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PROLOGUE 

This is the first in a series of reports and theses on 
subalpine fire dynamics of Pacific Northwest National Parks 
funded through the Cooperative Park Studies Unit, University 
of Washington. The emphases of this report are on the 1) 
successional and regional patterns of fuels, primarily, dead 
and down wood, 2) effects of summer drought on live needle 
and fine twig moisture, and 3) predictions of subalpine fire 
behavior under varying environmental conditions. Other 
reports will examine the broad and long-term ecological 
effects of subalpine fires on vegetation, how subalpine 
forests regenerate after fire (thesis), and specialized 
studies on the fire ecology of pink heather (thesis) and the 
initial ecological effects of a spring subalpine fire. 

We found fire to be a major disturbance factor in subalpine 
forests, similar to other forests throughout the Pacific 
Northwest. The ecological relationships of fire are 
considerably more complex in subalpine forests than for 
lower elevation forests. Even though we selected a large 
number of study sites (23) that range in age from recently 
burned to > 400 years old, to fully comprehend the subalpine 
fire puzzle many more sites will have to visited and 
additional research initiated. 

After two years of extensive reconnaissance and intensive 
research, it is clear that areas capable of being dominated 
by subalpine fir are vitally linked to reoccurring fires. 
Many low elevation subalpine meadows and treed-meadows would 
not exist in these areas without fire, and hence the 
diversity and patchwork of meadows, tree clusters, and 
forests, would be altered without fire. Hence, managers 
should carefully evaluate their options for allowing natural 
fires to burn in these areas. 

We hope this research will help management to better address 
these significant questions surrounding natural fire 
management and provide information that park personnel can 
disseminate to educate the public and provide a springboard 
to influence management policy in a positive way. 
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INTRODUCTION 

A subalpine ecosystem is a fascinating mosaic of trees, 
shrubs, and herbs slowly but continuously shifting the size 
and shape of its boundaries from closed-canopy subalpine 
forests to the upper reaches of treeline (Franklin et al. 
1971) . The "subalpine" is a prominent and a valuable 
resource within our Pacific Northwest national parks and 
wilderness areas, not only for scenic beauty and recreation, 
but scientifically because the Pacific Northwest has one of 
the most extensive representations of subalpine meadows in 
the world (Franklin and Dyrness 1973). In Washington State 
alone there are nearly 1,soo,000 ha (4,500,000 ac) in 
national parks and wilderness areas and a large portion of 
this land is classified as subalpine; as an example, 
approximately 20 percent of the area in the North Cascades 
National Park Complex (NOCA) is c1assif ied as subalpine 
(Agee and Pickford 1985). Climate~ conditions unique to the 
Pacific Northwest result from close proximity of the Pacific 
Ocean to relatively tall mountains:. Mild winter 
temperatures, very heavy snowfall, dry and cool summers, and 
a short growing season creates a broad expanse of low
elevation subalpine environments markedly different than 
subalpine counterparts in polar or continental regions (Arno 
and Hammerly 1984). 

Lightning fires are an integral component of ecosystem 
development in the Pacific NorthwEist (Agee 1981) . Resource 
managers are challenged and mandated by law to preserve and 
perpetuate natural processes such as fire in these national 
parks and wilderness areas (sensu Leopold et al. 1963). 
Even though fire is a necessary phenomenon, it is also one 
of the riskiest natural processes to perpetuate. To let all 
fires run their natural course is not a feasible option in 
any of our Pacific Northwest National Parks; the risks to 
society--escaping the park boundaries--are economically too 
great. On the other extreme, to vigorously extinguish all 
natural fires in our parks and wilderness areas is poor land 
stewardship and unnecessary. The risks of losing important 
animal and plant communities and unique landscape 
characteristics are too high. Policies, management plans, 
and management actions that lie somewhere in between the two 
extremes have been and will continue to be developed and 
refined. However, to properly evaluate the biological and 
economic risks of natural fires, scientists and managers 
together must develop a "long-term" agenda of research 
activities that can satisfactorily answer many of the 
complex questions surrounding natural fire management. 
Without such an agenda, one is only playing with fire. 

The objectives of this study are to 1) determine where and 
to what extent fire has been a major ecological force in 
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subalpine systems of Washington Cascade and Olympic 
Mountains, 2) inventory and evaluate the patterns of 
different fuel characteristics in subalpine systems, and 3) 
using a fire simulation model, predict subalpine fire 
behavior within different fuel complexes and under varying 
environmental conditions. 

LITERATURE REVIEW 

Considering the expansiveness of subalpine ecosystems in the 
Pacific Northwest, it is surprising how little is actually 
known about fire in these systems. Nothing is known about 
fire history in any of the subalpine systems in the Cascade 
and Olympic Mountains. Basic relationships of where fires 
are likely to burn, frequency, extent, intensity, and 
behavior have not been well documented. Information on the 
ecological effects of fire are restricted, too. Most of 
what is known comes from Agee and Smith's (1984) intensive 
study of a vegetation chronosequence from recently burned to 
90 years after fire on the wet-west slope of the Olympic 
Mountains. Douglas and Ballard's (1971) plant survey 29 
years after a fire in the central North Cascades is the only 
other paper that significantly addresses subalpine 
disturbance regimes in the Cascade and Olympic Mountains. tit. 
We know less about the ecological role of fire in subalpine 
forests than any other major coniferous zone in the Pacific 
Northwest. 

Even though fire research has been spotty, subalpine 
researchers have recognized both the presence and importance 
of subalpine fires in this region (e.g. Fonda and Bliss 
1969; Brooke et al. 1970; Kuramoto and Bliss 1970; Bockheim 
1972; Henderson 1974; Hemstrom and Franklin 1982). For 
example, when Henderson (1974) defined the general pathways 
for succession in subalpine meadows of Mount Rainier 
National Park (MORA), he concluded that fire can be a 
precursor to the formation of several important shrub and 
meadow communities (e.g. Vaccinium membranaceum/Xerophyllum 
tenax or Vaccinium deliciosum}. Evidence of past fires in 
the form of charcoal fragments in soils or on decaying logs 
at mesic and drier subalpine locations in the Cascade and 
Olympic Mountains has been noted by several researchers 
(e.g. Franklin and Mitchell 1967; Fonda and Bliss 1969; 
Kuramoto and Bliss 1970; Bockheim 1972; Henderson 1974). 

Dead wood is an ecosystem attribute biologically important 
to geomorphic processes and nutrient cycling, and provides 
habitat for a variety of organisms. (see Harmon et al. 
1986). Harmon et. al. (1986) and Agee and Huff (1987) point 
out that patterns of dead wood vary considerably with stand 
development, and different size dead and down wood maximize 
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at different stages. In the subalpine of the Pacific 
Northwest, where patterns have not be adequately documented, 
we surmise that dead wood patterns should be strongly 
influenced by harshness of the climate. Dead wood, for 
example, should linger for a long time because of the short 
snow-free season and logs should te,nd to be small because 
tree growth is limited by the climate. In Olympic National 
Park (OLYM}, Taylor (1988) found that dead wood accumulates 
near the base of subalpine fir treE~s twice as much as the 
forest as a whole. She suggests that the clumped nature of 
the fuels may act as a ladder for fires to travel up to the 
canopy. 

Dead wood along with litter and duff, shrubs, and grasses 
and herbs are major components of the fuel complex. For a 
fire to occur, an ignition source and suitable weather 
conditions are necessary, but a fire is incapable of burning 
unless adequate fuel is present. Fire behavior (rate of 
spread) in subalpine forests is expected to vary with forest 
age as a function of fuel deposition and composition, as 
documented in other forest types (Van Wagner 1978; Kessell 
1979; Romme 1982; Agee and Huff 1987). After a large fire, 
the next fire is not likely to occur until sufficient 
biomass, capable of supporting a 1:ire, has accumulated. In 
subalpine forests of Yellowstone National Park, it takes a 
minimum 300-400 years before critical levels are reached 
(Romme 1982). Agee and Huff (1987) predicted high surface 
fire potential for early stages o:E forest succession for 
western hemlock-Douglas-fir forests in OLYM, very low 
potential for mid-seral, and moderate potential in late
seral forests. 

BEHAVE, a complex model to predict (surface) fire spread 
rate, fireline intensity, and flame length, has been 
developed by Burgan and Rothermel (1984). Site specific 
fuel models can be developed or Northern Forest Fire 
Laboratory fuel models can be extracted to predict fire 
attributes under a variety of environmental conditions. 
Agee and Pickford (1985) made usE~ of the models to predict 
fire characteristics for 21 diffEffent cover types in NOCA. 
They predicted moderate spread rates (3-4 ft/min for winds 8 
mph) for open and closed subalpine fir forests relative to 
the other forest types sampled u:nder medium environmental 
conditions (e.g. 1-, 10-, and 100-hr timelag fuel moisture 
fuel moistures of 6, 7, and 8 percent). 

The moisture content of live crown fuels has a significant 
effect on wildfire behavior. Although existing wildland 
fire behavior models address only surf ace fire behavior 
(Albini 1976), there are certain conditions beyond which 
crown fire potential is significantly increased (Rothermel 
1983); foliar moisture content is one of the key criteria in 
predicting the onset of crown fire behavior. 
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Foliar moisture content, although not difficult to measure, 
is time-consuming and for that reason seasonal trends for 
many tree and most shrub species have not been established. 
Generally, trees not adapted to dry environments will lose 
foliar moisture faster than those adapted to a dry 
environment (Burgan 1979). Previous studies of shrub 
species have shown a pre-greenup low foliar moisture, 
followed by a significant increase during greenup, and then 
a slow but significant decline during the dry season 
(Lindemuth and Davis 1970, Philpot 1977, Burgan 1979, Rice 
and Martin 1985). Seasonal patterns for western United 
States tree species are similar but less abundant (Russell 
and Turner 1975, Chrosciewicz 1986). New foliage may range 
over 300-400 percent moisture on a dry weight basis, while 
end of season values may approach 100 percent (Chrosciewicz 
1986) or dip to 50-80 percent (Burgan 1979). 

Subalpine forests of the Pacific Northwest are relatively 
moist compared to many temperate forests (Franklin and 
Dyrness 1973), yet a mixture of relatively dry and moist 
subalpine forests can be identified within the subalpine 
zone. When subalpine forests burn, they tend to have a high 
proportion of crown fire to surface fire (Agee and Huff 
1980, Pickford et al. 1980, Agee and Smith 1984). This is 
due to the persistence of foliage near the ground, 
particularly in parkland environments with tree clumps, as 
well as low moisture content and resinous nature of the 
foliage. 
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STUDY REGIONS 

Three geologically distinct study regions were selected: 
Olympic, Central Cascades, and Nc>rth Cascades Mountains. 
The North cascades National Park Service Complex (NOCA), 
Olympic National Park (OLYM), and Mount Rainier National 
Park (MORA) were used as the central core to which to select 
study sites within each region (Figure 1). Rugged 
mountainous terrain, precipitous peaks, and ongoing glacial 
activity characterize each region. The peaks and ridges in 
the Olympic Mountains are for the most part -250-700 m 
(-800-2300 ft) lower than the ca~:;cade Range. The soils of 
the Olympic Mountains are primarily of sedimentary origin, 
derived from materials deposited on the ocean floor during 
the Cretaceous and Eocene (Fonda and Bliss 1969, Tabor 
1975). The parent material of the North Cascades Mountains 
is composed of complex metamorphic material resulting in a 
diverse assortment of soil types (Misch 1952). The Central 
Cascades are characteri'zed by relatively recent volcanic 
activity with porous soils of ba:saltic origin (Crandell 
1969). Unlike the Olympic Mountains, tall mountains 
dominate the Cascade landscape: Mount Baker, 3,285 m (10,774 
ft} and Glacier Peak, 3,181 m (10,568 ft) in the north, 
Mount Rainier, 4,392 m (14,410 ft) in the central, and Mount 
Adams, 3,801 m (12,307 ft) in the south Cascades. 

Cool, moist, and mild conditions are characteristic of the 
subalpine environment in the Pacific Northwest. In the 
Cascades winters are generally cooler and summers are warmer 
compared to the Olympics: both regions have approximately a 
January mean minimum temperatures of -5 to -7 degrees c and 
July mean maximum approximately 22 degrees C (Franklin and 
Dyrness 1973). Heavy snowfalls, 1000 cm or more, blanket 
the western slopes each winter, and can remain on the ground 
well into the summer months. Snow accumulations decrease 
rapidly in an easterly direction throughout each study 
region. Total annual precipitation is estimated at 150 to 
250 cm (Franklin and Dyrness 1973). Each study region 
experiences periods of very low rainfall during the summer 
months. 
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Figure 1. Location of study regions and study areas 
(shaded). Crater Lake National Park was not a main study 
area; only live fuel moisture measurements were taken there. 
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The main two tree species in the subalpine portion of the 
three regions are mountain hemlock (Tsuga mertensiana) and 
subalpine fir (Abies lasiocarpa). Mountain hemlock 
dominates wet locations while subalpine fir dominates the 
dry locations. Both species co-dominate at mesic locations. 
Other major forest tree species that inhabit these subalpine 
regions are Engelmann spruce (Picea engelmannii), lodgepole 
pine (Pinus contorta), Pacific silver fir (Abies amabilis), 
and Alaska yellow-cedar (Chamaecyparis nootkatensis) 
(Franklin and Dyrness 1973). 

Defining the exact upper and lower limits of subalpine 
vegetation is controversial among scientists. In this 
report, we use the guidelines set forth by Franklin and 
Dyrness (1973) for the Pacific Northwest: subalpine 
vegetation is defined at the upper limits as the limit of 
arborescent growth (treeline) and at the lower limits the 
extent of closed-canopy forests within the vegetation zones 
of Tsuga mertensiana or Abies lasiocarpa. The primary 
emphasis of this report is to study mid to lower limits of 
subalpine vegetation in areas where Abies lasiocarpa 
dominates. 

We hypothesize that fire is the primary disturbance agent at 
the mid and lower boundary of the subalpine zone throughout 
our study region, especially at dry and moderately dry 
locations. We also hypothesize that there is a rapid 
gradient of decreasing importance of fire with increasing 
elevation, as the closed forest grades into an open forest
meadow mosaic. Fire could initiate the establishment of a 
forest-meadow mosaic, but fire does not maintain the meadows 
of these communities. What ultimately controls the 
vegetative development in the subalpine is an assortment of 
complex interactions, strongly influenced by the regional 
and local climate regimes. Heavy snow years, especially at 
higher elevation, can inhibit or slow tree establishment. 
Other factors such as inadequate seed source and unsuitable 
conditions for establishment also contribute the long-term 
openness of these potentially forested areas. 
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METHODS 

RESEARCH DESIGN 

Differences between 1) study site age (time since burn) and 
2) study region were examined for 14 fuel characteristics. 
The overall age by region design is shown in Table 1. Site 
age was divided into two categories: young (sites -40-100 
years old) and mature (sites -125-250 years old) . Three 
distinct regions were defined, each represented by a 
national park (Figure 1). Eighteen study sites were 
selected, 9 young and 9 mature, apportioned with 3 young and 
3 mature sites per region (Table 1). Four additional sites 
were selected to examine early and late succession, 2 early 
(< 25 years old) and 2 old growth (> 300 years old) (Table 
1). The early and old-growth sites were supplemental 
research sites and were not used in the general analyses. 

Table 1. The number of study sites in the "age by region" 
study design. 

REGION 

North Mount 
Age Category Cascades Olympic Rainier Total 

Young (-40-100 yr) 3 3 3 9 

Mature (-125-250 yr) 3 3 3 9 

Supplemental Categories 

Early {< 25 yr) 1 1 2 

Young (reconnaissance) 1 1 

Old Growth (> 300 yr) 1 1 2 

Total 8 8 7 23 
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STUDY SITE SELECTION AND RECONNAISSANCE 

Before selecting the study sites, we first identified the 
areas where subalpine fires have been most prevalent over 
the last few centuries. We accomplished this by inspecting 
more than 1000 aerial photographs, looking for textural or 
landscape characteristics related to fire. More than 200 
potential fires were pinpointed. These ranged from recently 
burned to old burns, 300-350 years old. 

As hypothesized, fire was far more common in relatively dry 
rainshadow environments on steep southerly slopes than 
elsewhere. In each park, these rainshadow environments 
typically occur along the northeastern and eastern corridor 
and lie behind tall mountains that serve as a barrier to 
Pacific storms. Within the rainshadow environments, we 
found that the highest amount of fire activity historically 
occurred in specific geologic-hydrologic formations, namely, 
east or southeast to west or northwest valley orientations. 

We found the rainshadow subalpine to be dominated by one 
tree species, subalpine fir. The most commonly associated 
shrub species was big huckleberry (Vaccinium membranaceum). 
Despite the distance between the three regions, the close 
association between these two species and fire was 
relatively consistent between the three regions. 

As a means to reduce between site variability, we 
established the following criteria for site selection: 1) 
tree dominance (or potential dominance) by subalpine fir, 2) 
similar aspects, 150 to 270 degrees (southeast to west), 3) 
avoid excessively draughty sites (eg. abundance of rock 
outcroppings and soil absent), 4) similar slope with a mean 
of 40 to 60 percent, 5) similar slope position along valley 
walls (avoiding cirques) with an extensive montane zone at 
elevations below the subalpine zone, 6) fire size and fire 
shape large enough so that samples can be taken away from 
the edge of the fire (usually> 100 ha), and 7) minimize the 
influence of other disturbances. Usually all the criteria 
could be met. 

The general site characteristics for each study site are 
shown in Tables 2-4 (for location see Figure 1) . Because 
subalpine forests occur at a much lower elevation in OLYM 
than in the Cascades, the study sites, likewise, were at 
lower elevations. 
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Table 2. site characteristics and location of the study sites in North 
cascades National Park Service Complex. 

Study Sites 
Age Elevati~n 

4 Category1 Range Slope3 Aspect Location5 

Big Beaver Fire 

Beebe Mountain Fire 

Red Mountain Fire 

Trout Pond Burn 

y 1515-1788 25-
( 5000-59 00) 60 

y 1667-1940 55-
{ 5500-6400) 70 

y 1697-1848 40-
( 5600-6100) 85 

M 1606-1788 40-
( 53 00-59 00) 55 

Beebe Mountain NE Burn M 1576-1756 55-
(5200-5800) 70 

Old Perry Burn 

Perry Creek Fire 

Stillwell Creek Burn 

M 1515-1727 45-
( 5000-5700} 75 

E 1455-1697 35-
( 4800-5600) 60 

0 1788-1848 so
(5900-6100) 60 

175- T40N R14W 
235 (SSE & SSW of 

Desolation Peak) 

200- T37N R15W 
235 (WNW of Beebe Mt.) 

240- T36N Rl4W 
310 (NW of Red Mt.) 

110- T37N Rl5W 
160 (NNW of Beebe Mt.) 

160- T37N R15W 
195 . (NNE of Beebe Mt.) 

160- T40N R14W 
195 (W of 1978 Perry 

Cr. Fire; E Mt. 
Spickard} 

180- T40N Rl2W 
260 (E of Mt. Spickard) 

200- T37N R15W 
210 (Residual area in

side Beebe Mt. Fire 
boundary) 

1Y=young (40-100 yr); M=mature (125-250 yr); E=early (< 25 yr); and 
O=old growth (> 300 yr) 

2meters (feet) 
3 percent 
4degrees 
5township/range 
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Table 3. Site characteristics and location of the study sites in 
Olympic National Park. 

Study Sites 
Age Elevati~n 

Category1 Range Slope3 Aspect4 Location5 

Lost Basin Fire y 1485-1818 25-
( 4900-6000) 75 

Mount Claywood Fire y 1576-1788 40-
(5200-5900) 65 

Eagle Point Fire y 1394-1636 15-
(Waterhole Canyon Fire6 ) ( 4600-5400) 60 

Windfall Peak Burn M 1455-1697 35-
(4800-5600} 65 

Obstruction Ridge Burn M 1576-1697 40-
(5200-5600) 65 

Steeple Rock E Burn M 1424-1606 35-
(4700-5300) 45 

Chimney Peak Fire E 1545-1606 20-
(5100-5300) 60 

Steeple Rock W Burn 0 1333-1484 30-
{ 4400-4900) 45 

180- T27N R5W 
255 (NW Of Lost Peak) 

220- T27N R5W 
270 (W and NW Of Mt. 

Claywood) 

190- T28N R6W 
240 (ESE of Eagle Point) 

195- T28N RGW 
250 (WNW of Windfall 

Peak) 

180- T28N R6W 
240 (W of Obstruct.ion 

Peak) 

210- T28/29 R6W 
260 (ESE of steeple 

. Rock) 

220- T26N R6W 
270 (NW of Chimney Peak) 

200- T29N R6W 
250 (WSW of Steeple 

Rock) 

1Y=young (40-100 yr); M=mature (125-250 yr}; E=early (< 25 yr); and 
O=old growth (> 300 yr} 

2meters (feet) 
3percent 
4degrees 
5 township/range 
6Eagle Point Fire is also called the Waterhole Canyon Fire (see Fonda 

and Bliss 1969) 

11 



Table 4. Site characteristics and location of the study sites in Mount 
Rainier National Park. 

Study Sites 
Age Elevati~n 

Category1 Range Slope3 Aspect4 Location5 

Upper Crystal Fire y 1727-1818 45- 220- T17N RlOE 
(5700-6000) 65 240 (NNW of Crystal 

Lake) 

Deadwood Lakes Fire y 1606-1879 35- 230- T16N RlOE 
(5300-6200) 65 270 (N of Deadwood 

Lakes) 

Norse Peak Fire y 1666-1939 50- 235- T17N RllE 
(5500-6400) 65 250 (SSE of Norse Peak) 

Lower crystal Burn M 1545-1818 35- 240- T17N RlOE 
(5100-6000) 65 270 (NW of Crystal Lake) 

Mount Seymour Burn M 1545-1727 30- 215- Tl4N RlOE 
"(5100-5700) 70 250 (ESE of Seymour 

Peak) 

Anderson Lake Burn M 1697-1909 25- 210- T15N RllE 
(5600-6300) 60 240 (WNW of Anderson 

Lake) 

Shriner Peak Fire6 y 1424-1576 35- 175- Tl5N RlOE 
(4700-5200) 65 220 (WSW of Shriner 

Peak) 

1 Y=young (40-100 yr); M=mature (125-250 yr); E=early (< 25 yr); and 
O=old growth (> 300 yr) 

2meters (feet) 
3percent 
4degrees 
5 township/range 
6tuel reconnaissance only 
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SITE AGE AND FIRE HISTORY 

To determine an exact fire age for each subalpine study site 
was difficult, expensive, and beyond the scope of this 
study. Fires that burned after 1900 could be aged with 
reasonable accuracy using fire scars (e.g. Arno and Sneck 
1977) or historical records. Fires prior to 1900 were more 
troublesome, however. study areas were compared 
categorically, young versus mature, because 1) subalpine 
tree species die soon after being scarred and 2) using 
oldest seral cohort (sensu Heinselman 1973) is not a precise 
indicator of fire age, especially since initial tree re
invasion after fire can be a slow process (Agee and Smith 
1984). Nevertheless, our age estimates for mature sites, 
125-250 years old, are most likely within 20 years of the 
true age of the fire. The most difficulty was with sites > 
200 years old, where heartrot is prevalent among the oldest 
trees. 

DEAD AND DOWN FUEL TRANSECTS 

The sampling procedure for fuels was adapted from Brown's 
(1974) planar intersect method, with minor changes where 
necessary to sample subalpine sites more efficiently. For 
each study site, fuels were measured along one or more 
transects, several 100 m in length, aligned up and down 
slope. Wherever possible, the transects began at the edge 
of the low elevation ecotone between montane and subalpine 
forests. Transects were taken upslope, until the site and 
climate could no longer support the development of a forest 
dominated by subalpine fir. In the Cascade Mountains, 
transects were discontinued when subalpine fir forests 
graded into a community dominated by whitebark pine (Pinus 
albicaulis) or we encountered a ridgeline, which ever came 
first. In the Olympic Mountains, where whitebark pine 
communities are absent, the transects were discontinued at 
point where subalpine fir forests slowly graded into a 
subalpine parkland or krummholz; here, fire is of minor 
importance. 

At each study site, 1-4 fuel transects were established. 
Each transect was 100-1000 m (328-3281 ft) in length, up and 
down slope, with a 50 m (164 ft) crosslope transect every 50 
m. Hence, each 50 m interval was T-shaped, with the 
crosslope transect placed at the 50 m endpoint, 25 m (82 ft) 
on either side of the line (Figure 2). The total distance 
sampled for fuels within the three regions was 26.8 km (16.7 
mi): NOCA, 8.5 km; OLYM, 8.8 km; and MORA 9.5 km. 
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Figure 2. One segment of a fuel transect line. Lines A and 
B are 50 m transect lines. Lines C1-C4 are where the 1-, 
10-, and 100-hr TL fuels were measured. 
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Each dead and down log> 7.63 cm (3 in) (coarse woody 
debris) intersecting the transect line was 1) measured for 
its diameter; 2) placed into one of two size classes: 1000-
hr TL logs 7.63-20.32 cm (3-8 in) diameter or > 1000-hr TL 
logs > 20.32 cm (8 in) diameter; 3) identified to species, 
if possible; and 4) estimated to be in one of five decay 
categories (sensu Sollins 1982): 1) solid and bark intact; 
2) wood solid but bark beginning to slough; 3) most or all 
bark gone and the outer most cortex of the wood beginning to 
soften; 4) wood soft and can be broken by kicking; and 5} 
wood very decayed, crumbles in hand, and can not be picked 
up in one piece. 

Subalpine and Pacific silver fir, Alaska yellow-cedar, and 
whitebark and western white pine were the major species of 
dead wood. Subalpine fir, by far the most common and 
widespread species, was identified by one or more of the 
following characteristics: numerous resin pockets (see 
Franklin and Mitchell 1967); branching habit, namely, thick 
lower branches that often extend to the base of the bole and 
high number of branches; dense wood; wood color; wood odor 
that is strikingly different than cedar or pine; and the 
presence of abnormal swellings and deformities along the 
bole which appeared to be unique to Abies spp., especially 
subalpine fir. Pacific silver fir had characteristics 
similar to subalpine fir except it very rarely showed 
symptoms of abnormal swellings and deformities and fewer 
resin pockets. If the two fir species could not be 
distinguished, the log was identified as Abies spp. At 
elevations above where Pacific silver fir is known to 
inhabit, all true firs were recorded as subalpine fir. 
Alaska yellow-cedar could be identified reliably by either 
its bark, resistance to decay, wood color and odor, low 
softwood density, thin and few number of lower branches, 
straight bole, and pistol butt. The pines could not be 
easily distinguished from one another if the bark was 
absent. If unidentified, pine wood above 1678 m (5500 ft) 
was assumed to be whitebark pine, western white pine below 
1617 m (5300 ft), and Pinus spp. in between. Distinguishing 
characteristics of pine logs are the presence of resin 
canals, pine-like resinous odor, softwood, small to medium 
size branches sometimes in symmetrical whorls, and a 
straight bole for western white pine or many small boles for 
whitebark pine. 

The small or fine fuels, < 7.62 cm (3 in) diameter, were not 
identified to species. Each was placed into one of three TL 
diameter size classes: 1-hr, 0-0.62 cm (0-0.25 in); 10-hr, 
0.63-2.54 cm (0.25-1 in); and 100-hr, 2.55-7.62 cm (1-3 in) 
(Brown 1974). The fine fuels were measured and counted 
along 4 ordinal transect lines, 6 m in length, originating 
at the upslope 50 m point of each interval (Figure 2). 
These transect lines were superimposed on the existing up 
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and down and crosslope transect lines used for coarse fuels. ~ 
For the 1-hr TL fuels, only the first 3 of the 6 m was used. ~ 

FUEL LOADING CALCULATIONS 

Following Brown's (1974) methods, fuel loadings (t/ha) were 
calculated for each size and decay category. Brown's 
quadratric mean diameters for subalpine fir were used for 
1-, 10-, and 100-hr TL fuels; they are 0.079, 1.96, and 
20.13 cm2 , respectively. Each transect interval was 
corrected for slope. 

Wood densities were determined by decay class for subalpine 
fir, whitebark pine, and Alaska yellow-cedar (Table 5). For 
each species, 15-24 wood samples representative of decay 
categories 1-3 were collected. Wood density was estimated 
by determining the oven-dry weight and dividing it by the 
sample volume. An average density for each species by decay 
class was determined. Decay categories 4 and 5 were 
estimated by subtracting from the category 3 results, 0.1 
and 0.25, respectively. Although the wood density estimates 
in Table 5 are high compared with other tree species (see 
USDA Forest Service, 1974), the narrow growth rings 
exhibited by these high elevation species creates a very ---
dense and heavy wood. Using a water displacement method to 
estimate wood density produced similar results. 

LIVE FUEL MOISTURE 

Current year foliage, older (1+ yr) foliage, and fine twigs 
(< 0.5 cm) were sampled in 1986 for Abies lasiocarpa at OLYM 
near Hurricane Ridge. Three trees were repeatedly sampled 
during August-September. All samples were approximately 30 
g wet weight, were collected between 1400 and 1800 hours, 
and sampled only during dry weather to avoid condensed 
moisture on the sample. For each tree, two replicates of 
current year and older foliage, and one sample of twigs, 
were collected in poly bottles and tightly sealed. For 
1987, only current year foliage was collected, and two new 
locations were added: MORA, near Sunrise, and Crater Lake 
National Park (CRLA) (Figure 1). Sampling was conducted 
over a longer time period of the summer and for two species: 
Abies lasiocarpa at OLYM and MORA, and Abies magnifica 
shastensis at CRLA. 
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Table 5. Mean wood densities of select subalpine tree 
species by decay category. Samples were collected in Mount 
Rainier National Park from 1666~1818 m (5500-6000 ft) 
elevation. 

Wood Density 

Species Decay 1 Decay 2 Decay 3 Decay 4aDecay 5a 

Abies lasiocarpa 0.52 

Pinus albicaulis 0.67 

Chamaecyparis 
nookatensis 0.59 

Unknowns and all 
other speciesc 0.53 

0.49 

0.65 

0.56 

0.50 

a wood density values were estimated 
gategory 3 estimates 

wood density values were estimated 
category 3 estimates 
c mean values are estimates based on 
study regions 
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0.46 

0.55 

0.49 

0.47 

as 0.1 

as 0.25 

species 

0.36 0.21 

0.45 0.30 

0.39 0.24 

0.37 0.22 

less than decay 

less than decay 

within the 



All samples were returned to the laboratory and oven-dried 
at 80 c for 48 to 72 hrs. All values are expressed as 
percent by dry weight. 

Association of foliar moisture with easily obtained fire 
weather indices was attempted, because foliar moisture is 
time-consuming to measure. The National Fire-Danger Rating 
System (NFDRS), based on daily fire weather during the dry 
season, has two indices that might be associated with live 
fuel moisture: woody fuel moisture and 1000-hr timelag fuel 
moisture (moisture content of logs between 7.62 and 20.32 cm 
diameter) . The 1000-hr timelag fuel moisture was chosen 
because it responds to wetting and drying cycles similar to 
live fuels (Burgan 1979) and because the woody fuel moisture 
in NDFRS is a linear function of the 1000-hr timelag fuel 
moisture. Values for 1000-hr timelag fuel moisture from 
nearby stations were recorded for each sample date. 

AGE AND REGIONAL COMPARISONS 

The effects of age and region on fuel loadings were 
evaluated by analysis of variance. since the study sites 
were not randomly selected and the sample size is very 
small, three per cell in each of 6 cells, analysis of --
variance was used for interpretive purposes only and not for 
hypothesis testing. Hence, no inferences were drawn to a 
larger population of fire-regenerated subalpine forests. 

Detrended correspondence analysis (DCA), an multivariate 
ordination technique {see Gauch 1982}, was employed to 
examine the patterns of fuel composition among the 23 study 
areas. The Cornell University programs for DCA developed by 
Hill (1979) were used. A data matrix consisting of study 
sites and fuel loadings was created. Fuel loadings for the 
different fuel and decay TL categories replaced the more 
commonly used species portion of the stand by species 
matrix, hence each study site was represented by a suite of 
fuel loadings. Because the large fuels dominate the fuel 
weight of every study site, they conceal the patterns of the 
other categories; therefore, all fuel categories were 
standardized based on a ratio of the fuel loading for a site 
to the maximum fuel loading for that category. Stand DCA 
scores for the community of fuels were graphed for the first 
two axes and interpretation of environmental gradients 
influencing the community patterns were investigated. 

FIRE BEHAVIOR 

Field methods of Burgan and Rothermel (1984), Brown (1974), 
and Agee and Pickford (1985) were followed for building new 
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fuel models in fire behavior program BEHAVE (Burgan and 
Rothermel 1984). Fuel reconnaissance plots (Agee and 
Pickford 1985) were taken at 13 different sites. Additional 
shrub, herb/grass, and litter measurements were recorded 
within a 40 cm radius plot systematically placed along the 4 
fine fuel transect lines for each "T" transect interval. 
Percent cover estimates were recorded in cover classes: o
trace, trace-1, >1-5, >5-25, >25-50, >50-75, >75-95, and >95 
percent. Litter depth was the mean depth for the 40 cm plot 
and included duff, although the duff layer was rarely 
perceptible or measurable. 

The results of the regional comparisons showed that fuels 
were relatively similar between regions but not for stand 
age. As a result, the regional information for each of the 
young and mature stands was pooled, from which two fuel 
models were built. Inputs from field measurements and those 
derived from the BEHAVE model to build the young and mature 
site fuel models are shown in Table 6. Once the fuel models 
were built, several important parameters were varied 
incrementally, namely, depth and percent cover of litter, 
shrubs and grasses, to evaluate and provide insight to their 
overall effect on building fuel models. No attempt was 
made, however, to vary surface area to volume ratios which 
could have a pronounced effect on the rate of spread for 
sites with loosely packed fuels (e.g. young subalpine sites) 
(Burgan and Rothermel 1984). 

surface fire behavior is predicted by the model when 
specific environmental data is combined with a fuel model. 
We used the following environmental values: 1) mid-flame 
wind speed of 12 mph; 2) slope of 50 percent; 3) dead 1-, 
10-, and 100-hr moistures at 3, 4, and 5 percent, 
respectively; and 4) live herbaceous and woody moistures of 
90 and 100 percent, respectively. Fire behavior variables 
predicted by the model are rate of spread (fR/min), flame 
length (ft), Reaction Intensity (Ir) (Btu/ft /min), and 
fireline intensity (Btu/ft/sec). 

For each run of the fire behavior model all environmental 
and fuel loading variables are held constant except one. 
Hence, there is seemingly almost an infinite number of fuel 
and environmental combinations one could input into the 
model. Because of this, we developed two strategies to 
streamline the results. First, all variables in Table 6 and 
the environmental values listed above were held constant in 
order to predict several fire behavior variables 
simultaneously (e.g. fireline intensity and rate of spread). 
This was done for the young and mature fuel models. Then, 
additional runs varying wind at speeds of 6 and 18 mph were 
examined. Secondly, we examined certain fuel and 
environmental variables as continuous variables. To 
accomplish this, we predicted one fire behavior parameter, 
rate of spread (y) while 1) varying one of fifteen fuel or 
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Table 6. Parameters used to build fuel models for young 
and mature subalpine sites. 

Fuel Parameter 

Litter 
1-hr (t/ac) 

10-hr (t/ac) 
100-hr (t/ac) 
Litter type 
Compaction type 
Mean depth (ft) 
% weight 1-hr 
% cover 

Grass/herbs 
Model type 
Grass 
Density Class 
Mean depth (ft) 
% green (volume) 
% cover 

Shrubs 
Shrub type 
Shrub density 
Mean depth {ft) 
Dead 

% weight 
% weight 
% weight 

Living 

1-hr 
10-hr 

100-hr 

Young 

0.49 
0.31 
1.35 

deciduous 
loose/fresh 

0.1 
75.0 
30.0 

dynamic 
medium 
3 of 6 

0.75 
50.0 
40.0 

1 
5 of 6 

1. 5 

5.0 
3.0 
2.0 

% weight leaves/ 
twigs 90.0 

% shrub cover 50.0 
plant oil/waxes no 

Mature 

12.86 
0.71 
1.21 

conifer 
compact 

0.2 
85.0 
90.0 

dynamic 
niedium 
3· of 6 

0.75 
50.0 

5.0 

1 
5 Of 6 

1. 5 

5.0 
3.0 
2.0 

90.0 
20.0 

no 

Surf ace area 
Dead grass 
1-hr litter 
1-hr shrub 
Live herb 
Live woody 
1-hr mean 

ratios (ft2 /ft3 ) 

Heat content 
Dead wood 
Live herb 
Leaves/twigs 
Total mean 

2500 2500 
2000 2000 
2600 2600 
1500 1500 

800 800 
2178 2003 

{Btu/lb) 
8000 
8000 
8500 
8198 

8000 
8000 
8500 
8008 

Comments 

major component 
derived by BEHAVE 
from field estimates 
from field estimates 
young: Vaccinium spp. 
mature: compressed by 

minor component 

major component 
Vaccinium spp. 
dense 

snow 

calculated for the specific 
fuel model by BEHAVE 

resinous conifers 
calculated for the specific 
fuel model by BEHAVE 

Moisture of 
extinction (%) 21 30 mature revised from BEHAVE 

estimate of 63 % 
Packing ratio 

Combined mean 
fuel depth (ft) 

0.01069 

0.51 

0.12252 derived by BEHAVE 

0.18 derived by BEHAVE 
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environmental parameters (x) and 2) holding everything else 
constant. The end result was a comparison of fire behavior 
(rate of spread) between young and mature subalpine forests 
under varying fuel and environmental conditions. Also, fire 
behavior for stands with high within-site variation could be 
evaluated from these results. 
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RESULTS 

STAND DEVELOPMENT FOLLOWING SUBALPINE FIRE 

The recovery process following fire is slow. The denuded 
and blackened landscape appears to be a moisture limiting 
environment for most plants. It is best suited for hardy 
herbs, such as fireweed (Epilobiurn angustifolium), and fire
adapted shrubs, such as big huckleberry. This first early 
recovery stage, herein called "denudation/recolonization", 
is characterized by low numbers of tree seedlings, numerous 
standing--recently killed--trees, conspicuously shedding 
their bark, and a few pioneer species of herbs, grasses, and 
shrubs. It is further characterized by thin soils which are 
easily eroded following fire, often exposing the underlying 
bedrock. 

Denudation quickly gives way to a long stage of persistent 
standing dead trees, herein called "early young 11 • The fire
killed trees, with firmly anchored roots and dense, tightly
ringed wood, deteriorate very slowly; the largest, often 
gnarled snags remain standing 80 years or more, especially 
at high elevations. During this stage, a heterogeneous 
ground layer of herbs, shrubs, grasses and trees develops. 
The amount of tree regeneration can vary considerably from 
almost none to substantial, but for the most part, tree 
establishment after fire is extremely slow for the first 50-
75 years. Elevation is a critical factor; tree 
reestablishment occurs relatively rapidly at low elevation 
subalpine forests, near the ecotone, and decreases rapidly 
as elevation increases. This stage can be further 
characterized by thickets of big huckleberry. 

The early young stage is followed by the tree-meadow stage 
or "late young". It is characterized by solitary trees or 
clusters of trees (early pioneers) widely dispersed 
throughout a thick meadow of herbs, shrubs, and grasses and 
by the absence of standing dead trees. The ground is 
covered with, by now, well-decayed, fire-killed trees. New 
tree establishment begins to fragment the meadows into 
smaller patches; yet, big huckleberry remains a fixture 
within the meadows. If tree regeneration was high during 
the early young stage, then the tree-meadow stage is largely 
bypassed. 

An open to somewhat closed canopy forest develops as trees 
become the dominant landscape feature. This, the mature 
forest stage, is characterized many different tree sizes and 
tree ages, low amount of woody debris on the forest floor, 
and a relatively patchy but sparse ground cover. Generally, 
a mature subalpine develops about 125-150 years after fire 
and lasts for 100-150 years. 
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The mature stage slowly grades into a stage of stand 
deterioration, herein called old growth, as mortality of the 
short-lived early pioneer trees becomes more prevalent. 
This stage is characterized by large trees, many with signs 
and symptoms of disease; large snags; large canopy openings 
created by tree mortality; a patchy but more lush ground 
cover than the mature forest stage; and a high amount of 
coarse woody debris. Old-growth characteristics usually 
develop -250-300 years after fire. 

VEGETATION AND FUEL CHARACTERISTICS OF THE STUDY SITES 

North Cascades National Park Complex Primary Study Sites 

Beebe Mountain Fire (young) . 

Stage of development: early tree-meadow (see Figure 3A) 

Dominant understory species1 : Vaccinium membranaceum (31 %), 
Pachistima myrsinites (27 %), and Vaccinium caespitosum (15 
%) 

Understory cover: range 1-100 % 
mode class 26-50 % 

Live dominant sma112 tree species3 : Abies lasiocarpa (69 %) 
and Pinus albicaulis (30 %) 

Live dominant large4 tree species3 : Abies lasiocarpa (73 %), 
Pinus albicaulis (20 %), and Pinus rnonticola (6 %) 

Mean litter/duff depth: 0.3 cm 

Woody debris: Most of the fire-killed trees at this study 
site had recently fallen to the ground. Total fuel loading 
was high at 85.69 t/ha, with medium fuels accounting for 
nearly 25 percent of the total (Figure 4). The medium fuel 
loading (21.33 t/ha) was the highest of all 23 study sites 
(Figures 4-7). It indicates that the preburn forest most 
likely consisted of many small to middle range diametered
trees. 

1 includes all understory species frequencies >= 10 % 
2 includes all tree species frequencies >= 5 % 
3 trees < 2.5 m height 
4 trees >= 2.5 m height 
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Figure 3. Photographs depicting each study site: A. NOCA 
Beebe Mountain Fire (young), B. NOCA Big Beaver Fire 
(young), c. NOCA Red Mountain Fire (young), D. NOCA Beebe 
Mountain NE Burn (mature), E. NOCA Trout Pond Burn (mature}, 
F. NOCA Old Perry Burn (mature), G. OLYM Lost Basin Fire 
(young), H. OLYM Mount Claywood Fire (young), I. OLYM Eagle 
Point Fire (young) (high elevation), J. OLYM Obstruction 
Ridge Burn (mature), K. OLYM Windfall Peak Burn (mature), L. 
OLYM Steeple Rock E Burn (mature), M. MORA Upper cryst al 
Fire (young), N. MORA Deadwood Lakes Fire (young), o. MORA 
Norse Peak Fire (young), P. MORA Lower crystal Burn 
(mature), Q. MORA Mount Seymour Burn (mature), R. MORA 
Anderson Lake Burn (mature), s. Chimney Peak Fire {early), 
T. NOCA Stillwell Creek Fire (old growth), u. and V. OLYM 
Steeple Rock W Burn (old growth), w. NOCA Perry Creek Fire 
(early}, and x. OLYM Eagle Point Fire (young) (low 
elevation) • . 
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Figure 4. Fine, medium, and heavy fuel loadings (t/ha) for 
young and mature study sites in North Cascades National 
Park. The results of each study site is enclosed in a box 
subdivided into three parts: 1} top section is fine fuels, 
2} middle section is 1000-hr TL fuels by decay category 
(medium fuels), and 3) bottom section is> 1000-hr TL fuels 
by decay category {heavy fuels). 
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Figure 5. Fine, medium, and heavy fuel loadings (t/ha) for 
young and mature study sites in Olympic National Park. The 
results of each study site is enclosed in a box subdivided 
into three parts: 1) top section is fine fuels, 2) middle 
section is 1000-hr TL fuels by decay category (medium 
fuels), and 3) bottom section is> 1000-hr TL fuels by decay 
category (heavy fuels) . ~ 
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Figure 6. Fine, medium, and heavy fuel loadings (t/ha) 
young and mature study sites in Mount Rainier National 

for 
Park. 

The results of each study site is enclosed in a box 
subdivided into three parts: 1) top section is fine fuels, 
2) middle section is 1000-hr TL fuels by decay category 
(medium fuels), and 3) bottom section is> 1000-hr TL fuels 
by decay category (heavy fuels). 
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Figure 7. Fine, medium, and heavy fuel loadings (t/ha) for 
supplemental study sites in the North Cascades, Olympic, and 
Mount Rainier National Parks. The results of each study 
site is enclosed in a box subdivided into three parts: 1) 
top section is fine fuels, 2) middle section is 1000-hr TL 
fuels by decay category (medium fuels), and 3) bottom 
section is > 1000-hr TL fuels by decay category (heavy 
fuels). 
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Big Beaver Fire {young). 

Stage of development: tree-meadow (see Figure 3B) 

Dominant understory species: Vaccinium membranaceum (21 %), 
vaccinium deliciosum (10 %), Phlox diffusa (10 %), and 
Lupinus latifolius (10 %) 

Understory cover: range 1-100 % 
mode class 51-75 % 

Live dominant small tree species: Abies lasiocarpa (94 %) 
Pseudotsuga menziesii (6 %) 

Live dominant large tree species: Abies lasiocarpa (97 %) 

Mean litter/duff depth: 0.7 cm 

Woody debris: At this relatively open site, 1- and 10-hr TL 
fuel loadings were the lowest of any NOCA study site (Figure 
4). In addition, medium size fuels were the lowest of NOCA 
young stands sampled. Most of the medium and heavy fuels 
were in decay class 3. The total fuel loading was moderate 
at 40.79 t/ha. 

Red Mountain Fire (young). 

Stage of development: early young (well-decayed snags) (see 
Figure 3C) 

Dominant understory species: Vaccinium membranaceum (21 %), 
Vaccinium deliciosum (15 %), Pachistima myrsinites (15 %), 
moss spp. (13 %), and Arctostaphylos uva-ursi (10 %) 

Understory cover: range 1-100 % 
mode class 6-25 % 

Live dominant small tree species: Abies lasiocarpa (74 %), 
Pinus albicaulis (6 %), and Pseudotsuqa menziesii (6 %) 

Live dominant large tree species: Abies lasiocarpa (87 %) 
and Pinus albicaulis (6 %) 

Mean litter/duff depth: 0.5 cm 

Woody debris: Moderately low fuel loadings for fine, medium 
and heavy fuel types were observed (Figure 4); consequently 
the Red Mountain Fire had lowest total fuel loading (33.30 
t/ha) of the NOCA young sites. The low numbers for medium 
and heavy fuels may be attributable to the burn being 
slightly younger than the other NOCA study sites and many of 
the fire-killed trees were still standing. 
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Trout Pond Burn (mature). 

Stage of development: mature forest (see Figure 3E} 

Dominant understory species: Vaccinium membranaceum {50 %} 
and Rubus lasiococcus (10 %} 

Understory cover: range 0-95 % 
mode class 6-25 % 

Live dominant small tree species: Abies lasiocarpa (72 %) 
and Abies amabilis (23 %) 

Live dominant large tree species: Abies lasiocarpa (75 %), 
Abies amabilis (14 %), and Chamaecyparis nootkatensis (5 %) 

Mean litter/duff depth: 0.7 cm 

Woody debris: Medium and especially heavy fuels were scarce 
at this study site. It had by far the lowest fuel loading 
for heavy fuels (1.87 t/ha) of all 23 sites. Of medium and 
large fuels present, a greater proportion was found in the 
recently dead, decay class 2 category (Figure 4). The total 
fuel loading (10.67 t/ha) was one of the lowest recorded. 

Beebe Mountain NE Burn (mature). 

Stage of development: mature forest (see Figure 30) 

Dominant understory species: Vaccinium membranaceum (36 %), 
moss spp. (17 %), Abies lasiocarpa (17 %), and Vaccinium 
deliciosum (14 %) 

Understory cover: range trace to 95 % 
mode class 1-5 % 

Live dominant small tree species: Abies lasiocarpa (85 %} 
and Abies amabilis (10 %) 

Live dominant large tree species: Abies lasiocarpa (85 %), 
Abies amabilis (10 %), and Tsuga mertensiana (5 %) 

Mean litter/duff depth: 0.6 cm 

Woody debris: In comparison to other mature study sites, 
moderate fuel loadings for fine, medium, and heavy fuels 
were observed at the Beebe NE Burn (Figure 4). The total 
fuel loading was 23.56 t/ha. 
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Old Perry Burn (mature) . 

Stage of development: mature forest (see Figure 3F) 

Dominant understory species: Vaccinium membranaceum (28 %), 
Abies lasiocarpa (19 %), and Pteridium aguilinum (11 %) 

Understory cover: range .ol-95 % 
mode class 1-5 % 

Live dominant small tree species: 
·and Abies amabilis (7 %) 

Live dominant large tree species: 
and Abies amabilis (5 %) 

Mean litter/duff depth: 1.4 cm 

Abies lasiocar:ga (88 %) 

Abies lasiocar12a (84 %) 

Woody debris: Moderate fuel loading were observed for fine, 
medium and heavy fuels (Figure 4). Decay class 2 was the 
most common decay type for the heavy fuels. Total fuel 
loading was 29.05 t/ha. 

North Cascades National Park Complex supplemental study 
Sites 

Perry Creek Fire (early). 

Stage of development: denudation/recolonization (see Figure 
3W) 

Dominant understory species: EPilobium angustifolium (42 %), 
Carex nigricans (18 %), vaccinium membranaceum (15 %), and 
Elymus glaucus (13 %) 

Understory cover: range trace to 100 % 
mode class 6-25 % 

Live dominant small tree species: Abies lasiocarpa (93 %) 

Live dominant large tree species: no trees >2.5 m height 

Mean litter/duff depth: 0.5 cm (mostly herbaceous) 

Woody debris: Eight years after the fire, many fine- branches 
from the fire-killed trees had snapped off and fallen to the 
forest floor; as a consequence, the Perry Creek Fire study 
site (Figure 7) had the highest fuel loading of 100-hr TL 
fuels of all 23 study sites and the second highest 10-hr TL 
fuel loading (Figures 4-7). Because the burn was recent, 
decay class 2 logs for 1000- and >1000-hr TL fuels were the 

35 



second and highest fuel loadings observed on any study site. 
The total fuel loading was moderately high at 93.48 t/ha. 

Stillwell Creek Burn (old growth) . 

Stage of development: late seral/stand deterioration (see 
Figure 3T) 

Dominant understory species: Pachistima myrsinites (25 %), 
Abies lasiocarpa (17 %), and Rubus lasiococcus (17 %) 

Understory cover: range 0-100 % 
mode class o %-trace 

Live dominant small tree species: Abies lasiocarpa (93 %) 
and Chamaecyparis nootkatensis (7 %) 

Live dominant large tree species: Abies lasiocarpa (76 %), 
Chamaecyparis nootkatensis (18 %) , and Pinus albicaulis 
(6 %) 

Mean litter/duff depth: 1.3 cm 

Woody debris: Fine fuels, especially 1-hr and 10-hr TL 
fuels, were prevalent at this site (Figure 7), and are most ~-
likely associated with high amount of recent mortality in 
this stand. This tree mortality also contributed to the 
high quantity of 1000- and >1000-hr fuel found in decay 
classes 1 and 2 relative to other study sites. The total 
fuel loading was moderate at 60.83 t/ha. 

Olympic National Park Primary Study Sites 

Lost Basin Fire (young) . 

Stage of development: tree-meadow (see Figure 3G) 

Dominant understory species: Vaccinium membranaceum (47 %) 
and Abies lasiocarpa (18 %) 

Understory cover: range 1-100 ~ 0 

mode class(es) 6-25 ~ 0 and 26-50 ~ 0 (equal) 

Live dominant small tree species: Abies lasiocarpa (99 %) 

Live dominant large tree species: Abies lasiocarpa (90 %) 

Mean litter/duff depth: 1.0 cm 

Woody debris: Of the OLYM young study sites, the Lost Basin 
Fire had the lowest fine, medium, and heavy fuel loadings. 
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Nearly half of the heavy fuels were decay class 3 (Figure 
5), while recent inputs, namely decay classes 1 and 2, were 
absent. The total fuel loading of 70.46 t/ha was moderately 
heavy, although it was more than 40 t/ha below the mean for 
young OLYM study sites. 

Mount Claywood Fire (young). 

Stage of development: early tree-meadow (see Figure 3H) 

Dominant understory species: Vaccinium membranaceum (27 %) 
and Lupinus latifolius (27 %) 

Understory cover: range 0.01-100 % 
mode class 26-50 % 

Live dominant small tree species: Abies lasiocarpa (98 %) 

Live dominant large tree species: Abies lasiocarpa (95 %) 

Mean litter/duff depth: 0.5 cm 

Woody debris: Large quantities of heavy fuels characterized 
the Mount Claywood Fire study site (Figure 5). The site 
consisted of moderately well-decayed, fire~killed trees, 
that originated from a forest of large and probably old 
trees. The total fuel loading at this site, 151.16 t/ha, 
and the >1000-hr TL fuel loading, 132.71 t/ha, were the 
highest of all 23 study sites. 

Eagle Point Fire (young). 

Stage of development: tree-meadow and early mature mix (see 
Figure 3I and X) 

Dominant understory species: Vaccinium membranaceum (38 %), 
Rubus lasiococcus (15 %), and Festuca idahoensis (10 %) 

Understory cover: range 0-100 % 
mode class(es) 6-25 % and 26-50 % (equal) 

Live dominant small tree species: Abies lasiocarpa (99 %) 

Live dominant large tree species: Abies lasiocarpa (92 %) 
and Pinus monticola (6 %} 

Mean litter/duff depth: 1.4 cm 

Woody debris: At 115.47 t/ha, the Eagle Point Fire study 
site had one of the highest fuels total loadings recorded. 
Nearly 85 percent of the total fuel consisted of decay class 
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types 3 and 4 of >1000-hr TL fuels (Figure 5). Fine fuel 
loadings were moderate. 

Windfall Peak Burn (mature) • 

Stage of development: late mature forest {see Figure 3K) 

Dominant understory species: Vaccinium membr a naceum (60 %) 
and moss spp. (13 %) 

Understory cover: range 0-95 % 
mode class 51-75 % 

Live dominant small tree species: Abies lasiocarpa (98 %) 

Live dominant large tree species: Abies lasiocarpa (100 %) 

Mean litter/duff depth: 1.6 cm 

Woody debris: Moderate fuel loadings for all size classes 
were present (Figure 5). Most of the medium and heavy fuels 
were in decay class 3. Total fuel loading was 23.18 t/ha. 

Obstruction Ridge Burn (mature). 

Stage of development: late mature forest (see Figure 3J) 

Dominant understory species: Abies lasiocarpa (22 %) and 
Erythronium grandiflorum (14 %) 

Understory cover: range 0-95 % 
mode class 1-5 % 

Live dominant small tree species: Abies lasiocarpa (100 %) 

Live dominant large tree species: Abies lasiocarpa (100 %) 

Mean litter/duff depth: 1.6 cm 

Woody debris: The Obstruction Ridge Burn had high numbers of 
10-hr TL fuels (Figure 5), which most likely was related to 
the numerous small dead branches found in old but dense tree 
clumps. Total medium fuel loading was the lowest of the 
mature sites at OLYM. A wide range of different decay 
classes for heavy fuels were observed. The total fuel 
loading was low at 18.71 t/ha. 

Steeple Rock E Burn (mature) • 

Stage of development: late mature forest (see Figure 3L) 
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Dominant understory species: Vaccinium membranaceum (55 %) 
and moss spp. (15 %) 

Understory cover: range 0-75 % 
mode class 6-25 % 

Live dominant small tree species: Abies lasiocarpa (80 %) 
and Abies amabilis (13 %) 

Live dominant large tree species: Abies lasiocarpa (99 %) 

Mean litter/duff depth: 1.7 cm 

Woody debris: The Steeple Rock E Burn study site had a high 
fine fuel and moderate medium and heavy fuel loadings 
(Figure 5). Most the medium and heavy fuels were decay 
class 3 logs. Compared to other mature study sites, this 
site had the highest heavy fuel and total fuel loadings 
(48.98 t/ha). The heavy fuel loading was two times greater 
than any other mature study site. 

Olympic National Park Supplemental Study Sites 

Chimney Peak Fire (early) . 

Stage of development: denudation/recolonization (see Figure 
JS) 

Dominant understory species: Vaccinium deliciosurn (28 %) and 
Vaccinium membranaceum (16 %) 

Understory cover: range 0-95 % 
mode class o % to trace 

Live dominant small tree species: Tsuga mertensiana (89 %) 
and Abies lasiocarpa (11 %} 

Live dominant large tree species: no trees >2.5 m height 

Mean litter/duff depth: 0.3 cm 

Woody debris: This recent burn had many logs in different 
stages of decomposition (Figure 7). Some trees had recently 
fallen because of the fire, however most of the fire-killed 
trees were still standing. Nevertheless, the total fuel 
loading of 63.88 t/ha, moderately high at this stage, should 
increase rapidly over the next few decades. 
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Steeple Rock W Burn (old growth). 

Stage of development: late seral/stand deterioration (see 
Figure 3U-V) 

Dominant understory species: Vaccinium mernbranaceum (45 %) 
and Rubus lasiococcus (19 %) 

Understory cover: range 0.01-100 % 
mode clas~ . _26-50 % 

Live dominant small tree species: Abies lasiocarpa (70 %) 
and Abies amabilis (25 %) 

Live dominant large tree species: Abies lasiocarpa (93 %) 
and Abies amabilis (6 %) 

Mean litter/duff depth: 1.5 cm 

Woody debris: This >400 year old forest contained the 
largest trees and logs of any study area visited. Only the 
Mount Claywood Fire study site had more total fuel on the 
ground. Of the 135.06 t/ha of total fuel, nearly 90 percent 
were >1000-hr TL fuel particles (Figure 5). Moderate levels ~-
of medium and fine fuels were present. 

Mount Rainier National Park Primary Study Sites 

Upper Crystal Fire (young). 

stage of development: early young (well-decayed snags) (see 
Figure 3M) 

Dominant understory species: Vaccinium scoparium (30 %), 
Lupinus latifolius (20 %), Pachistima myrsinites (15 %), 
Vaccinium membranaceum {10 %) , and Festuca viridula (10 %) 

Understory cover: range 1-100 % 
mode class 26-50 % 

Live dominant small tree species: Pinus albicaulis (51 %) 
and Abies lasiocarpa (44 %) 

Live dominant large tree species: Abies lasiocarpa (51 %) 
and Pinus albicaulis (48 %) 

Mean litter/duff depth: 0.5 cm 

Woody debris: Moderate fuel loadings for fine and medium 
fuels characterized this relatively open site. Most of the 
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fire-killed trees had fallen to the ground over the last 
decade or two, as a consequence there were many logs on the 
ground and a high proportion were in decay class 3 and 4 
(Figure 6). The total fuel loading was moderately high at 
87.50 t/ha. 

Dead Wood Lakes Fire (young) . 

stage of development: early tree meadow (see Figure 3N) 

Dominant understory species: Vaccinium membranaceum (29 %), 
Pachistima myrsinites (17 %), Festuca viridula (17 %), and 
Lupinus latifolius (14 %) 

Understory cover: range 0-100 % 
mode class 26-50 % 

Live dominant small tree species: Abies lasiocarpa (44 %), 
Abies amabilis (32 %), and Chamaecyparis nootkatensis (23 %) 

Live dominant large tree species: Abies amabilis (38 %), 
Abies lasiocarpa (33 %), and Chamaecyparis nootkatensis 
(28 %) 
Note: tree establishment above 1708 m (5600 ft) elevation 
was extremely sparse, therefore nearly all the live trees 
recorded were from the lower subalpine near the ecotone, 
hence the low frequency of Abies lasiocarpa is not 
reflective of the total area sampled. 

Mean litter/duff depth: 0.5 cm 

Woody debris: The relative proportions of different timelag 
fuels and decay categories were similar between Deadwood 
Lakes and Upper crystal Fires, except there was more dead 
wood at the Deadwood Lake Fire study site (Figure 6) . Of 
all the Mount Rainier study sites, the highest amount of 
dead and down wood, 106.55 t/ha, was found here. 

Norse Peak Fire (young) . 

Stage of development: early tree meadow (see Figure 30) 

Dominant understory species: Festuca rubra (48 %) and Carex 
spp. (14 %} 

Understory cover: range 6-95% 
mode class 26-50 % 

Live dominant small tree species: Abies lasiocarpa (92 %) 

Live dominant large tree species: Abies lasiocarpa (98 %) 
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Mean litter/duff depth: 0.03 cm 

Woody debris: This unusual young study site was nearly 
devoid of wood of any timelag size class (Figure 6). It had 
the lowest amount of fine and heavy fuel of all 23 study 
sites. In addition, of all the young study sites, the Norse 
Peak Fire study site had the lowest fuel loading for 1- and 
10-hr TL and second lowest total fuel loading (10.29 t/ha). 
By the sparse amount of fuel and poor regeneration on this 
site, it appears that more than one fire has burned over 
this study area in the last 200-250 years. 

Lower Crystal Burn (mature). 

Stage of development: mature forest (see Figure 3P) 

Dominant understory species: Vaccinium membranaceum (24 %), 
Abies lasiocarpa (19 %), Lupinus latifolius (19 %), and 
Pachistima myrsinites (12 %) 

Understory cover: range .01-100 % 
mode class 6-25 % 

Live dominant small tree species: Abies lasiocarpa (82 %) 
and Pinus albicaulis {12 %) 

Live dominant large tree species: Abies lasiocarpa (78 %) , 
Pinus albicaulis (13 %), and Abies amabilis (7 %) 

Mean litter/duff depth: 1.1 cm 

Woody debris: Like most MORA study sites, the Lower Crystal 
Burn had small quantities of fine fuels. On the other hand, 
medium fuel loading was the highest of all 23 study sites; 
numerous Pinus albicaulis killed by white pine blister rust 
(Cronartium ribicola) were a major source for mediu.m fuels. 
The heavy fuels consisted of nearly all decay class 4 fuel 
particles, many of which were well-decayed fire-killed 
trees. The total fuel loading of 38.04 t/ha was the highest 
of the MORA mature study sites. 

Mount Seymour Burn (mature) . 

Stage of development: mature forest (interspersed with 
treeless meadows) (see Figure 3Q) 

Dominant understory species: Lupinus latifolius (31 %), 
Vaccinium membranaceum (23 %), Rubus lasiococcus (13 %), and 
Abies lasiocarpa {10 %} 

Understory cover: range 0-95 % 
mode class 6-25 % 
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Live dominant small tree species: Abies lasiocarpa (56 %) 
Abies amabilis (38 %), and Chamaecyparis nookatensis (5 %) 

Live dominant large tree species: Abies lasiocarpa (78 %) 
and Abies amabilis (21 %) 

Mean litter/duff depth: 0.4 cm 

Woody debris: Moderate 
medium and heavy fuels 
prominent decay class, 
were well represented. 

fuel loadings were present for fine, 
(Figure 6). Decay class 3 was the 
although decay classes 1, 2, and 4 
Total fuel loading was 27.19 t/ha. 

Anderson Lake Burn (mature) • 

Stage of development: early mature forest (meadows rapidly 
being occupied by trees) (see Figure 3R) 

Dominant understory species: Lupinus latifolius (32 %), 
Vaccinium membranaceum (18 %}, and Phlox diffusa (10 %) 

Understory cover: range 1-100 % 
mode class 6-25 % 

Live dominant small tree species: Abies lasiocarpa (83 %) 
and Abies amabilis (14 %) 

Live dominant large tree species: Abies lasiocarpa (93 %) 
and Abies amabilis (5 %) 

Mean litter/duff depth: 0.4 cm 

Woody debris: Dead wood was sparse on this site; the lowest 
fine and medium fuel loadings of all 23 study sites were 
recorded here (Figure 6). Although the heavy fuel loading 
was low, recently killed trees, decay class 1 and 2, were 
nearly as common as the usually prevalent decay class 3. 
Total fuel loading, at 9.46 t/ha, was the lowest of the 23 
sites. 

Mount Rainier National Park Supplemental Study site 

Shriner Peak Fire (young) . 

Stage of development: early tree-meadow (not shown) 

Dominant understory species: Vaccinium membranaceum (45 %), 
Fragaria vesca (13 %), and Anaphalis margaritacea (11 %) 
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Understory cover: range 1-100 % 
mode class 26-50 % 

Live dominant small tree species: Abies lasiocarpa (50 %) 
and Pseudotsuga menziesii (36 %) 

Live dominant large tree species: Abies lasiocarpa (76 %} 
and Abies amabilis (14 %) 

Mean litter/duff depth: 0.1 cm 

Woody debris: The fuel loadings at this site were similar to 
the MORA Norse Peak Fire, a sparsely-fueled young site 
(Figures 6-7). Logs in decay classes 1 and 2 were not 
present. The medium fuel loading was the lowest of all 
young sites studied. The total fuel loading was very low at 
12.73 t/ha, especially for a young study site. 

AGE AND REGIONAL COMPARISONS OF FUEL LOADING 

Fuel loading differed more by age since burn than by region. 
For the t~o-~ay AN9VA.tests on 16 different fuel ~-
characteristics, significant differences (alpha=0.05) were 
detected for 75 percent of the age comparisons but only 19 
percent of the regional comparisons (Table 7) . Significant 
interaction between age and region was detected for only one 
comparison, 1-hr TL fuels. 

Mean 1- and 10-hr TL fuel loadings were 1.5 to 4 times 
higher in mature than young subalpine forests (Table 8). 
Mature forests, not surprisingly, had substantially more 
complex tree canopy structure than young forests, hence the 
much higher abundance of small branches and twigs in mature 
forests. From field observations, on the young sites, it 
appeared that a high proportion of the 1-hr TL fuels were 
dead stems from shrubs, such as v. membranaceum. Strong 
regional differences were detected for 1-hr TL fuels, more 
so for mature study sites than young ones (age x region 
interaction, p=0.006) (Table 7). OLYM had the highest mean 
1-hr TL fuel loadings for young and mature sites and the 
highest mean 10-hr TL fuel loadings for mature sites. For 
mean 10-hr TL fuels at young sites, NOCA was highest, while 
the lowest values for mean 1- and 10-hr TL fuel loadings 
were observed at MORA. 
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Table 7. Summary table of significance levels for 16-two
way analysis of variance tests for 1) independent variables 
age category (young and mature) and region (OLYM, NOCA, and 
MORA) on dependent variable fuel loading for different 
timelag fuels and decay categories and 2) interaction 
between the independent variables. 

Significance Level 

Time lag Decay Age Age x Region 
Fuel type Category Category Region Interaction 

1-HR o.ooo* 0.000* 0.006* 
10-HR 0.001* 0.066 0.118 

100-HR 0.695 0.229 0.525 
1000-HR 1 0.116 0.331 0.395 
1000-HR 2 0.001* 0.246 0.472 
1000-HR 3 0.058 0.214 0.214 
1000-HR 4 o.ooo* 0.204 0.189 
1000-HR 5 0.003* 0.641 0.927 

>1000-HR 1 0.004*' 0.102 0.169 
>1000-HR 2 0.046* 0.994 0.421 
>1000-HR 3 0.001* 0.135 0.334 
>1000-HR 4 0.001* o.02s* 0.054 
>1000-HR 5 0.002* 0.078 0.198 

Total 1000-HR 0.202 0.678 0.357 

Total >1000-HR 0.001* 0.078 0.211 

Total Fuel 0.003* 0.178 0.363 

* significant at alpha=0.05 
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For 100-hour TL fuels, no significant differences were 
detected for either the region or age comparisons (Table 7). 
The highest means were observed in NOCA and lowest in MORA 
(Table 8). Except OLYM, mean loadings were higher in young 
than mature sites. 

For 1000-hr TL fuels, significant differences between young 
and mature study sites were detected for decay categories 2, 
4, and 5 (Table 7). There were no significant differences 
between the three regions for any of the 1000-hr TL fuel 
comparisons (Table 7). Mean fuel loadings for decay classes 
1 and 2 were extremely low, below 2.5 t/ha, yet 
substantially more was observed on mature than young sites 
in every region {Table 8). Of the 5 decay categories, 
nearly every study site had its highest 1ooo~hr TL fuel 
loading in decay class 3 (Figures 4-7). Mean loadings 
ranged from 4.5 to 11.5 t/ha and were 2 times higher in 
young than mature, except at MORA where differences we 
slight (Table 8). Similarly, mean fuel loadings for decay 
categories 4 and 5 were higher in young than mature in every 
region. There were substantial differences for category 4 
where mean loadings at young sites ranged from 2.7 to 4.3 
t/ha, 4 to 8 times higher than mature sites (Table 8). The ~ 
lowest mean fuel loadings for decay categories 4 and 5 were ,_, _ 
at MORA. 

For mean total 1000-hr TL fuel loadings (i.e. all the decay 
categories combined), no significant differences were 
observed between the regions or age categories (Table 7). 
Mean total fuel loadings were highest at NOCA for young 
study sites and at MORA for mature study sites. MORA had 
significant less 1000-hr TL fuel on its young sites than the 
other two regions and was the only region to have higher 
mean 1000-hr TL fuel loading in mature than young. 

A much stronger pattern differentiating young and mature 
stands emerged for >1000-hr comparisons. Significant 
differences between young and mature subalpine forests was 
observed for all 5 decay categories (Table 7). There were 
no significant differences between the regions except decay 
category 4, where fuel loadings were highest for young sites 
at OLYM and for mature sites at MORA. Mean >1000-hr TL 
loadings, like the mean 1000-hr TL fuel loadings, were low 
in decay categories 1 and 2 and there was consistently more 
fuel in mature than young (Table 8). In all three regions 
for both mature and young sites, mean >1000-hr fuel loadings 
were highest in decay category 3; the one exception being 
MORA mature sites where decay category 4 was higher (Table 
8). Mean fuel loadings for decay categories 3, 4, 5 and 
total fuel loading were higher in young than mature in every 
region. For total >1000-hr TL fuel loading, young sites 
consistently had 4 to 5.5 times more fuel than mature sites 
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Table s. Comparison of mean fuel loadings (t/ha) of different timelag 
fuels and decay categories by age categories (young and mature) and 
regions (OLYM, NOCA, and MORA). 

1-HR TIMELAG FUELS 10-HR TIMELAG FUELS 

Region Reg i on 

Age OLYM NOCA MORA mean Age OLYM NOCA MORA mean 

Young 0.17 0.16 0.10 0.14 Young 0.66 0.97 0.44 0.69 

Mature 0.64 0.53 0.31 0.49 Mature 2.19 l..45 1.14 1.59 

mean 0.40 0.35 0.20 0.32 mean 1.42 l. 21 0. 7 9 1.14 

100-HR TIMELAG FUELS 1000-HR TIMELAG FUELS 
DECAY CATEGORY 1 

Region Region 

Age OLYM NO~A MORA mean Age OLYM NOCA MORA mean 

Young 2.17 4.63 2.29 3.03 Young o.oo 0.05 0.15 0.07 -- Mature 2.95 3.13 2.04 2.71 Mature 0. 89 0.25 2.86 1. 33 

mean 2.56 3.88 2.17 2.87 mean o. 45 0.15 l. 50 0.70 

1000-HR TIMELAG FUELS 1000-HR TIMELAG FUELS 
DECAY CATEGORY 2 DECAY CATEGORY 3 

Region Region 

Age OLYM NOCA MORA mean M!il OLYM NOCA MORA mean 

Young 0.10 0.31 0.39 0.27 Young 7.54 11. 51 4. 33 7.79 

Mature l. 09 2.48 1.93 l. 83 Mature 4.55 4.50 4.49 4.51 

mean 0.59 1.40 1.16 1. 05 mean 6.04 8.00 4.41 6.15 

1000-HR TIMELAG FUELS 1000-HR TIMELAG FUELS 
DECAY CATEGORY 4 DECAY CATEGORY 5 

" Region Region 

Age oi.i~H NOCA MORA mean ige OLYM NOCA MORA mean 

e Young 4.32 3.09 2.65 3.35 Young 0.64 0.51 0.47 0.54 

Mature 0.!>9 0.78 0.54 0.64 Mature 0.17 0.14 0.08 0.13 

mean 2.45 1.93 1. 60 l. 99 mean 0.40 0.33 0.27 0.33 
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Table 8. continued. 

- I 

>1000-HR TIMELAG FUELS >1000-HR TIMELAG FUELS 
DECAY CATEGORY 1 DECAY CATEGORY 2 

Region Region 

Age OLYM NOCA MORA mean Age OLYM NOCA MORA mean 

Young 0.00 o.oo 0.13 0.04 Young 0.10 0.13 1.17 0.47 

Mature 1.00 0.13 0.99 0.99 Mature 2.58 2.37 1. 39 2.11 

mean 0.50 0.06 0.56 0.38 mean 1. 34 1.25 1.28 1. 29 

>1000-HR TIMELAG FUELS >1000-HR TIMELAG FUELS 
DECAY CATEGORY 3 DECAY CATEGORY 4 

Region Region 

Age OLYM NOCA MORA mean Age OLYM NOCA MORA mean 

Young 62.10 23.94 37.07 41.04 Young 30.80 6.87 16.90 18.19 

Mature 10.13 4.22 3.43 5.93 Mature 3.03 1. 03 5. 31 J.12 --
mean 36.12 14.08 20.25 23.48 mean 19.91 3.95 11.10 10.66 

>1000-HR TIMELAG FUELS TOTAL 1000-HR TIMELAG FUELS 
DECAY CATEGORY 5 

Region Region 

Age OLYM NOCA MORA mean Age OLYM NOCA MORA mean 

Young 3. 71 1.09 2.03 2.29 Young 12.60 15.47 7.99 12.02 

Mature 0.48 0.10 0.38 0.32 Mature 7.29 B.14 9.90 8.44 

mean 2.13 0.59 1. 21 1. 31 mean 9.94 11. Bl 8.95 10.23 

TOTAL >1000-HR TIMELAG FUELS TOTAL FUELS 

Region Region 

Age OLYM NOCA MORA mean Age OLYM NOCA MORA mean 

Young 96.77 32.03 57.30 62.03 Young 112. 36 53.26 68 .11 77.91 

Mature 17.22 7.85 11. 50 12.19 Mature 30.29 21. 09 24.90 25.43 

mean 57.00 19.94 34.40 37 .11 mean 71.33 37.18 46.50 51. 67 
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(Table 8); the largest mean loadings for young and mature 
sites were recorded at OLYM and the lowest at NOCA. 

Total fuel loadings patterns were similar to the >1000-hr TL 
fuels (Table 8). As expected, the enormous weight 
associated with the largest log category accounted for a 
large proportion of the total fuel loading. Young site 
total fuel loadings were 2.5 to 3.7 heavier than mature 
sites. The large differences are undoubtedly related to the 
large amount of coarse woody debris from trees killed by the 
fire characteristic of young sites. Conversely, mature 
sites, did not have as much dead wood since most fire-killed 
trees had decomposed. 

Regional patterns of total fuel loading were not defined 
enough to detect significant differences in total fuel 
loading. However, for both young and mature sites the 
highest fuel loadings were in OLYM and lowest .in NOCA. The 
largest regional differences were for young sites. The mean 
total fuel loading for OLYM was nearly twice that of MORA or 
NOCA (Table 8). Again, fire-killed trees from the preburn 
forest appears to be an important contributor to the 
differences between the Cascade and Olympic Mountain study 
sites. The interrlationship between size of the live trees 
at the time of the fire and regional climate and fire
return-interval differences could account for the large 
total fuel loading differences. Based on our extensive 
field and aerial photograph reconnaissance, the fire 
frequency was considerably higher in NOCA and MORA study 
regions, which are more strongly influenced by a continental 
climate, than the OLYM study region, situated in a more 
maritime climate. The characteristics of the stand at the 
time of the fire determine the size and amount of fire
killed trees input as coarse woody debris for decades after 
the fire. For example, with stand replacement fires at a 
300 year rather than 400 year interval, tree size at the 
time of the fire will generally be smaller when the trees 
become snags. Certainly, other factors contribute to large 
amount of dead wood found on OLYM young sites, such as, low 
elevation for the subalpine zone and the quickness with 
which subalpine forests reestablish in the OLYM region. 

A plot of DCA fuel loading scores of all the study sites is 
shown in Figure 8. Each point, which represent the 
multivariate loading of various size classes for one study 
site, is shown along the first two ordination axes. The 
eigenvalue for axis 1 is 0.33 and for axis 2 is 0.12. 
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ordinations results using standardized study site fuel · 
loadings. Scores for axes 1 and 2 are displayed; 
eigenvalues for the two axes are 0.333 and .117, 
respectively. 

50 

--

i 



i --

Stands of the same age category clustered together. Along 
DCA axis 1, all 10 young study sites ordinated to the left 
or lower end of the scale while all 9 mature study sites 
occurred to the right or upper end of the scale. There were 
too few early and old-growth study sites to distinguish 
their pattern. In the context of a "suite" of fuel size 
sizes and decay categories, the DCA results suggest that the 
fuel composition of young and mature stands are different. 
Community characteristics that most influenced the 
separation were decay categories 1 and 2 for 1000- and 
>1000-hr TL fuels. On young study sites, decay categories 1 
and 2, combined, accounted for only 2.8 percent of the total 
1000-hr and 0.9 percent of the total >1000-hr TL fuel 
loadings, whereas for mature study sites, the same decay and 
TL fuel categories accounted for 37.5 and 24.6 percent of 
the total for each TL fuel. 

Some regional patterns can be identified along axis 1 within 
the group of young study sites. The most similar or tightly 
clustered study sites were the young OLYM sites (Figure 8). 
Although not as tightly clustered, but ordinated close to 
the OLYM sites were MORA fuels. The most different of the 
young fuel sites were at NOCA (Figure 8). No regional 
patterns were apparent for the mature study sites. 

Differences between young and mature study sites can also be 
seen along axis 2 but the pattern is less prominent than 
axis 1. Most of the ordination scores for axis 2 were 
clustered within a narrow band. Nevertheless, 9 of the 10 
young site fuel ordination scores were > 82 whereas 7 of the 
9 mature sites scores were < 81. Decay category 3 of the 
1000-hr TL fuels was an important component for 
distinguishing between the age categories. This fuel type 
was higher in mature than young for nearly every study site 
(Figures 4-7). Spearman rank correlation between DCA axis 2 
scores and fuel loadings of decay class 3 1000-hr fuels also 
showed that these two variables were reasonably well 
correlated (rs=-0.75); that is, the fuel loading decreased 
as the axis 2 ordination score increased. 

LIVE FUEL MOISTURE 

New subalpine fir foliage had higher average moisture 
content than old foliage or small twigs (Figure 9). By the 
beginning of the sampling period in early August 1986, new 
foliage had lost a significant amount of moisture but its 
moisture content was still much higher than old foliage or 
twigs, which showed little variation over the season. The 
minimum current year foliar moisture averaged about 150 
percent for 1986, with some individual variation (Figure 
10). 
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Figure 9. Moisture content (percent) of Abies lasiocarpa 
new foliage, old (1+ yr) foliage, and small live twigs {<0.5 
cm diameter) at Hurricane Ridge, Olympic National Park, 
during 1986. 
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Figure 10. current year foliar moisture content (percent) 
of three Abies lasiocarpa trees at Hurricane Ridge, Olympic 
National Park, 1986. 
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Figure 11. current year foliar moisture content (percent) 
for Abies lasiocarpa at Olympic and Mount Rainier National 
Parks and Abies magnif ica shastensis at crater Lake National 
Park, 1987. 
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In 1987, the new foliage again had a pronounced seasonal 
decline (Figure 11). The Olympic samples had a profile very 
similar to the 1986 samples. Mount Rainier samples began at 
higher moisture than Olympic samples but were lower by the 
end of the sampling period. The Crater Lake Shasta red fir 
(Abies magnif ica shastensis) samples had the highest 
moisture contents across the season, which may represent 
site or species effects or a combination of both. 
There appears to be no statistical relationship between 
current year foliar moisture and the NFDRS 1000-hr timelag 
fuel moisture index. The coefficients of determination for 
the entire data set and individual analyses for Olympic and 
Crater Lake data were zero when adjusted for degrees of 
freedom; the Mount Rainier adjusted coefficient of 
determination was 0.225, accounting for less than one
quarter of the total variance. 

The assumed relationship between woody fuel moisture and 
1000-hr timelag fuel moisture (Burgan 1979) is based on a 
weighted average of all foliage moisture, not just that of 
new foliage. The proportion of new to old foliage will vary 
by site and species. using Brooks' (1987) data for 
subalpine fir, only 8 percent of the foliage dry weight was 
produced in the current year; values for subalpine fir and 
Shasta red fir, while unknown, were assumed to be 10 percent 
as both also retain significant older foliage. An average 
foliar moisture was calculated using this weighted approach, 
after which the weighted foliar moistures were regressed on 
the 1000-hr timelag fuel moisture. The coefficient of 
determination remained zero. 

The absence of a relationship between 1000-hr timelag fuel 
moisture and foliar moisture content of these subalpine 
conifers is surprising. The National Fire-Danger Rating 
System uses the 1000-hr timelag moisture to predict green-up 
period increases and dry season decreases in woody fuel 
moisture (Burgan 1979). Although subalpine fir is a widely 
distributed subalpine conifer in the Pacific Northwest, its 
foliar moisture response to seasonal drying and wetting 
trends cannot be predicted from the large log fuel moisture 
index. Further work should be conducted to verify the 
present results, but in the interim, there appears to be no 
substitute for foliar fuel moisture sampling to determine 
foliar moisture. 
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FIRE BEHAVIOR 

Based on the BEHAVE results, the young fuel model was far 
more flammable than the mature fuel model (Table 9 and 
Figures 12-13). This suggests that surface fire is more 
likely to burn on pre-canopy sites than forested sites. The 
most important features distinguishing fire behavior on 
young and mature sites are 1) shrub caver and mean fuel 
depth (higher for young sites) and 2) litter type, a) on 
young sites, loose deciduous leaves, which is more flammable 
than snow-compacted needles and related to shrub abundance 
and b) on mature sites, a substantially less flammable 
litter, snow-compacted-short-leave~ conifer needles. 

To model fire behavior in situations where if ignition 
occurred a fire would develop, we used extreme but realistic 
environmental conditions, such as 3 percent 1-hr fuel 
moisture and 90 percent live herbaceous fuel moisture (see 
Table 6), that mimic low fuel moistures typical of dangerous 
fire conditions in the Pacific Northwest. Yet, even under 
these extreme conditions, simulated burns of the general 
mature fuel model, mature model 1 (Table 9), did not spread. 
To experimentally get the mature fuel model to burn, we made 
some adjustments to the existing model, namely, decrease the 
1-hr fuel loading (Table 9, mature2) and more importantly 
increased the mean fuel bed depth {Table 9, mature3). For 
the mature model, fire behavior was most sensitive to 
changes in the fuel bed depth. When adjusted upward, from 
0.18 to 0.36 ft, about 60 percent of the mean depth for the 
young fuel model, a moderate rate of spread resulted (Table 
9). Although such a fuel bed depth is high for a mature 
stand because it translates into a shrub cover of about a 60 
percent, it is not unrealistic. A good example is the Wind 
Fall Peak Burn, a mature study site in OLYM, where shrub 
cover, primarily v. membranaceum, averaged 51-75 percent. 

No adjustments to the young fuel model were necessary since 
moderate to intensive fire behavior resulted under the same 
environmental conditions used for the mature fuel model. As 
each environmental and fuel parameter was modeled 
individually (Figures 12-13), it was apparent that an 
extreme burning situation would result by increasing the 1-
hr TL fuel loading and fuel depth. Increases for either 
variable, above the general young model, would, again, be 
realistic. This would be possible where shrub cover is > 75 
percent in conjunction with extensive tree regeneration. 
Although this fuel condition was not observed over a large 
area, smaller patches of the dense, highly flammable fuels 
were observed within a larger mosaic of less flammable 
fuels. 
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Table 9. Fire behavior results for three wind speeds using 
general fuel models built for young and mature subalpine 
forests. 

Fire Variable 

Wind Rate of Flame Reaction Fireline 
Age/ Speed Spread Length Inten~ity Intensity 
type (mph) (ft/min) (ft) (Btu/ft /min) (Btu/ft/sec) 

younga 6 9 4 2593 97 
maturel~ 6 1 0 212 1 
mature2 6 1 0 308 1 
mature3c 6 4 2 1383 18 
young 12 19 5 2593 202 
maturel 12 1 0 212 1 
mature2 12 1 0 308 1 
mature3 12 8 2 1383 40 
young 18 31 6 2593 328 
maturel 18 1 0 212 1 
mature2 18 1 0 308 1 
mature3 18 9 3 1383 44 

e . 

a general fuel model for young or mature subalpine forests; 
see Table 6 for a full list of model parameters ~~ 

b general mature fuel model except litter depth was reduced 
from 0.2 to 0.1 ft and shrub cover increased from 20 to 30 
percent bsee text for further details) 

c same as except mean fuel bed depth was increased from 0.12 
to 0.36 ft to reflect approximately 60 percent of the mean 
fuel bed depth of young stands (0.51 ft) (see text for further 
details) 
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Figure 12. Fire behavior results using a fuel model that 
depicts young study sites. Surface fire spread rates for 
varying fuel loadings and environmental conditions are 
shown. 
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Figure 13. Fire behavior results using a fuel model that 
depicts mature study sites. surface fire spread rates for 
varying fuel loadings and environmental conditions are 
shown. 
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A heterogeneous fuel structure and composition are readily 
apparent in subalpine systems, especially during the long 
transition period of forest reestablishment after fire. 
During this period trees are interspersed throughout shrub
grass-herbaceous meadows, creating a complex mosaic of 
strikingly different fuels. Hence, fire behavior typical of 
both the young and the mature model are operating 
simultaneously. Erratic fire behavior should be expected. 
To predict fire behavior in such a mosaic with any 
reasonable accuracy will require considerable information 
about the arrangement of the landscape and the associated 
fuel characteristics. 

SOME CHARACTERISTICS OF SUBALPINE CROWN FIRES 

There is little agreement about when foliar moisture reaches 
critical levels for tree crown combustion. At the time new 
foliage flushes, flammability of the crown is low due to the 
high moisture content of the new foliage. This sheath of 
new foliage will not always prevent occasional individual 
trees torching from ignition of fine dead branches and older 
foliage nearer the bole (Figure 14); such high moisture 
content will usually prevent significant spread of crown 
fires from tree to tree. While Rice and Martin (1985) 
suggest that 120 percent is a "flux point" when leaves begin 
to act as a heat source as well as heat sink, crowning ~~ 
potential is a function of foliar moisture content, height 
of crown above the ground, and critical surface fire 
intensity (Van Wagner 1977, Alexander 1988). With severe 
fire weather at the 1981 Chimney Peak fire in Olympic 
National Park, foliar moisture of subalpine fir was 107 
percent, and significant crown fire behavior occurred 
(Figure 14). When the average fuel moisture of crown £uels 
declines in late summer, the potential for spread of crown 
fires again increases. 

The flammability of subalpine tree crowns is a function of 
the arrangement and moisture content of both live and dead 
fuels in the crown. Early in the spring, live foliar 
moisture content depends on old foliage and is relatively 
low. Woodard et al. {1983) produced a prescribed crown fire 
in Rocky Mountain subalpine forest dominated by white spruce 
CPicea glauca) in early spring when foliar moisture content 
was 92 percent. Pacific Northwest forests under a more 
maritime influence rarely experience such conditions, but 
under unusual conditions, spring crown fires can occur. In 
June 1986, approximately 15 ha of a mountain hemlock forest 

60 



Figure 14. A. Early season crown consumption of montane zone 
Abies concolor. Current year foliage is not burning but 
older foliage and small dead twigs near the bole are burning 
from the base of the tree up to its top. B. A crown fire 
in Tsuga mertensiana/Abies lasiocarpa forest in Olympic 
National Park, September 1981. Live fuel moisture was 107 
percent for Abies lasiocarpa. 
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within the Willamette National Forest, Oregon, burned with a 
crown fire with 0.7 to 2 m of snow on the ground (Gary 
Mills, Willamette National Forest, personal communication). 
In early May, 1987, under similar conditions, three fires 
were ignited by lightning and burned within Mount Rainier ~· 
National Park. In each case, the fire occurred before new 
foliage flushed and foliar fuels were the primary vector of 
fire spread. Although no foliar moistures were available 
for these fires, each occurred after 5-7 days of seasonally 
warm temperatures. Foliar moisture may have significantly 
declined in the days prior to ignition, as the warm air 
would have caused needle moisture loss but the roots, under 
snow, were too cold to absorb and translocate sufficient 
moisture (e.g., Hinckley et al. 1985). A similar phenomenon 
is responsible for "red belt" or "parch blight" commonly 
observed in winter dieback (Bega 1978). Although spring 
subalpine fires have not been reported for Pacific Northwest 
subalpine forests, they may occur more often than realized 
in the past. Further research is needed on early season 
fluctuations in foliar moisture. 
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CONCLUSIONS 

The areas where subalpine fires are most likely to occur 
within each national park were identified and used as the 
study regions. These study regions occurred behind 
mountains that created a 11 rainshadow" effect and where' 
subalpine fir was a dominant. Based on extensive 
examination of aerial photographs and field reconnaissance, 
we suspect the distribution and abundance patterns of 
subalpine fir are closely associated with patterns of fire 
frequency. Preserving the role of fire in the maintenance 
of this vegetation type will be difficult and challenging 
for resource managers. In all three parks, the subalpine 
areas most dependent on fire and apt to burn are close to 
the park boundaries and in some instances fires may have 
burned into the park from outside. 

There were substantial differences in fuel composition 
between young (40--100 years) and mature {-125-250 years) 
subalpine forests. Carry-over of fire-killed material and 
site and/or regional fire history are important factors 
influencing the distribution of large or heavy fuels. 
Fire's effect on the distribution patterns of coarse woody 
debris appears to be reasonably predictable. Wood 
deposition after fire increases gradually with a peak at 50-
75 years, once most or all snags have fallen to the ground. 
since most subalpine trees have the ability to remain 
standing great lengths of time before falling, much of the 
bole deterioration takes place as the tree is standing. As 
the carry-over wood deteriorates there are moderate to 
substantial declines in coarse woody debris. Subsequent 
patterns are dependent on how rapidly trees reestablish and 
the health of the forest. For most of the mature forests 
examined, the mature forest period, 125-250 years, was a 
time of low fuel deposition. This should gradually shift 
back to considerably higher fuel loadings, based on the two 
old-growth stands examined as the oldest and largest trees 
begin to die. 

The type of fuel characteristics that are prone to erratic 
and extreme surface fire behavior have been identified. To 
make intelligent and rapid fire management decisions under 
crisis conditions will require identifying those areas in 
the landscape that are prone to difficult fire . management 
situations and then under the circumstances at hand be able 
to predict with reasonable accuracy the outcome of various 
fire management decisions. 
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