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Abstract. How have changesin land management practices affected vegetation patterns
in the greater Yellowstone ecosystem? This question led us to develop a deterministic,
successional, vegetation model to ‘‘turn back the clock’ on a study area and assess how
patterns in vegetation cover type and structure have changed through different periods of
management. Our modeling spanned the closing decades of use by Native Americans,
subsequent Euro-American settlement, and associated indirect methods of fire suppression,
and more recent practices of fire exclusion and timber harvest. Model results were striking,
indicating that the primary forest dynamic in the study areais not fragmentation of conifer
forest by logging, but the transition from a fire-driven mosaic of grassland, shrubland,
broadleaf forest, and mixed forest communities to a conifer-dominated landscape. Projec-
tions for conifer-dominated stands showed an increase in areal coverage from 15% of the
study areain the mid-1800s to ~50% by the mid-1990s. During the same period, projections
for aspen-dominated stands showed a decline in coverage from 37% to 8%. Substantial
acreage previously occupied by a variety of age classes has given way to extensive tracts
of mature forest. Only 4% of the study areais currently covered by young stands, all of
which are coniferous. While logging has replaced wildfire as a mechanism for cycling
younger stands into the landscape, the locations, species constituents, patch sizes, and
ecosystem dynamics associated with logging do not mimic those associated with fire. It is
also apparent that the nature of these differences varies among biophysical settings, and
that land managers might consider a biophysical class strategy for tailoring management
goals and restoration efforts.

Keywords: disturbance; fire exclusion; GIS modeling; land management; Rocky Mountain (USA)
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INTRODUCTION

Many land managers are interested in maintaining
ecological processes and native species in the land-
scape. One way to do this is through designs to min-
imize habitat fragmentation resulting from logging and
other land uses. In the Rocky Mountains, as elsewhere,
clearcut logging in recent decades has reduced the area
and patch size of natural forests and raised concern for
the viability and conservation of native species (Knight
et al. 2000). A longer term view, however, suggests
that human alteration of natural disturbance regimes
may have a greater influence on forest patterns than
those imposed by logging, resulting in forest patterns
today that are much more homogeneous and extensive
than those prior to Euro-American settlement. Knowl-
edge of these longer-term dynamics under the influence
of natural disturbance and human activities provides a
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context for managing modern landscapes to achieve
ecological objectives (Landres et al. 1999). In this pa-
per, we reconstruct forest patternsin a Rocky Mountain
landscape from the initiation of Euro-American settle-
ment (mid-1800s) through the current period of fire
exclusion and logging.

Fire was a dominant disturbance in the Rocky Moun-
tains throughout the Holocene epoch. Fire return in-
tervals in Rocky Mountain conifer forests varied from
<10yr to severa hundred years, depending upon forest
type and landscape setting (Romme 1982, Arno and
Gruell 1986, Dieterich and Hibbert 1990, Harrington
and Sackett 1992, Barrett 1994, Veblen et al. 2000,
Donnegan et al. 2001). These fire regimes strongly in-
fluenced vegetation patterns. Frequent fires created and
maintained grasslands, shrublands, and conifer forest
savannas (Barrett 1994). Forests in landscape settings
with infrequent, severe fires underwent long-term suc-
cession, often from shade-intolerant communities fol-
lowing fire, to late-succession old-growth conifer com-
munities (Bradley et al. 1992). Many organisms have
adapted to localized fire regimes and are dependent
upon either early or late seral habitats (Hutto 1995).
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The occurrence of fire in the Rocky Mountains
changed dramatically during the period of Euro-Amer-
ican settlement (Gruell 1983, Swetnam 1990). In-
creased grazing by domestic livestock reduced fuels,
which limited fire spread. Since the 1950s, technol ogy
has allowed humans to effectively suppress wildfire.
These modern human activities have greatly reduced
fire frequency throughout much of the Rockies. Many
locations that burned every few decades before the
mid-1800s have not had a fire since (Littell 2002).

Photo comparisons between the late 1800s and today
suggest substantial changes in vegetation structure and
composition during this period of fire exclusion (Gruell
1983, Meagher and Huston 1998). Grasslands and
shrublands have been invaded by conifers. Open-can-
opy conifer savannas have succeeded into dense,
closed-canopy forests. Broadleaf species, such asaspen
(Populus tremuloides), have been replaced by conifers,
and fire-tolerant conifer species, such as ponderosa
pine (Pinus ponderosa) and lodgepole pine (P. con-
torta), are giving way to less fire-tolerant species, such
as true firs (Abies spp.). These changes lead to dra-
matically less habitat for species dependent upon grass-
lands, shrublands, aspen stands, and early seral conifer
forests (Hansen and Rotella 2000).

Several questionsremain about forest patternsduring
the period of transition from pre-Euro-American set-
tlement to today. How have forest composition and
stand structure changed during this time? Does the spa-
tial patterning of community types today differ from
that at the beginning of the transition? Which com-
munity types were more fragmented under the pre-
Euro-American fire regime and which are more frag-
mented under current human activities? Have rates and
directions of change varied by landscape setting, and
can pre-Euro-American settlement patterns of vegeta-
tion be restored more readily in some topographic, cli-
matic, and soil settings than others?

We attempted to answer these questions by recon-
structing vegetation patterns in a study area within the
Beaver Creek watershed in the Eastern Centennial
Mountains of ldaho for the years 1856-1996. We in-
tegrated dendrochronological (Veblen 1992) and chron-
osequential (Glenn-Lewin and van der Marrel 1992)
data to construct successional trajectories for the study
area and then used these data to parameterize a spatial
simulation model. The model projected stand age and
seral stage back in time along the successional trajec-
tories (modified from Bradley et al. 1992). We then
analyzed the spatial patterns of vegetation at 10-yr in-
tervals to reconstruct vegetation cover type and struc-
ture from 1856-1996 and quantify the associated
changes in landscape pattern. We estimated the extent
to which vegetation change varied among biophysical
landscape groups (reflecting climatic, topographic, and
edaphic settings). Finally, we considered how periods
in land management history, pre-Euro-American set-
tlement (mid-1800s-1890), early post-Euro-American
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settlement (1890-1950), and recent post-Euro-Ameri-
can settlement (1950—1996), may have influenced veg-
etation patterns.

METHODS
Sudy area

The Beaver Creek study area lies on the south slope
of the east—west trending Eastern Centennial Mountain
Range in Idaho (Fig. 1) within the Targhee National
Forest. This areawas chosen because an intensive study
of patterns of forest stands had been completed for the
adjacent Camas Creek watershed, and there was inter-
est in extending that research both geographically and
ecologically. Additionally, Targhee National Forest
ecologists were aware of a number of communities at
risk, including seral aspen, and were motivated to con-
duct further successional research in the area.

Previously, forest ecologists had developed a clas-
sification scheme for habitat and community types of
eastern Idaho and western Wyoming that focused on
fire frequency, response of dominant tree species to
fire, and postfire successional trajectories (Bradley et
al. 1992). The scheme incorporated environmental
characteristics such as topography, soil, climate, and
vegetation to derive ‘‘fire groups.” These groups are
helpful for understanding forest dynamics relative to
biophysical settings. Four of the groups are well rep-
resented within the 16 500-ha study area (see Fig. 1).
The driest sites at lower elevations (1800—2300 m) are
dominated by mountain big sage (Artemisia tridentata
ssp. vaseyana var. pauciflora) and Idaho fescue (Fes-
tuca idahoensis) communities, and sometimes include
very open stands of conifer. These ‘* sagebrush/grass-
land” sites are on relatively gradual terrain at the base
of foothills and are thought to have burned with var-
iable intensity every 10—40 yr during pre-Euro-Amer-
ican times (i.e., before the mid-1800s; Houston 1973,
Bridger-Teton National Forest 1997, Caribou National
Forest 1997).

Relatively moist habitats (on cooler or moister ex-
posures) at elevations between 1900 and 2400 m in the
study area are dominated by Douglas-fir (Pseudotsuga
menziesii), lodgepole pine (Pinus contorta), and aspen
(Populus tremuloides). In the absence of fire, Douglas-
fir is the successional climax; hence, we refer to this
group as ‘‘moist Douglas-fir forest.”” Historical fire re-
gimes varied widely, affected by topography, weather,
stand structure, and fuel loading. Fire frequency was
highly variable, with return intervals ranging from 15
to >100 yr. Fire can be stand thinning or stand re-
placing, affecting the potential dominance by different
species.

A third group, ‘“mid- and lower-slope forest,” is
dominated by lodgepole pine, but subalpine fir (Abies
lasiocarpa), Engelmann spruce (Picea engelmannii),
and Douglas-fir are also important components of these
forests. This group is typified by sites that are warmer
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FiG. 1.
dimensional representation of the terrain. The lattice spacing is 400 m, and there is a fivefold vertical exaggeration of the
terrain.

and/or drier than those of the previous group. Stands
occur between elevations of 2050 to 2500 m in the
study area and tend to have dense understory trees and
amix of dead and live overstory trees, creating astrong
potential for crown fires during dry weather. Firereturn
interval has historically varied from tens to hundreds
of years.

The ““high elevation’ group in the study arearanges
from 2300 to >2600 m. The group is characterized by
subalpine fir, Engelmann spruce, lodgepole pine, and
whitebark pine (Pinus albicaulis). These sites have
moderate to steep terrain, cold, moist, or wet site con-
ditions, a short growing season, and, consequently, low
vegetation productivity. Fire frequency islow, with re-
turn intervals of several hundred years, and fires tend

Location of the East Beaver Creek study area in Idaho and the distribution of biophysical classes over a three-

to be restricted to individual trees or small groups of
trees.

No large wildfires are known to have occurred in the
Beaver Creek study area for well over 100 yr. Notes
from land line surveys from the 1880s mention evi-
dence of old fires (from around the 1850s), and the few
photos existing for that period show old snags. A high
degree of uniformity in the current stand age indicates
that fires halted abruptly somewhere during the mid-
1800s, a time coincident with major changes in land
use. Prior to that time, an abundance of water and a
large source of obsidian in the area attracted very con-
centrated use by Native Americans (A. Abusaidi and
R. Thompson, personal communication; Butler 1978;
also many sites are referenced in the Targhee National
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TaBLE 1. Successional trajectories defined for the study area.
Order Stage
1 Abies lasiocar pa/Calamogrostis rubescens
2 Abies lasiocar pa/Calamogrostis rubescens (shelterwood cut origin)
3 Abies lasiocarpa/Spiraea betulifolia
4 Abies lasiocarpa/Spiraea betulifolia (shelterwood cut origin)
5 Artemisia tridentata/Festuca idahoensis
6 Populus/sagebrush/grass
7 Populus tremuloides/Artemisia tridentata
8 Pseudotsuga menziesii/Artemisia tridentata
9 Pseudotsuga menziesii/Artemisia tridentata (shelterwood cut origin)
10, 11 Pseudotsuga menziesii/Calamogrostis rubescens, Calamogrostis rubescens SEDGEWAY T (two trajecto-
ries having the same successional stages, but different rates of development due to site characteristics)
12 Pseudotsuga menziesii/Calamogrostis rubescens, Calamogrostis rubescens SEDGEWAY (shelterwood cut
origin)
13 Pseudotsuga menziesii/Juniperus communis-Pseudotsuga menziesii/Festuca idahoensis
14 Pseudotsuga menziesii/Spiraea betulifolia/forb/shrub
15 Salix/graminoid

Notes: Unless otherwise noted, trajectories pertain to stands arising from a ‘‘natural’’ origin (i.e., unlogged) or clearcut
origin (i.e., where virtually no tree overstory exists). Trajectories noted as having shelterwood cut origins are assumed to
have mature overstory trees present through all stages of stand development.

T SEDGEWAY refers to a soils series.

Forest Heritage Resource Survey Reports Archive).
Native Americans were driven out of the area between
1850 and 1880 and grazing by livestock was intro-
duced. The removal of fine understory fuels through
grazing helped suppress wildfire. Grazing intensity was
especialy heavy from 1890 to 1935 (e.g., 17 000 cow
and 8800 sheep animal unit months, i.e., AUMs; C.
Probert, personal communication). By the mid-1900s,
grazing was decreased to moderate intensity (9100 cow
and 4700 sheep AUMS). Today, the area supports
11400 cow and 1400 sheep AUMSs. The earliest doc-
umented logging efforts in the study area date back 60
yr, but the level of activity remained minimal for the
first 10—20 yr, after which active fire suppression was
also introduced. More recently, clearcut and shelter-
wood logging has occurred, primarily in moist Doug-
las-fir forest settings. In total, <10% of the study area
was logged by 1996.

Model development

We defined 15 successional trajectories for the study
area based on climax communities described by Bow-
erman et al. (1996; Table 1). The trajectories were es-
tablished using several sources, including successional
flowcharts in Bradley et al. (1992), stand exam data
from the Targhee National Forest, habitat type descrip-
tions (Steele et al. 1983), aerial photographs, historic
vegetation maps, local silvicultural expertise, and tim-
ber management history. The stand exam data repre-
sented a comprehensive inventory conducted to deter-
mine site productivity, presence of insects and disease,
and stand volume, density, species composition, tree
age, and growth rates. The historic vegetation maps
were from the Henry’'s Lake Forest Reserve map col-
lection archived at Targhee National Forest headquar-
ters. The map archive includes a series of three map-
ping efforts between 1912 and 1920 for the Beaver

Creek study area. These maps were generated by field
sketching vegetation boundaries on topographic maps.
Vegetation categorieswerevery general (i.e., rangeland
vs. forest, to indicate potential forage areas for cattle),
except for stands where aspen or Douglas-fir composed
>60% of the forest cover, in which case specific forest
types were described. Timber management history was
used to develop alternative trajectories to account for
successional effects from tree harvest. For example,
stands that had been harvested and subsequently re-
forested by the Forest Service bypassed the initial
grass/forb stage of development. Stands that had re-
ceived shelterwood cuts had different structure than
other stands, with both areforested understory and ma-
ture overstory (e.g., Table 1, trajectories 2, 4, 9, and
12).

By integrating these information sources, we were
able to estimate time intervals associated with each
stage within asuccessional trajectory. Individual stages
were defined in terms of tree size class, stand age, forest
cover composition, and time interval required for the
stage (Table 2). The trajectories assume an absence of
disturbance, except for timber harvest. Since fire is
believed to have been absent from the study area during
the period modeled, it was not incorporated into our
model. Other disturbances, such as grazing, pests, and
disease, may have played some role in accelerating or
retarding successional rates or in altering successional
pathways, but were not addressed in this initial mod-
eling effort. Future model development could incor-
porate stochastic and probabilistic disturbances to de-
pict alternative projections of past land cover patterns.

We used stand exam records, timber inventory maps,
1:15840-scale color air photos from 1995, and recent
field visits to map the 1996 vegetation cover for the
study area, assigning the appropriate successional path-
way and stage to each stand. The minimum mapping
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TaBLE 2. Examples of three successional trajectories used in our model.
Sucessional Tree age
Successional trajectoryt Successional stage age AS DF
5) Artemisia tridentata/Festuca grass/forbs 0-10 NA NA
idahoensist sage/grass/forbs 10+ NA NA
10) Pseudotsuga menziesii/Calamo- grass/forb, AS/seed/sap 0-5 0-5
grostis rubescens, Calamogrostis AS young 6-35 6-35
rubescens SEDGEWAY AS mature, DF seed/sap 36-65 36-65 1-30
AS mature, DF pole 66-95 66+ 31-60
AS mature, DF mature 96-235 61-200
DF mature/old growth 235+ 200+
14) Pseudotsuga menziesii/Spiraea grass/forb/shrub 0-10 NA
betulifolia/forb/shrub DF and LP seed/sap 11-40 1-30
DF and LP poles 41-70 31-60
DF and LP mature 71-130 61-120
DF mature, some LP, DF understory 131-210 131-200
DF mature/old growth 210+ 200+

Notes: A complete list is included in Appendix 1 of Gallant

et al. (1998). Note that ‘‘ successional age'’ distinguishes the

age of the stand since the last disturbance and ‘‘tree age’” distinguishes the age of the trees in the stand. There is always a

lag of years for tree establishment following stand disturbance

except in cases where stands have been reforested within the

year following timber harvest. Abbreviations: AS, aspen; DF, Douglas-fir; and LB, lodgepole pine; NA, not applicable.

T See Bowerman et al. (1996) for type descriptions.
¥ Numbers correspond with those used in Table 1.

unit (i.e., stand size) was <2 ha, resulting in 735 stands
for the study area. In cases where age data were not
available, stand age was estimated from air photos or
interpolated from ages of adjacent stands. Because of
the high degree of stand age uniformity in the area, we
felt such estimates were reasonable.

Our rule-based model was applied to the 1996 stand
map to ‘“turn back the clock’ on vegetation cover. The
model looped backwards through time steps, passing
along information on successional trajectory and stage,
stand age, and timber management history (unlogged
vs. clearcut or shelterwood cut, and age and type of
stand at time of cut) for each stand (Fig. 2). For every
loop of the model, a specified number of years (we
used 10) was subtracted from the age of a stand and
the successional stage was updated if the existing one
was no longer appropriate (for the new stand age).
Since nearly all of the successional stages of our tra-
jectories have a duration >10 yr (except for the grass/
forb stage of some trajectories), a 10-yr time-step in-
terval is sufficient for representing each possible stage.

As stands are cycled backwards through their re-
spective trajectories, their ages eventually become
zero. In the case of logged stands in the study area,
information on stand type, age, and trgjectory at the
time of harvesting was incorporated into our model,
allowing the stands to continue being mapped back in
time. For example, a logged stand that is 50 yr of age
in 1996 can be modeled back for five time intervals on
the current trajectory, then reset to the appropriate tra-
jectory for the stand characteristics that existed at the
time of logging. When stand age became zero in mixed
stands (aspen and conifer), we assumed that similar
mixed components occupied the sites prior to that time,
so we maintained these map unitsin mixed forest types
for the duration of the model, though we were no longer

able to attribute a stand age to them. Our rationale here
was threefold: (1) few sites in this area can be consid-
ered ‘‘stable” (i.e., nonseral) aspen, (2) al other sites
contain speciesthat are seral to conifers, and (3) current
seral aspen stands include Douglas-fir trees of several
hundred years of age, indicating that both aspen and
conifers have long been mixed components of these
sites. There was no method for determining the age of
sagebrush/grassland, willow, or pure aspen stands for
development of the 1996 stand map. Barring the oc-
currence of major environmental change or distur-
bance, these stand types have probably occupied the
study area for the duration of our modeling period, due
to their reproductive strategies. We held these stands
constant over time in the model. Were we to modify
the model to predict future vegetation cover, then these
stands could be altered through processes such as fire,
fire exclusion, grazing, and climate change.

We evaluated model output by comparing the pre-
dicted vegetation patterns for 1920 with those shown
on the historic maps. This was a simple visual assess-
ment. A quantitative assessment was not appropriate,
as the spatial and thematic resolutions differed signif-
icantly between products. For instance, the historical
maps included 195 stands, with a mean mapping unit
area of 85 ha, while our model included 735 stands,
with a mean mapping unit area of 23 ha. Additionally,
no accuracy assessment was available for the historic
maps, so the value of a quantitative comparison was
unclear. We found that model output for 1920 vege-
tation cover generally equated well with the vegetation
patterns shown on the historical maps. In a couple of
cases, the historic maps indicated that our successional
trajectories appeared to underestimate how rapidly cer-
tain stand types progressed from aspen or grassland/
sagebrush to conifer forest. Accordingly, we made ad-
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Model (a__q_e Update )
positive) succ. stage
1996 2 c Reset age,
Etan d data ’—){Stand datal—){ New age ’-) b (logged)| stand trs]6c15,

A succ. stage,

and mgmt. history € Output

(age Cth?x(‘;kt L 3{ time step
negative) mgme. istory results

Set cover

type to (time steps
.4\ "Unknown" completed)
(“natural”) )Program
ends

(time steps
not completed)

Example: Successional
Year Trajectory stage Stand age Tree age Mgmt. history
1996 14 DF and LP seed/sap 30 30 Clearcut
1986 14 " 20 20 "
1976 14 " 10 10 "
1966 14 Cut and reforested 0 0 -
1956 14 DF mature, some 170 160 Unlogged
LP, DF understory
1946 14 " 160 150 "
1916 14 DF and LP mature 130 120 "
1856 14 DF and LP poles 70 60 "

Fic. 2. Flow of information through the model showing where (a) specified number of years are subtracted from each
stand’s age; (b) stands having new ages >0 will have their successional stages updated (if necessary), and stands having
new ages =<0 will be checked for their management histories to determine whether information is available about previous
stands; (c) stands that were logged are reset for the age, successional trajectory, and successional stage at the time of cutting;
(d) stands for which no additional historic information is available are designated as ‘ unknown cover type'’ for the remainder
of the model time steps; (e) stand information resulting from each time step is output to a file that can be imported by a
geographic information system; (f) the program continues looping through the specified number of time steps. The box at
the bottom of the figure shows how information for an example stand of trajectory 14 (see Table 2) is updated at each 10-
yr time step. Note that in 1956 the stand age and tree age are no longer equivalent. This is because the (‘‘natural’’) stand
was assumed to be unoccupied by trees (grass/forb stage) for the first 10 yr following its time of origin. Abbreviations: DF,

Douglas-fir; LR, lodgepole pine.

justments to the length of time associated with these
particular successional stages within their associated
trajectories.

Output from the model was imported into a geo-
graphic information system (ARC/INFO, Environmen-
tal Systems Research Institute, Redlands, California,
USA) for mapping and interpreting results, and into
additional analytic software for quantifying spatial pat-
terns of stands.

Analyses

Quantifying changes in vegetation composition and
structure—The successional trajectories and their
stages presented >100 potential stand designations at
each time step. For a meaningful (and interpretable)
spatial analysis, it was necessary to aggregate the re-
sults into themes. We chose two themes with relevance
for management in the Targhee National Forest: cover

types and structural characteristics. For ‘*‘ cover types,”
model output was aggregated into nine classes (Table
3). When a stand’s age cycled back to ““0,” the stand
was considered ** undefined.”” In cases of mixed forests,
the stand was maintained as a mixed type even after
its age cycled back to zero. These *“pre-origin’’ stands
were designated as conifer-dominated mixed stands if
they were associated with the moist Douglas-fir forest
group, and aspen-dominated mixed stands if they were
associated with the mid- and lower-slope forest group
(however, as aspen is the seral dominant on many of
these sites, this assumption may lead to underestima-
tion of aspen; Steele et al. 1983). For ‘‘structural
types,” model output was aggregated into 10 classes:
five conifer-dominated classes, three aspen-dominated
classes, one class for nonforested stands, and an **un-
defined” class for when stand age became 0 (Table 3).
The conifer-dominated structural classes recognized
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TaBLE 3. Successional stages output from each model time step were aggregated into the
cover classes and structural classes shown below.

Cover type classes

Structural classes'

Conifer forests

Very-open conifer forests
Scattered clumps of conifers
Conifer-dominated mixed forests
Aspen-dominated mixed forests
Aspen forests

Willowt

Nonforest

Undefined8

Conifer-dominated seedlings/saplings
Conifer-dominated poles
Conifer-dominated mature trees
Conifer-dominated old growth
Conifer-dominated retention cut
Aspen-dominated seedlings/saplings
Aspen-dominated young trees
Aspen-dominated mature trees
Nonforest+

Undefined§

T Willow stands were held constant in our landscape. These stands occur only in riparian
wetland sites and likely have persisted for the duration of the modeling period, as abundant
moisture is known to have been available when the area was occupied by Native Americans.

T Includes sagebrush/grasslands and nonvegetated cover types (exposed rock).

§ Assigned when stand age reached 0 and no further information about the stand was known

or assumed.

9 Definitions: Seedlings, trees < 5 cm in diameter at breast height (dbh); saplings, 5-10 cm
dbh; poles, 10-30 cm dbh; mature trees, > 30 cm dbh.

typical stand stages, including seedling/sapling, pole,
mature, and old growth. Also included was a structural
class for the multicanopied conditions resulting from
a shelterwood cut. These stands are characterized by
an open canopy overstory of mature trees and a lower,
denser, canopy layer of younger trees. Three aspen-
dominated structural classes were recognized, includ-
ing seedling/sapling, young, and mature.

We used the FRAGSTATS (McGarigal and Marks
1995) program to quantify spatial patternsfor eachtime
step. Note that while our model tracked ‘‘stands” as
the minimum mapping unit, FRAGSTATS calculations
were based on the patches that resulted from aggre-
gating the stands into cover type or structural classes.
We looked at the number, size, and density of patches,
and availability of edges for each cover type and struc-
tural class. We also looked at the variety of patch types
and the degree to which they were intermixed across
the study area.

Stratifying by biophysical settings to interpret veg-
etation change.—The extent of our study areawas fair-
ly arbitrary, related to Targhee National Forest bound-
aries, drainage basin topography, adjacency to previ-
ously studied area, and conservation concerns. Thus,
we expected the study area to encompass sufficient
environmental variability to make it difficult to detect
and interpret trends in vegetation patterns. To help ac-
count for environmental variability, we stratified the
study area by the biophysical settings describe earlier,
and interpreted the cover type and structural class pat-
terns within each biophysical group (see Fig. 1).

Determining the potential effects of management on
landscape pattern.—We considered the influence of
management by analyzing cover type and structural
class patterns that existed or were projected to exist at
the close of three periods. (1) Ps, pre-Euro-American
settlement (before 1890), representing the period prior
to fire suppression, livestock grazing, and timber har-

vest; (2) Pg early post-Euro-American settlement
(1890-1950), where intensive grazing of livestock pro-
vided an indirect method of fire suppression; and (3)
Pk, recent post-Euro-American settlement (1950—
1996), where moderate grazing of livestock and active
suppression efforts excluded wildfires, and timber har-
vest introduced a new means of disturbance. We also
focused on the abundance, size, shape, and location of
young structural patches at the end of P, and P to
assess how these aspects of young seral stands may
have changed over time. Patches having young stand
structure at the end of P, were assumed to represent
wildfire origin unless they occurred in high elevation
settings, where they were assumed to result from en-
croachment. Young patches at the end of P, were cat-
egorized as originating from logging or encroachment
(those not resulting from logging were assumed to be
the result of encroachment by conifers from adjacent
areas). Boxplots (McGill et al. 1978) were constructed
to compare abundance and size of patches and FRAGS-
TATS was used to analyze the shape complexity of the
patches.

ResuLTs
Changes in vegetation cover type and structure

Eighty-five percent of the study area had stands
whose age exceeded 100 yr (10 time steps); 73% of
the area had stands whose age exceeded 140 yr (the
entire period modeled). Thus, the 1996 stands held
much information about past vegetation composition.
The most striking landscape changes projected by the
model were a major shift from the prevalence of aspen-
dominated patches in the past to conifer-dominated
patches in the present (Figs. 3 and 4), and a corre-
sponding shift from younger to mature structural clas-
ses (Fig. 5). In the mid-1800s, more than one-third of
the landscape was projected to have been dominated



392

ALISA L. GALLANT ET AL.

Ecological Applications
Vol. 13, No. 2

[l Conifer forests [ conifer/aspen forests
[ Very open conifer forests [ Aspen/conifer forests
[ scattered clumps of conifers [ Aspen forests

= willow
[ Nonforest
[ Unknown cover type

Fic. 3. Cover type maps for a subset of the time steps modeled. A shift over time is evident, from the steady change in
the aspen-dominated stands (red and medium brown hues) to the more recent conifer-dominated stands (green and dark brown
hues). *“Unknown cover type’’ pertains to stands for which information about cover classes becomes unavailable once stand

age cycles back to ““‘0.”

by aspen, occurring both in pure stands (3305 ha) and
in mixed stands (2548 ha). By 1996, aspen was limited
to riparian areas or mixed stands dominated by conifer.
Distribution of conifer-dominated forests appears to
haveincreased steadily through time, from ~15% land-
scape coverage in the mid-1800s to half of the land-
scape now. Today, most of the forest stands are of
mixed composition dominated by conifers (3782 ha),
though much acreage is also occupied by relatively
pure, closed-canopy conifer stands (2416 ha; Fig. 6).

[CJAspen-dominated patches
Il Conifer-domiated patches
100

Percentage of study area

1856 1876 1896 1916 1936 1956 1976 1996

FiGc. 4. Changes in area of conifer-dominated patches vs.
aspen-dominated patches, as modeled through time.

Very few young structural patches of conifer (609
ha; Fig. 7), and none of aspen, can be found in the
landscape by 1996, as young stand structure by then
has been limited to areas that were logged and refor-
ested (a small portion of the study area) or that were
previously unforested and are undergoing encroach-
ment by trees (high elevation sites or dry, sagebrush/
grassland sites). In the mid-1800s, our model indicates
that 65% of the landscape was dominated by young
conifers (seedlings and saplings), while young stands
now only represent ~8% of coniferous forest land-
scape.

Stratifying by biophysical class to interpret
vegetation change

A temporal comparison of conifer patches at the
landscape level indicates that there have likely been
numerous small patches (=10 ha) throughout the pe-
riod modeled. Little change is projected to have oc-
curred in the size distribution of conifer patches, except
for an increase in the number of small patches from
the mid-1800s to the early 1900s, and the coalescence
of some patches into a few large patches (Fig. 8, see
column for “‘Entire study area’’). We stratified the co-
nifer patches by biophysical group to seeif this helped
in interpreting where such changes had occurred in the
landscape. This indicated that few presettlement co-
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[ Conifer seedling/sapling
[ conifer pole
B Conifer mature

[l Conifer old growth
Shelterwood cut
[ Aspen seedling/sapling

B Aspen young

B Aspen mature

1 Nonforest

] Unknown cover type

FiGc. 5. Structural class maps for a subset of time steps modeled. Conifer-dominated stands have matured without wildfire
disturbance since the mid-1800s; thus, few young conifer stands exist today. Most of the aspen stands remaining are mature,
though there has been a decline (from past to present) in abundance in all structural classes of aspen. ‘‘ Unknown cover type’’
pertains to stands for which information about structure becomes unavailable once stand age cycles back to **0.”

nifer stands existed in the sagebrush/grassland sites,
and those that did were small (with one exception).
Model results showed that infiltration of very open
stands of conifers into sagebrush/grassland sites re-

—O— Conifer forest —&— Conifer-dominated mixed
—a— Very open conifer —e— Aspen-dominated mixed
—¥— Scattered clumps conifer —=— Aspen

—J— Grassland/sagebrush

@——'@——@\-@\@\@_\@\@
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1000
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Cover type area (ha)

1856 1876 1896 1916 1936 1956 1976 1996

Fic. 6. Areain cover type classes, as modeled through
time. All conifer-dominated types cover more area now than
prior to Euro-American settlement. All aspen-dominated
types have diminished greatly in area. Grassland/sagebrush
areas have also decreased in area, due to encroachment by
conifers.

sulted in an eightfold increase in the total number of
conifer patches over time (Fig. 8, see column for
‘Sagebrush/grassland’’). By 1996, conifer patches
ranged in size from a few hectares to a few hundred
hectares and covered ~15% of the area comprising
these sites.

Conifer patchesin moist Douglas-fir forest sites have
generally maintained a similar distribution profile

—o— Seedling/sapling —# Old growth

= -8~ Pole —e— Retention cut
< =¥ Mature
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Fic. 7. Area in conifer-dominated structural classes, as
modeled through time.
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Fic. 8. Profiles of conifer-dominated patches. Rows of histograms show how the distribution of patches for the entire
study compares with distributions in different biophysical groups. Columns of histograms show how distributions change

over time within the same group.

through time, though there has been an increase in the
latter half of the 1900s in the number of patches across
all size classes (see Fig. 8 column for ““moist Douglas-
fir forests’). Conversely, the number of conifer patches
in the mid- and lower-elevation forest sites has de-
creased from past to present; however, this is because
the sizes of patches have increased due to coal escence.
Coniferous patches at high elevation sites have re-
mained about the same in size and number over the
140 yr modeled, due to very slow growth rates at these
sites.

The size and number of aspen-dominated patches
have decreased considerably through time (Fig. 9, see
column for “‘Entire study area’’). Additionally, aspen-
dominated patches have only occurred in two of the
biophysical groups, with reduction in numbers and
sizes of patches occurring in both groups. In the mid-

and lower-elevation forest sites, model output indicated
a dramatic decrease in relative abundance, from 83%
estimated coverage in 1856 to <5% by 1996.

Young conifer patches have decreased in number
(from past to present) across the landscape (Fig. 10,
column for “‘Entire study area’’), occupying an esti-
mated 12% in 1856, to <4% by 1996. Such stands have
completely disappeared from mid- and lower-elevation
forest sites (see Fig. 10). Young stands nearly disap-
peared from the moist Douglas-fir forest sites until re-
forestation, following timber harvesting in the latter
half of the 1900s, reintroduced a few young patches.
Young stands in the sagebrush/grassland and high el-
evation settings all appear to be sites that have under-
gone encroachment by trees (as no stand-replacing dis-
turbances are known to have occurred during the period
modeled).



April 2003 ROCKY MOUNTAIN VEGETATION DYNAMICS 395
Patch size classes (ha)
1=<10 4=41-80 7=321-640 10 =>2560
2=11-20 5=281-160 8 =641-1280
3=21-40 6=161-320 9= 1281-2560
Entire study area 100 Sagebrush/grasslanq o Moist Douglas-fir Mid- and lower- 0 High-elevation sites

1876
No. patches

-
N4
w
&
-
o -
~N
o
O
-
o

LA
12345678910

1916
No. patches

1956
No. patches

LU
12345678910

1996
No. patches

12345678910
Patch size class

12345678910
Patch size class

100 ] 0 forests 100 | elevation forests 190 |
80 80 1 80 80
60 60 1 60 60
40 40 1 40 40 1
20 20 20 20
0 ol 0 OlF-. —r— ol

12345678910

100 100 100 100 100
80 80 1 80 801 80 ~
60 60 60 601 60
40 404 40 40 407
20 20 20 204 20

0 0 ] T T 0 0 L‘I—!—I—I—I’"I—l 0 ]

12345678910

100 100 100 100 | 100 |
80 80 80 801 80
60 60 60 60 1 60
40 40 40 401 404
20 20 20 201 20
0 B E— 0 ol 01

12345678910

100 100 100 100 100
80 80 80 80 80 ]
60 60 60 60 60 ]
40 40 40 40 40 ]
20 20 20 20 20 ]

0 0 0 0 T T T T 0-

12345678910
Patch size class

801
601
401
20

N
w
>
o
[
~
® J
© J
e
o

¥ LB
12345678910 1

TTT T T T T T
12345678910 12345678910

T rr LI L UL
12345678910 123456780910

LB L L L L
12345678910
Patch size class

12345678910
Patch size class

Fic. 9. Profiles of aspen-dominated patches. Rows of histograms show how the distribution of patches for the entire
study compares with distributions in different biophysical groups. Columns of histograms show how distributions change

over time within the same group.

The spatiotemporal distribution of mature conifer
stands shows an increase in the number and size of
patches over time (past to present) across the entire
landscape and within all biophysical classes (Fig. 11);
however, the distributions differ among classes. Rel-
ative abundance of mature conifer patches modeled for
moist Douglas-fir forest and mid- and lower-elevation
forest sites for 1856 was 3% and 6%, respectively,
while relative abundance measured for 1996 was 70%
and 57%, respectively. Sagebrush/grassland sites,
which appear historically to have supported only young
stands (presumably controlled by frequent wildfires),
now include numerous patches of mature conifer (see
Fig. 11, column for ** Sagebrush/grassland’’), though
these cover only 7% of the area. Mature conifer stands
now cover 70% of the area in high elevation sites.

Determining the potential effects of management on
landscape pattern

Pattern metrics for vegetation cover classes across
the entire study area are similar for the three man-
agement periods (Table 4, see column for ‘‘Entire
study area’’). Within biophysical classes, however, the
spatiotemporal effects of management practices are
more evident. For example, patch density in moist
Douglas-fir forest stands was higher than landscape-
wide density during P, but was comparable at the
close of the other two periods. With the intensive graz-
ing and associated fire suppression of P, some merg-
ing of patches occurred, as evidenced by the impres-
sive increase in the largest patch index (from 7% in
Ps to 20% by the end of Pg), and decreases in patch
density and edge density. Changes in landscape pat-
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Fic. 10. Profiles of seedling/sapling-aged, conifer-dominated patches. Rows of histograms show how the distribution of
patches for the entire study compares with distributions in different biophysical groups. Columns of histograms show how

distributions change over time within the same group.

tern between P. and Py are also indicated by the de-
crease in the largest patch index, from 20% to 12%,
as a result of timber harvest.

In the mid- and lower-elevation forest stands, patch
density was more than twice that measured for the en-
tire study area during Py, but was reduced to nearly
comparable levels by Py (see Table 4). Edge density
for these sites notably decreased after fire suppression
was introduced, but has remained substantially higher
than that measured for the study area as a whole. The
effects of fire suppression are also obvious in changes
to the largest patch index, which jumped from <10%
during Pp, to 40-50% during Pz and Pg, due to patch
coal escence.

At the landscape level, analyses of structural class
patches are alittle more revealing of change over time
than are vegetation cover type classes. Changes in

structural class patches from pre- to postfire suppres-
sion periods are relatively larger than changes from
pre- to postlogging periods (Table 5). The study area
experienced a decrease in patch density and in patch
edge over time, but no change in the size of the largest
patch or the complexity of patch shapes. Interspersion
among patch types increased slightly. Metrics calcu-
lated for the landscape as a whole, however, are not
mirrored by those within biophysical classes. For ex-
amples, while moist Douglas-fir forests have also ex-
perienced a decrease in patch density and edge density
over time, the overall densities were notably higher
than those summarized for the entire landscape, and
there has been an increase in patch shape complexity.
As coniferous patches matured and coalesced during
the fire suppression years of Pg, the largest patch size
increased to cover 18% of the area. The introduction
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FiG. 11. Profiles of mature, conifer-dominated patches. Rows of histograms show how the distribution of patches for the
entire study compares with distributions in different biophysical groups. Columns of histograms show how distributions

change over time within the same group.

of timber harvesting in Pg, resulting in reintroduction
of young structural stands within the matrix of mature
stands, decreased the size of the largest patch to 12%
of the area.

Subalpine forest stands have exhibited a small de-
crease in patch density through time, though density
was always greater than that measured |andscape-wide.
Edge density fluctuated, and was more similar to that
measured for the moist Douglas-fir forests than sum-
marized landscape-wide. The coalescence of patches
into large, continuous areas of mature conifer during
the fire suppression years of P resulted in a major
decrease in edge availability in the subalpine forest
class. Timber harvesting within the larger patches dur-
ing P caused an increase in edges, which was offset
by the coalescence of adjacent maturing stands; there-
fore, largest patch index values for Pe and Py are sim-

ilar. Interspersion of patch types for structural classes
increased from pre- to postfire suppression manage-
ment periods. This may be a function of the number
of structural classes occurring in the landscape; if there
arefewer classes, itiseasier to intersperse them equally
than if there are a greater number of classes. In this
biophysical group, there are fewer structural classesin
Pz and Py than in P, (due to loss of seedling/sapling
structural stands).

We compared the total area, size, number, and lo-
cation of young structural class patches at the end of
P- with those at the end of Pk (i.e., from the 1996 stand
map). Young patches in the earlier period accounted
for ~25% of the study area, with 10% of the patches
attributable to aspen stands and 90% attributable to
conifers. Young patches at the close of Py covered 8%
of the study area and all were coniferous.
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TaBLE 4. Comparison of selected landscape metrics for cover type patches over three management periods for the entire
study area, moist Douglas-fir forest settings, and mid- and lower-elevation forest settings.

Moist Douglas- Mid- and lower-

Entire study area fir forests elevation forests
Metric Pe Pe Px Py Pe Px Pe Pe Px
Patch density (no./100ha) 19 18 1.6 24 19 17 4.4 2.7 1.8
Edge density (m/ha) 44 42 42 83 76 7 89 70 71
Largest patch indext (%) 27 27 29 7 20 12 8 40 50
Mean shape indext 1.9 1.9 2.0 19 19 19 1.7 1.8 2.0
Interspersion§ 52 54 53 66 75 76 62 81 82

Note: Abbreviations are as follows: P, pre-1890; Pg, 1890—1950; and Pg, 1950—1996.

T The percentage of the largest patch relative to the landscape area.

F A measure of mean patch shape complexity, where shape complexity for an individual patch is calculated by dividing
its perimeter by the square root of its area and then adjusting by a constant for a square standard. This unitless index equals
1 when patches in the landscape are square and increases in value (without limit) as patch shapes become more irregular

(McGarigal and Marks 1995).

8 A measure of the degree of interspersion/dispersion among different patch types. Values approach 0 as the distribution
of adjacencies among patch types becomes increasingly uneven, and 100 when all patch types are equally adjacent to all
other patch types. The metric expresses the observed interspersion over the maximum possible interspersion for the given

number of patch types (McGarigal and Marks 1995).

Because of the lack of fires, young patches in the
sagebrush/grassland and high elevation biophysical
sites at the close of Pgx must have formed from en-
croachment of trees, while those in the moist Douglas-
fir forest and mid- and lower-elevation forest sitesarose
from logging. We made similar assumptions about the
origins of young stands in Py, except we substituted
fire for logging. We generated boxplots to compare
sizes of the young patchesin P, and P, (Fig. 12). These
indicate much similarity in size distribution for young
patches resulting from encroachment, but much dif-
ference in sizes for those resulting from disturbance
(i.e., firein P and logging in Pg). Approximately 40%
of the young patches representing encroachment in Py
occurred at the timberline sites. Over time, there was
less area available for tree colonization at these sites,
and this is reflected in Pg, where only one fourth of
the encroachment occurred at the higher elevations.

Patches that we assumed were formed from fire were
generally larger and covered awider rangein sizesthan
patches formed from timber harvest. Although the
number of patches created from disturbance (45 from
P, and 37 from Pg) is not greatly disparate between the
two management periods, the area covered is afivefold
difference. Young patches derived from disturbance

represented about half of the total area of young stands
in Ps, but only one-third of the total area of young
stands today.

DiscussioN
Review of results

We used 1996 data on vegetation characteristics
within a study area and extensive information on stand
succession to construct a deterministic model that
would map the vegetation cover back through time at
10-yr intervals. Because the age of forest standsin 1996
was known (and exceeded the period modeled for 73%
of the study area), as was fire history (i.e., no fires)
and logging history, we felt confident that projecting
the stands back through their respective successional
trajectories would provide a plausibl e picture of change
in the area.

Model output revealed that the primary forest dy-
namic in the study area is not fragmentation of conifer
forest by logging, but the transition from a fire-driven
mosaic of grassland and shrubland, broadleaf forests,
and coniferous forests to a conifer-dominated |and-
scape. Model output showed 15% of the areadominated
by conifer forest in 1856, increasing to 51% by 1996.

TaBLE 5. Comparison of selected landscape metrics for structural class patches over three management periods for the
study area, moist Douglas-fir forests, and mid- and lower-elevation forests.

Moist Douglas- Mid- and lower-

Entire study area fir forests elevation forests
Metric Pe Pe Px Ps Pe Px Pe Pe Px
Patch density (no./100ha) 2.0 17 15 29 25 22 4.2 34 3.2
Edge density (m/ha) 45 40 39 87 72 69 88 64 68
Largest patch indext (%) 27 27 27 6 18 12 19 31 32
Mean shape indext 1.9 1.9 1.9 1.8 19 19 1.8 1.8 1.8
Interspersiont 53 58 58 60 71 73 60 74 67

Note: Abbreviations are as follows: P, pre-1890; Pg, 1890—1950; and Pg, 1950—1996.

1 See definition in Table 4 footnotes.
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a span of 1.5X interquartile range. Outliers are shown indi-
vidually.

There was a corresponding 75% reduction in the
amount of area dominated by aspen during thisinterval.
Comparison of historic vegetation maps (~1912-1920)
with 1996 cover indicated more than a40% lossin area
dominated by grasslands and shrublands. The area cov-
ered by seedling/sapling conifers modeled for the mid-
1800s decreased from about 12% to 4% by 1996, while
the area in mature and old growth conifers increased
from 2% to nearly 40%. The spatial patterning of veg-
etation of the landscape has shifted, with reduction in
patch sizes of aspen-dominated stands and major in-
creases in patch sizes of conifer-dominated stands.
These trends are consistent with other studies in the
Rocky Mountains. Many ponderosa pine ecosystems
have shifted from open savannas to dense pine forests,
with increases in tree densities of more than an order
of magnitude (e.g., Covington and Moore 1992, Fulé
et al. 1997, Mast et al. 1999), and a corresponding
decrease in average stem diameter. In eastern Oregon,
fire-tolerant species have been replaced by fire-intol-
erant and pest-susceptible species. Consequently, a
large die-off from insect infestation isin progressthere.
In western grasslands, fire-sensitive species were
historically confined to rockier or less productive sur-
faces (Miller and Rose 1995), where understory fuels
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were sparser (Arno and Gruell 1986). Natural expan-
sion of evergreens into sagebrush steppe occurred dur-
ing cooler, moister periods, but currently such expan-
sion coincides with warmer, drier climate (Miller and
Rose 1999). Extensive encroachment by coniferous
species into grasslands has been documented through-
out the Rocky Mountains (e.g., Gruell 1983), as has
deterioration of aspen (Schier 1975). In the west, aspen
rarely regenerates through seedling establishment, re-
lying amost exclusively on clonal growth (Schier
1981). Where aspen succeeds to conifers, removal of
conifersis necessary to stimulate aspen suckering (Bar-
tos et al. 1991), without which aging aspen will decay
and die out. Such changes as these in the Rocky Moun-
tain forests and steppes are likely to continue into the
future. Simulation studies in Bryce Canyon National
Park, Utah, suggest that conifer forests will increase
in area and density for another 100 yr under the current
regime of suppressing fires (Betz 1994).

Fire exclusion is widely believed to be an important
driver of these vegetation dynamics (e.g., Houston
1973, Jones and DeByle 1985a, Covington and Moore
1992, Harrington and Sackett 1992, Wadleigh and Jen-
kins 1996), and studies of fire history provide strong
evidence that fire frequency has dropped dramatically
since pre-Euro-American settlement (e.g., Swetnam
1990, Barrett 1994, Fulé et al. 1997). New evidence,
however, suggests that climate variation may also play
arole in these forest dynamics. The long-term record
indicates arelationship between periods of warmer, dri-
er climate and increased fire frequency (Millspaugh et
al. 2000). The climate of the Greater Yellowstone Eco-
system has warmed and dried since the end of the Little
Ice Age in the late 1700s (Whitlock 1993). Coupling
the reduced winter severity and longer growing seasons
with fire suppression may amplify the process of tree
growth.

Stratification of the landscape by biophysical groups
reveal ed that vegetation dynamics varied among groups
and that within-group dynamics often differed from the
landscape as awhole. At high elevation sites, there was
relatively little change in vegetation composition and
age structure. And, although we were unable to model
the riparian settings, an informal comparison of the
1920 and 1996 vegetation maps indicated little change
in the distribution of aspen and willow communities
there, as well.

In the sagebrush/grassland sites, the primary trajec-
tory of change was toward encroachment by conifers.
Change in the moist Douglas-fir forest and mid- and
lower-elevation forest sites was from aspen- to conifer-
dominated stands. Aspen isdependent upon firein these
biophysical settings. It proliferates through suckering
following fire and dominates until outcompeted by
Douglas-fir and other conifers later in succession
(Bradley et al. 1992).

This variation across biophysical settings is consis-
tent with our understanding of the environmental tol-



400

erances of the dominant plant species. The cold tem-
peratures and heavy precipitation of the high elevation
sites favor coniferous over broadleaf trees or other life
forms. Fire is highly infrequent and usually limited to
single trees. Fire suppression likely did not play a sig-
nificant role in succession on these sites. Similarly,
aspen and willow communities in riparian zones
changed little because these are truly wetland or very
moist sites, and their wet soils exceed the tolerances
of conifers and the moisture limits fire. The climate
and soils of the moist Douglas-fir forest and mid- and
lower-elevation forest sites, in contrast, are within the
tolerances of both deciduous and evergreen species.
Both can occur here, and species presence is a result
of the interplay between disturbance and competition.
Fire favors aspen, but in time conifers take over. Sage-
brush/grassland settings are also maintained by fire, as
well as by high interannual variability in precipitation.
Historically, trees that occurred in these settings were
widely spaced, due to low seedling survival because
of intense understory competition and frequent ground
fires (Belsky and Blumenthal 1995). In the absence of
fire, shrubs eventually dominate these systems because
of a greater efficiency at water extraction and usage.
Over time, shrub density increases, aided by livestock
preference for herbaceous species, and offers a protec-
tive environment for the establishment of tree seedlings
by sheltering them from livestock damage, providing
shade, trapping snow, and collecting summer rainfall
(USDA Forest Service 1995).

Following Euro-American settlement, the natural
disturbance mechanism of fire wasreplaced by logging.
Since then, the total area logged has been much less
extensive than the burned areas of the past, and has
been confined to the moist Douglas-fir forest and mid-
and lower-elevation forest biophysical classes. Even
within these classes, the area in seedling- and sapling-
aged stands may now be only about one-third of what
it was before Euro-American settlement. Whilelogging
can mimic fire in terms of creating canopy openings,
selectively cut stands favor dominance by fire- and
pest-sensitive species (Belsky and Blumenthal 1995),
and clearcut sites are often planted with coniferswithin
ayear of harvest, eliminating the natural establishment
of early seral species. Where forest openings are cre-
ated, aspen may be unable to recover because of the
difficulty in sending out suckers in areas where soil
has been compacted by logging (Schier et al. 1985). In
the past, even-aged silvicultural systems that yielded
even-aged stands were often employed. Wildfire, how-
ever, often yielded a mosaic of age classes. Logged
sites in the Rocky Mountains, in addition to fostering
even-aged stands, have tended to be more uniform in
size and more geometric in shape relative to burned
sites. This has created a more consistent texture in
patch sizes and ages throughout the mountains than
would have resulted from wildfire, and might have im-
plications for the spread of disturbance (such as from
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insects or future wildfires). Finally, duff accumulations
in old growth forests today can be an order of mag-
nitude greater than under the fire regimes preceding
Euro-American settlement (Harrington and Sackett
1992). Once on fire, deep duff layers are prone to sig-
nificantly greater temperaturesthan shallow layers, put-
ting tree roots and cambiums at greater risk to damage.
Thus, trees that survived past wildfires are at greater
risk of mortality from today’s fires.

Ecological consequences and
management implications

Fires increase the diversity of plant species com-
position and age structure across the landscape. This
is manifested in the spatial (geographic) patterning and
grain size of different community types. Within stands,
fire can create more variation in the canopy structure,
which provides more variety in microhabitats available
for plants and animals. The biological heterogeneity
that is created and maintained by wildfire affects the
severity and magnitude of future wildfires. Periodic
fires maintain younger seral species, which are more
resistant to fire. Periodic fires also keep duff and litter
accumulation in check, such that future fires are likely
to be lesser in extent and severity. With prolonged ab-
sence of fire, vegetation cover becomes more uniformly
composed of fire-sensitive, pest-susceptible species,
and the added duff and litter accumulation almost en-
sure that any future fire will be stand-replacing and
extensive, such as with the 1988 Yellowstone fires and
anumber of large Rocky Mountains wildfires of 2000.
These larger disturbed areas then effect a new grain
size on the landscape, making it potentially easier for
disturbances to spread in the future. Thisis particularly
important when we consider that climate is becoming
warmer and forest growth rates appear to be increasing
in the Rocky Mountains. So, the rate at which the land-
scape can become covered by mature coniferousforests
may be more rapid in the future, if the practice of fire
suppression continues.

Fire playsdifferent rolesin different biophysical set-
tings. In the moist Douglas-fir forests, it reduces com-
petition from shade-tolerant species, favoring aspen
and lodgepole pine. Subalpine fir and Engelmann
spruce are favored under fire exclusion (USDA Forest
Service 1995) in this biophysical class. In the mid- and
low-€elevation forest settings, the relatively more moist
conditions and slower rates of fuel accumulation gen-
eraly result in smaller fires, promoting dominance by
one or more seral species, stand openings, and mosaics
of different ages and species composition. Without fire,
earlier seral dominants such as aspen and lodgepole
pine are eventually overcome by spruce and fir. If the
spruce/fir forest persists long enough, a severe fire can
bring about a successional process where spruce and
fir alone dominate the seral stands, as the seed and
rootstock of earlier seral dominants will no longer be
available on the site (Bradley et al. 1992). At high
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elevation sites, fires are infrequent and effects are lo-
calized. Stand replacing fires are rare, usually origi-
nating in lower elevations. Firesin sagebrush/grassland
sites can cause earlier green-up of warm-season grass-
es, improved seed germination, and greater production
of herbaceous species (Lyon et al. 2000). Additionally,
firesinitiated in different years and at different seasons
promote a greater variety in species composition across
the landscape, which supports a greater variety of an-
imals. Lack of fires, especially if coupled with grazing,
favors shrubs and subsequent encroachment by trees.

With the trend towards more ubiquitous cover by
mature conifer stands, the natural distinctions in veg-
etation patterns associated with different biophysical
settings are harder to discern. If there is interest in
regaining a degree of landscape heterogeneity more
comparable with the past, then management goals
could be determined based on biophysical classes in
order to better mimic the landscape patterns resulting
from natural cycles of disturbance and succession. Like
much of the greater Yellowstone ecosystem, the Beaver
Creek study areais currently dominated by 120-yr-old
coniferous stands and a notable loss of seral aspen. The
study areais most similar to Douglas-fir ecosystems of
the northern and western portions of the greater Yel-
lowstone ecosystem. For these similar systems, aspen
could be restored and stand density of conifers could
be reduced through prescribed fire or mechanical re-
moval. Fire might be needed to reduce duff buildup
and improve soil quality through nutrient cycling in
order to promote the growth of understory herbaceous
species and to create standing and downed dead trees
for wildlife. Since successful regeneration of aspen de-
pends on availability of viable rootstock, stands that
currently include live aspen in the overstory might be
targeted first. In the sagebrush/grassland settings, tree
encroachment could be halted or reversed by use of
prescribed fire or mechanical removal. Firewould have
the added advantage of nutrient cycling and reduction
of shrub dominance so that growth by herbaceous spe-
cieswould be improved. Human management has prob-
ably had the least impact on plant succession at the
high elevation sites, and these stands might be targeted
for monitoring of tree growth rates, since warmer and
more moist conditions have been predicted for the fu-
ture (Bartlein et al. 1997).

The conversions of cover type and age structure of
stands has also undoubtedly affected hydrologic and
nutrient cycles. Over the course of a year, water con-
sumption by grasslands is less than by aspens (on com-
parable sites), which is considerably less than by co-
nifers (Jaynes 1978). In terms of delivery of water to
streams, this can have important ramifications. There
is greater snow accumulation under aspens, and more
sublimation and evaporation of precipitation in ever-
green stands. While we did not quantify effects on hy-
drology, the shift towards coniferous forest occurring
throughout the Rocky Mountains has probably had
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large effects on rates of evapotranspiration, evapora-
tion, and runoff.

Litter from aspen breaks down rapidly and improves
soil fertility (Fowells 1965) and moisture holding ca-
pacity, encouraging undergrowth of herbaceous species
(Jones and DeByle 1985b). Conifer foliage has much
less nutrient content, and decomposition of litterfall
and coarse woody debris from conifersis avery slow
process. Soils under conifers become progressively
more acidic and less nutrient rich with time. Regardless
of forest type, though, forage production declines in
aging stands (Kuck 1984), as soil nutrient availability
decreases and reduced light penetration (through the
canopy) persists. So, with a shift towards mature co-
niferous forests throughout the Rocky Mountains, we
might expect a corresponding shift towards increased
build-up of duff, increased soil acidity, reduced soil
nutrient availability and reduced forage quality
throughout the region.

Model assumptions and limitations

The model relied on successional trajectories, which
we developed from dendrochronological data and in-
ferences about chronosequences. A strength of this ap-
proach is that the data exist, provided directly by field
observations of forest stands, and they can be applied
for modeling large areas. The rules are easy to modify
and the model can be expanded to incorporate new
components, such as disturbance (e.g., fire, logging,
pest infestation).

Certain limiting assumptions implicit in our model
were associated with characteristics of the Beaver
Creek study database. For example, the minimum mod-
eling unit was the 1996 stand boundaries, as all field
data were collected at the stand level. Thus, stand
boundaries were locked into the model. Another lim-
itation of the data is that the recorded stand age is an
approximation of the mean age of the dominant over-
story trees. Thus, the stand ages may be moreindicative
of the ages of trees that have filled in stand gaps as
older trees have died out. Also our model does not
attempt to address effects from pests, which are known
to have been a significant factor in forest stands in the
Targhee National Forest at various periods in the past.
Forest pests can accelerate or retard the rate of suc-
cession because of their preferential effect on tree spe-
cies. Additionally, our model lacks a mechanism for
changing trajectories except in cases where logging has
occurred. Some stands that currently exhibit a dense
overstory may have had sparser overstories in the past.
Dense overstories may alter the local environment suf-
ficiently to change a successional trajectory. So, while
our model can provide a plausible picture of past veg-
etation cover by explicitly addressing timber harvest
and implicitly addressing fire exclusion, incorporating
effects from pests and grazing would yield alternative
pictures of the past landscape. Finally, we chose to
interpret the model results from the standpoints of veg-
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etation cover types and structural classes. The results
could also be reanalyzed from other thematic perspec-
tives.

Conclusions

Modeling and analysis of spatiotemporal changes in
vegetation patterns in the East Beaver Creek study area
revealed results that are consistent with findings
throughout the Rocky Mountains, namely that forest
dynamics have shifted from a fire-driven mosaic of
cover types and ages to an uninterrupted mature, co-
nifer-dominated landscape. Logging has replaced the
natural disturbance mechanism of fire for reintroduc-
tion of young stands into the landscape, but the total
area, patch size, location, and cover types that are
logged do not mimic the vegetation derived from wild-
fire. Thisis because, depending upon which species are
removed, late seral species may be favored by logging,
while wildfire favors early seral species. Reforestation
following logging can also eliminate early seral stand
types from the successional sequence when species are
planted or naturally regenerated that are not early seral
species. The net effect is that habitats and processes
valuable to many species are not periodically reintro-
duced.

Stratification of model results by biophysical groups
helped us compare how vegetation dynamics and ef-
fects from management practices differed among
groups and with the landscape as a whole. This type
of stratification can provide structure for designing
management objectives that are consistent with our un-
derstanding of the environmental tolerances of domi-
nant plant species. However, the increasing homoge-
neity in vegetation cover brought about by more than
one hundred years of fire exclusion in these systems
has blurred the distinction of vegetation patterns as-
sociated with different biophysical settings. The re-
sulting change to a coarser grain of vegetation pattern
across the landscape may linger, as disturbances from
future fire or pest infestation are also likely to be more
areally extensive than in the past. Additionally, as the
climate becomes warmer, the potential existsfor amore
rapid rate for vegetation cover to become more ho-
mogenized, should fire exclusion continue.
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