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FIRE AND LANDSCAPE DIVERSITY IN SUBALPINE
FORESTS OF YELLOWSTONE NATIONAL PARK!

WiLLiaM H. RoOMME?

Department of Botany, University of Wyoming, Laramie, Wyoming 82071 USA

Abstract.  Fire history was determined by fire scar analysis in a 73-km? subalpine watershed in
Yellowstone National Park, Wyoming, USA. Evidence was found for 15 fires since 1600, of which
7 were major fires that burned >4 ha, destroyed the existing forest, and initiated secondary succession.
Most of the upland forest area was burned by large, destructive fires in the middle and late 1700’s.
Fires since then have been small and have occurred at long intervals. Fire frequency in this area is
partly controlled by changes in the fuel complex during succession. Fuels capable of supporting a
crown fire usually do not develop until a stand is 300400 yr old, and ignitions prior to that time
usually extinguish naturally before covering more than a few hectares. Thereafter a destructive crown
fire is likely whenever lightning ignites small fuels during warm, dry, windy weather. On the extensive
subalpine plateaus of Yellowstone National Park there appears to be a natural fire cycle of 300-400
yr in which large areas burn during a short period, followed by a long, relatively fire-free period
during which a highly flammable fuel complex again develops. The 73-km? study area appears to be
about midway between major fire events in this cycle. This, rather than human fire suppression,
apparently is the major reason for the small number and size of fires in the area during the last
180 yr.

On the basis of the fire history data, the sequence of vegetation mosaics during the last 200 yr was
reconstructed for the watershed. Indices of landscape diversity were computed for each reconstruc-
tion, treating forest types and successional stages as taxa and incorporating components of richness,
evenness, and patchiness. Landscape diversity was highest in the early 1800's following the large
fires in the 1700’s, then declined in the late 1800's and early 1900’s during a 70-yr period when no
major fires occurred and the landscape was dominated by even-aged forests developing on the areas
burned in the 1700's. Landscape diversity has increased somewhat during the last half-century as a
result of two small fires and the effects of the mountain pine beetle. These landscape reconstructions
for the last 200 yr suggest that the Yellowstone subalpine ecosystem is a nonsteady-state system
characterized by long-term, cyclic changes in landscape composition and diversity. Such cyclic pat-
terns may significantly influence wildlife habitat, streamflow, nutrient cycling, and other ecological
processes and characteristics within the Park, and they may be an important consideration in judging
whether recent ecological changes are natural or man induced.

The landscape reconstructions were also made using a simulation model based on hypothetical
fire management policies of total fire exclusion and selective fire control (permitting only small fires
to burn). These hypothetical management policies generally reduced the richness and patchiness of
the landscape compared to the natural fire regime, but they increased the evenness and reduced the
magnitude of periodic fluctuations in overall landscape diversity. At times, overall landscape diversity
may actually be higher with a fire control policy than with a natural fire regime. At other times, fire
significantly increases landscape diversity, as would be expected.

Key words:  fire; fuels; landscape diversity; lodgepole pine; mathematical model; mountain pine
beetle; steady state; subalpine forest; succession; Yellowstone National Park.

INTRODUCTION USA. Because of the importance of fire as a natural

The measurement and interpretation of diversity
have long interested biologists. Most work has focused
on the diversity of species in communities, but, as
Pielou (1975) points out, diversity exists and can be
treated at many levels of biological organization. In
this paper I present an analysis of vegetation diversity
at the landscape level, i.e., the diversity of plant com-
munities comprising the landscape of a 73-km? wa-
tershed in Yellowstone National Park, Wyoming,

' Manuscript received 3 September 1980; revised |1 June
1981 accepted 30 July 1981; final version received 28 Sep-
tember 1981.

? Present address: Department of Natural Science, Eastern
Kentucky University, Richmond, Kentucky 40475 USA.

ecosystem perturbation in this area, the emphasis is
on diversity patterns resulting from a variety of pos-
sible fire management policies ranging from a natural
fire regime to complete fire exclusion. In this context,
landscape diversity must be viewed as resulting from
the superposition of two different vegetation patterns:
(1) patterns related to the distribution of species along
gradients of limiting factors, and (2) patterns resulting
from portions of a landscape being in different stages
of recovery following disturbance (Reiners and Lang
1979). The relative contribution of these two kinds of
patterns to overall landscape diversity varies. In des-
ert mountain ranges, for instance, pronounced re-
source gradients control community composition and
distribution (Whittaker and Niering 1965). Other land-
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scapes have a comparatively uniform abiotic environ-
ment, but periodic fire maintains a mosaic of succes-
sional stages (Lawton 1978).

Two components of diversity are generally recog-
nized: richness, or the number of distinct taxa present,
and evenness, or the distribution of individuals among
those taxa (Peet 1974, Pielou 1975). These concepts of
species diversity can also be applied to the diversity
of communities in a landscape. Thus, the richness of
a landscape can be defined simply as the number of
different community types present, including those
types differentiated by their position on environmental
gradients as well as successional stages in a particular
sere. The evenness of a landscape can be expressed
as the proportion of the total area covered by each
community type, maximum evenness occurring when
every type occupies an equal area. Another important
consideration in landscape diversity is the size and
interspersion of individual community units. A land-
scape with three community types distributed in many
small patches appears more diverse than a landscape
with the same three community types in a few large
blocks. Therefore, I also treated a third diversity com-
ponent related to the interspersion and contrast of
communities, a patchiness component.

In areas where fire was an important natural distur-
bance prior to European settlement and where man-
agement now emphasizes preservation of primeval
conditions, there is concern that recent fire control
policies may have reduced landscape diversity and
created an unnatural situation. The amount of land
covered by early postfire successional stages appears
to have declined in some areas, with older stages in-
creasingly dominating the landscape (Habeck and
Mutch 1973, J. R. Habeck, personal communication).
This concern is a major impetus for the current de-
velopment of new fire management plans, which pro-
pose to return fire to the system either by permitting
some lightning-caused fires to burn or by using con-
trolled prescribed burning (Kilgore 1976, Mutch 1976).
It is important now to assess the degree to which dif-
ferent ecosystems have been altered by past fire con-
trol policies, to determine the urgency with which fire
should be reintroduced, and to judge the effectiveness
of specific fire management plans. In areas where fire
formerly occurred frequently, its exclusion may soon
produce obvious changes in vegetation structure and
species composition (Cooper 1960, Loope and Gruell
1973, Lunan and Habeck 1973, Humphrey 1974, Kil-
gore and Taylor 1979). However, in other areas where
fire occurred naturally at longer intervals, significant
impacts may be more difficult to detect because of the
problem of distinguishing between landscape changes
attributable to fire control and those resulting from
other normal dynamic processes. In fact, 50-100 yr of
fire suppression may have had little effect in some
ecosystems characterized by infrequent fire (Clagg
1975, Pickford et al. 1980). Therefore, a major objec-
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tive of this study was to determine the degree to which
natural landscape patterns in subalpine portions of
Yellowstone National Park have been altered by mod-
ern fire control.

My approach to this problem was to reconstruct
long-term patterns in landscape diversity prior to the
influence of European man (pre-1880), then to deter-
mine how long it would take for significant departures
from these natural patterns to occur under a variety
of possible fire management policies. Thus, there were
three parts to the study. First, I used fire scar analysis
to determine the frequency and size of fires during the
last 350 yr in a representative watershed of 73 km?,
undisturbed except for recent fire control. I then sam-
pled dead woody fuels in a chronosequence of stands
ranging from early to late successional stages, both to
test Despain and Sellers’ (1977) hypothesis that the
average interval between successive fires on a single
site is partly controlled by development of a fuel com-
plex capable of supporting a crown fire, and to obtain
a better estimate of this mean fire interval. Finally,
using these fire history data, I reconstructed the vege-
tation mosaics that must have existed in this wa-
tershed during the last 200 yr, and developed a com-
puter model to simulate temporal landscape changes
under various regimes of fire size, frequency, and
management policy.

STUDY AREA

The study was conducted in the 73-km? Little Fi-
rehole River watershed, located west of Old Faithful
on the Madison Plateau, a relatively flat Quaternary
lava flow covering several hundred square kilometres
in west-central Yellowstone National Park, Wyoming
(Fig. 1). Plateau rhyolite forms the bedrock through-
out, covered by sandy glacial till and kame deposits
on the uplands and fine-grained alluvium along streams
and moist meadows (United States Geological Survey
1972a, b). Except for a deep, narrow canyon cut by
the Little Firehole River, the eastern and northern
portions of the watershed are relatively flat, with an
average elevation of 2450-2500 m. Numerous small
hills and depressions create some local relief, gener-
ally of 25 m or less. To the west and south the land
slopes upward to 2650 m, with generally moderate in-
clines but a few steep slopes and talus fields. In con-
trast to other parts of the Rocky Mountains where
rugged topography may exert a major influence on fire
behavior, the relatively uniform topography and geo-
logic substrate of this watershed afford a good oppor-
tunity to study long-term fire cycles in relation to vege-
tation structure and fuels.

No weather stations exist within the study area, but
an isohyet map constructed for Yellowstone National
Park (Dirks and Martner 1978) indicates a sharp pre-
cipitation gradient from =100 cm annually in the east-
ern and northern portions of the watershed to =150
cm in the southern and western parts. Most of the
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watershed receives =125 cm annually, slightly more
precipitation than occurs in most of the Yellowstone
subalpine zone. Winters are long and cold, with max-
imum daytime temperatures often below freezing
(Dirks and Martner 1978). Summers are short and
mild, with maximum daytime temperatures around
21°C and occasional nighttime frosts. Prevailing winds
are from the southwest.

I developed a classification of plant community
types based on the habitat types and forest succes-
sional stages present in the watershed (Table 1). A
habitat type (HT) is an aggregation of land units ca-
pable of producing similar climax vegetation and usu-
ally named after the dominant climax tree and a dom-
inant or characteristic herb or shrub. I recognized two
major upland habitat types, modified slightly from a
preliminary classification of forest habitat types in
eastern Idaho and western Wyoming prepared by the
United States Forest Service Intermountain Region
(R. Steele, D. Ondov, S. V. Cooper, and R. D. Pfister,
personal communication). The Pinus contortal/Carex
geveri (Pico/Cage) habitat type occupies =25 km? in
the drier eastern and northern portions of the wa-
tershed. Lodgepole pine (Pinus contorta var. latifolia
Engelm.) dominates both pioneer and climax forest
stages. The Abies lasiocarpa/Vaccinium scoparium
(Abla/Vasc) habitat type occupies =36 km? in the more
mesic western and southern parts of the watershed.
Here lodgepole pine again dominates early succes-
sional stages, but shares dominance with subalpine fir
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(Abies lasiocarpa (Hook.) Nutt.), Engelmann spruce
(Picea engelmannii Parry), and whitebark pine (Pinus
albicaulis Engelm.) in the climax.

Postfire succession is similar in the two upland hab-
itat types. The successional continuum can be divided
into six relatively distinct stages (modified from Des-
pain 1977) that are supported by cluster analysis of
structural characteristics in 18 upland stands (Romme
1979: Appendix 4). There is little difference in ap-
pearance or structure between the Pico/Cage and
Abla/Vasc habitat types in the first five successional
stages. Though herbaceous species composition may
differ somewhat, functional parameters of productiv-
ity, transpiration, nutrient cycling, wildlife habitat,
and fire susceptibility probably are similar. Therefore,
I treated both habitat types together in the first five
successional stages (Table 1:1-5). The two climax for-
ests are significantly different in structure and func-
tion, however, and are classified as distinct commu-
nities.

The initial herbaceous stage (Table 1) is dominated
by common forest floor species that resprout vigor-
ously from undamaged underground parts (Lyon and
Stickney 1976) plus a few species that are absent or
rare in mature forests (Taylor 1969). Large fire-killed
stems are numerous, both standing and fallen, but
small woody material is sparse.

During the second successional stage the stand be-
comes dominated by seedlings and saplings of lodge-
pole pine, although herbs remain abundant. Most of
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TaBLE 1. Community types in the little Firehole River watershed, with age intervals for types 1-7, which represent the
postfire successional stages in the two major upland habitat types. Subalpine meadow (8), riparian forest (9), and steep-
slope forests (10) are additional recognized habitat types, but these remained relatively stable in composition and structure.
The column headings under each habitat type refer to variations in the general pattern of forest succession after fire. See
Study Area in text for description of habitat types and explanations of the various successional patterns and age intervals.

Age in years

Pico/Cage habitat type*

Abla/Vasc habitat typet

Early pine Late pine Early pine Late pine
Typical Slow canopy canopy Typical canopy canopy
Community type stands restocking mortality  mortality stands mortality  mortality
1. Herbaceous stage 0-20 040 0-20 0-20 0-20 0-20 0-20
2. Seedling-sapling stage 2040 40-80 20-40 2040 20-40 2040 2040
3. Immature-pine forest stage 40-150 80-200 40-150 40-150 40-150 40-150 40-150
4. Mature-pine forest stage 150-200 200-250 150-170 150-300 150-300 150-180 150-350
5. Transitional stage 200-300 250-350 170-240 300400 300400 180-280 350450
6, 7. Climax forest: Pico/Cage HT,
Abla/Vasc HT 300+ 350+ 240+ 400+ 400+ 280+ 450+

* Pinus contortalCarex geyeri habitat type (more Xeric upland sites).
t Abies lasiocarpal/Vaccinium scoparium habitat type (more mesic upland sites).

the pine seedlings usually become established during
the first several years to form an even-aged cohort that
will dominate the stand for several decades. Large
standing and fallen fire-killed stems remain prominent
throughout this stage, though small dead woody ma-
terial is still sparse.

The third successional stage includes the time from
initial canopy closure through maturation of the even-
aged pine cohort. It is characterized by rapid tree
growth and extensive self-pruning of lower limbs plus
thinning in dense stands. Herbaceous production and
diversity decline sharply during this stage (Taylor
1969). Most of the large fire-killed stems fall and de-
compose during this time, and duff and litter begin to
accumulate on the forest floor in greater quantities.
The resulting mature pine forest, which forms the
fourth successional stage, has a single, dominant,
even-aged canopy stratum and a very open under-
story. The stand appears to change relatively little dur-
ing this fourth stage, although a sparse understory of
fir and spruce begins to develop on sites capable of
supporting these more shade-tolerant species. Annual
wood increments in the dominant pine are very small.

Extensive mortality eventually appears in the even-
aged pine canopy, marking the onset of the fifth
successional stage. In the Abla/Vasc habitat type the
former lodgepole dominants are gradually replaced by
fir, spruce, and whitebark pine from the developing
understory. A second generation of lodgepole pine
also becomes established in gaps; thus this species per-
sists in the stand but is no longer the exclusive canopy
dominant. In the drier Pico/Cage habitat type the dis-
integrating canopy is replaced by second-generation
lodgepole pine and some whitebark pine. This transi-
tional stage is marked by a well-developed understory
and a relatively sparse canopy, with numerous large,
dead stems, standing and fallen.

The sixth successional stage is the climax forest,

containing trees of many different size- and age-
classes. The initial, even-aged lodgepole pine cohort
has completely disappeared from the canopy, and
stand structure and composition appear to remain rel-
atively constant until the next major disturbance.

The rate of succession in the two upland habitat
types varies in response to local site conditions and
disturbance history. The seral stage endpoints in Table
| are based on my observations of the relationship
between stand age and successional stage in >100
stands located throughout the study area. Obviously
changes in stand structure and composition are grad-
ual and continuous rather than abrupt, as implied by
this table, but a discrete classification was necessary
for the analysis of landscape diversity. The greatest
variation in the rate of succession is due to differences
in the initial reestablishment of trees after a fire and
in the onset of extensive mortality in the mature, even-
aged lodgepole pine canopy. Tree age data from this
study show that the even-aged lodgepole pine cohort
usually became established within the first several
years after a fire (Table 1: Typical stands). However,
initial tree establishment sometimes occurred over 30
yr or more, producing only broadly even-aged stands,
particularly in the drier Pico/Cage habitat type. Such
slow restocking may be due to summer drought (Pat-
ten 1963, J. R. Habeck, personal communication),
herbaceous competition (Stahelin 1943, Langenheim
1962), or inadequate seed source, for most cones in
this area are nonserotinous.

The onset of extensive mortality in the mature,
even-aged pine canopy is generally earlier in the Pico/
Cage habitat type than in the Abla/Vasc habitat type,
due to the effects of the mountain pine beetle (Den-
droctonus ponderosae Hopkins) and a second uniden-
tified mortality agent. The pine beetle selectively kills
the larger trees in a stand by feeding and constructing
egg galleries in the phloem. Trees on drier sites at
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lower elevations are most vulnerable (Amman et al.
1977). Beetles sometimes cause early canopy mortality
in the more mesic Abla/Vasc habitat type, but their
effect is most widespread in the Pico/Cage habitat type
where the mature pine forest stage (Table 1) usually
lasts only a few decades compared to a century or
more on other sites. Observations of recently killed
trees indicate that a low to moderate beetle population
presently exists in the Pico/Cage habitat type in the
Little Firehole River watershed. A destructive beetle
epidemic has occurred during the last decade in south-
western Yellowstone National Park and in a large ad-
jacent area to the south and west. Photographs of the
Old Faithful area in the late 1800°’s show numerous
dead trees in the forest, possibly killed by pine bee-
tles.

The second type of early canopy mortality, whose
cause is unknown at this time, occurs most often in
dense stands on dry sites within the Pico/Cage habitat
type. It produces widespread patches, usually <1 ha
in area, in which almost all canopy trees have died,
including smaller trees as well as larger ones. The bark
on the lower 1-2 m of stem in affected trees appears
to first separate from the wood, later to crack and peel
away. The tree dies eventually after the bark has been
lost around the entire circumference. Some trees have
similar lesions near the top of the stem. The causative
agent appears to be a stem or root fungus, although no
organism has been isolated. Many pathogenic fungi
are known to be associated with lodgepole pine in this
region (Nordin 1954, Shaw 1973).

In addition to the two upland habitat types described
above, | recognized three other habitat types in the
watershed that appear to change relatively little with
time. These comparatively stable habitat types togeth-
er comprise =16% of the total watershed area. Sub-
alpine meadows cover =7 km?, mainly on alluvial
soils. Other alluvial and riparian sites support open
forests of lodgepole pine, subalpine fir, and Engelmann
spruce with a rich herbaceous ground cover. Although
some fire-scarred trees can be found in these riparian
forests, fires apparently have been less frequent and
less destructive here than in the upland habitat types.
Riparian forests, which cover ~4 km?, appear rela-
tively stable in composition and structure, with no ob-
vious secondary successional trends. Finally, small
rock outcrops, boulder fields, and steep, rocky slopes
cover =1 km? and support sparse forests of pine, fir,
and spruce.

Human disturbance in the Little Firehole River wa-
tershed is minimal. Two foot trails in the area receive
moderately heavy use, but away from the trails evi-
dence of man is rare. A preliminary archaeological
investigation of Yellowstone National Park by D. C.
Taylor in 1964 (personal communication) shows that
prehistoric man was present in the geyser basins a few
kilometres to the east, but there is no reported evi-
dence of human activity in the study area. Although
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attempts have been made to control fires since 1886
(D. B. Houston, personal communication), fire
suppression on the forested subalpine plateaus prob-
ably was not very effective until well into the 20th
century when mobilization and suppression tech-
niques greatly improved. Records show only one fire
in the study area during Park history, an 88-ha burn
that was suppressed in 1949 (Taylor 1969). Since 1975
a new fire management plan has been in effect which
permits lightning-caused fires to burn without inter-
ference in wilderness portions of the Park (including
the Little Firehole River watershed) if human life,
property, or other values are not threatened.

METHODS
Fire history

The frequency and areal extent of past fires was
determined by use of fire scar methods developed by
Heinselman (1973) and Arno and Sneck (1977). Living
fire-scarred trees were located and sectioned with a
bow saw. An attempt was made to date fire scars with
an increment corer, but only very approximate dates
(%20 yr) could be obtained. Lodgepole and whitebark
pine with single fire scars were found frequently, but
multiscarred trees were uncommon. Care was taken
to distinguish fire scars from scrape scars, bear-feed-
ing scars, and other forms of injury (Molnor and
McMinn 1960).

In the laboratory the fire scar sections were sanded,
wetted, and the rings counted under a 10X micro-
scope. False or partial rings were not evident, but the
rings in old trees frequently were extremely small and
difficult to count even with careful sanding and wet-
ting. In some sections it was also difficult to determine
exactly which ring corresponded to the fire year.
These problems, plus the fact that the rings were not
cross-dated with a master tree ring chronology, re-
sulted in some dating errors. In general, fire years re-
ported here within the last 100 yr are =2 yr, between
100 and 200 yr ago: =3 yr, and over 200 yr ago: +5
yr. This method appears to give reliable estimates of
past fire years within the limits of error in ring counts.
Each of three fire-scarred trees sampled in 1978 from
an area known to have burned in 1949 had 29 annual
rings between the cambium and the ring just beneath
the scar. Two fire-scarred trees from an area known
to have burned in 1901 (located 2.5 km east of the
Little Firehole River study area) also gave fire dates
of 1900 and ~1900, the rings being difficult to count
in the latter.

In addition to the sampling of fire-scarred trees, in-
crement cores were taken from several dominant
lodgepole pine (Pinus contorta) to document postfire
reproduction. Lodgepole pine is the major shade-in-
tolerant species restocking recently burned sites in this
area. Cores were taken as close to the base as possible
(usually at =20 cm), and an estimate of age at coring
height was added to the number of rings on the core.
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TaBLE 2. Categories of dead woody fuels (after Brown 1974, Deeming et al. 1977, Despain and Sellers 1977). Time lag (TL)
refers to how rapidly fuel moisture responds to changes in atmospheric humidity, i.e., the time necessary for a fuel particle
to lose 63% of the difference between its initial moisture content and its equilibrium moisture content.

Fuel category Units Description Major effect on fire behavior
A. Needle litter depth mm Undecomposed needles, twigs,
cone scales, and other small L
particles on the ground Fuels supporting ignition
. . and initial surface spread
1-h time lag fuels (1h TL) kg/ha Dead, woody pieces <0.635 cm
diameter
B. Total fuels kg/ha Dead, woody pieces of all sizes Fuels contributing to
intensity (heat release)
and flame height
C. 1000-h time lag rotten fuels kg/ha Dead, woody pieces >7.5 cm . .

(1000-h TL rotten) diameter in early stages of Fuels in which fire may
decomposition (form still persist during P‘?“Ods, of
easily recognizable) damp weather, in which

. . fire brands may ignite
Duff depth mm Decomposing organic matter, spot fires, and which

origin unrecognizable, lying
above mineral soil and below

contribute to heat release
in intense fires

litter

This estimate of age at coring height, based on the
width of the innermost rings, ranged from 3 yr/20-cm
height in trees with very wide rings (4-6 mm) to 20 yr/
20-cm height in trees with very narrow rings (<1 mm).
These values were obtained by sampling several fast-
and slow-growing saplings both at the base and at a
height of 20 cm. Dominant Engelmann spruce (Picea
engelmannii), whitebark pine, (Pinus albicaulis), or
subalpine fir (Abies lasiocarpa) were aged in some
late-successional stands. Fire scar sections and/or in-
crement cores were obtained in 92 stands distributed
throughout the watershed. Fire-scarred trees could not
be found in 56 of the stands.

The areal extent of past fires was determined by
mapping even-aged lodgepole pine forests of fire ori-
gin. Where burns had created distinct forest discon-
tinuities, the precise boundaries were transferred from
color aerial photographs taken in 1969 and 1971 to a
base map, using a zoom transfer scope. Stands differ-
ing in age by >100 yr usually could be distinguished
on the photographs. With smaller age differences,
however, variations in forest structure often were re-
lated more to topographic and other effects than to
stand age. In these situations the boundaries were lo-
cated in the field.

Fuel accumulation

To evaluate the likelihood of fire in relation to stand
age, fuels were sampled in 16 upland forest stands
representing a chronosequence from age 29 to 550+
yr. All stands were located on similar soils and sub-
strata, with most on flat or gently sloping terrain.
There was some variation in elevation (2365-2550 m)
and site productivity (site index, a relative measure of
potential site productivity that is defined as the aver-
age height (in feet) of dominant trees at age 100 yr,
was 40-80, with most 50-60), but stand age was not

correlated with these factors (Romme 1979: Appendix
2). The planar intersect method (Brown 1974) was
used to sample the several components of the total
dead fuel complex, each of which has a major influ-
ence on a particular aspect of fire behavior (Table 2).
Intersections along 20 transects were counted in each
stand, resulting in coefficients of variation [(standard
error/x) X 100] of 10-20% for duff and needle litter,
10-35% for small particles (up to 7.5-cm diameter),
and 15-60% for large material (>7.5-cm diameter).
Site index was determined directly in lodgepole pine-
dominated stands that were 30-200 yr old (Alexander
1966). In stands outside this age range, an estimate of
site index was obtained by assigning the value of a
nearby stand to a similar site or by extrapolating the
site index tables.

Forest fuels are sometimes envisioned as increasing
steadily with time, but several patterns are possible
and each fuel component may change differently
(Brown 1975). Therefore fuels data were first plotted
against stand age. For time periods where an apparent
change in a fuel component coincided with events in
the development of a forest stand that could be ex-
pected to produce such a change, the relationship of
fuels to stand age was tested statistically. For exam-
ple, heavy fuels (>7.5 cm) would be expected to de-
crease during early successional stages as large fire-
killed stems decompose, then to increase in later
stages when natural mortality of mature trees begins
to occur. A plot of heavy fuels vs. stand age does
show this pattern. A stepwise linear regression was
calculated for each stand age interval, with fuels (ki-
lograms per hectare) as the dependent variable and
stand age and site index as the two independent vari-
ables. Where a significant nonzero slope was obtained
with stand age as the first independent variable in the
regression, it was concluded that fuels increase or de-
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crease during the stand age interval tested. Where the
slope was not significantly different from zero or
where site index was the first independent variable, no
change in fuels attributable to stand age was assumed.

Fuels data from two representative stands in the
Pico/Cage and Abla/Vasc habitat types in the Little
Firehole River watershed, 350 and 450 yr old, respec-
tively, were used in Rothermel's (1972) computer-
based fire behavior simulation model with the assis-
tance of the United States Forest Service Northern
Forest Fire Laboratory in Missoula, Montana, USA.
This model predicts fire intensity and rate of spread
based on the mass and moisture content of small dead
woody fuels (<7.5-cm diameter), needle litter, and live
fuels. The model is limited by its assumptions of a
homogeneous fuel bed and noncrowning surface fire
(Albini 1976), but when interpreted in conjunction with
other data and observations its results provide an ad-
ditional basis for predicting the kinds of fires likely to
occur in this area.

Landscape reconstruction and simulation

A common approach for reconstructing past vege-
tation patterns is to use descriptions in original land
survey records (Peterken 1976, Gross and Dick-Peddie
1979, Rodgers and Anderson 1979) or old photographs
and journals of early explorers (Progulske 1974, Gruell
1980a, b, D. B. Houston, personal communication).
Such historical documentation was not available for
the Little Firehole River watershed, but my data on
fire history and forest succession in the area permitted
a reconstruction of vegetation mosaics existing as
much as 200 yr ago (cf. Henry and Swan 1974). For
example, to re-create the landscape of 1778 I made a
map showing the age (time since the last destructive
fire) of all forest stands in 1978 and subtracted 200 yr
from each. On the resulting map of stand ages in 1778,
I then determined the successional stage of each stand,
based on observations of the relationship between
stand age and successional stage in the watershed to-
day. I assumed that rates and patterns of succession
in the recent past were similar to those of today. Al-
though there is evidence that the Yellowstone area
was slightly cooler and possibly wetter 200 yr ago (D.
B. Houston, personal communication), 1 believe the
error attributable to climatic change is minor.

My approach to landscape reconstruction was
straightforward except in two types of situations. The
first involved stands that had burned more recently
than the date of interest (e.g., areas that burned in
1795 on the reconstruction for 1778). My fuels data
indicated that destructive fires in the subalpine forests
of Yellowstone Park are most likely in late succes-
sional stands (see Results: fire history). Moreover,
several recent, uncontrolled fires in the Park that
burned intensely in old forests (350+ yr old) have been
observed to become diminished in intensity and rate
of spread or even to stop when they reached younger
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stands (100 yr old), despite continued favorable weath-
er conditions (Despain and Sellers 1977, D. G. Des-
pain, personal communication). Therefore, for my re-
constructions 1 assumed that each area was in the
climax stage when it burned. However, it was impos-
sible to know exactly how old a stand was when it
burned, so interpretation of forest history on a site
long before the last destructive fire was somewhat
speculative. Because a major fire burned a large por-
tion of the watershed in 1795, I felt confident about re-
creating detailed vegetation mosaics only as far back
as 200 yr ago (1778), with more generalized recon-
structions for the early and mid-1700’s.

A second problem was estimating the present age
of climax stands in which the even-aged lodgepole pine
(Pinus contorta) that initially recolonized the site after
the last destructive fire have long since disappeared
along with any fire-scarred trees. Such areas comprise
=20% of the watershed, and although they are in the
climax stage today they may have been in earlier
successional stages 200 yr ago. It is probably impos-
sible to determine the exact stand age in these situa-
tions, but by considering the changes in fire risk as
forest stands mature, as well as site-specific differ-
ences in average fire frequency, it was possible to
make a reasonable estimate of present stand age.
Moist, sheltered sites, such as some drainage bottoms
and northeast-facing slopes, probably burn very infre-
quently (Quirk and Sykes 1971, Habeck 1976, Romme
and Knight 1981), and therefore I assumed that climax
stands on these sites have been in this stage through-
out the last 200 yr. However, it seems unlikely that
climax stands developing on less-protected sites
(ridgetops, etc.) would persist very long, for the fuel
characteristics in climax stands confer a high fire risk
in an area where summer lightning storms are com-
mon. These stands are generally surrounded by youn-
ger stands of known age, usually separated by a sharp
discontinuity. As noted above, recent uncontrolled
fires in Yellowstone Park that burned rapidly and in-
tensely through old-growth forests have been ob-
served to stop when they reached a younger forest
stand, apparently because of changes in the fuel com-
plex rather than wind, moisture, or other external fac-
tors (Despain and Sellers 1977). If it can be assumed
that similar fire behavior in the past was responsible
for the distinct forest dicontinuities observable today,
then most stands that are presently in a climax stage
must have been in an earlier stage at that time in the
past when an intense fire burned to their borders and
stopped. Because high fire risk develops around age
350 yr in forests of this area (see Discussion), today’s
climax stands must have been no more than 350 yr old
at the time of the most recent adjacent burn. Therefore
I added 350 yr to the age of the most recent adjacent
burn to arrive at a maximum likely stand age today.
Of course the stand may have been much less than 350
yr old at the time of the adjacent fire; a minimum likely
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TaBLE 3. Landscape diversity indices.

1. Relative richness (R)

T where T = number of differ-
= — X 100 -

ent community
types present.
(Maximum pos-
sible number
is 10.)

2. Relative evenness (E)

where H2(j) = modified Simp-

E = _HX)) x 100 son’s index
H?2(max) (Pielou 1975)
computed for

where landscape j

H?2(max) = maximum possi-
ble value of H2
for T community
types

P; = proportion of
total landscape
area covered by
i community
type

T = number of differ-
ent community
types present

H2 = —In i pi
i=1

3. Relative patchiness (P)

S where N = number of boun-
ED" daries between
i=1 .
P = N x 100 adjacent 5-ha
cells in the
watershed

D; = dissimilarity
value for the it
boundary be-
tween adjacent
S-ha cells
(Table 4)

stand age today would be the average age at which
stands on the type of site in question first develop the
characteristics of the climax stage (Table 1). For each
climax stand on sites that are not sheltered topograph-
ically, I assigned the mean of this maximum and min-
imum estimate as the stand age in 1978 and used it for
reconstruction of past landscapes.

This approach allows re-creation of the vegetation
mosaic that existed at a particular time in the past.
For a more continuous landscape reconstruction that
also permits prediction of future vegetation mosaics,
I developed a computer model that simulates succes-
sion and periodically calculates landscape diversity in-
dices. I divided the 73-km? watershed into 1429 5-ha
cells, constructed a basic model of forest succession,
and applied it to each cell individually. Every cell was
first assigned a habitat type, an initial stand age, and
a set of ages representing seral stage endpoints (Table
1); these data were determined from the location of
the cell in the watershed. An algorithm then deter-
mined the state of each cell, i.e., to which of 10 com-
munity types it belonged (Table 1). Cells in the two
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upland forest habitat types (Pico/Cage and Abla/Vasc)
were classified according to stand age as one of seven
community types representing successional stages.
The other three community types represent habitat
types in which community structure and composition
remain relatively constant over time (riparian forest,
meadows, and rocky slopes). The program summa-
rized the state of all individual cells to determine the
overall state of the watershed system and to calculate
landscape diversity indices. An increment then was
added to the age of each cell, and the process was
repeated. I introduced fire into the system by returning
certain 5-ha cells to age zero at specified times. As
with the first approach to landscape reconstruction,
this model assumes that rates and patterns of succes-
sion in the past and future are similar to those observ-
able today (see Romme 1979: Appendix 3 for program-
ming details).

Quantitative landscape diversity indices

To provide more meaningful diversity indices I ex-
pressed richness, evenness, and patchiness as relative
indices, i.e., as a percent of the maximum possible
value (Table 3). Thus, for the richness component I
tallied the number of community types present and
divided by 10, which is the total number of taxa rec-
ognized in the study (Table 1). To measure evenness
I used Pielou’s (1975) modification of Simpson’s (1949)
dominance index (Table 3). The maximum possible
value of this index varies depending on the number of
community types present and was computed separate-
ly for each case. For patchiness I modified Patton’s
(1975) habitat edge index which expresses the total
perimeter of edge (boundaries between unlike plant
communities) within a landscape area. To incorporate
a measure of the contrast between adjacent commu-
nities in my patchiness index, I developed a table of
dissimilarity values ranging from 0.0-1.0 based on my
subjective evaluation of differences in physical struc-
ture and species composition (Table 4). Using this ta-
ble, I determined the appropriate dissimilarity value
for every boundary between adjacent 5-ha units in the
computer model. Where two adjacent 5-ha units con-
tained identical community types, the dissimilarity
value for their boundary was 0. I then computed the
patchiness index for the watershed by summing all of
the individual dissimilarity values so determined, and
dividing by the maximum possible dissimilarity value
that would result if every pair of adjacent cells were
maximally different (i.e., if every boundary received
a value of 1.0; Table 3). A total of 2770 boundaries
among 1429 5-ha cells was analyzed. Finally, I at-
tempted to measure overall landscape diversity in two
different ways. First I standardized the relative rich-
ness, evenness, and patchiness indices, giving equal
weight to each, and averaged the three. Secondly, I
computed the Shannon-Wiener diversity index (H';
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TaBLE 4. Relative dissimilarity values (0-1.0) for boundaries between adjacent community types. These are the possible
values of D, used in computation of the patchiness index (Table 3).

Imma- Climax

Herba- Seedling- ture- Mature- Transi- Climax  Abla/ Steep-

ceous  sapling pine pine tional Pico/Cage Vasc Riparian slope

stage stage forest forest stage forest  forest forest forest Meadow
Herbaceous stage 0 .5 .6 7 .8 9 9 9 .8 .8
Seedling-sapling stage 0 4 .6 7 .8 .8 .8 7 9
Immature-pine forest 0 3 4 .5 .5 .5 4 1.0
Mature-pine forest 0 4 .5 5 .5 3 1.0
Transitional stage 0 3 3 3 2 1.0
Climax Pico/Cage forest 0 3 3 2 1.0
Climax Abla/Vasc forest 0 3 2 1.0
Riparian forest 0 .8 1.0
Steep-slope forest 0 1.0
Meadow 0

Pielou 1975), using the percent of the watershed area
covered by a community type as the measure of its
abundance.

REsSULTS
Fire history

Table 5 presents a master fire chronology for the
Little Firehole River watershed, based on fire year
determinations from 44 fire-scarred trees in 36 stands.
Several fire years are represented by a cluster of sam-
ple dates, the variation apparently attributable to
errors in ring counts. The fire year in these cases was
estimated on the basis of the frequency distribution of
sample dates plus the age of postfire lodgepole pine
reproduction in affected stands. A total of 14 fires dur-
ing the last 350 yr was documented by fire scars, and
an additional fire around 1630 was suggested by the
presence of extensive 350-yr-old stands of lodgepole
pine (Pinus contorta). Of these 15 fires during the last
350 yr, 7 were major fires that covered 4 ha or more,
destroyed the existing forest, and initiated secondary
succession. The remaining 8 fires apparently covered
very small areas and produced little change in the
vegetation.

The frequency of major fires and of all fires during
the last 350 yr, expressed as the number of fires per
100 km? per year (Romme 1980), was calculated sep-
arately for the Pico/Cage habitat type, the Abla/Vasc
habitat type, and for the entire watershed including
upland forests, riparian forests, and meadows (Table
6). To illustrate, for all fires in the Pico/Cage habitat
type (data from Table 6),

Frequency = (10-1) fires-25.4 km~2-302 yr~!
= 0.117 fire- 100 km 2-yr'.

The time period is the interval between the oldest and
most recent documented fires; the number of fires in
the calculation is one less than the total number oc-
curring during that time. The units are fires per 100
km? per year rather than fires per square kilometre per

year to reduce the number of zeros in the results and
to reflect the size of the area from which the data were
obtained. For comparison, similar calculations were
made using data from the Two Ocean and Mirror Pla-
teaus in eastern Yellowstone National Park, where all
lightning-caused fires since 1972 have been allowed to
burn without interference (Sellers and Despain 1976,
D. G. Despain, personal communication). Vegetation
and climate here are similar to the Little Firehole Riv-
er watershed (Despain 1973). The total fire frequency,
including both small and major fires, was five times
greater in the Two Ocean and Mirror Plateau study
area than in the Little Firehole River watershed (Table
6). This is to be expected since many prehistoric small
fires in the Little Firehole River watershed undoubt-
edly left no scarred trees or other evidence. The re-
cord for major fires in the Little Firehole River wa-
tershed is more complete, but again the frequency of
major fires has been two to three times greater on the
Two Ocean and Mirror Plateaus (Table 6). These com-
parisons must be made with some caution, since the
Two Ocean and Mirror Plateau study area is nearly 20
times larger than the Little Firehole River watershed
(Table 6). Given that 30 fires occurred in a 1380-km?
area during a 7-yr period, it does not necessarily follow
that a 69-km? portion of that larger area (!/,, of the
total area) experienced 1.5 fires (!/,, of the total num-
ber of fires), as Table 6 implies. Total fire frequency
in the Pico/Cage habitat type in the Little Firehole
River watershed has been nearly twice that in the
Abla/Vasc habitat type but the frequency of major
fires has been approximately equal in the two habitat
types (Table 6).

Fig. 2 shows the sizes of all documented major fires
since 1600 in the Pico/Cage habitat type, Abla/Vasc
habitat type, and the entire Little Firehole River wa-
tershed. The areas are expressed as percent of total
area rather than square kilometres because several
fires also burned adjacent areas outside the watershed,
and their total size is unknown. Although the frequen-
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TABLE 5. Fire years since 1600 in the 73-km? Little Firehole River watershed. Major fires burned >4 ha, destroyed the

existing forest, and initiated secondary succession.

Pico/Cage* Abla/Vasct
Fire year Major fire habitat type habitat type Fire scar sample dates
1949 X X 1949, 1949, 1949, 1949, 1949
~1932 X ~1932
1905 X X 1905, 1907, =~1912
~1890 X ~1888, ~1889
~1881 X ~1881
~1860 X ~1858, ~1859
~1851 X =1851
1834 X 1834
~1827 X ~1827
1795 X X 1792, 1793, 1794, 1794, 1795, 1795, 1795, 1795, 1795,
1795, 1795, 1795, 1796, 1797, 1797, 1797, 1797, 1797,
1797, 1798, 1798, ~1802
1755 X X 1755
1739 X X X 1739, 1739, 1739, 1739, 1740, 1741, 1741, 1742, 1742,
1743, 1743, 1744, ~1746
~1659 X ~1659
~1643 X ~1643
=1630 X X X i

* Pinus contorta/Carex geyeri habitat type.
T Abies lasiocarpal/Vaccinium scoparium habitat type.
+ Evidenced by extensive 350-yr-old lodgepole pine forests.

cy of major fires has been approximately equal in the
two upland forest habitat types (Table 6), over 90% of
the area in the Pico/Cage habitat type has burned,
compared to only 55% of the area in the Abla/Vasc
habitat type (Fig. 2). This difference may partly reflect
the greater precipitation in the western and southern
portions of the watershed where the Abla/Vasc habitat
type is found. In addition, there are several topograph-
ically sheltered sites in this area that probably rarely
burn. A climax spruce-fir forest, containing spruce and
pine >500 yr old and no evidence of fire, covers =1.5
km? on a northeast-facing slope that is protected from
the prevailing southwest wind and contains numerous
springs and seeps.

Several kinds of evidence indicate that fires cover-
ing large areas in the Little Firehole River watershed
were chiefly destructive, stand-replacing burns. The
extensive, low-intensity, nonstand-replacing burns re-
ported for subalpine forests in the northern Rocky

Mountains (Arno 1980) apparently are of minor im-
portance here. This interpretation is supported by the
fact that fire-scarred trees in my study area are usually
found in clumps and rarely have more than a single
fire scar, indicating that they represent the margins of
destructive burns or islands of unburned trees within
a burned area. Furthermore, most lodgepole pine
stands are dominated by a single age-class. Finally, as
discussed below, analysis of the fuel complex indicat-
ed a low probability of extensive, low-intensity surface
fires, and recent, uncontrolled burns in the Park have
been observed to cover large areas only when they
entered the canopy (Sellers and Despain 1976, D. G.
Despain, personal communication). Only a very small
portion of the watershed (<10%) has burned more
than once during the last 350 yr, mainly along bound-
aries between two burns where the second fire appar-
ently burned a short distance into the area burned ear-
lier before going out.

TABLE 6. Historical fire frequencies in the Little Firehole River watershed (data from this study) and on the Two Ocean and
Mirror Plateaus, Yellowstone National Park (data from Sellers and Despain 1976, and D. G. Despain, personal commu-
nication). Major fires burned >4 ha, destroyed the existing forest, and initiated secondary succession.

Fire frequency

All fires Major fires (fires- 100 km=2-yr™)
Area Time Number Time Number All Major
(km?) period of fires period of fires fires fires
Little Firehole River watershed
Pico/Cage habitat type 25.4 1630-1932 10 16301834 4 0.117 0.058
Abla/Vasc habitat type 36.1 1630-1949 8 1630-1949 6 0.061 0.043
Entire watershed 73.2 1630-1949 15 16301949 7 0.060 0.026
Two Ocean and Mirror Plateaus 1380 1972-1978 30 1972-1978 7 0.311 0.072




June 1982

(a) Pico/Cage HT
100 + —

80 — —
60 -

40 -

20
1630
o P e

(b) Abla/Vasc HT
100 H —

80 — =

40 1739

20 -
1630 1755
o ik N I7m95 1905 1949
(c) Entire Watershed
100 —

% OF TOTAL AREA BURNED

80 — i
60_ T —
40

1739 l‘f:95
20

1830 . Mss
9] "_m T T T
1600 1700

1834
T
1800
YEAR
F1G. 2. Sizes of documented major fires since 1600 in the
Pico/Cage habitat type (HT), Abla/Vasc HT, and entire Little
Firehole River watershed, expressed as percent of total area

in the habitat type or the watershed. The dotted line shows
the cumulative area burned since 1600.
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Fuel accumulation

Quantities of small fuels capable of supporting fire
ignition and initial spread (needle litter and 1-h TL:
Table 2) are low in early successional stages but in-
crease to a maximum at 150-200 yr due to litterfall,
self-pruning, and suppression mortality in the matur-
ing, even-aged pine forest (Fig. 3). The amount of
needle litter remains constant, and 1-h TL fuels de-
crease slightly in later stages as production of small
materials declines and is balanced by decomposition.
The regression lines in this and subsequent figures are
included primarily to indicate periods where fuel
changes are significant (P < .1); a larger data base
would be necessary for rigorous predictive models (cf.
Bevins et al. 1977). The small quantity of readily ig-
nitable fine fuels during the first 100 yr of stand de-
velopment probably precludes extensive fires during
early successional stages. Even in later stages the fine
fuels apparently are not adequate to support a fast-
moving surface fire. Using my data for 350-yr-old and
450-yr-old stands in the Little Firehole River wa-
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Fic. 3. Changes in small fuels capable of supporting ig-
nition and initial fire spread along a chronosequence of up-
land forest stands. The regression line and correlation coef-
ficient are shown for stand age intervals where the slope is
significantly nonzero (** P < .05).

tershed, Rothermel’s (1972) fire model predicted low
spread rates and intensities even under high wind and
low moisture conditions, with maximum expected val-
ues of 3.0-3.6 m/min and 250-360 J-s~!-m~! of fire-
line, respectively (Romme 1979: Appendix 2). These
values are in the same range as values reported for
controlled, prescribed fires (Byram 1959, Norum
1976).

The total mass of dead, woody fuels is high imme-
diately after a major fire, consisting mainly of large
fire-killed stems (Fig. 4). The developing even-aged
pine forest contributes primarily small fuels during the
first 200 yr of succession, and decomposition of large
fire-killed material results in a net decline in total fuels
to a minimum between =70 and 200 yr. Total fuels
then begin to increase with the onset of extensive mor-
tality in the even-aged canopy, reaching a peak around
350 yr. Although potential heat release in a fire is a
function of the total fuel mass present (Byram 1959),
generally only the rotten wood and the sound material
up to =7.5-cm diameter actually burn during intense
fires in Yellowstone National Park (D. G. Despain,
personal communication). However, the larger sound
material (1000-h TL fuel) that does not burn complete-
ly constitutes a major portion of the total fuel mass in
stands >200 yr old. Therefore, 1 also examined
changes in total fuels (i.e., all rotten material plus
sound pieces <7.5-cm diameter) excluding the rela-
tively noncombustible 1000-h TL sound fuels and ob-
served the same general pattern except that maximum
fuel accumulations occur later, around 450 yr (Fig. 4).
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An important factor controlling initiation of a crown
fire is the distance or vertical continuity between the
surface fire and the canopy. With increasing distance
the minimum surface fire intensity required to raise
the canopy temperature above a critical ignition point
also increases. A crown fire occurs more readily where
the surface fuel bed is adjacent to and continuous with
the canopy fuels (Van Wagner 1977). The changes in
canopy continuity through succession shown in Fig.
5 are based on qualitative observations. Vertical con-
tinuity is high in very young stands where the small
trees have living branches close to the ground, al-
though fire is unlikely at this stage because of the small
amount of fine fuels present. Subsequent self-pruning
by maturing lodgepole pine eventually creates a gap
between the lowest branches and the ground. In a
mature pine forest (=200 yr old) this space may be 3
m or more and filled only by relatively nonflammable
large tree trunks. At about the time the even-aged
lodgepole pine forest begins to break up with natural
mortality (=250-300 yr), a well-developed understory
also begins to appear, producing a gradual increase in
vertical fuel continuity as the saplings grow into the
canopy. Spruce and fir saplings, which retain their
lower branches throughout their lives, create greater
vertical continuity than small lodgepole (Pinus con-
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Fi1G6. 5. Qualitative changes in total canopy fuel continuity

(a composite of vertical and horizontal continuity) along a
chronosequence of upland forest stands.

torta) and whitebark pine (P. albicaulis), which shed
lower branches as they grow. Once a fire reaches the
canopy, horizontal canopy continuity or the distance
between tree crowns influences the probability that it
will move through the canopy (Van Wagner 1977).
During the stage of extensive mortality in the even-
aged lodgepole pine forest (=250-300 yr), a visual
impression is that the canopy is too sparse to sustain
a moving crown fire, even though the developing
understory may create sufficient vertical continuity to
carry the fire into individual tree crowns. With matu-
ration of the understory (=400 yr), however, both ver-
tical and horizontal canopy continuity appear ade-
quate to support an intense crown fire (Fig. 5).
Quantities of fuels in which a fire may smolder and
persist during cool, humid, or rainy periods (1000-h
TL rotten fuels and duff) are generally low during early
and middle successional stages but increase in later
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is significantly nonzero (** P < .05, *** P < .01).
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Fic. 7.

Reconstruction of community types and stand ages (in parentheses) in the Little Firehole River watershed in

1778. The precise stand age could not be estimated in areas that were later burned. However, evidence indicates that these
areas must have been in climax forest stages when they burned (see text). Community types are defined in Table 1 and are

described in the section, Study Area.

stages (Fig. 6). This may be important because many
recent uncontrolled fires in Yellowstone National Park
have been observed to persist for weeks or months
before being extinguished by heavy rain or snow (Sell-
ers and Despain 1976, Despain and Sellers 1977). Dur-
ing most of that time, the fire smoldered at low inten-
sity in duff and rotten wood, flaring up periodically
when weather conditions became favorable (warm,
dry, and windy). Such a fire might flare up two or more
times during a summer, burning a large area on each
occasion.

In addition to the patterns based on sample means
shown in Figs. 3-6, sample variance (s?) in 20 tran-
sects increased significantly (P < .10) with increasing
stand age for 1-h TL fuels, needle litter depth, 1000-h
TL rotten fuels, and duff depth (Romme 1979: Appen-

dix 2). This supports Despain and Sellers’ (1977) qual-
itative observation that the fine fuels supporting igni-
tion and initial spread become distributed less
homogeneously in older stands, as do the fuels that
allow a fire to persist during unfavorable weather. This
results in local patches where the fuel accumulation
is unusually high, interspersed with areas having rel-
atively sparse fuels. These high-fuel patches are prob-
ably important for generating sufficient heat to ignite
tree crowns and larger dead fuels as well as for sus-
taining smoldering fires (Despain and Sellers 1977).
Needle litter depth is negatively correlated with site
index in stands 200-600 yr old (» = —.77, P < .025;
Romme 1979: Appendix 2), possibly reflecting more
rapid litter turnover on more productive sites. This
relationship is somewhat tentative, however, because
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as noted in the Methods section, site index could not
be measured directly in stands >200 yr old, and some
of the estimates may be in error. Otherwise I found no
correlations with P < .1 between site index and fuel
accumulation.

Long-term patterns in landscape
diversity

I began the simulations on landscape reconstruction
data with the year 1778 (Fig. 7) and determined how
today’s landscape might differ if 20th-century man had
entered the Yellowstone region 200 yr earlier. I com-
pared three scenarios: (1) natural fire, based on the
fires that actually occurred in the last 200 yr, (2) total
fire exclusion, and (3) selective fire control, in which
only small fires (covering <5% of the watershed) were
allowed to burn. Between 1778 and 1978 there were
four major fires under the natural fire regime, zero
under total fire exclusion, and three under selective
fire control.

I first examined changes in the proportion of the
watershed covered by early, middle, and late succes-
sional stages under the three fire regimes, combining
the Pico/Cage and Abla/Vasc habitat types for this
analysis. Early stages include the period of tree rees-
tablishment immediately following a destructive fire
(community types | and 2, Table 1; stand age 0 to =40
yr); middle stages are characterized by maturation of
the even-aged lodgepole pine forest that initially dom-
inates a site (types 3 and 4; age =40 to =250 yr); and
late stages include the progressive deterioration of the
even-aged pine canopy, with replacement by climax
species (types 5, 6, and 7; age =250+ yr). Meadows,
riparian forests, and steep-slope forests, which togeth-
er cover 16% of the watershed, were assumed to have
remained constant.

Fig. 8 shows a 240-yr simulation of landscape
changes under three different fire regimes. The selec-
tive fire control and total fire exclusion hypothetical
policies were in effect from 1778 to 1978 in the simu-
lations. In 1738 the watershed was dominated by late
successional forests, with only small areas covered by
early and middle stages. Under the natural fire regime
(Fig. 8a) the old-growth forests were greatly reduced
by major fires in 1739, 1755, and 1795, and large areas
of early successional stages were created. After 1818
the area covered by early successional stages declined
steadily and has remained very low (<5%) since the
mid-1800’s, a result of succession on the earlier burned
areas and the absence of large fires during the last 180
yr. The area covered by middle successional stages
increased dramatically around 1800, and these stages
still dominate the watershed today. Middle succes-
sional stages have begun to decrease during the last
half century, with a concurrent increase in late succes-
sional stages as areas burned in 1739 begin to enter
the more mature developmental stages.

Had a selective fire control policy been in effect

Ecological Monographs
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after 1778 (Fig. 8b), the fire in 1795 would have been
excluded, and late successional stages would have
dominated the watershed throughout the last 240 yr.
Middle stages would have reached an earlier, lower
peak than occurred naturally, and early successional
stages would have declined rapidly in the late 1700’s,
leveling out sooner at the same low level reached un-
der a natural fire regime. The simulation for total fire
exclusion (Fig. 8c) shows patterns similar to selective
fire control except that early successional stages are
absent after 1800.

Fig. 9 shows changes in the area covered by early,
middle, and late successional stages in the Pico/Cage
and Abla/Vasc habitat types under a natural fire re-
gime. Major patterns are similar in the two habitat
types except that changes in the Abla/Vasc habitat
type occur 40-50 yr earlier than corresponding
changes in the Pico/Cage habitat type. This is because
the large fire in 1739 burned primarily in the Abla/Vasc
habitat type, whereas in 1795 mainly the Pico/Cage
habitat type was affected. These two large fires each
produced a dramatic but relatively short-lived increase
in the area covered by early successional stages, fol-
lowed by a prolonged increase in middle successional
stages.

Fig. 10 shows long-term patterns in landscape di-
versity indices based on 10 community types (Table
1). Changes in the richness index (Fig. 10a) primarily
reflect the appearance and disappearance of two short-
lived early successional stages that follow major fires
(community types | and 2). Richness was highest un-
der the natural fire regime in the early 1800’s when all
10 community types were present. Richness declined
thereafter, and reached a low point in the late 1800’s
during a 70-yr period when no major fires occurred
and both early successional stages disappeared from
the landscape. Fires in 1905 and 1949 have increased
richness during the 20th century. Had the 1795 fire
been excluded under a selective fire control policy
(Fig. 10a), richness in the early 19th century would
have been much lower than occurred naturally. After
about 1850, however, richness would have been equal
under the natural fire and selective fire control policies
since the same small fires would have occurred with
both. Total fire exclusion since 1778 would have pro-
duced a slow, steady decline in richness as the two
early successional stages and eventually also the first
middle successional stage (community type 3) disap-
peared from the watershed (Fig. 10a).

Landscape evenness under the natural fire regime
was relatively high around 1800, but it declined sharp-
ly between 1818 and 1838 and remained low until the
end of the 19th century (Fig. 10b). During that time,
40-50% of the watershed was covered by a single com-
munity type, namely immature pine forests that had
developed after the extensive fires of 1739 and 1795.
By 1900 the forests on most of the area burned in 1739
had progressed to the mature pine forest stage; the
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F1G. 8. Percent of area in the Little Firehole River watershed covered by early, middle, and late forest successional
stages since 1738 under three different simulated fire regimes: (a) natural fire—all fires allowed to burn, (b) selective fire
control—large fires excluded, small fires allowed to burn, and (c) total fire exclusion. In (b) and (c), fire control begins in

1778.

watershed area was now more evenly distributed
among community types, and the evenness index in-
creased (Fig. 10b). Evenness declined again after 1938
and has remained low because most of the forests de-
veloping after 1795 have now also reached the mature
pine forest stage, resulting once more in a preponder-
ance of one community type (Fig. 10b). Had the large
1795 fire been excluded under a selective fire control
policy, the relative proportions of forest successional
stages during the 19th and 20th centuries would have
been more uniform, and landscape evenness would
have been greater (Fig. 10b). The highest evenness
values would have occurred with total fire exclusion
(Fig. 10b). This is because fires after 1800 created

small patches of early successional stages within a
landscape dominated by middle and late successional
stages, resulting in an uneven distribution of area
among community types.

Landscape patchiness under a natural fire regime
was highest in the late 1700’s and early 1800’s, follow-
ing fires in 1739, 1755, and 1795 (Fig. 10c). Patchiness
declined after 1818 and remained low until the period
1938-1958 when it again increased. This recent in-
crease has occurred partly because of small fires in
1905 and 1949, but also because of extensive local
variation in the rate of succession and in the onset of
extensive canopy mortality in even-aged pine forests
on the areas burned in 1795 in the Pico/Cage habitat
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type. Had the 1795 fire been excluded under the se-
lective fire control policy, landscape patchiness would
have decreased sharply after 1778 and remained low
thereafter except for a much smaller increase between
1938 and 1958 (Fig. 10c). With total fire exclusion,
landscape patchiness would have continued to decline
into the 20th century.

Fig. 11 shows long-term patterns in overall land-
scape diversity. A weighted average of relative rich-
ness, evenness, and patchiness (Fig. 1la) and the
Shannon-Wiener Index (H'; Fig. 11b) show similar
patterns. Landscape diversity under the natural fire
regime was highest in the early 1800’s, fell to a low
level in the mid-1800’s, then increased again in the late
1800’s. Overall diversity under selective or total fire
control would have been lower in the early 1800°s, but
would have been substantially higher in the mid-1800"s
than occurred naturally. This latter result seems sur-

prising, because fire is generally regarded as an event
that increases diversity in coniferous ecosystems.
However, when the forests developing on areas
burned in 1795 entered the middle successional stage
(community type 3), which was already widespread
following the major fire of 1739, evenness declined so
much that the overall diversity indices (which contain
an evenness component) were also lowered. Such a
reduction in landscape diversity does not necessarily
occur after every major fire. The earlier large fire of
1739 probably increased richness, evenness, and
patchiness for several decades; overall diversity was
still high in 1778 (Fig. 11), some 40 yr after the fire,
and it declined only slowly after 1778 in the simula-
tions that excluded the fire in 1795. In contrast to the
fire of 1795, the fire of 1739 occurred after a long,
relatively fire-free period, in a landscape dominated
by late-successional communities (Fig. 8a). Fig. 11
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also shows that overall landscape diversity has
changed little during the actual period of fire suppres-
sion in the 20th century.

DiscussioN

Fire cycles in subalpine forests of
Yellowstone National Park

The fuels data in Figs. 3—6 support Despain and Sell-
ers’ (1977) hypothesis that the frequency of major fires
in this area is partly controlled by the slow develop-
ment during succession of a fuel complex capable of
supporting an intense crown fire. Surface fires of low
intensity do occur, but because even the maximum
accumulations of fine fuels are relatively low (Fig. 3)
and because the small needles tend to form a compact
litter layer, light surface fires generally spread slowly
and cover only small areas. Thus they exert a minor
influence on long-term vegetation structure and dy-
namics compared to the dramatic effects of crown
fires, which may burn very large areas and produce
major vegetational changes.

After a suitable fuel complex has developed in a
stand, with adequate quantities of all fuel components
necessary to support a crown fire (stand age 300+ yr;
Figs. 3-6), a destructive fire is likely to occur if light-
ning ignites small fuels during warm, dry, windy
weather. Such weather conditions occur every sum-
mer in this area, and lightning-caused fires have been
reported in Yellowstone Park in every year for which
records have been kept (Sellers and Despain 1976).
However, these fires are widely scattered over the
Park, and any particular stand may escape fire for
many years, even though it has suitable fuel condi-
tions. Therefore, I concluded that the mean fire inter-
val, or length of time between two successive crown
fires in a small stand of a few hectares or less, must
be a minimum of 300-350 yr, the average time nec-
essary for the fuel complex to develop, but it may be
much longer.

Over half of the upland forest area in the Little Fi-
rehole River watershed was burned by three major
fires in the 18th century (1739, 1755, 1795; Fig. 2).
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Most of the area that escaped burning at that time
either was sheltered topographically or had been
burned by the fire of 1630, <200 yr earlier. As a result,
most of the upland forest today is in middle stages of
succession (Fig. 8), with low quantities of most fuel
components and a low probability of crown fire de-
veloping even if ignition occurs (Figs. 3—6). This prob-
ably explains the low frequency and small size of fires
in the watershed during the last 180 yr (Fig. 2). In
another 150-200 yr, most of these forests will have
entered late successional stages in which the proba-
bility of crown fire is high if ignition occurs. This fact,
plus the scarcity of topographic barriers to fire spread
in the watershed, leads me to predict that another se-
ries of large, destructive fires will again burn most of
the upland area in 150-200 yr. Thus, this ecosystem
appears to be characterized by a long-term fire cycle
in which extensive areas burn every 300-400 yr, with
relatively few major fires during the intervening pe-
riods.

A 300-yr fire cycle may help to explain why the
frequency of major fires since 1972 on the Two Ocean
and Mirror Plateaus in eastern Yellowstone Park has
been twice as great as the frequency during the last
300 yr in the Little Firehole River watershed (Table
6). The latter area is now in a prolonged phase of the
cycle where major fires are unlikely because of the
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vegetational composition of the landscape. On the
much larger Two Ocean and Mirror Plateaus, how-
ever, there probably are areas in a different phase of
the cycle in which major fires are more likely to occur.
Another possible explanation for the difference in fire
frequency is that weather conditions conducive to a
major fire have occurred more frequently during the
last 6 yr than occurred on the average over the last
350 yr. However, this latter explanation seems unlike-
ly. Even if recent weather patterns may have been
drier and warmer, fires in the past could have covered
very large areas even during a single short period of
favorable weather if a suitable fuel complex had been
present (Sellers and Despain 1976).

Detailed fire history studies in other parts of the
Rocky Mountain subalpine zone suggest that there is
some geographic variation in fire frequency. Clagg
(1975) reported an average of 7.12 lightning fires - million
acres !-yr ' in areas above 2575 m in Rocky Mountain
National Park in northern Colorado, USA, and esti-
mated that 0.5 fires larger than 10 acres occurred per
million acres per year prior to 1870. Conversion of
these data to metric units yields a frequency of 0.18
fires- 100 km™2-yr~! for all fires and 0.012 fires- 100
km~2-yr~! for major fires. The frequency of major fires
appears to be substantially higher in Yellowstone Na-
tional Park, with 0.026 fires- 100 km~2-yr—! determined
for the Little Firehole River watershed and 0.072
fires- 100 km~2-yr~! determined for the Two Ocean
and Mirror Plateaus (Table 6). Total fire frequency
also is higher on the Two Ocean and Mirror Plateaus,
with 0.31 fires- 100 km~2-yr~! (Table 6). I did not com-
pare total fire frequency in my study area because, as
noted earlier, the record of very small fires here is
almost certainly incomplete. A comparatively lower
fire frequency in the Colorado mountains may be due
to greater summer precipitation; Clagg (1975) reports
that fuel moisture is usually high throughout the sum-
mer due to frequent rain showers.

There is also considerable variation in mean fire in-
tervals in different parts of the Rocky Mountain sub-
alpine zone. Arno (1980) has summarized the results
of several recent, detailed fire history studies in the
Northern Rocky Mountains (Alberta, Montana, and
Idaho), which report mean intervals ranging from 22
to 153 yr between successive fires in small stands (=40
ha). My estimate of 300 yr for the Yellowstone sub-
alpine zone is substantially longer than any of these
other estimates. I believe that there are two major
reasons for this, one related to differences in methods
and types of fires being considered, and the other re-
flecting a significant difference in fuel dynamics and
fire behavior in the various study areas. With respect
to methods, estimates summarized by Arno (1980)
were obtained by listing all fire years detected in small
stands and calculating the average interval between
fire years in each stand. Many of the fires detected in
these areas were of relatively low intensity; they nei-



June 1982

ther killed all of the canopy trees, nor consumed all
of the dead woody fuels. Such light surface fires ap-
parently have been much more frequent and covered
larger areas in subalpine forests of the Northern Rock-
ies than in Yellowstone; hence the mean fire intervals
in the Northern Rockies are shorter. By consuming a
significant portion of the accumulated fuel, these fires
may delay the occurrence of destructive crown fires
(Gabriel 1976).

The method just described could not be used in my
study area where very few stands contain evidence of
more than one fire. The few stands that do show evi-
dence of two fires appear to represent either (1) the
boundaries between two large burns where the second
fire burned a short distance into the area burned earlier
before going out, or (2) the site of a very small, local-
ized fire that left no evidence of its presence other
than one or a few fire-scarred trees. Had I calculated
mean fire intervals in these stands I would have ob-
tained estimates of 32—183 yr, but these results would
not be representative of the study area as a whole.
Therefore, I determined a minimum likely fire interval
on more typical sites based on the time required for
development of a suitable fuel complex. I emphasize
that my estimate of 300+ yr applies to the average
interval between major crown fires that destroy a
stand and initiate secondary succession. Fires of lower
intensity do occur, but they are usually very small and
have a minimal impact on the overall vegetation pat-
tern of the Yellowstone subalpine zone.

Despite differences in method and in types of fires
included in calculations, there seem to be some very
real differences in the mean fire intervals of subalpine
forests in Yellowstone and in the Northern Rockies.
Most of the Yellowstone Plateau lies at relatively high
elevations (=2500 m) and has comparatively poor
growing conditions (100-yr site index 50-60 feet [15-18
m] in my study area). On more productive sites at
lower elevations, tree growth and fuel accumulation
probably occur more rapidly between fires, making
more frequent fires possible (Arno 1980). The moun-
tain pine beetle (Dendroctonus ponderosae), which
hastens succession and fuel accumulation, is also more
abundant at lower elevations (Amman et al. 1977).
Within the study areas referred to by Arno (1980),
mean fire intervals generally become longer as eleva-
tion increases. Even in the areas surrounding Yellow-
stone National Park there appear to be significant dif-
ferences in mean fire intervals related to elevation and
soil type. A fuel complex capable of supporting a de-
structive crown fire apparently can develop in as little
as 100 yr in lodgepole pine (Pinus contorta) forests on
the floor of Jackson Hole, Wyoming, USA, =80 km
south of the Yellowstone Plateau, and 500 m lower in
elevation. A major fire there in August 1981, burned
intensely in a 100-yr-old forest that had been affected
by a severe outbreak of mountain pine beetles 20 yr
earlier. I observed that the understory and fuel con-
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ditions in this forest resembled those of a 300-yr-old
stand on the Yellowstone Plateau, apparently due to
more favorable growing conditions and significant in-
sect-caused mortality in the canopy of the younger
stand. In contrast, lodgepole pine forests growing on
poor soils at high elevations in the Wind River Moun-
tains (=100 km southeast of Yellowstone) contain little
evidence of fire, and fuel accumulation appears very
slow (Arno 1980); the fire regime there is probably
similar to that on the Yellowstone Plateau.

Quantitative data on fuel accumulation in relation
to stand age from other Rocky Mountain subalpine
forests support the idea that development of the fuel
complex occurs more slowly in Yellowstone Park than
in some other areas, although relatively few compa-
rable data are available. Bevins et al. (1977), using
data from a large area in southwestern Montana, ob-
tained patterns very similar to those in Figs. 3-6 ex-
cept that major changes in fuel quantities generally
occurred 50-100 yr earlier. Clagg (1975) observed
somewhat different patterns in lodgepole pine forests
of Rocky Mountain National Park. There the duff plus
litter layer increases to a maximum between ages 100
and 200 yr and then declines steadily, in contrast to
the pattern in Yellowstone National Park (Figs. 3, 6)
in which these components also reach high levels at
100-200 yr but then remain high or continue to in-
crease. Clagg found that total dead woody fuels in-
crease immediately after a fire, quickly decline to a
low point at about age 50 yr, then rapidly increase
again to a peak at 100 yr, followed by a gradual decline
until about age 300 yr, after which fuel mass appears
to remain constant. In contrast, Fig. 4 for Yellowstone
National Park shows a low point for total fuels around
age 70-200 yr, followed by a slow increase to maxi-
mum levels around 350 yr. Clagg also noted that fine
fuels are not very abundant and generally discontin-
uous, a situation similar to that in Yellowstone. Mu-
raro (1971) was unable to recognize any clear patterns
of fuel accumulation in relation to stand age in lodge-
pole pine forests of British Columbia, concluding that
stand history and the intensity of previous fires were
the major controlling factors.

Long-term patterns in ecosystem structure,
Sfunction, and diversity

A striking result of my 200-yr landscape reconstruc-
tion is that landscape composition and diversity in the
Little Firehole River watershed have fluctuated great-
ly under a natural fire regime (Figs. 8a, 10, 11). These
results lead to the conclusion that the vegetation of
this watershed has not been in a steady-state condition
during the last 200 yr. Moreover, if the area is subject
to a cycle of extensive fires every 300 yr, as described
earlier, then this particular landscape must be char-
acterized over the long term by continual change.
Loucks (1970) referred to similar long-term dynamics
in individual communities as a ‘‘stationary process
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with random perturbation.”” Loucks pointed out that
a community at any particular time may appear ‘‘un-
stable’” because its composition is changing, but that
the entire long-term sequence of changes actually con-
stitutes a “*stable’” system because the same sequence
recurs after every interruption by fire or other pertur-
bations. Botkin and Sobel (1975) also referred to this
type of recurrence as an important form of stability in
ecosystems. The 73-km? Little Firehole River wa-
tershed appears to represent a similar stationary pro-
cess of much greater size and complexity. One im-
portant difference here is that perturbation, rather
than being random as Loucks indicated, is actually
highly predictable because of changes in fire suscep-
tibility during community development (cf. Mutch
1970). Rowe (1961) suggested a similar interpretation
for the Canadian western boreal forest, calling it a
“*disturbance forest” maintained by frequent fires to
which nearly all species are well adapted.

Although the Little Firehole River watershed clearly
is not characterized by steady-state conditions, we can
speculate whether the idea of steady state may apply
at some higher level of ecological organization, per-
haps encompassing the entire subalpine portion of the
Yellowstone Plateau. One could hypothesize that
while early successional communities have become
scarce in the Little Firehole River watershed during
the last 180 yr, fires in other watersheds have contin-
ually re-created them, so that the proportion of this
very large area covered by early successional stages
has remained relatively constant over time. Several
authors have suggested this kind of dynamic equilib-
rium in landscapes (White 1979). Zackrisson (1977) in-
dicated that the spatial distribution of postfire succes-
sions in the North Swedish boreal forest is always
changing, but over the long term the forest mosaic in
the region as a whole remains unchanged. Studies of
wave-regenerated fir forests in the northeastern
United States have indicated that the entire fir forest
ecosystem is in a steady-state condition despite wide-
spread local patterns of community degradation and
regeneration (Sprugel 1976, Sprugel and Bormann
1981). Similarly, Bormann and Likens (1979) conclud-
ed that, prior to European settlement, the northern
hardwood forests of the White Mountains in New
Hampshire were characterized by a *‘shifting-mosaic
steady state’’ in which the standing crop biomass of
a watershed or other large landscape unit varied slight-
ly around a mean, although the biomass on any small
plot within that unit fluctuated greatly over time due
to localized disturbance by treefalls and subsequent
forest regrowth.

If such a steady state exists in the Yellowstone sub-
alpine ecosystem, it must be on a very large scale,
encompassing an area much greater than one 73-km?
watershed, due to the very large scale of fire-induced
disturbance. For the purposes of management and in-
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terpretation of natural phenomena in the Park (e.g.,
patterns in wildlife populations), T suggest that this
particular ecosystem is more appropriately viewed as
a nonsteady-state system characterized by cyclic,
long-term changes in structure and function brought
about by periodic large, destructive fires. Note that
fire controls landscape dynamics in Yellowstone not
because it recurs very frequently, but because very
large areas are affected when it does occur, and vege-
tational development between fires is relatively slow.
Concurrent with the changes in overall vegetational
composition and landscape diversity shown in Figs.
8-11, there must have been changes in functional char-
acteristics of the Little Firehole River watershed eco-
system. For example, removal of forest cover from
large portions of a subalpine watershed by fire or log-
ging often leads to a significant increase in streamflow
(Leaf 1975, Albin 1979) and at least a brief increase in
nutrient output in stream water (Likens et al. 1970,
McColl and Grigal 1975, Wright 1976). Long-term hy-
drologic and nutrient-cycling patterns in relation to fire
are poorly understood in the Yellowstone ecosystem,
but they may have important bearing on the structure
and productivity of aquatic as well as terrestrial eco-
systems. Of particular interest are the large subalpine
lakes in Yellowstone Park in which total productivity
and carrying capacity for fish appear to have declined
during the last century (Varley 1974, Shero 1977). Cy-
clic patterns in landscape composition and diversity
are also important in interpreting long-term population
dynamics of terrestrial animal species that require or
prefer habitats in particular forest successional stages.
Taylor (1969, 1973, 1974) found a larger number of
species associated with early forest successional
stages than with middle or late successional stages in
subalpine forests of Yellowstone Park. There is much
less area covered by early successional stages today
than there was 150 yr ago in the Little Firehole River
watershed; consequently the populations of many an-
imal species undoubtedly have declined since that
time, while populations of a few species have in-
creased. Some population fluctuations in the Park as
a whole may be the result of natural landscape changes
rather than the influence of man.

Management implications

All evidence indicates that normal landscape dy-
namics in the Little Firehole River watershed have not
been significantly interrupted by human activities. The
former policy of total fire exclusion occurred at a time
when large fires in this area were unlikely anyway. In
fact, the one fire that was suppressed in 1949 probably
would not have been much larger if left uncontrolled
because it was surrounded by topographically pro-
tected sites and young forests of low fire risk. Other
subalpine areas in Yellowstone National Park may be
covered by predominantly late-successional forests
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developing after a different series of major fires in the
past, and here, recent fire suppression may have de-
layed the onset of the next major fire cycle. The mag-
nitude of this delay, however, is probably well within
the normal range of stochastic variation in fire inter-
vals. Note that these conclusions apply only to sub-
alpine ecosystems in Yellowstone National Park; at
lower elevations where fires formerly recurred at
shorter intervals and the period of effective fire
suppression was longer, some significant ecological
changes may have occurred (Houston 1973, Loope
and Gruell 1973).

The current fire management plan probably will be
effective in maintaining natural landscape patterns in
the subalpine zone if most lightning-caused fires are
allowed to burn naturally, including the very large
fires. The results of this study indicate that managers
should expect, and allow, an occasional fire covering
many square kilometres; these are the fires that will
exert a predominant influence on landscape composi-
tion and diversity for many decades to follow. Such
large fires should not be viewed as unusual events oc-
curring because of abnormally high fuel accumula-
tions. Although fire suppression has modified natural
fuel patterns in some other areas (Dodge 1972), I found
neither evidence for unusual fuel accumulations in this
area, nor any need for prescribed supplemental burn-
ing to reduce fuel loads.

An intriguing result of the landscape simulations for
the last 200 yr was that some components of landscape
diversity would have been higher at certain times un-
der a selective or even a total fire control policy than
with the natural fire regime (e.g., 1878: Figs. 10 and
11). The use of a carefully planned program of pre-
scribed burning or timber harvesting would undoubt-
edly make it possible to maintain greater landscape
diversity than occurs naturally. Although this might
have some positive effects, negative effects would also
be possible, and such an experiment would be wholly
inappropriate in a natural area such as Yellowstone
National Park (Houston 1971).

The long-term patterns in landscape composition
and diversity shown in Figs. 8-11 underscore the rec-
ommendations of Wright (1974), Sullivan and Shaffer
(1975), Pickett and Thompson (1978), and others that
in the establishment and management of natural areas
for conservation of biotic diversity, care must be taken
(1) to set aside a large enough area to include a mosaic
of all normal stages in community development, and
(2) to allow natural processes of perturbation and re-
covery to occur unchecked. Otherwise, species and
ecological processes restricted to particular succes-
sional stages may be lost. The very large-scale pat-
terns of perturbation and recovery characteristic of
the Yellowstone subalpine ecosystem probably neces-
sitate a much larger natural area here than might be
required in some other ecosystems where individual
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perturbations are more frequent and affect a smaller
area (Shugart and West 1981).
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