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Abstract

Key words

Trembling aspen (Populus tremuloides) forests in the Rocky Mountains are an indicator of
ecological conditions because they have maintained their presence for thousands of years
through vegetative reproduction, and these communities have high biodiversity. Aspen
can be tied to ecosystem condition through a 4-level trophic model that links humans,
wolves (Canis lupus), elk (Cervus elaphus), and aspen through the processes of predation,
herbivory, burning, and differential wildlife responses to humans. We used a compara-
tive study of research literature and historic photographs to evaluate aspen change over
time in 6 Rocky Mountain national parks in Canada and the United States: Jasper, Banff,
Yoho, Kootenay, Yellowstone, and Rocky Mountain. Across all parks, aspen has consis-
tent responses to increased browsing by ungulates and decreased frequency of fire. Al-
though aspen was historically vigorous-in all parks, today most slands are in decline.
Trees are intermediate to mature in age (60-120 years old), and elk browse off new suck-
ers before they reach 2 m in height. Fire, combined with browsing, has hindered regen-
eration of aspen. The exception to this pattern is northern Jasper National Park where elk
densities appear to have been reduced by wolves in the 1970s, and aspen regenerated.
We found a gradient of increasing human-caused ecosystem changes in Rocky Mountain
national parks: (1) historic conditions with frequent fires and low elk density regulated by
humans, wolves, and other predators (i.e., all parks); (2) current conditions of patches of
high elk density, where wolves are displaced by human land use, within a matrix of mod-
erate elk density, where wolves and other predators are present {i.e., Banff and Jasper na-
tional parks); (3) recent conditions inside parks, where wolves are absent, and very high
elk density is regulated by competition for food fi.e., Yellowstone before 1995); and {4)
potential future conditions, where increasing human land use around parks displaces car-
nivores and reduces hunting, and very high elk density occurs throughout landscapes. As-
pen stands regenerate well in areas of low elk density and in some areas of moderate elk
density; however, in areas of high and very high elk density, aspen does not regenerate to
heights >2 m, and burning accelerates clone deterioration. Our recommendations to na-
tional park managers are to restore carnivores, use fire in areas of low elk density, and
control human uses that displace carnivores.

Cervus elaphus, ecological integrity, elk, indicator specu:': national park management,
Populus tremuloides, rembling aspen

Trembling aspen (Popiins tremuloides) forests
are an important community type in the Rocky Moun-
tain national parks of Canada and the United States,
In Banff and Jasper (Alta., Can.) and Yoho and Koote-

nay (B.C., Can)) national parks, aspen covers <5% of-
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the low-clevalion montane ecosystem, where large
stands occur on alluvial fans, or small stands are dot-
ted through lodgepole pine (Pinus contorta) and
Douglas-fir (Psendotsuga menziesii) forests (Achuft
and Corns 1982). In Yellowstone National Park
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(Wyo., .8)), aspen is limited to <1% of the park and
occurs mostly on seeps and swales in grasslands at
low elevations (Houston 1982, Kay 1990), In Rocky
Mountain National Park (Colo,, U.8)), aspen stunds
are found throughout the montane ecoregion (Marr
1961, Peet 1981). Because current conditions for re-
generation from sced are not favorable, the clones
constituting these stands may be several thousand
years old (DeByle and Wineokur [985). Frequent
(<40-yr return interval), low-intensity fires in low-ele-
vation areas (Houston 1973, Tande 1979, Arito 1980,
White 1985) regenerated large clones by removing
competing conifers, topkilling the aspen, and stimu-
[ating growth of suckers from surviving roots (Bartos
and Mueggler 1979, 1981; Bartos et al. 1994, Kay ¢t
al. 1994, Romme et al. 1995). Small aspen stands in
conifer forests may survive through long fire-frec in-
tervals (> 100 yr) by periodic release of suckers in for-
est gaps (Kay 1997¢).

Because aspen stands occupy moist, nutrient-rich
sites at low elevations, they have very high biodiver-
sity, excceeded only by riparian zones in the Rocky
Mountains, Holroyd and Van Tighem (1983) rated
montane aspen vegetation types in Canada as high-
quality habitat for large mammals such as elk (Cervus
elapbus), mule deer (Odocoilens bentionus), white-
tuiled deer (O, virginianus), moose (dives alces),
and a diverse range of small mamimal spectes. Bird
diversity is also greater in aspen stands than nearby
conifer forests or grasslands (Flack 1976, Turchi et
al, 1995).

Aspen can be tied te ecosystem condition through
a 4-level trophic model (Fig. 1) that links humans,
wolves (Canfs fupns), elk, and aspen through the
processes of predation, herbivory, burning, and dif-
ferential wildlife behavior responses to humans
(White et al. 1994, Kay and White 1995). These
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Fig. 1. A simple ccological model linking humans, wolves, elk,
and aspen under current conditions in and ncar Rocky Mountain
natienal parks.
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processes have been altered substantially during the
last 150 years of human land-use change in and
around Rocky Mountzin national parks by activitics
such as removal of Native peoples, predator control,
fire snppression, ¢lk culling, and constructiou of
roads and visitor service facilitics. However, the ef-
fects of these changing land uses on aspen and other
montine e¢cological communities remains highly con-
troversial (Chase 1987, Hess 1993, Wagner et al,
1995). Explanations for an observed decline of aspen
and willow (Salix spp.) in Rocky Mountain national
parks fall into 3 general categorics (Keigley 1997): cli-
mate change (Singer ¢t al. 1994, Romme et al. 1996),
fire suppression (Houston 1982), and human land-usc
changes that have caused high densities of elk (Caha-
lane 1941, Kay 1990, Keiglev 1997).

Alternative vicwpoints on the reasons lor aspen and
willow decline are based upon a fundamental ecolog-
ical question: was the Rocky Mountain montane
ccosystem generally structured from the “top-down™
(i.e., predatordriven), or from the “bottom-up™ (i.e.,
resource-limited)? Current ceological theory (Hunter
and Price 1992, Estes 1996) holds that numerous fac-
tors may determine whether resources or predators
will dominate in the regulation of natural communi-
tics. We used a comparative-studies approach to eval-
uate factors that may be important iu determining as-
pen condition and trend through time in the Rocky
Mountain national parks and to determine whether
top-down or bottom-up forces predominate,

Study area and methods

We reviewed the literature to provide a general
overview of aspen’s value as an ecological indicator,
We then conducted a detailed review of published
and unpublished literature to compare trembling as-
pen condition and trend in Jasper, Banff, Kootenay,
Yoho, Yellowstone, and Rocky Mountain national
parks for 1872-1997. Primary sources of information
included analyses of historical photographs, ungulate
browsing impacts, wildlife exclosures, and responses
of vegetation to prescribed burning.  For each park,
we attempted to obtain responses of aspen or willow
to various states of the trophic model's key indicators
and processes, such as density of clk, frequency of
fire, and presence of wolves. We then analysed  as-
peu condition over time in each park (1) 1o test the
pencral hypothesis that Rocky Mountain montane
ccosystems were historically maintained by strong,
“top-down” predator regulation of herbivores such as
clk, and (2) 1o describe a general pattern of the of-
fects of increasing, modern, human land usces on the
montane ccoregion of Rocky Mountain parks.



Results

Aspen as an ecological indictor
In the montane-ecosystem model (Fig. 1D, aspen
has high value as an indicator of overall ecosystems

and ecosystem processes. Aspen is responsive to ma-

jor ecological processes such as fire, vegetation suc-
cession, and herbivory, and is easily evaluated over
space and time.

Fire and vegetation succession. Aspen has con-
sistent, predictable responses to various Rocky
Mountain fire regimes (Arno 1980). Onc of aspen’s
vital attributes is its capacity to produce suckers from
surviving roots after burning. Pure aspen stands in ar-
eas otherwise dominated by conifers are indicative of
short fire intervals (<20 yr) that reduce the cover of
seed-reproducing conifers, but favor aspen sprouting
(Noble and Slayter 1980, Kessell and Fischer 1981).
Further, aspen is gelatively intolerant 1o the condi-
tions created by increasing conifer cover and has low
densities in older torests dominated by conifers.

Herbivory. Aspen is bighly palatable 1o elk, deer,
and moose. Elk use the twigs of aspen <2 m in
height, and they strip the bark off taller trees (Fig. 2).
We used forage-value ratings for ¢lk provided by Nel-
son and Leege (1982) to compare aspen to other
Rocky Mountain plant species (Table 1). Aspen have
similar forage ratings to other high-value shrubs, such
as servicceherry (Amelanchier alnifollay, willow
(Salix spp.), and rose (Rosa spp.). Optimal-foraging
theory (Stephens and Krebs 1986) predicts that elk
will eat the most nutritionally profitable portions of
these favored specics before browsing moderately
palatable trees and shrubs, such as Douglas-fir and
buffaloberry (Skephberdia canadensis), or low-palata-
hility species, such as spruce (Picea spp.) and
shrubby cinquetoil (Potentilia fruticosa). This pre-
dictable spectrum of shrub use allows us 1o relate the
condition of aspen browsed by elk to numcerous
other plants and food chains. For example, Keigley
(1997) showed that in areas of northern Yellowstone
National Park where aspen is heavily browsced, nar-
rowleaf cottonwood (Poprlus angustifolia) also ex-
pericnces intense herbivory, IFaspen is heavily used,
willow will also be heavily browsed, with foed-chain
impacts on beaver (Castor canadensis; Chadde and
Kay 1991, Nietvelt and Bavley 1997). Similarly, when
aspen is bheavily used by elk, berry abundance on
shrubs such as buffaloberty and serviceberry, impor-
tant food sources for grizzly bears (Ursis arctos), is
sharply reduced (Kay 1990).

In contrast, grass specics may not be sensitive indica-
tors of long-term herbivory,  Climatic variables (e.g.,
rainfall, temperature, overwinter snowfally are primary

Fig. 2. Human-habiluated etk in Banff National Park, Canada for-
aging in aspen stands with no young ape classes of frees and ex-
tensive bark scarring on mature trees.

factors driving biomass production in grasskinds (Laucen-
roth 1979), Further, some palaable species, such as
Lumothy grass (Phleunt [ratense), respond to intensc
herbivory with increased biomass production (Frank
and McNaughton 1992, 1993). 'This ¢enhances the com-
petitive starus of these grasses in comparison to other
less grazing-adapted species (Wallace and Macko 1993).

Measurement and evaluation. One of aspen's
greatest values as an indicator is the case with wbich
it can be monitored over space and time by simple
measurenent techniques, such as repeat photogra-
phy, ungulate-proof exclosures, and belt transects
(Olmsted 1979, Houston 1982, Grucll 1983, Kay
1990, Kay et al. 1994), For example, aspen stand
conditions, such as density, age class, and degree of
ungulate browsing, are visible in historic pho-
tographs. Herbivory levels can also be evaluated over
loug time periods because of the visibility of harking
scars. Bark stripping occurs on small-diameter (<20
cm) trees at even moderate elk densitics, thus giving
a long-term record of variable elk populations (Kay
and Wagner 1994, Kay 19975),
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Table 1. Examples of montane ecoregion plant species grouped by different ievels of forage use based upon forage ratings developed by Nelson and Leege (1982).

Moderate jorage use

Very high forage use

High forage use

Low forage use

Plant species type

Moderate uze of trembling aspen,

High use of all species o left plus

High use of all species to left plus

Low use of all species

Shrubs and trees

moderate use of: spruce, bearberry

(Arctostaphos uvaursi), birch

moderate use: of |odgepole pine,

Douglas fir, balsam poplar

serviceherry, willow, rose, rid

osier dogwaond (Cornug stoloniferar

{Betula spp.), shrubby cinguefoil,

alder (Alnus spp.)

{(Populus balsamiferal, gooseberry

[Ribes spp.), snowberry (Symphiocarpus

wolf willow

spp.), buffalaherry, v

[Fleagnus commutal
High use of all species to left plus

High use of all species to left plus

Maderate use of most fescues

Low use of all species

Crasses

moderate use of muhly
(Mublenberma spp.)

moderate use of most reedgrasses

{Calamagrostis spp.)

(Festuca spp.). bluegrasses (Poa spp.),
wheatgrasses [Aprapyron spp.l,

cammon timathy
Moderate use of Tireweed [Epifobium

High use of all species to left plus

High use of all species ta left plus

Low use of all species

Herhs

moderate use of buttercups

moderate use of fleabanes (Erigeron spp.)

cinguefoils (Potentilla spp.), and

groundsels {Senecio spp.)

angustifolium), cow parsnip

{Ranunculus spp.), goldenrods
(Solidago spp.), horsetails

(Equisetum spp.)

[Heracleum lanatum), lupine

{Lupinus spp.), beard tongue

{Penstemon spp.)

Aspen condition over time in Rocky
Mountain national parks

Our literature review provided relatively complete
summary information for past and present factors re-
lated to aspen stand conditions in select Rocky Moun-
rain parks (Table 2). We have also included data on
beaver and willow communities in landscapes near
aspen stands.

Photographs of aspen taken prior to 1910 (Tig. 3)
show a consistent pattern for all Rocky Mountain ar-
eas (Gruedl 1979, 1980, 1983; Houston 1982; Kay and
Wagner 1994; Kay ¢t al. 1994; Baker ¢t al. 1997, In
all parks, at the time of establishment, most aspen
stands were shrub-like in young age classes. Pho-
tographs provide abundant evidence of frequent
fires, such as burnt snags and young forest regenera-
tion. No cvidence of browsing on aspen or willow
twigs is visible, The few mature aspen stands seen in
old photographs (Fig. 3) show no sign of ¢lk bark-
stripping (Kay 1990, Kay and Wagncer 1994, Baker ¢t
al. 1997, Kay 19976). This is evidence of low elk den-
sities as early as the 1850s,

Rescarchers in all parks observed a consistent pat-
tern of declining vigor in aspen stands when elk pop-
ulations became high (Packard 1942; Cowan 1947;
Olmsted 1977, 1978; Kay 1990). Dcclining aspen
stands have low density (<500 stems/ha), trees are in-
ermediate to mature in age (60- o 1 20-vr-old), and
new suckers are browsed off by ¢lk before reaching 2
m in height (Fig. 2). As a result of early obsenvations
of habitat degradation, several parks culled ¢ik herds
berween 1940 and 1970 (Houston 1982, Woods 1991,
Hess 1993, Dekker ¢t al, 1990). Elk populations de-
clined to levels permitling aspen regencration in
Rocky Mountain National Park (Olmsted 1979, Baker
ctal. 1997) and immediately outside Yellowstone Na-
tional Park, where culling reduced the number of ¢lk
migrating across the park boundary (Kay 1990).

Aspen inside wildlife exclosures (Fig. 4) is mult-aged
and vigorous in all parks (Olmsted 1977, 1979; Trotticr
and Fehr 1982; Kay 1990; Kay et al. 1994; Baker et al.
1997). In Banff National Park, the largest area of regen-
erating aspen is within the recently fenced arca along
the Trans Canada Iighway (Kay et al. 1994). Within
this corridor, new aspen stems now exceed heights of
2 m on sites that range from xeric to hydric.

Elk culling ceased in all Rocky Mountain national
parks by 1970 (Houston 1982, Woods 1991, Hess
1993). Since then, elk near developed areas increased
in numbers. They have become highly habituated to
humans and browse intensively on aspen and willow
(Kay 1990, Hess 1993, Banff-Bow Valley Study 1996).
The greatest impacts on aspen and other vegetation
are in northem Yellowstone Nationat Park where the
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Fig. 3. Company D, Minnesota National Guard camp at Little
Blacktail on Yellowstone National Park, Wyoming northern win-
ter range in 1893 showing no elk-induced bark injury, multi-sized
(aged) aspen, and little or no twig browsing by ungulates. Photo
by F. ). Haynes, H-3070, courtesy of Haynes Foundation Collec-
tion, Montana Historical Society, Hetena.

¢lk population is food-regulated (Coughenour and
Singer 1990). Elk eat all palatability classes of forage,
including normally unpalatable specics such as spruce
(Picea engelmanii; Kay 1997a).

Prescribed fires conducted between 1974 and 1985
in Banff and Jasper national parks and in Jackson Hole,
Wyoming failed to regenenite aspen to heights >2 m
(Kay 1990, Bagtos et al. 1994, Kay et al. 1994, Whitc et
al. 1994, Kay 1997¢). Fires killed mature trees, and
elk browscd off new suckers before they reached tree
height. Some bum areas were small and may have
concentrated ¢lk use (Bartos and Mueggicr 1979,
1981). Subsequent large prescribed fires in Banff and
the 1988 wildfires in Yellowstone National Park stim-
ulated abundant aspen suckering (Fig, 5A), but also
failed to regenerate aspen to heighes >2 m (Kay et al.
1994, White ct al. 1994, Romme et al, 1995, Kay and
Wagner 19906). In Yellowstone, the 1988 wildfire, fol-
lowed by intense elk browsing, killed some aspen
clones (C. E Kay, unpuhl. data; Fig. 5B).

Rescarchers in United States and Canadian parks re-

port sharp declines in beaver colonies and surroungd--

ing areas of willow habitat. In Banff National Park, the
number of beaver lodges in Vermilion Lakes declined
>90% since the 1970s becanse elk herbivory on wil-
lows has significantly reduced the amount of food and
dam-building material available for beaver (Nietvelt
and Bayley 1997y, Although beaver and tall-willow
communijties were once commeon along northern Yel-
lowstone streams, beaver are now “ceologically ex-
tinct,” and willow cover is sharply reduced, exceptin
wildlife exclosures (Kay 1990, 1997q; Chadde and
Kay 1991, Kav and Wagner 1994, Singer et al. 1994),
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Similarly, beaver and willows are in sharp decline in
Rocky Mountain National Park (Hess 1993).

Dckker (1985, Dekker et al. 1996) was the first o
record a deviation from the general pattern of aspen
and willow decline in the Rocky Mountain parks. In ar-
-as of northern Jasper frequented by wolves during the
1970s (Carbyn 1974a, 19746), Dckker (1985) noted
prolific aspen and willow regrowth. C. A, White (un-
publ. data) verificd those observations. A collection of
1950s photographs shows intensive ¢lk browsing on
aspen with no young age classes visible. Carbyn
(1974a) documented high Kill rates of ¢lk by recoloniz-
ing wolves during the 1970s. He calculated that wolves
could eliminate ¢lk in the area within a few years if ob-
served predation rates continued. At approximatcly
the same time, treering dates indicate that a new co-
hort of aspen suckers regencrated in many stands, par-
ticularly thosc close to wolf-frequented trails (C. A
White, unpubl. data). By 1997 many of the new stems
had ecached 3-3 m tall (Fig. 6), and although ¢lk use of
aspen appears to be increasing, many stems will likely
survive lo mature tree age. Similar conditions may be
oceurring in areas recently recolonized by wolves in
Banf{f National Park (C. A. White, unpubl. data).

Discussion

Evaluating alternative bypotheses for
aspen decline

We use information on trembling aspen condition
and trend in several Rocky Mountain national parks
to test hypothescs on the decline of aspen. Alternate
explanations for aspen decline are based upon
whether, over the long-term, ¢lk population levels
were generally high and regulated by competition for
food (1 principal hypothesis with 2 variants), or gen-
erally low at a predator-reguolated equilibriuin.

Fig. 4. Unpulate-proof wildlife exclosure in Upper Beaver Mead-
ows, Rocky Mountain National Park, Colorado, in Seplember 1997.



Fig. 5. Aspen burn plot 27A in Yellowstone National Park, Wyoming: (A) Aupust 1289 after the clone was top-killed by the 1988 fire,
and abundant new suckers sprouted from the tive root system; and (BY August 1996 after several years of heavy elk browsing when no

live suckers remained and the root system appeared 1o be dead.

Food-regulation (“botiom-up™) bypotbesis.
This paradigm predices that a long-term, stable state
of montane areas occurs when aspen is browsed ex-
tensively by ahundant, food-regulated elk. This is
termed “natural regulation” in Yellowstone National
Park (Cole¢ 1971, Boyce 1991, Coughenour and
Singer 1996). Heavily browsced aspen persist in the
ccosystem due 1o regeneration by fire (Grucll 1979,
Houston 1982, Boyce 1989), variable chceinical-de-
fence levels that protect aspen suckers against her-
bivory (Despain 1991), or 4 complex interaction of
factors such as fire, elk starvation, winter severity,
and climate change (Houston 1982, Bovce 1991,
Romme et al. 1995). The current degenceration of as-
penis due to an incerease in the number of elk back 1o
a normal food-regulated equilibriutn following in-
tense human hunting during the late 1800s. Wolf and
other predation on elk is considered a "non-neccssary
adjunct” (Cole 1971), which removes animals that
will die anyway duc to starvation, and thus, cannot
substantially lowcr ¢lk populations below food-regu-
lated tevels (Boyce 1996). Existing data do not sup-
port this viewpoint in any of the Rocky Mountain
parks. Photographs of muature aspen taken at the
time of park establishinent show no bark-stripping
(Table 2), indicating long-term low clk density (Kay
and Wagner 1994). Furtbermore, archacological-site
data and early explorer journals for the Rocky Moun-
tains in the United States (Kay 1990, 1994, 19970)
and Canada (Kay et al. 1994, Kay and Whitc 1995) re-
peatedly show a pattern of low elk abundance.

Fire-suppression hypothesis. A variamt on the
food-regulation hiypothesis is based upon fire effects,
Gruell (1980) and Houston (1982) proposcd that
widespread fire suppression was the primary cause

of aspen decline. According to this view, fires caused
extensive aspen suckering that could theoretically
“ssvamp” herbivory effects in areas with modermie or
higher ¢lk density. This would allow at least some as-
pen suckers to grow into sapling or tree form (Bartos
and Mueggler 1979). Howcever, monitoring of nu-
merous bum arcas in and near Rocky Mountain na-
tional parks (Table 2) shows that this has not hap-
pened (Bartos et al. 1994, Kay et al. 1994, Kay
19978&). Instead, the combination of fire and high-in-
tensity clk browsing actually accelerated the demnise
of aspen (Kay and Wagner 1996).  Given the long-
term historical regime of frequent fires (<40-yr fire
cycle) in the montane ecorcegion (Houston 1973,
Tande 1979, Arno 1980, White 19835), the change of
the rele of fire in these ecosystems—from acting as a
stimulant to becoming a deterrent of aspen growth—

Fig. 6. Aspen regeneration at Willow Creek, Jasper National
Park, Canada that occurred during a period of intensive wolf use
in the area.
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has sedous ecological implications. Reoccurrence of
a short fire regime in areas of high herbivory could
rapidly degrade aspen stands.

Climate-change bypotbesis, A further elabora-
tion of the food-regulation hypothesis proposes that a
warmer and dryer climate since the 1930s has béen a
sipnificant factor in the failure of aspen to regenerate
(Houston 1982, Romme ¢t al. 1995), Howcever, this
view appears to be without support because of the
consistent regeneration and growth of aspen in nu-
merous wildlife exclosures in parks theoughout the
Rocky Mountuins (Table 2). If climate were a signifi-
cant factor, aspen condition in exclosures should be
the same as outside (Kay 1990, 1997b; Baker ot al,
1997). Alsa, if climatc were a major factor, aspen
outside of park boundarics should also be declining,
but this is often not the case (Kay 1990),

Predator-reguiation (“top-down”) bypothesis.
Many researchers have concluded that heavily
browsed aspen is not a long-term state; it is a recent
phenomenon due to unusually high elk populations
(Packard 1942, Cowan 1947, Olmsted 1979; Kay and
White 1993; Baker ct al. 1997). From our analyses of
aspen in various Rocky Mountain parks, we hypothe-
size that the current die-back of aspen cloncs inside
parks is due to recent human<caused changes to the
long-term ecological canditions that once favored as-
pen survival. These changes include: (1) release of ¢tk
from intense additive predation from humans, wolves,
and other cacnivores; (2) habituation of unhunted clk
to human presence; and (3) decrease in fire oceur-
rence by elimination of cultural burning by Native peo-
ples, and suppression of current human- and lighuning-
caused fires. Numrous lines of evidence support the
predator-regulation hypothesis (Kay and White 1995;
Kay 19976,c; White ct al. 1998), including archacolog-
ical data, carly explarer’s journals, repeat photogra-
phy, fire-scar dendrochronology, fire effects, aspen-
stand analyses, wildlife-exclosure data, and current elk
and wolf population studies.

Predicted patterns of predators, elk,
and aspen in Rocky Mountain national
parks over space and time

On the basis of the predator-regulation model, we
hypothesize that there are 4 general landscape-ccology
typus that influence human-wolf-cik-aspen interac-
tions in Rocky Mountain national park ecosystems
(Fig. 7). We view these as a gradient from long-term
ecological conditions to recent situations of increasing
impact by modern human land uses, This hypothetical
framework simplifics reality and docs not account for
factors such as highway and culling mortality that also
alter park wildlife density and behavior pattems. How-

ever it provides a preliminary model to make predic-
tions for ccosystem attributes under a variery of land-
scape-level “treatments” (Table 3).

Low elk density: open, shifting mosaic system
with buman and wolf predation. This is our hy-
pothetical long-term condition for the Rocky Moun-
tains (Kay et al. 1994, Kay and White 1995, Kay
19978). Information on ¢cological conditions for this
type of environment comes from dendrochronology
(i.c., fire-scars), old photographs, explorer journals,
and current areas in the northern Rocky Mountains
where wolves, humans, and other predators prey on
clk (Kay et al. 1994, Whitc et al. 1998). We predict
that ¢lk density was generally low (<1 elk/km?®) due
to intense predation from humans, wolves, and other
carnivores. However, some areas may have had
slightly lower predation and higher elk density, such
as zones beorween warring tribes (Kay 1994) or wolf
packs (Mech 1977), but these areas were not fixed,
and could shift with time. Frequent burning, often
causcd by humans (Barrett 198¢; Lewis 1980,1982;
Pyne 1995) and low ungulate browsing struictured as-
pen and other montane vegetation types into vigor-
ously regenerating communitics. A few older stands
occurred, which by chance alone, eseaped frequent
burning (Johnson ct al. 1995).

Moderate and bigh elk density in open sys-
tewm with spatially fixed patch-predator and
prey-refuge zones. The pattern of wolf recoloniza-
tion and effects on ¢lk population observed by
Dekker et al. (1990) in Jasper is now heing studied in
Banff National Park (Huggard 1993, Paquct et al.
19906, Banff-Bow Valley Study 1996, Hurd ctal. 1997),
Current human fand use has fixed montane land-
scapes into patterns of park and nonpark areas, de-
veloped and nondeveloped zones, hunted and non-
hunted areas, and large areas with low fire occur-
rence (Fig. 7B). Compared to long-term ccosysiem
states and processes, landscape pattern is unique in
space and time (Kay 1990, Kay et al 1994, White et al.
1994, Kay and White 199%). Heavy human use on clk
winter ranges with no hunting results in human ha-
bituation of elk inside parks (Shultz and Bailey 1978,
Casserier ¢t al. 1992, Banff-Bow Valley Study 1996),
whereas hunted elk outside parks often avoid hu-
mans (Lyon 1979). Wolves, which are more wide-
ranging than ¢lk, remain wary of humans due to hunt-
ing or other sources of huwman-caused mortality in or
near parks (Paquet ¢t al. 1996).

The result of differential behavior of elk and
wolves is a predation zone in park arcas with low
human use. Our prediction (Table 3) is that cik den-
sity here is moderate (e.g.. 1-3 elk/km?). Aspen re-
generation >2 m tall is sporadic, occurring mainly
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near trails frequented by wolves but avoided by elk
(C. A, White, unpubl. datt). In the absence of some
humin predation on elk, wolves and other carni-
vores do not appcear capable of reducing ¢lk to the
low density (Kay 1994, 19975, Boyce 1996) neccs-
sary to propagate all aspen clones. The predation-
zone matix surrounds prey-refuge patches near visi-
tor service centers or busy roads avoided by carni-
vores (Dekker ¢t al, 1996, Paquet et al. 1996). In
prey-refuge patches we predict high density (e.g.,
4-10 elk/km: of human-habituated elk (Banff-Bow
Valley Study 1996, Niervelt and Bayley 1997). Many
refuge-patch ¢lk are nonmigratory (Woods 1991)
but may partially self-regulate their population den-
sity by temporary movement, or dispersal, out of
the refuge hefore they starve. They do not generally
use very low palatability species such as spruce, but
may excrt high impacts on numerous species of
palatable plants, such as aspen and willow, and
moderately palatable species, such as buffaloberry
(Woods 1991).

Very high elk populations iy closed, spatially
Jixed systems with low predation. An cxtrenwe
manifestation of intensifying modern human land uses
in and ncar parks occurs in arcas where few elk are
hunted by humans and other wildlife predators may be
eliminated (Fig. 7C). Flk do not disperse to lower den-
sity areas because of developments, blocked move-

ity, displace carnivores, and
causce ungulates to habituare
to humans, ungulate popula-
tions may increase through-
out the landscape, as in the case of white-tailed
deer in the castern United States (Donahue 1997).
Though food-driven migration and dispersal may
occur across park boundaries, eventually, popula-
tions will increase towards a food-regufated den-
sity throughourt the landscape (Fig. 7D).

Future research needs and interim
management recommendations

Comparative analysis of trembling aspen in Rocky
Mountain national parks under various clk popula-
tion and buman land-use conditions can bc used o
test general models that predict herbivory effects and
montane ¢cosystem conditions over space and time.
Aspun is a key indicator in these models because it re-
sponds relatively consistently to various treatments
of human impacts, herbivory, and fire in all parks.
The existing data provide stropg cvidence 1o support
the role of top-down processes (e.g., predation and
human-caused fires) in the long-term structuring of
montane trembling aspen communities. This d-level
model may be like the key role human harvesting of
sca otlers (Enbydra Intris) plays in structuring kelp
forests along the North Amwerican woest coast (Estes
and Duggins 1995, Estes 1996).

In the montane aspen case, there are substantial
needs to test the generality of the model over broader
temporal and spatial scales, We need to know effects
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of herbivory, fire, and forest succession on montance
plant assemblages, and the interactive cffects of these
factors (Romme ct al. 1995). As Schmitz and Sinclair
(1997) proposed for understanding interactions be-
tween white-tailed decr and shrubs, a complex rela-
tionship may exist between plant condition and elk
density, only discernible by analyzing a range of con-
ditions, not just inside-outside ¢xclosure compar-
isons, in areas of high elk density, Rescarchers must
quantify herbivore density, distribution and behavior
patterns, and fire regimes that assist managers in
achieving vartous objectives. We recommend holis-
tic ccosystem analysis similar 1o approaches of re-
starch on white-tailed deer habitats in eastern North
America (de Calesta and Stout 1997, Waller and Alver-
son 1997),

Further, we need much better information on the
long-term Factors that regulated montane elk popula-
tions. Predictions madce by Fryxell et al. (1988),
based on African ungufates may apply to these clk
populations; it appears that even migratory clk in
mountain environments were regulated by predators
to low population densitics (Kay et al. 1994). How
did these long-term patterns differ from the refuges
from predators that have developed in Rocky Moun-
tain parks today (Banff-Bow Valley Study 199637 In
western national parks, public pressures and percep-
tions will continue to limit human predation on clk
(e.g., clk culls). Therefore, it is important to explore
whether non-human predation (i.e., wolves and
other carnivores) can regulate elk populations to lev-
¢ls that allow aspen stand regeneration. If recoloniz-
ing wolves in parks dramatically reduce clk popula-
tions, this will trigger nceds for farther rescarch on
maintaining wolf populations in fow-density herbi-
vore systems. Current research in Banff and Yellow-
stone national parks focuses on wolves in landscapes
with high elk density (Boyce 1990, Paquet ot al,
1996).

Finally, demonstrating and quantitying the signif-
icance of aspen’s ecological refationships has impli-
cations for definitions of ecological integrity re-
quired by many nattonal park management plans
(Woodley and Theberge 1992, Canadian Heritage
1994). Maintenance of aspen and related commu-
nities is confounded by almost contradictory poli-
cies in Rocky Mountain national parks that stipulate
(1) minimal human intervention to maintain wilder-
ness values and (2) maintenance of ccological in-
tegrilty and biodiversity in areas increasingly im-
pacted by current human lund uses (Boyce 1991),
However, we nuke 4 specific interim recommen-
datiens that have application in many Rocky Moun-
tain parks: restore camivores, bison (Bison bison),
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and fire, and carcfully manage human use. These
recommendations are derived from the Banff-Bow
Vailey Study (1996), a 3-year independent commis-
sion, that reported to Canada's minister responsible
for national parks on the state of Canada’s first na-
tional park. This direction forms the basis for a re-
cently approved management plan for Banff Na-
tional Park (Parks Canada 1997, Zinkan and Syme
1997).

1, Restore carnivores. The weight of evidence
clearly demonstrates the role of carnivores in the
long-term structuring of Rocky Mountain ecosystems.
In the past, keystone species (Mills et al. 1993) in
these landscapes were humans and wolves. Their
combined cffects on nngukates structurcd much of
the ecosystem (Kay 1994, 19976; Kay ctal. 1994). In
national parks, where hwnan hunting is now largely
prohibited, we must, wherever possible, maintain
populations of predators such as wolves. Where
predators cannot be restored, the Banfl-Bow Valley
Study (1996:179) recommends that elk culling or re-
location and fencing may be necessary. Where
predators are restored and herbivore populations de-
cline, managers must anticipaie how large carnivores
can be sustained in park ccosystems with much
lower prey density,

2. Restore bison. In Banff and Jasper national
parks, bison werce once the dominant large herbivore
in low-clevation arcas. They have since been extir-
pated and elk are now predominant (Kay et al. 1994),
This is significant because bison are mainly grazers,
but etk browse cextensively. Bison restoration may
help maintain long-term ccological conditions (Kay
cral. 1994,

3. Restore fire, but wilh cantion. Managers of-
ten view fire as a panacea to maintain “natural” eco-
logical conditions in Rocky Mountain national parks.
Clearly, frequent fires, often started by Native peo-
ples, structured low-¢levation ecosystems. However,
to simply add fire back into landscapes with high elk
density is ccological malpractice that will damage,
possibly permanently, numerous plant and animal
populations (Olmsted 1979). We can successfully re-
store fireonly while maintaining herbivore density at
levels where palatable species assemblages regener-
ate. Further rescarch is required to identify these her-
bivore population thresholds over a range of fire
regimes (v.g., size, intensity, frequency) and site con-
ditions.

4. Manage muman use. The Rocky Mountains
are one of the world's scenic treasures. They are a re-
gional, national, and international atiraction driving a
massive tourist, recreation, and realwstate ncusiry in
western Canada and the United States.  Cumulative-
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effects modelling indicates that even scemingly be-
nign human activities, such as hiking, ¢an displace
wary carnivores from key habitats (Weaver et al,
1980). Furthermore, in developed areas, complete
control of fire and human hunting changes ¢cosys-
tems from long-term ecological conditions. Careful
management of human use in the Rocky Mountains
is tmportant for restoring long-term structure and
function to these ecosystems (Zinkan and Syme

1997).
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