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Abstract

Whitebark pine (Pinus albicqutis) provides important food for wildlife and imporiant cover for snow retention and watershed prolee-
lion in high-elevation ccosystems of the northwestern Uniled States. In the northern Rocky Mountains, this species Is being reduced
at aceelerated rales by blister rust (Cronartivm ribicola), mountain pine beetle (Hentroctonous ponderosae), and advancing sucees-
sion resulling from fire exclusion. This sludy evaluates the extent and severity of the decline of whitebark pinc in the Bob Marshaull
Wilderoess Complex (BMWC) of Montana, Results of an extensive field survey of various whitehark pine cormmunities were used
to evaluate past and current whitebark pine population tevels., Satellite imagery (LANDSAT TM) data were used in conjuction with
licld data to clussify 14 BMWC subalpine cover types and 3 forest decline elasses (0 deteet extent of whitebark morlality in the
study area. Results indicate whilebark pine population levels are rapidly decrcasing, mostly as a resull of the exotic disease blister
rusl. Field results show 83% of the 2,503 sampled whitebark pine trees are infected with blister rust and an average ol 334% of
their crowns have been killed by the diseasc. Results of the satcllite image classification show whilebark pine dominant on 36%
of the 311,257 hectares comprising the BMWC subalpine analysis area. Subalpine fir dominated a high praportion (14%) of this
landscape, aboul 7% greater than its historical landseape composition. Approximately 22% of this landscape containing whitehark
pine is now experiencing high mortality and 39% is experiencing moderate mortalily. Classification accuracy was 60% for the vege-
tation cover types and T8% lor the forest decline classes.

Introduction part of its geographical range (Ciesla and Furniss
1986, Keane and Arno 1993, Arno 1986, Ken-
dall and Arno 1990). This decline is a result of
three factors acting separately or in concert: (1)
mountain pine beetle (Dendroctonus penderosae),
(2) successional replacement by more shade toler-
ant conifers, and (3) white pine blister rust (Cronar-

Whitebark pine (Pinus albicaulis) is an important
specics of northern Rocky Mountain high eleva-
tion forests. In Montana, Idaho and northwestern
Wyoming, it has been an important component on
about 10-15% of the foresied landscape {Arno and
Hoft 1989). Although it has limited use as a com-

mercial timber species, whitebark pine produces
seeds thal are highly valued by many species of
wildlife as an important source of food. These
animals include black bears ({rsus americanus) and
grizzly bears (Ursus arctos horibilis) (Kendall 1980,
Mattson et al. 1991), red squirrels (Tamiasciurus
hudsonicus) (Ferner 1974} and Clark’s nutcrackers
(Nucifraga columbiana) (Tomback 1982). The nur-
cracker plavs an mulualistic role in the whitebark
pine regeneration process because it is essentially
the only dispersal vector for the heavy. wingless
whitchark pine sced (Tomback 1982). Whitchark
pine also protecls snowpack in high elevation
watersheds and delays snowmell (Arno and Hoff
1989, Hann 1990).

Whitebark pine is rapidly decreasing in some
subalpine landscapes in the northern and western

tium ribicola). Mountain pine beetle epidemics
killed many mature whitebark pine trees during the
1940°s (Baker et al. 1971). The successional
replacement of whitchark pine by subalpine fir
{Abies lasivcarpa} and Engelmann spruce (Picea
engelmannii) is a process that is usually retarded
by naturally occurring fires. However, 60 years of
fire suppression combined with mountain pine bee-
tle and blister rust attacks have allowed fir and
spruce 1o become dominant in forests historically
dominated by whitebark pine (Ao 1986). Blis-
ter rust, an exotic disease from Europe introduced
in the western United States in 1910, is especially
falal to whitebark pine when compared 1o other
S-needle pines (Arno and Hoft 1989, Bedwell and
Childs 1943. Bingham 1972, Hofl and MacDonald
1977, Holf et al. 1980),
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The extent and severity of whitebark pine’s de-
cline acress its range arc poorly documented.
Whitebark pine’s low economic importance cou-
pled with its inaccessible habilat have contributed
to a lack of inventory and rescarch data for this
species. Most information has been from casual site
observations rather than from exlensive scientific
surveys or investigations across entire landscapes.
This study was initiated to determine the status of
whitebark pine populations across the Bob Mar-
shall Wilderness Complex, a large wildland pre-
serve in northwest Montana. Subalpine forest
communilies were inlensively inventoried to de-
velop a spatial classification of cover types and for-
est decline classes using data from satellile
imagery.

Satellile imagery has been used to classify ex-
isting vegetation and evaluate forest damage. Tden-
tification of vegetation cover types is best
accomplished using the visible, near-infrared and
mid-infrared speciral region of solar radiation {(Jen-
sen 1986, Moore and Bauer 1990, Bolstad and
Lillesand 1992). Defoliation by gvpsy moth
i(Lymantria dispar) has been detecled using LAND-
SAT Thematic Mapper (TM) and SPOT data (Joria
and Ahern 1991, Ambrosia et al. 1990). Trees
damaged by spruce budworm (Choristoneura
Jumiferana) have been mapped by Leckic and Os-
tafl (1988) using satellite imagery. Various types
of remotely sensed imagery was used to document
forest decline in Europe and the state of Vermont
{Kenneweq 1989, Landauer 1989. Rock and
Vogelmann 1989, Vogelmann and Rock 1986).

Spectral reflectance shifts markedly as a result
af insect damage on balsam fir (Abies balsamen)
and lodgepole pine (Pinus contorta) (Leckie et al.
1988, Ahern 1988). Stressed and dying trees show
a difference in rellectance in the red, near-infrared
and thermal region as compared with healthy trees
(Ahern 1988, Rock et al. 1986, Puritch 1981,
Rock and Vogelmann 1989). Spectral wavelengths
most sensitive to the deteetion of foliage mortality
geem 1o range from 500 nm to 660 nm and 770
nm to 1600 nm which approximately encompass
TM bands 2-5 (Ahern 1988, Teckie et al. 1988,
Joria and Ahern 1991). Wavelengths in mid-
infrared and thermal regions (TM bands 7 and 6)
have been used for forest damage deteetion with
limited success (Leckie and Ostaff 1988).
Wavelengths in these regions include emitted radi-
ation and are used for mortality classification be-
cause they often detect woedy debris accumulation
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such as dcad snags and downed logs (Elvidge
1988).

Study Area

The Bob Marshall Wilderness Complex (BMWC)
is & remote 600,000 hectare preserve in northwest
Montana, USA, composed of the Great Bear, Bob
Marshall and Scapegoat Wilderness Areas {Figure
1). This area consisls of mountainous lerrain dis-
sceted by major river drainages. Two periods of
glaciation formed the rugged cirque and peak land-
scape and filled valley bowoms with loosely con-
solidated glacial outwash alluvium (Alt 1985, Deiss
1958). Parent material is mostly quartzite and ar-
gillite with alternating layers of limestone, mostly
in the eastern porlions (Al 1985). The Continen-
tal Divide is a high mountain barrier that transects
the wilderness crealing a unique blend of climates
and plant communities. The climate west of the di-
vide is modified maritime with cool wet winters and
short, warm-dry summers. Average annual precipi-
tation ranges from 50 cm/vear in the driest val
leys to over 273 em/year on the Swan Front {the
westernmost mountain range). East-side climates
are continental with widely fluctualing winter tem-
peraturcs and warm dry summers. Consistent
winds are common along the cast side of the Con-
tinental Divide. Precipilation averages 40 ¢m/vear
in the vallevs to 150 cm/yvear along the Sawtooth
Range (Seil Conservation Service 19813,

Whitebark pine is & major seral species at ele-
vations ahove 1,830 meters within the study area.
Tt has the potential 10 dominate 35-45% of the
subalpine landscape within the BMWC (Bain
1990). In the absence of disturbance, whitebark
pine is eventually replaced by the more shade-
welerant subalpine fir and Engelmann spruce in
most of the area but it can form nearly pure cli-
max stands on some high, dry ridges and moun-
tain tops (Plister et al. 1977).

Fires were common on the BMWC landscape
during the last four centuries. Ayres (1901) esti-
mated 20-40% of BMWC’s whitcbark pine forests
burned during 1860 to 1900. Large, sland-
replacement fires are typical in the study area, es-
pecially in the whilebark pine zone (Losensky
1990). The great dispersal distances of the nut-
cracker allow whitebark pine a competitive advan-
tage in colonizing large burns (Tomback et al,
1990). Also, Clark’s nuterackers prefer open,
burned areas 1o cache whilebark pine seeds
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Figure 1. Map of the Bob Marshall Wilderness Complex in west-central Montana. USA with locations of macroplots sampled for

this shidy.

{Tomback et al. 1990). Some whitebark pine
stands in higher and drier areas of the southern
portion of the BMWC conlain evidence of less se-
vere, more frequent surface fires (Gabriel 1976).
These Aires tend to kill mostly subalpine fir which

favors the somewhat firc-resistant whitebark pine
{Arno 1986). As a resull. these fires maintain
whitcbark pine dominanec and climinale the subal-
pine fir understory {Arne and Hoff 1989).
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Methods cankers visible from the ground were estimated into
broad classes (0 to 5. 5 o 10, and so on). The

Field Data Callection number of infected trees and the proportion of rust-

A detatled ceological inventory was conducted in killed foliage were ocularly estimated. Presence of
various whitebark pin(} stands across Lhe entire mountain pin(‘, beetle was also recorded for each
BMWC and surr(]unding areas using ECODATA whitchark pine snag and ]i\-‘ing tree, Causes of mor-
methodology (Keane er al. 1990, Hann er ol tality were estimated for dead trees when evidence
1989). Circular 400 m? macroplols were located existed.

in representative portions of stands where white-

bark pine had a density greater than 10 mature Image Processing and Classification

(greater than 15 em diameter al breast height —

DBH) trees per ha. Stand structure. fire history., Cover tvpe and forest decline class for all BMWC

. o subalpine and alpine areas were classified using
fuels, topography. soils and plant community in- i

formation were recorded at each maeroplot. All
trees greater than 2 em DBH were sampled for age.
size. and health, Fire scars on frees and tree ages
were collected to oblain a fire history lor the study
arca {Arno and Sncek 1977). Down, dead woody
fuels (1wigs. branches and logs) and organic mat-

satellile imagery in conjunetion with digital 1errain
and environmenlal data (e.g.. elevation. aspect,
slope. estimated annual precipitation and vegeta-
tion type} (Figure 2). The GRASS spatial software
package was used 1o analvze and classify the sal-
ellite imagery and manage the spatial data layers
in a Geographic Information System (CIS) (USA
CERL 1990). The Flathcad and Lewis and Clark
National Forests supplied many of the GIS layers
used in TM classification analysis including previ-
ous vegetation classifications from LANDSAT Mul-
tispectral Scanner (MSS} scenes done in the late

1980’ (Bain 1990},

ler (duff and litter) characleristics were invenloried
about the macroplot using planar 1echniques
{Brown 1974). Macroplols were geographically
referenced using a Global Positioning System (GPS)
1o link these data 10 satellitc imagery for develop-
ment of spectral classifications.

Blister rust severity was cvaluated for each A late summer 1990 September 3 LANDSAT
whitebark pine tree as an estimation of (1) num- Thematic  Mapper (TM)  scene  (ID
ber of cankers per tree, (2) number of infected '5237717443X0, Path 41, Row 27} was pur-
trees within the maeroplot and (3} proportion of chased for this classification effort. All seven spec-
tree foliage killed by the rusl. The number of tral bands that comprised the TV scene were
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Figure 2. Procedure used 1o elassify LANDSAT TV imagery to cover lvpe and forest decline classes.
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included in the analysis. A TM spectral band is
composed ol a matrix of 30 x 30 m pixels wilh
cach pixel’s digital value representing the reflee-
tance of light between a range of wavelengths in-
tegrated across lhe pixel area. However, the
thermal TM band 6 had a pixel size of 120 x 120
m and detecls mostly emitted radiation. TM band
7 also contains seme cmitted energy.

The TM scene needed some preprocessing be-
fore it was used 1o classify vegetation. First, all
bands were geometrically rectified to the Flathead
National Forest GLS layers using a coordinate trans-
formation function in GRASS (Lrectify command)
(RMS error = 19.46 meters or 0.65 pixel resolu-
tion}. Next, the digital values for all seven bands
of the TM scene were then radiometrically con-
verled to radiance using gains and bias supplied
by FOSAT {Price 1987. Leprieur et al. 1988).
These radiance data were then corrected for haze
and atmospheric cffects (Jensen 1986) and in-
cluded as layers in the BMWC GIS as supplied by
the National Forests.

Many portions of the BMWC were excluded
from the classification analysis. The TM scene co-
vered only the central portion of the BMWC, miss-
ing most of the Scapegoat and Greal Bear
Wilderness arcas (about 25% of the total BMWC
land area). As a result, only areas within the bound-
aries of the BMWC and the image were consid-
cred in the classilication analysis area. In addition,
all areas below 1.830m in elevation, about 28%
of the remaining analysls arca, were excluded from
the analysis because intensive ficld observations,
including those from this study, indicate whitchark
pine is seldom a major forest component bhelow this
elevation in the BMWC (Arno and Hoff 1989, Bain
1690, Phster et al. 1977). Large geographic lea-
tures such as lakes, marshes, ice and persistent
snowficlds delineated in the National Forests™ GLS
layers were also removed [rom the analysis (about
1% of the remaining BMWC analysis area). The
final analysis area contained 51% of the total
BMWC land area or 311.257 hectares and is
shown in Figure 3.

Approximately 800 historical ECODATA mac-
roplots that were used to develop past MSS vege-
tation classificalions in the study area served as
additional ground truth for this study’s cover type
classification. These macroplots were especially
useful for characterizing these cover types that did
nol contain whitebark pine (Bain 1990). None of
the historical ECODATA macroplots contained tree

health or mortality information so they could not
he used in the forest decline classification. Approx-
imately 262 of the historical macroplots and 11
of this study’s ECODATA macroplols were ran-
domly excluded from the classification effort so
they could be used as tests of the final classifi-
cations.

A preliminary cover type classification of all
macroplots using the ECOPAC soliware package
(Keane et al. 1990) identified 14 cover types and
3 forest decline classes important on the BMWC
subalpine landscape. Gradient analysis lechniques
such as ordination with the programs TWINSPAN
and DECORANA (Hill 1979a. Hill 1979b) were
used as aids in the cover type classification effort
(Gauch 1982), Environmental gradicnts inter-
preted (rom ordination results were used as guide-
lines for plot classifications. Plots were classified
into cover types based mostly on the overstory
dominance of tree species canopy cover. Cover
types were named for the three dominant tree spe-
cies in order of importance. For example, cover
type 1 was dominanted by whitebark pine (30%
canopy cover), with miner amounts of subalpine
fir and Fngelmann spruce (L7 and 10%, respec-
tively). Next, 110 macroplots were selected from
all macroplots used in this classification 1o best rep-
resent every cover type and decline class on the
ground. A minimum of 2 macroplols were used
lo represent each cover lype, and a minimum of
20 macroplots represented cach forest decline
class. These selected macroplots then defined the
training sites used in the TM scene supervised clas-
sification effort (Jensen 1986). Training siles are
composed of a 3 x 3 pixel buffer around a central
pixel that is the macroplot location. A digital color
composite created from the TV spectral data was
used to expand some (raining site boundarics. Mac-
roplots not selected for use as training sites were
used in the lest of the TM classifications.

Supervised techniques were used o derive
spectral signatures for the spatial classification of
the TM scene from training site radiance values
{(Jensen 1986). Spectral signatures are composed
of the mean values for each TM band and their
associated variances and covariances computed
across all pixels within a training site. Classified
layers for cover and forest decline tvpe were
created by using the GRASS maximum likelihood
algorithm (r.maxlik command) to classify each pixel
from the spectral signatures of the training sites

and the TM speciral data (USA CERL 1990).
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These classified layers were then passed through
a coarse-level filter 10 “smooth” the classification
and remove “noise” generated from the input data
and classification algorithm (Jensen 1986,
Schowengerdt 1983}. This filler was a 5 x 5 pixel
window with Lhe central pixel assigned a class value
equal to the modal value of surrounding 24 pixels.
The purpose of this low-pass filter was 10 achieve
a minimum patch size of 0.1 ha commonly ob-
served on the BMW subalpine landscape.

Various combinations and transformations of
the seven TM spectral bands were used 1o deiect
subtle characteristics in cover and forest decline
type for the classification. Different combinations
of TM bands (e.g., 3,4,5,7 is a TM band sel) were
used to achieve the best cover type and decline
classification. Normalized diffcrence vegetation in-
dex {(NDVI) transformation was also included in
TM band sets to distinguish cover type. NDVI is
the ratio of the difference in hand values and the
sum of band values of the red and near infrarcd
TM bands (Band 4—Band 3 / Band 4 + Band 3)
{Perry and Lautenschlager 1984, Jensen 1986},
Principal Components Analysis (PCA) was per-
formed on the seven TM bands using the GRASS
software 10 reduce the dimensionality of the TM
band sct by compressing the information content
of the seven bands into three principal component
images {Jensen 1986, Schowengerdr 1983). Ca-
nonical Components Analysis (CCA} was also per-
lormed on TM bands 1-5 and 7. CCA is
implemented in the GRASS program i.cca that
takes the TM band data and a signature (e con-
laining the means and variance-covariance matrix
of several training sites and creates transformed
raster band files thal provide maximum separabil-
ity between (lraining sites {(USA CERL 1990).
Three training sites from each of the identified 14
cover types were randomly selected for use in CCA
transformation from the 1otal of 110 possible train-
ing siles.

Elevation, aspect, slope and average annual
precipitation spatial information from the GIS were
uscd te refine the spectral classification of those
pixels that were poorly classified based on a chi-
square Llesl of the classification results (Figure 2)
(USA CERJ. 1990). Pixels not classified by the
maximum likelihood algorithin 1o within a 20% chi-
square conlidence interval were then assessed for
placement into another class based on topographi-
cal ecriteria taken from the macroplol data. A
heuristic rule-based decision system that keved

cover lype [rom the topographical and climate in-
formation was implemented for this effort using the
GRASS command r.infer (LSA CERL 1990},
Relationships of classified cover types 1o Llopogra-
phy and climate were taken from sampled macro-
plot information and ecological studies {Pfister et
al. 1977, Arno and HolT 1989). The previous M55
vegetation classification of the BMWC was also
used in this classification’s refinement to assess
general trends of the poorly classified pixels. An
ecclogical description of each classification cate-
gory was summarized from the macroplot data us-
ing the FCOPAC software package (Keane et al.
1990). Characteristics that describe cover types
or forest decline classes were computed as an aver-
age and range across all macroplots assigned to
that class category {Jensen 1986). Only those areas
classified to cover types conlaining whitebark pinc
were used to classily forest decline.

The final classificd cover lype layer was tested
for accuracy after the filter smoothing using the
ECODATA macroplots excluded from the classifi-
cation cffort. A 3 x 3 pixel houndary around each
macroplot location was used as relerence in the
test procedure yielding nine test pixcls per macro-
plot. The test involved overlaving the classified
layer on Lhe nine pixel macroplol reference stands
to evaluate how the reference pixels maiched the
classified pixels. The same method was used to test
the final forest decline classification but only the
macroplot data taken for this study was used be-
cause historieal macroplot information did not in-
clude adequate rust and tree mortality evaluations.

Results
Field Study

Over 2,500 whitebark pine trees were individu-
ally sampled from 111 whitebark pine stands es-
tablished across the entire BMWC (Figure 1}
Typically, sampled stands consisted of an overstory
of ald whitchark pine and spruce (20 to 500
trees/ha, 258 to 489 vears of age) with an under-
story of almost exclusively subalpine fir (8 to
5.000+ trees/ha, 30 to 250 vears of age). Only
ten plots contained any whitebark pine regencra-
tion (less than 50 vears old). Whitebark pine snags
were common ranging {rom 0 te 123 trees/ha, No
evidence of extensive beetle epidemics was ob-
scerved in the study area.

Blister rust is responsible for the majority of
whitebark pine mortality in the BMWC. It was
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present in all but 3 of the 111 sampled stands.
Blister rust had infected an average of 83% of the
living whitchark pine trees and these trees had 10
to 15 cankers. An average of 33% of the crown
of all living trees was killed by the rust, Field data
suggest blister rust is prevalent over the entire
BMW C with the highest incidences observed in the
northern and western portions {Table 1), The
southern portion of the Continental Divide in the
BMWC seems Lo have lower blister rust severity.

TABLE 1. Ficld resulls of blister rust severity by geographi-
cal region within the siudy area. Severity is ex-
pressed us u percent of tolal live trees infected with
rust. mean number of cankers per tree by class,
and mean pereenl of crown killed by rust for white-
bark pine trees on the mueroplots.

Percenl  Average DPercent
Geographic Number lrees cankers/  crown
region plols  infected lree kill
Swan Front 39 92 11-15 4%
Continental Divide 35 67 6-10% 15%
Sawlooth Range 18 o 1i-15 33%
Middle Fork 19 93 b-15 A8*
Averages 28 83 11-15 33

*Significant at p=0.05 using Kruskal-Wallis test across geo-
graphic region.

Fire history was difficult to determine in BMWC
because of the rarity of fire-scarred trees in the

whitcbark pine zone. It appears stand-replacement
wildfires killed most trees leaving few firescars on
the landscape. However, an approximate fire his-
tory was determined from stand age structure and
the few fire scars found. The cstimated fire return
interval for the entire study area was approximately
144 years with a minimum of 55 and a maximum
of 304 years. This is comparable to Gabricl's
(1976) findings for high elevation forests of the
southern BUWC. Average stand age was approxi-
mately 228 vears with the oldest stands exceed-
ing 400 years.

Image Classification

Only one combination of the TM bands generated
crror rates lower than 50% for the cover type and
forest decline classifications (Bands 1-7 in Table
2). Overall error rates and KHAT statistics (meas-
ure ol overall agreement) (Congalton 1991} indi-
cale no particular band combination generated a
superior classification. Rather, the use of all TM
bands resulted in the best classifications (Table 2),
Classification success was not improved when the
NDVI transformation was included in the hand
combinations. Principal Components Analysis
(PCA) explained most of the variation (91%) in the
seven TM bands into three component images thal
were included as new layers in the CIS (Lavers
A, B, C in Table 2). These layers were also in-
cluded in the classification effort with limited suc-
cess. The four new layers generated from
Canonical Components Analysis (CCA) also yiclded

TABLE 2. Overall classification accuracy of evaluated TM band combinations and transformations hefore fillering and smoothing.

™ Cover Type Classificalion Forest Decline Classification
Band Overall KHAT Cheerall KHAT
Combinations Accuracy (%) Accuracy (%) Accuracy (%) Accuracy
2.3.45 31.2 24.8 47.0 29.2
2457 28.8 18.8 13.3 23.5
3,156 337 24.3 527 36.6
34,567 44.6 36.3 34.2 38.3
1.3.5.7. NDVI 27.6 17.6 47.2 29.6
3.4.5, NDVI 21.4 11.2 13.4 24.9
1.3.4.5.7 36.3 26.8 50.3 33.0
1.2,3.5.7 12.6 23.2 18.7 32.2
1.2.3,4,5,7 271 18.4 24.5 38.0
1.2.3.4,5.6.7 56.5 49.0 70.4 56.0
PCA - AB.CH 25.0 17.7 15.0 21.8
CCA - AB.CD* 42.0 32.5 18.3 25.1

*A B,C.IY are transformations of TM bands 1.7
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high error rates when used in cover type classifi-
cation {Table 2). In general, TM bands 3.4.,5 were
useful in cover type classification while bands in
the infrared and thermal regions (bands 4-7) were
best for forest decline classification.

Fourteen cover types were spatially classified
from all seven TM speciral bands and added as
alayer in the BMWC CIS (Table 3). The northern
portions of the BMWC (Middle Fork zone) seem
to he dominated by subalpine fir (19% of land-
scape) while the southern portions {southern Con-
tinental Divide) are dominated by whitebark pine
(649%). Topographical and vegetation characteris-
tics summarized frem the macroplot data are shown
for all cover types in Table 4. The lack of data for
some cover types in Table 4 is because the mac-
roplot data for those types were Laken by the Na-
tional Forest personnel and dctailed tree and fiel
information were nol recorded {Bain 1990). The
error matrix for the linal cover type classification
shows 60% overall accuracy and 52% KHAT ac-
curacy (Table 5).

The forest decline classification used TM bands
310 7 to predict extent of whitebark pine decline
in the BMWC (Table 6}. Forest decline was rated
to three broad mortality classes of low, moderate
and high based on the health of whitebark pine

and density of standing dead trees (Table 7).
Results of the imagery classification seem to agree
with the field results with the Swan Front and Mid-
dle Fork zones experiencing the greatest decline
(26 and 24% in high decline class, respectively)
(Table 6). The lowest levels of mortality appear to
be along the Sawtooth Range and Southern Con-
tinental Divide where 82% and 78% of the for-
ested arca is in the low 1o moderate decline class.
Classification accuracy averaged 78% overall with
a 68% KHAT accuracy (Tahle 8).

The spalial extent of cover tvpes by decline
class is shown in Table 9. Whitebark pine domi-
nated stands (cover types 1,3.5,6,7) comprise the
majority of subalpinc land arca in the BMWC
(56%). Nonforest cover lypes (shrubs, herhs. rocks})
occupy about 28% of the analysis arca. Only about
15% of this nonforested area is capable of sup-
porting trees as estimated from the macroplot data
collected by the Flathead National Forest persen-
nel. Cover types where subalpine fir is dominant
ilypes 2.4.,8) have the highest proportion of their
tand area in the high decline class. The whitebark
pine-lodgepole pine cover type and the high ele-
vation cover types with alpine larch (cover types
5-8) have the greatest portion of land in the low
decline class.

TABLE 3. Land area summary (hevlares) of the classified cover type by four BMWC geographic »oncs. Numbcers in parenthesis
are the percenl of cover type within that geographic zone.

BMWC Geographic Zones

Classified Sawlooth Swan 3. Cont Middle
Cover Tvpes Runge Front Divide Fork
Num Name 1 2 3 1 Totals
1 PIAL-ABLA-PIEN 17,816 (41} 30,386 (42) 65,980 (48) 22,747 139 136,929
2 ABLA-PIEN-PIAL 2,145 (5} 4,467 6) 3.533 (6) 3.838 {7 18,983
3 PIAL-PICO-ABLA 1.440 )] 2,930 “h 10,397 [t53] 2,143 14) 16,910
4 ABLA-PIAL-PICO 0 (0} 27 (> 26 (>N 9 (>1) 62
3 PIAL-PICO 1.806 {4y 1.113 6) 10,755 [E:1] 1.895 (3) 18.899
n  TPIAL-LALY-ABLA 34 {>1) 25 (=1 58 (1) 109 (=1 296
7 PIAL-LALY 97 (=D 1.897 {3 972 {1} 1,101 (2) 4,067
8  ABLA-PIAL-LALY 85 (=1) 253 (=1 262 (>1) 139 (> 738
G PICO-ARILA 319 (1) 799 {1} 1,451 (1) 928 (2) 3,497
10 ABLA-PIEN 1,656 4) 5,881 {8) 3,134 2) 6.956 (12} 17,927
11 PICO we 1) 1398 (@) 4539 (@3 453 (D 6.706
12 Shrubs 3.014 {7} 8.634 (12) 8.057 (6) 8.677 (13) 28,382
13 Herbe 4357 (10) 4.560 (6) 7512 (6 1200 (7) 20,668
14 Rock, Soil 10.561 24) 7.207 (10) 14,701 1 4,705 3] 37.174
Totals 43,735 72,907 136,706 57.909 311,257
*PIAL = Pinus albicaulis. ABLA—Aies lasiocarpa, PIEN— Picea engelmannii, PICO—Pinus conterta, LALY — Larixiyalli
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TABLE 4. Keslagical characteristios of classified cover types for the BMWC subalpine landscape. These values are computed as

a mean across all macreplots within a sampled cover type.

Cover Type Number?

Characleristic | 2 3 4 5 6 7 8 9 10 11 12 13 11
Cover tvpe name"
Dominant species PIAL ABLA PIAL ABLA PIAL PIAL PEAL ABLA PICO ABLA PICO SHRUB HERB ROCK
Secondary species ABLA PIEN PICO PIAL PICO LALY LALY PIAL ABLA PIEN S(HL
Tertiary species PIEN PIAL ABLA FICO ABLA LALY
Number Macroplots 50 31 14 2 9 2 2 2 5 50 3 50 30 50
Stand age (vr) 307 2530 200 372 202 271 257 294 96 - 94 - - =3
Whitebark pine—I'1AL
Caver (%) 30 17 19 11 28 20 25 10 1 2 1 1 2 0
Overstory age (vr) 257 229 199 284 209  1T1 175 286 - - - - - -
Linderstory age (vr) 79 92 74 7493 91 82 418 - - - - - -
Linderstory density {trees/ha) 300 160 138 7 a1 3 33 15 — — - - — —
Standing Dead
Basal arca (m27ha) 018 948 546 17.6 370 aa6d 112 5186 - — — — - -
Density {irees/ha) 180 185 163 321 106 49 12 99 - - - — — -
Rust severity
Percent infection 82,1 876 849 708 7.0 79.0 50.0 100.0 - - - - - -
Cankersitree 10-15 15-20 1015 10-15 10-15  5-10 10-15 10-15 - - - - - -
Rust erown Lall (%) 27.1 352 40.2 298 366 119 195 34.2 - - - — - -
Subalpine lir—ABLA
Cover (%) 17 26 13 30 3 20 [ 15 14 30 1 8 3 4
Overstory age (vr) 17 157 96 159 135 240 101 - - - - - — —
Understory age {vr) 120 106 107 85 7 67 8 114 - - — - - -
Understory density (treesthu) 1960 1185 286 145 20 19 71 72 - - - - - -
Engelmann spruce —PTFN
Cover (%} 10 20 8 7 2 0 0 3 140 1 | 1 3 2
Overstory age (vr) 220 236 204 314 136 - 249 - - - - — — —
Understory age (vr) 108 69 9N 84 55 - - - - - - - - -
Understory density (treesiha) 311 195 106 15 10 0 15 0 - - - - - -
Lodgepole pine—PICO
Cover (%) 1 2 22 I 16 0 0 0 54 3 60 5 2 0
Alpine larch—1ALY
Cover %) I 0 0 0 0 20 20 10 0 0 0 0 0 0
Rock Cover (%) 12 15 15 20 31 14 5 8 2 7 25 13 25 ol
Shrub Cover (%) 00 22 70 45 16 60 75 IE) 32 37 40 33 11 -
Herbaccous cover (%) 47 22 28 32 30 60 41 40 26 63 17 68 71 -
Elevation {m}
Minimum 1927 1963 1961 2061 2030 2400 2376 2300 1927 1944 1919 (944 1997 -
Maximum 2490 2417 2332 2128 2445 2400 2384 2395 1859 1853 1829 1856 1833 -
Mean 2190 2170 2110 2090 2240 2400 2380 2350 2037 2164 2018 2195 2225 -
General Aspect SESW SESW SESW NBSE SESW SWANW NWAL NWANE SENW NESW NESW  NESW ONESW -
Slope (%) 34 31 31 20 33 12 29 46 27 37 50 27 25 -
Woody Fuel (kgim?)
G0l em dia 0.02 01 002 000 001 000 002 0.00 - - - - - -
I to 3 em dia 0.11 006 0.01 022 022 022 0325 0.18 - - - - - -
3o 7.6 cm dia 036 (L29 025 022 022 022 025 0.63 - - - - - -
7.6+ cm dia 3.23 206 .34 134 226 210 360 222 - - - - - -

PIAL - Pinus albicawlis, ABLA — Abies tasivearpa, PIEN = Picea engelmanni, PICO - Pinus contorta, LALY = Larix lyaliis
Mover types 1-8 are described by data gathered in this study, cover types 9-13 are described by historical macroplot data gathered by
the Flathead National Forest. cover type 14 (Rock) was described from photos.

The symbol *=" denotes no data were available to compute average values
*5W — Southwest, SE—Southeast, NW — Northwest, NI —Novtheast
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TABRLE 5.

accuracy was 60.1% and the KHAT accuracy was 51.9%.

Error malrix comparing the agreement between ground truth pixels and the BMWC cover tvpe classification. Overall

Reference
Cover Classilied Cover Types Commission'
Types 1 2 3 4 5 4] 7 8 9 101l 12 13 14 Tot Error (%)
1 393 28 14 0 4 0 9 [¢] 0 22 2 77 54 11 622 37
2 122153 [l 0 ¢ 0 0 8] 1 33 0 36 26 0 102 62
3 19 5 60 0 5 0 5 0 2 ; 9 17 0 0 125 52
4 9 0] 0 5 ¢ 0 t] o] 0 0 0 13 0 0 27 82
b} 2 0 0 0 68 0 0 4] 0 0 1] 2 0 v] 72 6
i 10 0 0 0 0 4 15 0 0 1 0] 14 1 0 13 92
7 0 0 0 0 0o o 14 0 0 0 1] 0 1] 0 14 0
8 18 0 0 0 0 o 0 18 1] 0 [¢] 0 1] Q 36 50
9 ] 0 10 0 [V 0 0 18 0 4] 0 [ 0 36 50
10 30 ] [ 0 0 0 0 0 0 45 5 27 9 0 116 62
I | 7 0 0 0 0 0 0 0 0 27 0 0 0 35 23
12 26 14 ] 4 34 0 L 0 0 0 0 99 17 9 204 52
13 a2 2 0 0 15 0 0 0 0 0 0 40 126 41 256 51
14 22 0 0 0 13 0 0 1 0 3 0 0 10 418 478 11
Total 697 209 95 9 139 4 44 19 21 127 43 325 243 482 2457 40
(hnission'
Errer 43 27 37 45 52 0 69 6 15 65 38 70 49 14 40

'Commission error is the error of misclassifying a reference stand and Omission error is the error of not classifving the cover type correctly.

TABLE 6. Land arca summary ol elassilied forest deceline classes for the cover types conlaining whilehark pine by the four BMWC
geographic zones. Numbers in parenthesis indicate the proportion of the decline class within thal geographic szone.

BMWC Geographic Zones

{lassified

Decline Class Sawtooth Swan Sauth Middle

Num  Name Range Front Cont Div Fork Tolals

1 Low 8.822 138 18,309 1) 36,800 (38) 11,652 {36) 75.682 (39

Moderate 10,328 11,802 {33) 30152 (40) 12,799 (40} TLOTe (3%
High 4,277 (18) 11.317  (26) 20,932 (22) 7,530 {24) 44,056 (22)

Tolals 23422 (12) 14.428 (22 36,983  (50) 31,931  {16) 196.814

TABLE 7. Forest decline characleristics for BMWC whitebark pine stands.

Stund Forest Decline Class

Charucteristic Low Moderale Figh

Trees infected with rust

Crown loliage killed

Snag density (lreestha)

0 to 50%
0 to 10%
0to 10

51% to 90%
11% to 10%
10 o 50

Q1% 1o 100%
A41% 10 100%
> 50
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TABLE 8. Frror matrix contrasting the agreement between ground truth pixels and the forest decline classification. Overall ac-

curaey was 78.4% and KHAT accuracy was 67.8%.

Reference
Decline

Classificd Decline Class

Commission

(Class Low Mod High Totals Frror {%)
Low 177 19 13 209 16
Mod 27 167 53 247 33
High 24 7 176 207 15
Totals 228 193 242 663 22
Omission Error (%) 23 14 28 22

TABLE 9. Land area in hectares by classificd cover type and forest decline class for the BMWC analysis arca. Percent of forest
deeline class within a cover type are provided in parenthesis, Some cover types (9-14) did not have significant amounts
of whitebark pine so ne estimate by forest decline class was needed. Snow. ice and water were excluded from the analy-

sis area,

Cover Type Forest Deeline Class Tolal Land Arca
Num Name Low Moderute High hectares %
1 PIAL-ABLA-PIEN 49,030 (36) 60.491 (44) 27,408 (20} 136.929 44
2 ABLA-PIEN-FIAL 5.584  (30) 5,342 (28 7804 (42} 18,983 6
3 PIAL-PICO-ABLA 3,246 (19 9.526  (50) 4,138 (25} 16,910 5
4 ABLA-PIAL-PICO 70 | (L 3 (87 62 > 1
5 PIAL-PICO 13,083  {69) 1.626 9) 4,190 (22} 18,899 o
6 PIAL-LALY-ABLA 2487 (96) 7 (3) 2 (1} 226 >
T PIAL-LALY 3,994 (98) 71 2) 2 (0 4.067 1
8 ABLA-PIAL-LALY 521 (7 12 12) 200 (28 738 >1
9 PICO-ABLA 0 0 0 0 0 0 3,497 1
10 ARLA-PIEN 0 0 0 0 0 0 17,927 6
11 PICO 0 0 0 0 0 0 6,796 2
12 Shrubs 0 0 0 0 0 0 28,382 9
13 Herbs 0 0 0 0 0 201,668 7
14 Rock. Seil 0 0 0 0 0 0 37,174 12
Tolals 5,676 (39) 77080  (3Y) 44,058  (22) 31125 L00
Discussion 3% of its trees are lost each vear (Keane and Arno

Status of Whitebark Pine
Whitebark pine is rapidly declining in the BMWC,

and the obvious causes are blister rust and sue-
cessional replacement. There are very few areas
in the BMWC where rust has not infected white-
bark pine trees. It appcars the rust epidemic is ex-
tensive with the majority of the forested analysis
area (61%) in the moderate and high decline class
{Table 9). A 1991-92 remeasurement of whitebark
pine trees in historical plots located around west-
ern Montana first measurcd in 1971 indicate that
approximately 2% of the species™ basal area and
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1993). At this rate it is estimated that most BMWC
whitebark pine stands will move from the moder-
ate to high decline class within aboul a decade.
There is ample evidence from macroplot data that
whitchark pine had been experiencing mortality for
some time. There are many standing and fallen
dead whitebark pine trees at most sites (Table 4)
and it is estimated that most of these trees were
killed bv the rust.

It appears thal the whitebark cone crop in the
BMWC has greatly decreased. Field results show
that about a third of all whitebark pine crowns are




now dead. Blister rust typically begins killing a tree
by infecting and girdling the top of the crown, then
spreading downwards on the trunk and eventually
girdling the entire tree. Nearly all whitebark pine
cones are produced in the upper third of the crown
that is killed first by the rust. With 83% of white-
bark pine trees infected and 61% of the analysis
arca in the mederate or high decline class, it seems
the polential lor the large cone crops that were
historically common in BMWC subalpine forests
(Chefl 1984) has been greally reduced.

Historical stand structure and compesition cs-
timated from the macroplot data indicate that the
majorily of BMWC subalpine forests were, until re-
cently, dominated by whitebark pine with a small
component of subalpine fir and sprucc in the overs-
tory (Keane and Morgan 1991). Presence of an
older age class of whitebark pine and the prepon-
derance of whitebark pine snags indicate that these
stands once supported about 20-30 m*/ha™ of
whitcbark pine and very little subalpine fir. Now,
subalpine fir is abundant in both the understory
and overslory because of this rapid mortality in
whitebark pine (Table 4}. This is evident from TM
classificalion resulls considering cover types domi-
nated by subalpine fir {cover types 2,4,8) have the
highest proportion of their land area in the high
decline class because hlister rust-caused mortal-
ity of whitebark pine is accelerating succession to
subalpine fir. In addition, approximately 14% of
the forested BMW( subalpine landscape is domi-
nated by fir and spruce (cover types 2,4.8.10 in
Table 9). This seems higher than historical per-
cenlages considering the mean pre-1900 fire re-
turn interval (144 vears estimated from this study}
is less than the time it takes {or subalpine fir 1o
hecome dominant in the overstory (150 to 250
vears cstimated from data used in Table 4). More-
over, Ayers’ (1901) estimate of 20 to 40% land
area burned every 40 years would indicate that
only a small portion of the BMWC landscape would
be greater than L350 vears old.

The exclusion of most fires on these landscapes
over the last 60 years has also possibly contributed
to a marked increase of subalpine fir both in the
understory (PTAL-ABLA-PIEN cover type 1) and
overstory (ABLLA dominated cover types 2,4.8.10)
{Table 4). This agrees with Arno {1986) and Ken-
dall and Arno (1990} that whitebark pine is being
successionally replaced by the more shade-tolerant
fir and spruce. Arno et al. (1993) found 14% of

their study area in the Bitterroot Mountains of Mon-
tana was dominated by whitebark pine in the early
1900’s and none of that area was dominated by
whitchark pine in 1991, Without fire, the shade-
intolerant whitebark pine has limited success
regenerating under closed canopies. The lack of
whitebark pine regeneration in the sampled stands
(Table 4} again suggests that the species will even-
tually be replaced bv subalpine fir and spruce in
the absence of fire,

This field study and Ayres’ (1901) survey in-
dicale that fires were important on the BMWC
subalpine landscape. Fires that started during non-
extreme weather years in the southern BMWC were
rarcly large and usually consumed scatiered sur-
face fuels (Arno 1986, Gabriel 1976). However,
these surface fires tended to kill the fire-intolerant
fir, spruce and young whitebark, but larger white-
bark pine trees survived. This type of fire regime,
although rare in the BMWC, maintained open,
park-like stands of nearly pure whitebark pine
{Arno 1986). Some stands of cover type 1 (PIAL-
ABLA-PIEN) closcly resemble this historical stand
character excepl for the high coverage of fir and
spruce which is perhaps linked te rust mortality
and fire exclusion {Table 4). Exiensive, stand-
replacement fires such as those documented by
Avres (1901) and Losensky (1990) created burned
areas heavily colonized by whitebark pine regener-
ation {rom nutcracker-cached seed. These large
fires were probably a result of extreme drv, windy
weather condilions and prolonged  drought

(Loscnsky 1990}).

Blister rust severity seems 1o be related to ge-
ographic region within the BMWC. Results of both
the ficld study (Table 1Y and image classification
(Table 6} indicate that whitebark pine mortality is
higher in the northern and weslern portions of the
wilderness. Stands near the Continental Divide in
the southern BMWC tend to have less rust dam-
age. This phenomenon may be related 10 climatic
conditions during rust spore transport from the al-
ternate host Ribes spp. (currant and gooseberry
shrubs) to whilebark pine during late summer and
early fall. Successful spore germination and infee-
lion requires warm, moisl environments (Bingham
1972). Ahhough these condilions oceur infre-
quently in high elevation arcas. they are more fre-
quent in the modified-maritime climates of the
northern and western BMWC than the southern
portion of the area (Keane and Morgan 1994).
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Image Classification

Accurate classification of BMWC subalpine cover
types proved Lo be quite difficult. Past fire hisiory,
heterogeneous stand structure. similarity of cover
tvpes and varving soil parent material confounded
classification resuls. Ficld sampling did not ade-
quately cover the full range of successional com-
munity types for all subalpine cover 1vpes.
Moreover. mast BUWC subalpine forests are quite
open, averaging 20 to 40% tree canopy cover with
the understory mostly composed of shrubs and
herbs (Table 4). The LANDSAT TM scanner esti-
males average speetral reflectance across a 30 me-
ter square pixel. Therefore, the spectral signal from
the open forested BMWC subalpine cover types
were often conlused with the signal from shrub and
herh communities {Table 4}. The opposile was also
truc. A high similarity of tree species across cover
types also served o weaken the classification. Dis-
tinctions between some cover lypes were subtle and
these similar types may be merged in the future.
Lastly, subalpine community composition differed
across limestone and non-limestone subsirates
resulting in limited success in using topographic
rules 1o predict cover types without a soil layer in
the GIS.

Shadowing in the LANDSAT TM scene also
reduced classification accuracy. The sun clevation
angle ol 44 degrees and azimuth of 140 degrees
resulted in extensive shadow across this topographi-
cally complex area. Fortunately, shadowing was not
as severe in the high elevation areas, but many
steep, subalpine north slopes were in some shadow
which influenced classification results.

Inaccurate historical ECODATA macroplot lo-
cations caused high classification crror rates. Mac-
roplots established for this study were accurately
located to within 10-30 meters using GPS instru-
ments, However, the historical macroplots estab-
lished for other classification efforts used USGS
topographic maps and aerial photos to estimate spa-
tial coordinates {Bain 1990). These historical lo-
cations were sometimes off hy 100-200 meters,
The overall accuracy increased from 60 to 83%
when only plots (rom this study were used 1o test
cover type classification (Table 10). However, this
stuly located plots only in cover tvpes that con-
tained whilchark pine.

The forest decline classes were designed 1o
recoghize broad assessments of the amount of dead
and dying whitebark pine on the BMW . landscape.
Since blister rust is the major cause of this mortal-
ity, it was assumed that these classcs would be
related Lo blister rust severity. However, there
probably were other situations that would give the
same decline classes. For example, we noticed, but
did not sample, abundant subalpine fir mortality
in some portions of the northern BMWC that were
classified to the high (orest deeline class. This is
a siluation where the majority of mortality is from
subalpine fir rather than whitebark pine. The Cales
Park fire of 1988 in the narthern Sun River drain-
age (Figure I} killed nearly all subalpine trees
within its boundaries. This area was classified to
the high decline class because of the great amount
of fire-killed trees, not because of high blister rust
mortality.

TABLE 10. Frror matrix using enly ECODATA plots geographically located with GPS. Overall accuracy 83.5% and KHAT ac-

curacy was 75.2%.

Reference Clussilied Cover Type Commission
Cover Type L 2 3 4 5 6 7 8 Toluls Error (%)
1 323 16 7 0 1 ( 0 0 347 7

2 ol 111 6 0 0 0 0 0 178 33

3 5} > 28 B 0 5 0 79 27

1 0 0 0 5 Q 0 0 0 5 0

1 2 0 [ 4l 68 0 0 0 70 3

6 5 0 G 0 0 4 0 ¢ 9 a6

7 0 0 ( 0 0 0 14 o 141 ¢}

8 0 0 0 0 0 0 0 18 18 G
Tolals 397 132 71 5 T 4 19 18 720 17
Omission

Error (%) 19 16 19 0 9 0 27 0 17

226 Kcane, Morgan. and Menakis




Implications of Whitebark Pine Decline

The consequences of whitebark pine decline in the
BMWC could be devastating for some animal and
plant species. The BUWC is one of the few remain-
ing ecosystems with substantial numbers of griz-
zly bears that historically depended on abundant
whitebark pine cone crops (Craighcead et al. 1982).
As the cone crops dwindle, bears must either mi-
grate or find a new source of prchibernation food-
stuffs (Mattson er al. 1991, Kendall 1980}
Squirrels and Clark’s nutcrackers will also need to
find alternate food sources, as will those animals
that depend on them (Ferner 1974). Moreover, the
Clark’s nuteracker will tend to eat proportionally
more seeds when the available seed supply is low
(Tomback 1982). Therefore. whitebark regenera-
tion potential wili be somewhal reduced because
f[ewer seeds will be cached and most of the seeds
cached will probably be excavated. Shifts in vege-
tation composition and wildlife migration as whitc-
bark pinc deelines can invoke major changes in
the diversity and structure of the subalpine
landscape.

An important step towards sustainable manage-
ment of whilebark pine ecosvstems is inventory.
The extent and severily of whitebark pine decline
is mostly unknown in the northwestern United
States. Most western United States national parks
have vet to identify the extent and condition of their
whitebark pine forests (Kendall 1993). Very few
high elevation forests are inventoried on national
forests by the USDA Forest Scrvice probably be-
causc they have little commercial value and are
somewhat inaccessible. Identification of whitebark
pine health and status on the regional landscape
can provide imporiant informatien for various
projects such as rust-resistant breeding programs
or grizzly bear relocation programs. Tt is also neces-
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