.

Results

F eld Study

Olrr 2,500 rthitebark pinc trees were individu
all,v samplcd frorn ll I r,rhitebark pine stdnds cs-
tabl ished across thc cnt;re Rlv.SC (Figure I).
T--vpically, sanpled stands consislcd of an olerslorv
of olcl  $'hitcbark pine and spruce (20 to 500
trces/ha, 258 to 489 vcars ofage) wilh an under-

stoN of alrnost crt lusire),v subalpine f ir  (B to
5.000+ t lees/ha. i lO to 250 ycars of age). Onl;-
ten plots containcd anv r,'hitebark pine regencra-
tion (less than ,->0 ,vears old). !( hitcbark pine snags
rl 'ere common ranging from 0 to 123 trccs/ha. No
ericlence ol extcnsilc beetle epidemics !,ias ob-
scrved in the studv alea.

Bl ister rust is lesponsiblc for the majori ty ol
whitebark pinc mo al i tv ;n the BNIWC. l t  t 'as

Laining the nreans anrl vari
of sereral training sitcs and oreales translormcd
raster band {ilcs that pro,'ide maximum scparabil-
i t_-v bctlcrn Lraining sites (USA CERL 1990).
Three training sitcs frorn each ol the identi f icd I4

covcr-t,vpcs \'!ere randomly selcctccl for use in C(lA
Lranslbrmation from the LoLal oi 110 possiblc train-
rng sltes.

Ele\,alion. aspcct, slope and avelage annual
precipitation spatial inlormation lroIn thc CTS lere
uscd lo fef ine the spectral classif icat ion ol those
pi:.els that lrerc poorly clas-"ilied based on a cfii-
squarc tesL of the classi i icat ion rr- 'srr l ts (Figure 2)
( i lSA CElt l .  l t )90). Pirels not classi l icr l  [ l ,  the
rnarimum likelihood algoliLhrn Lo rithin a 2070 chi-
sqLrare confidence inten'al lrer-e lhen assessed lbr
placement inlo another class based on topographi-
cal cr i ler ia taken f iom thc macroploL data. A
heurist ic rule-bascd decision svstem that kcvcd
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pfesent in al l  but 3 oIthc 111 sarnpled stands.
Blister rust had infccted an averagc of 8306 oi the
Jiving whitcbark pine lrecs and these trees had l0
tt l  15 cdnkers. An ar 'eragc ol 3i l0/o of thc crotn
of all lir.ing trees uas killcd bv the fust. Ficld data
suggcst blister rust is preva.lent ovef thc entire
BSIWC lith thc highest inciclences obsen'ed in rhe
norlhern and r lestern por-t;ons (Tahle l) .  The
southcrn port ion of thc ContinenLal Dividc in the
B]\{S'C seems Lo havc lover bl isLer lusL serelLv.

T{DLE l.  !ni l . l  r( is,, l rs ol bl isrer rurr s.r. . i rr  b! seographi-
cul region $'ilh;n rh( stud! area. :.!.rirr ii er
pnsvrl rrs u percent oftoLll lir,. lrees infeded $irh
rust. n,an number of cark.iN l)cr tree br .lass.
uil meaD lln i,,,r olooi{n lilled br rrst iorwhite
I ,  r ' \  I ,  n -  r . e .  . , ,  I  ,  , ,  . , , . , , , t , 1  . r - .

whitcbark pine zone. lt appears stand-rcplacemerrt
l,ildfircs killed rnost trccs leaving ferv fircscars on
the landscapc. Hol.ever. an approximate f irc his-
torv r\,as determined from stand age stlLrcture :rnd
the ier fire scars found. The cstimated lire rclurn
intenal for the entire studv area t,as approximatelv
l 4 l  1 . . r r s  l i t h . r  m i n i m r r m  u l  5 5  a r r d  r  r n r  m u r n
of 304 vears. This is comparable to Cabricl 's
(1976) l indings for high elevation forests ol thc
* , r r t h ,  r n  BVW( i .  4 r ,  r r ge  - t , r r r d  a3 ,  r 1 -  3pp1o1 i -
mately 22fl vcars I'ith the oldcst stands er<reed-
ing 400 years.

lmage Classification

Onl,v one combination ol thc TXI bands generatcd
cror rates lower than 50V0 for lhc cover type and
forest dccl ine classif icat ions (Bands l-7 in Table
2). Or.erall elror ratcs and KHAT statistics (meas-
ure of oler-al l  agreemenl) (Congalton 1991) indi-
cale no part iculaf band combination gencr.ated a
superior classification. Rather', the use of all TM
bands rcsulted in the bcst classifications ('Iable 2).
( l lassif icat ion succes-c was not improved whcn the
NDVT transforrnation rvas included in the band
combinations. I tr incipal Components Analysis
(PCA) explained most oi thc r.ariation (91 7o) in the
sevcn' l 'Sl bancls into thr-ee component ima€ies that
t 'ere includcd as new layers in the CIS (Lavers
A, B. C in Table 2). 

' l 'hese 
laver-s tcre also in-

cluclecl in the classificalion effo wilh limitcd suc-
ccss. fhe four ncl' lryers gencrated from
(ianonical Components Anal,vsis ((--(iA) also viclded

I'ercent Arruge I'ercert
Nunrbcr  r rees  .an l . rs /  , , ro$n

t) ors nrfecred ftt. kill

S$an lit,nL 39

a,Dt i rcnra l  D i l ide  35

Sa\Lt,Dlh R.nge 18

id ( l ]e  For l  19

9 2  t l 1 5

6 i +  6 - 1 0 *

i l 6 +  I t - 1 5

9 3  l | 1 5

l t *

t ; *

3 3 *
,18*

t I  t 5

*-signif ira' , t  at p:0.05 usnrg Knrskul\I 'al l is test acaxs gco

l'ire history nu difficult to determine in BllV'C
because ol thc raritv of fire-scarrcd trees in tht:

' ] A B l , l ] 2 . o l e r a I . h s s i f . l 1 j o n a c c u | d . ! o f ( \ a l l |

Coler Tlpe Classilication
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high error rates l,".hcn uscd Jn cover type dassifi-
cation (Tablc 2). In general.  TM bands 3,4.5 were
usefl in covel t-vpc classificalion whilc bands in
the infrared and thermal regions (bands .1-7) were
bcst for ftrrest cler:line tlassification.

Fourteen cover types $'ere spatiaLlv classified
from all seven T\I spcctral bands and adcled as
a laver in the BMWC CIS (Table 3). The northcrn
portions of the tsSlVC (Nliddlc Fork zone) seem
to be dominated by subalpine l i r  (1970 of land-
scapc) $'hi lc thc soulhern port ions (southern ( ion

tinental Dir.ide) arc dominatcd bv whitebark pine
(64o/o). Topographical and !egetation characterjs-
tics summarizcd from thc macroplot da|a are shorvn
{or all covcr t-vpes irr Table 2tr. The lack of data for
some cover tvpes in Table 4 is becausc lhc mac-
roplot data for those types $'ere taken hy the Na-
tional Forest personnel and dctailcd tree and frrel
information rrere noL recorded (Bain I990). l 'hc
erlor mntrix for thc final cover tvpe r:lassification
shows 600i overal l  accuracv and 52lo KHAT ac-
curacv (TabL: 5).

'l 
hc forcst cletline classification used TNI bands

i3 to 7 to predict extent ofthitebark pinc dctl int:
in the UMWC (Table 6). Forest decl ine 'as ratcd
to three broacl mortalitv classes of low, moderate
and high based on thc hcalth of rvhitebark pinc

and densit_v of stantling dcacl trees (Table 7).
Rcsults of the imagery classif icat ion seem to agree
t'ith the lield results rith thc Swan Front and Nlid-
dle ForL zones erperiencing the greatest dcclinc
(26 anLl 24'o/o in high detline class. respectilely)
(Table 6). l'he lolrcst lo.cls of mortalit,v appear to
be along t lre Saltooth Range and Southem Con-
tinental Divide rvhere 820/o and 7B1o of thc for-
ested ffca is in the lo$ to moderate decl ine class.
Classilication accuracv a\.elaged 780/0 o\.crall \!ith
a 6BVo KIIAT aturacy (Table B).

The spaLial e)ilenl of covel types b_-v cleclinc
class is shown in Tablc 9. V hitebark pine domi-
naled stands (cover t l 'pes 1.3.5,6,7) comprise thc
majority of subalpinc land arca in the BMSC
(56Y0). Nonfolest cover tvpes (shrubs. herbs. rocks.)
occupv about 280/o ofthe analvsis arca. Only about
15o/o of this nonforested area is capable of sup-
porting trccs as est;mated from lhe macroplot data
collected by the l'latheacl National Forcsl pcrson-
ncl.  Colcr tvpes where subalpine l i r  is dominant
(types 2,4.8) have the highest proport ion of thcir
land arca in the high dedine class. The whitebark
pineJodgepole pine co\.er type and the high clc-
Iat ion co1'er types with alpine larch (cover types
5 B) have the glcatcst portion of land in the lorv
decl ine class.

TABLE 3. Lanrl &:u sumnrlr,- {hdransl ,,f th. .lassified .orer tvpe bl four BUSC geographic zoncs. Nurrbcrs irr par|nLhcsis

de lhe periienl ol cov.r t\t! uithin that geographic zone.

BV\l C G.ographic ZoDes
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J 1
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Rungc l (Dt
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TABLl l .  F io los ica l  char rc tc r is t i cs  o l  c less i l ied  corer  t rpes  fo r  rh .  BNI \ !C  s ! l ,a lp i t r f  hn{ lscape.  These ra lues  arc  ru rpurcd  as
all Dacroplols {ilhin a sampled coler t_rpe.
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TABl.l'l 5. Flrror nratrir iionparing llrr qrc.r,efl betreen ground truth pixels a rhe B['lI C corer npe classificadn. (\oall
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Discussion

Status of Whitebark P ne

Whitebark pine is rapidlv dedining in thc Bfr lWC,
ancl thc obvious causes are bl ister rLrst and suc-
cessional rcplaccmcnt, There i l le verv lew areas
in the tsl lWC where rusl has not infectcd whitc-
balk pine trecs. Il appcars the rust epidemic is ex-
tcnsir.c vith the majority of the forested arralvsis
area (6I0lo) in the moderate anrl  high dccl inc class
(Table 9). A l99l-92 rcmcasurcment ol whitebarl
pinc trees in historical plots located around r,cst-
efn l \ ' [onlana f irst mcdsurcd in 197] indicate thaL
approximately 206 of the specie's" basal arca and

jJ(/o of its trccs arc lost each vear (Keane and Arno
1993). At this rate it is eslimaLed that most IISIWC
vhitebark pine sLanrls wil l  mor.e from the moder-
ate to high dccline class within aliort a decadc.
There is ample eviclencc from macroplot data that
*hitcbalk pine had been experiencing moflrilitl for
sorne time. Thele arc many standinpJ and lillen
dead whitebark pinc trccs at most si tes (Table, l)

and i t  is cst imated that most o[ Lhese trees rrcrc
ki l lcd bv the rust.

I t  appears that the whitcbark cone crop in the
BMWC has greatly decreased. Field results shov
that about a thifd o[ al l  whitcbark pine crowns are

22 l  N . . r r r . .  \ l , , r g . r n .  . r n , l  \ l " n r | . l -



nou dead. Blistel lust l,ypicall,v begins killing a tlee
bv inlecting and girdling thc top ofthc crorvn, thcn
sprcading dotnr,;arr ls on the tfunk and eventual ly
girclling the entire tree. Nearlv all wbitcbark pinc
crncs arc pr-rxluced in t lre u14rer third of t l re clown
that is killed lirst bv the rust. With B3Yo oi. t'hitc-
bark pine trccs infcctccl and 619lo oI the analysis
. r l  r  i n  t h ,  r nu '1 ,  r r t ,  n r  h i gh , l - ,  l i r r . , l a . - -  i t  - . " n r -

the potential lor the lalge cone crops that lrere
historicallv common in BNIWC subalpinc ftrrcsts
(Chefl '198,1) has been greaLlv reduced.

H i - t o r i ca l  - t . r nd  - t l r r e l r r l e . r nJ  cump , ' - i t ; u r r  ,  - -

t imatccl from lhe macroplot data indicale that the
majoriLl- of BNIWC sobalpine fofests lrere. until re
centlv. dominated bv l,hitebark pine lith a small
component ofsub:ilpinc lir and sprucc in thc ovcrs-
torr- (Keane and \Iorgan 199,tr).  Presence of an
older agc class of whitcbark pinc and thc prcpon-
clerance ofwhitebarl pine snags indic:rte thatthese
stands once supported about 20-30 m'/ha' of
t 'hi tcbark pinc and vcry l i t t lc subalpine f ir .  Now,
subalpirrc f ir  is abundant in boLh the Lrrrclerslorv
and o\,ersLory because ol lhis rapid mo alit,y in
lhitebark pine ('l'able 4). This is cviclcnt from T\'l
classif icat ion resulLs r.onsidering cover tvpes domi
nated bv subalpine lir {cor.cr typcs 2,4,8) havc thc
highest proport ion o[ their lancl are:r in the high
decline class because hlister rrlst-causcd mo nl-
i t r  o i r ' h i t eb r rL  p i n "  i . . r , .  r i  r . r t i nE  - x ,  r ' ,  - : i on  t u
sub:r lpinc f ir .  Tn acldit ion. aprproximatel l  l40[ of
the [blested B]lW(l subalpine landscape is domi-
nuted bl i i r  and sprucc (covcr tvpcs 2.4.8.10 in
Tahle 9). This seems higher than historical per-
ccntagcs considcring t lre mean pre-1900 l ire re-
turn interlal (1.1,1 ,vears estimated from this study)
is lcss than thc t irnc i t  takes fcrr subalpi| le f i r  to
becrme dominanl in the overstorv (I50 to 250
veals cstimatcd from data usctl in Tablc 4). lv.ore-
orer. Ayers' ( I901.) est imate of 20 to 40y0 lnnd
afca brrrned cverv 110 rears would indicate that
onll d small portion ofthc BMWC landscapc rvoLrld
be greater than 150 years old.

The exclusion ol most iires on these landscapcs
ovcr-thc last 60 vcars has also possiblv contri[rLrLecl
to a marked increase of subalpine lir both in the
understol.v (PIAT,-ABT,A-PIEN (nrer tvpe 1) ald
or.erstorr (ABT,A dominatccl covcr typcs 2,,1,.8.10)
(Table 4.i. This agrees t'ith Arno {1986) and Ken-
dal l  tnd Arno (1990) that r,hitebark pine is being
successionall,v replaced by the more shade-tolerant
f ir  and spruce. Arno et ol.  (1993) found 1,19/o of

thcir stud,v arca in thc Bittcrroot Mountains of !lon-
tana *as dominated by whitcbark pine in the earlv
1900's and none ol that area rvas dominated bv
t 'hi tcbark pinc in 1991. Without f i re, the shade-
intolerant $'hitebark pine has limited success
reficnerat;ng under closcd canopies. The lack ol
whitebalk pine regeneration in the sampled stan.ls
(Tahle 4) again suggests that the species will even
tuallv be replaced by subalpinc fir and sprucc in
thc abscncc of f i re.

This l ield studl- and A,vres'(1901) surr.ev in
dicatc thal f i rr :s wcr-c irnportanL on the BMWC
subalpine landscape. Fires that started during non-
e\treme ileathel years in the southern BSIWC 1{ere
rarcl_-v larplc nd usuiillv consumccl scattered sur-
face fuels (Arno 1986. Cabriel I976). Horvever.
these surlirce lires tended to kill the fire-intolerrnt
f ir .  spruee and voung rvhitebark. but larger white-
bark pine trees surr.ivcd. This typc of firc rcgimc.
although lare in the BMWC, maintained open.
park-like stands ol nearlv pure whitebark pine
(Arno 1986). Some stands of cor.er type 1 (l'lAL-

AtsLA-PlEN.) closcl,v rcscmblc this historical stand
charactcr except lor Lhe high corerage of f i r  and
spruce t'hich is perhaps Jinkcd to rust mortalitv
and f ire exrlusion (Table 4). E\tensive. stand-
replacernent fires such as those documented bv
Ayrcs (1901) and Losensla' (1990) creatcd burned
alcas heavi ly colonized by rvhitebark pine regener-
alion from nutcracker-cached seed. 

'fhese 
large

frres vere probabl,v a rcsult of cxtr-cmc d11. r'indv
weather condiLions ancl prolc-,nged drought
(Loscnsky 1990).

Bl ister lust severity seems to be related to ge-
ographic region within the tsMWC. Rcsults of both
thc f icld studv (Tablc l)  and image classif icat ion
(Table 6) indicate that vhitebark pine mortalitv is
higher in the northcrn and western poft ions of the
r,". i ldcrncss. Stunds ncar thc Contincntal l) ividc in
the southem BMS'(I tend to have less rust dam-
age. This phenomenon nray be related to dimatic
conditions during rust spore transporl liom the al-
tclnutc host Ri6er spp. (currant and goosebcrrl
shrubs) to rvhitebark pine during late summer and
ealh fall. Succcssful sporc gcrmination and infcc-
Lion requires \rarm, moist en\.ironmenls (Bin€iham

1972). Although thesc <:clndiLions orr:ur in[re-
qucntl,v in high clcvation arcas. thcv arr: morc frc-
quent in the mocli f ied-marit i rne cl imates o{ the
northern aDd western BM\\'C than the southern
port ion ol the area (Keane and Mofgan 1994).
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mage Classif cation

Accurate classi i icr l ion of BMS C subalpine cover
tvpes provecl to be quitc clifficult. Past lire historv,
heterogencoLrs stand structure. similaritv of covcr
t,vpcs ancl varving soil par-enL material crrnfounclcd
classi i icat ion rcsLrl ts. Ficld sampling did not ade-
qurtr lv cover the l i r l l  range of succcssional corn
munit!  lvpcs for al l  subalpine corer tvpes.
\ l o l eo re r .  mo - t  B \ lU rC  - , r l , r l t , i n ,  l L , r , . t -  l l r c , l u i t c
open, averaging 20 to i [010 tree c:rnopv co\er with
lhc undcrstorv mostlv comfosed of shmbs and
h " r L -  t T r l , l "  1 1 .  T l r .  l . { \ D s { T 1 \ l  - , r r n n e r e - t i -

rnates a!crilgc spcctral reflectaDce across a il0 rnc-
ter square pirel. There[ore. the spcctral signal fiom
thc opcn forested tsX' lW(i subalpine covcr tvpcs
t'ere olien conlused uith thc signal from shrub and
herb communit ies ( lable. l) .  The opposiLe was also
trrc. A high similari l r  of tree specics across cover
types also served to r,;eakcn thc ciassilic:rtion. Dis-
l;nc{ions bchleerl some cover lvpes rlere subtlc and
these similar t .vpes milv bc mcrged in the luture.
T.astly. subalpine cornrnLrnity cornposition differed
across l imestonc and non-] imestone subsLrales
resulting in limiled success in using topographic
rules to pr-edict rt[r-'r t_-vpcs Iithout a soil l:ryer in
thc CTS.

Sh:rdouing ir  the LANDSAI' ' l ' \ {  scene also
rcducccl classilication accuracv. The sun clcvation
angle ol 1: l  degrccs and uimuth ol l4O degrees
rcsulted in elitensi!e shado* aeross this topographi-
,  alh , . ,mf i .r  .rr ,  r .  Furr rrn.rt , l  r  .  . l r .rJ, ' rn irrg rn a- nut
as scvcrc in the high elevation areas. bul manv
steep. sublhine norLh slopcs $cr-c in some shactorr
whir:h infl uenced tlassilication result-'.

Inaccufale hishl icul ECODATI macroplot lo-
cltions caused high classification cnor rates. NIac-
roplots estal i l isherJ ftrr this studv tere accuralclv
locaLrd to rr i thin 10-30 meters rrsing CIJS instru-
mcnts. Ho$ever. the historical macroplots estab-
lished fol other classilication el{brts used USCS
tLrpogr.r l ' l r ie map- errd 1eri11 1'hutrx tu p:t imate -t ' i -

t ial  coordinatcs (Bain I9901. These historical lo
cations were somdimcs off b,v 100-200 mrtcrs.
Thr ovcrall lccurac,v increased from 60 to 830/0
rr'hcn only plots from this studv wcre used to tesl
corer lvpe t lassif icat jon ( ' l  able 10). Howevrr, this
stucl_v located plots onlv in q)vcr tvpcs that con,
tained whitcbark pine.

The folesL decl inc c, lasses lele designed to
rccognize broad assessmenls ()f Lhc amount of dead
and d,ving lhitebark pinc on the Btr'lWO landscape.
Since bl ister mst is thc major cause oI this rnoftal-
ity, it vas assumed that thesc classcs nould be
related to blistcr rust severitv. Hou,cvcr" thcrc
probably were other situations that tould gi le thc
samc dccline classes. For cxamplc. l,c noticed. but
did not sarnple. abundant subalpine lir mortality
in somc portions ofthe northern Bl\'lS.C that were
cltrssilied to the high frrrcst dccline class. This is
a situation rvhcrc the majority ol morLalitv is from
subalpine lir rather than r,'hitebark pine. The Cates
Park fire of l9BB in the northern Sun Rir.cr drain
age (Figure l) killcd ncarlv all subalpine trees
within its boundaries. This alea rvas classified to
the high decline class bccause ofthe great amount
o[ f i re-ki l ler] trccs. not because of high bl istcr rust
mortalitv.

'1ABl. ! l  10.  l f ror  marr i r  usnig onlr  ECOI)AlA plo ls s.osfr |hnru l !  loc l ted $i th CI 'S.overal l  arqrra.v 83.50/o od KHAT ar-
curacr $!s 75.201, .
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lmp ications of Whitebark P ne Dec ine

The rrrnsequenccs oi whitcbark pinc clccl ine in the
BNIWC coulcl bc devastating lbr some animal and
plant species. The BMV(I is one oi the feu, remain-
ing ecostslems with substantial numbcrs of griz-
zly bcar,. that historicaliv depended on abundant
whitebark pine one crops (Craighcad et oL l9B2).
A-r the cone crops dt indle. bears must either rni-
grate or fincJ a ncrr sourcc of prchibcrnation lbocl-
stul ls (Mattson et aL. I99I, Kendall  19tt0).
Squirrels and Clalk's nubfackcrs wil l  also nccd to
find alternate frrocl sourccs. {s rrill those animals
that depend on them (l'ernel 19711. Nfureorer. tht:
Clark's nutcrackcr r\,ill tcnd to eat proportionallv
more -reeds Nhen the a,,ai lable seetJ suppl_v is lot '
(Tomback 1982). l'herclbre. l'hitebark repJenera-
t ion potential * i l l  be somewbat reduced bccausc
le*er seeds rr i l l  bc cachccl and most ofthe seeds
cachcd vill probably be excavated. Shifts in vege-
tat ion compo-ei l ion and wildl i fe migration as whitc-
bark pinc dccl incs can invoke major changes in
the diversity and slrLrclurc of thc subalpine
landsc,apc.

An important step to$,ards sustainable rnanage-
n r e r r t  o t  r ' h i t . h a r ' l  p i r r c  - r . ^ r - t e r r r -  i .  i r r r ,  r r r , , n .
The exLent anrl  sclcr i tv of rvhitcbark pine decl ine
is mostlv unknoln in the no hr\,estern l ,ni led
States. N{ost \ \ 'estern L ni lcd Statcs ntt ional parks
har.e vet to identif'the extent anrl condition ol thcir
u'hitebark pinc forcsts (Kcndall  1993). Very lel
high elevation lblests are irnenloried on national
folesLs b_,- the USDA Forcst Scrricc probablv be-
cilusc lhc,v have little cornmercial value and ale
somewhat inacr:essible. Identification of whitebark
pine healLh and stalus on thc rci lonal landscape
can provide imporlant information for various
prrrjctts sLrch as rust-rcsistant breeding programs
or grizzlv beaf relocation programs. Jt is also ncccs-
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Conclusions

Blistcr r-ust is killing manv whitebark pine trees
acros-\ the BllSC. The heavicst rnortalitr' is oc-
curl ing in the modil ied-marit ime cl irnates ol lhc
norlhern and ncstcrn port ions ofthe BMWC. The
potcntial for large whitebark pine cone crops has
been severel l  reducerl bccausc thc rust tends to
kill the crrne-bcaring branchcs lirst. Thi-. r'ill af-
fcct the manv anirnals that ut i l ize u,hitebalk pinc

Succcssional rcplacement ol thitebark pine [r;-
subalpine [ ir  and Engelrnann sprucc is also a rna-
jor cause of*hitcbark pine decline. Policies of fire
exclusion in the BM\\'C or'er most ol the last 50-60
vears has resulted in a high proport ion of subal-
pinc ftrrcst arca dominated bv subalpine fir and
spruce. N'loreoler-. those arcas currcntlv dominated
b_v whitcbark pine hale an abundance of subal-
pine l i r  in the undcrslorl .  Lastlv. the high rust
causcd rnorlalitl in whitebarl pine has acceleratr:rJ
succession to suba\r ine f ir  dominancc.
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