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THREATS TO WILDERNESS ECOSY STEMS: IMPACTS AND
RESEARCH NEEDS

Davib N. CoLE AND PETER B. LANDRES )
Aldo Leopold Wilderness Research Indtitute, Forest Service, U.S Department of Agriculture,
P.O. Box 8089, Missoula, Montana 59807 USA

Abstract.  One of the primary purposes of designated wilderness areas is protection of
natural ecosystems. However, the ecological integrity of these most protected of public
lands is threatened by direct and indirect effects of human activities both internal and
external to wilderness. Accelerated research programs on threats to wilderness are needed
to realize the purposes for which wilderness was established and to improve our under-
standing of natural ecosystems. This paper reviews current knowledge and critical research
needs for some of the most significant threats to wilderness ecosystems. (1) recreational
use and its management; (2) livestock grazing and its management; (3) fire management;
(4) introduction of alien species;, (5) diversion and impoundment of water; (6) emission of
atmospheric pollutants, and (7) management of adjacent lands. Some of these threats cause
highly disruptive localized impacts, whereas some have a more widespread effect. Other
threats are highly significant because they threaten rare or irreplaceable ecologica attributes.
Ecologica science needs to be applied to improve evauations of wilderness conditions,
improve efforts to protect wilderness ecosystems from further degradation, and improve

efforts to restore the integrity of disturbed systems.

Key words:  ecological impact: ecological
threats;, wilderness.

INTRODUCTION

The National Wilderness Preservation System cur-
rently consists of 42 X 10°ha, about one-sixth of the
federa lands in the United States, excluding military
and Indian reservations. These officially designated
wilderness lands are devoted to the protection of nat-
ural ecosystems, as well as the use and enjoyment of
these areas as wilderness. They have tremendous long-
term scientific and ecological vaue to society because
they have the potential to provide the best remaining
standards of relatively unmodified land in the United
States. However, even the ecosystems in these most
protected of public lands are threatened by direct and
indirect impacts from human activities both interna
and external to the wilderness. Moreover, attempts to
manage both natural and anthropogenic disturbance
within wilderness may exacerbate these impacts.

More and better information is needed on threats to
natural ecosystems in wilderness, as well as other pro-
tected areas such as national parks and natural areas.
Severa recent papers on priorities for ecological sci-
ence identify the need for more research on the detec-
tion, understanding, and management of human-in-
duced stresses in natural ecosystems (Brussard 1991,
Lubchenco et a. 1991). Unless accelerated research
programs on human-induced stresses are developed in
wilderness areas, it is unlikely that wilderness and sim-
ilar large protected areas will realize their potential as
a “base datum of normality . . . a laboratory for the
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restoration; nature preservation; research needs;

study of land-health” (Leopold 1949). The understand-
ing of natural ecosystems and their variability that
would accrue from research programs in protected ar-
eas should aso contribute substantially to the basic
foundation of ecological science.

Our goa in this paper is to present information and
ideas that can-help in the development of ecologica
research programs in wilderness. We begin by defining
terminology and suggesting an organizationa frame-
work based on the concept of threats. To assist with
prioritization of research needs, we advance criteria for
evaluating the relative significance of these threats and
the impacts they cause. We selectively review current
literature on the most significant threats and impacts
and conclude with a discussion of three arenas of re-
search, of interest to ecologists, that are critical to the
long-term protection of wilderness.

TERMINOLOGY AND ORGANIZATIONAL
FRAMEWORK

This paper is organized around potential threats and
their impacts on ecological attributes of wilderness. We
define threats as modem human activities or conse-
quences of those activities that have changed, or have
the potential to change, wilderness conditions. Attri-
butes are components of wilderness systems that are
subject to change. Impacts are the changes in attributes
caused by a threat.

Machlis and Tichnell (1985) define threats as
“stresses perceived to have detrimental impacts upon
valued components of . . . ecosystems,” pointing out
that their conception of a threat is highly anthropo-

168


klyon
OCR Disclaimer


February 1996

WILDERNESS
THREATS ATTRIBUTES
RECREATION \\ ’
B \\{\!’;;/ o
N 7
_ N L
\‘\\ ,1['/ 1
L | e {%“& ’,’/I//; Rooks |,
’ \ »&’4'1' /
%’ L] auew w.;’;m,. s | g
= SPECIES ?"o»‘” ’ 0 =
5 / ’\f“l :Q"\ g
.An AA\
Z 4' 4““\ ‘\‘: Z
/’m?“m
| ATmoSsPHERIC / \ ANMALS  |—
POLLUTANTS V/Il'i \\“\\\'
' '\\ -
LANDS ‘/Il, ‘\\\' RESOURCES
/ \ WILDERNESS
acrsmsnces

A Fic. 1. Linkages between threats and Wlldern%s attri-
utes.

centric. We believe that the subjective difficulties in-
herent in defining threats are less pronounced in wil-
derness. The Wilderness Act states that the goal of
wilderness designation is “to assure that an increasing
population, accompanied by expanding settlement and
growing mechanization, does not occupy and modify
al areas . . . leaving no lands designated for preser-
vation and protection in their natural condition.” In
wilderness, all “natura” components of ecosystems
are valued. Therefore, we consider all modem human
activities with the potential to cause deviations from
“natural conditions’ to be threats and al such devi-
ations to be detrimental impacts.

Numerous lists of threats to parks and natura eco-
systems have been generated. In Machlis and Tichnell’'s
(1985) survey of parks worldwide, a total of 1611 dif-
ferent threats were reported. However, this list of
threats included natural processes, inadequate man-
agement response to other threats (e.g., inadequate
funding and personnel), and secondary effects (eg.,
erosion was identified as a threat, although it was orig-
inally caused by livestock grazing). We believe that the
vast majority of impacts to wilderness ecosystems can
be traced to seven specific human activities: (1) rec-
reationa use and its management; (2) livestock grazing
and its management; (3) fire management; (4) intro-
duction and invasion of aien species; (5) diversion and
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impoundment of water; (6) emission of atmospheric
pollutants; and (7) management of adjacent lands.

Although it is convenient to describe the effects of
individual threats on wilderness, threats usually act in
combination, and the cumulative effects of multiple
threats are often synergistic rather than additive. Thus,
impacts on natural ecosystems will often exceed pre-
dictions based on analyses of the individual effects of
several threats. For example, livestock grazing reduces
grass cover and therefore the frequency of low intensity
fires, exacerbating the effects of fire suppression (Ma
dany and West 1983). Climate change, caused by the
cumulative effect of disparate activities such as pol-
lutant emissions and deforestation, may ultimately be
the most pervasive and persistent human-induced im-
pact on wilderness (Peters and Lovejoy 1992).

Threats and attributes are linked in a complex man-
ner (Fig. 1). Each threat impacts a variety of different
attributes and each attribute is affected by various
threats. Eventually, we need to understand the impacts
of each significant threat on a variety of wilderness
attributes. The categorization of attributes depicted in
Fig. 1 emphasizes the wide range of scientific disci-
plines that need to contribute to wilderness research,
including many subdisciplines of ecology as well as
physical and socia sciences. Concern for impacts on
the wilderness experience or “psychological wilder-
ness’ isimportant, but beyond the scope of this paper.
Other categorizations of attributes, based on distinc-
tions between the composition, structure, and function
of ecological entities or levels of biologica hierarchy
(e.g., genes, populations, communities, ecosystems,
and landscapes), are also possible, depending on the
purposes of investigation.

CRITERIA FOR EVALUATING SIGNIFICANCE

All changes in wilderness conditions caused by hu-
man activities are undesirable, but some are of more
concern than others. We propose that the ecological
significance of an impact is a function of both impact
and attribute characteristics (Fig. 2). Impacts vary in
their areal extent, longevity, and intensity. The signif-
icance of an impact increases as any of these charac-
teristics increase. The significance of an impact is aso
determined by the rarity or irreplaceability of the af-
fected attribute. For example, trampling can eliminate
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al individuas of a plant population. This is a locally
intense impact, but it is not highly significant if the
species is neither rare nor functionally irreplaceable.
In contrast, if the population was the last in the region
(rare) or if the plants were the only food source for
another species (irreplaceable), the same impact would
be more significant.

The intensity, longevity, and area extent of impacts
are determined by threat characteristics (intensity, areal
extent, frequency, timing, predictability. and others)
and the vulnerability (resistance, resilience) of the af-
fected attribute (Fig. 2). Therefore, the significance of
an impact is ultimately determined by characteristics
of the threat and attribute. We draw tentative conclu-
sions about which threats are likely to cause the most
significant impacts and which attributes are most at
risk.

THREATS TO WILDERNESS

In the discussions of individua threats that follow,
we selectively review current knowledge about the
most significant impacts, those that are most intense,
most widespread, and most long lasting. We also high-
light the resistance and resilience of ecologica attri-
butes and attempt to generalize about their relative vul-
nerability. High priority research needs are also iden-
tified.

Recreation use and its management

Recreational use is the most obvious, well-known,
and most intensively managed threat to wilderness and
parks. Total wilderness recreation use has increased
about 10-fold in the past 40 yr. By 1992, total wilder-
ness recreation use probably exceeded 18 X 10° visitor-
days (a 12-h stay by one person). In mountainous parks
and wilderness. the rate of increase in visitation has
declined during the past two decades. In desert regions
and Alaska, however, visitation has increased greatly
in recent years, as has visitation during nontraditional
use seasons, particularly winter visitation to mountain
wilderness.

The primary ecological impacts of recreation are: (1)
physical site. dteration and disturbance of biota by
trampling of humans and packstock; (2) the removal
and redistribution of materials by packstock grazing
and the collection and burning of wood in campfires;
(3) disturbance of native animals by human presence
and the importation of foreign substances, particularly
food; (4) harvesting of animals and plants, and (5)
pollution of waters by human waste and foreign sub-
stances. Intentional alteration by management is also
commonplace. Construction of trails, campsites, and
administrative facilities alters physical sites. Stocking
of fish alters lakes and streams (L uecke 1990). More-
over, because so many wilderness areas are located at
high elevations or in the desert, they are naturaly
stressed ecosystems that are not highly resilient.

Effects of wilderness recreation on most levels of
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biological organization (i.e.. genes, populations, com-
munities, and ecosystems) have been documented. The
relatively extensive recreation impact literature specific
to parks and wilderness is reviewed by Cole (1987)
and Knight and Cole (1995). Recresation impacts on
soil and vegetation conditions generally are intense and
persistent. For example, hiking and camping abrade
vegetation and organic horizons and compact mineral
soils (Cole 1987). Resultant impacts on soil structure
(e.g., loss of macropores) and chemistry (e.g., reduced
O,) dlter biological composition and function, but are
poorly understood. Biotic-abiotic, plant-soil interac-
tions are characterized by strong positive feedback
linkages (Perry et al. 1989). When these linkages are
disrupted, systems rapidly change in structure. Change
can beirreversible or recovery can be slow, even when
recreational disturbances are removed. Fortunately,
these highly disruptive disturbances are also highly lo-
calized. In a heavily used portion of the Eagle Cap
Wilderness, Oregon, Cole (1981) estimated that no
more than 2% of the area had been altered by recreation
use.

In contrast to impacts on vegetation and soil, the
effects of recreation on aquatic ecosystems and vagile
animals are often more extensive, even though point
sources of impact remain highly localized. For exam-
ple, inadequate disposa of human waste has been im-
plicated in the spread of water-borne intestinal parasites
(Giardia spp.), even in watersheds that receive little
recreation use (Suk et al. 1987). In the Sierra Nevada,
Verner and Ritter (1983) found that Brown-headed
Cowhirds (Molothrus ater) were positively associated
with recreational packstock stations. Given the ability
of cowbirds to disperse widely, populations of song-
birds that are subject to cowbird parasitism may be
adversely affected even in places that packstock never
reach.

Where the impacts of recreation use are highly lo-
calized, the most significant ecological impacts are
likely to be those that affect rare species and assem-
blages. There are a few situations where endangered
plant species are known to be threatened by recreational
trampling. For example, Robbin's cinquefoil (Poten-
tilla robbinsiana) populations have been extensively
disturbed along popular hiking routes in the White
Mountains of New Hampshire and Missouri bladder-
pod (Lesquerella filiformis) is threatened by recrea-
tional trampling of limestone glades in Missouri (Tho-
mas and Willson 1992). Where packstock use is heavy
and most existing meadows are grazed, meadow com-
munity types may be altered over their entire range.
Finally. aguatic systems typically occupy a small pro-
portion of the land surface and are highly attractive to
certain uses. In some wilderness areas, recreation use,
livestock trampling, associated pollution, and the in-
troduction of fish may have altered essentialy all lakes
and water bodies. None of these situations has been
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studied in sufficient detail to permit estimates of how
prevalent or severe these problems are.

The recreational activities that have probably caused
the greatest disruption of conditions detectable at large
spatial scales are fishing, hunting, and the introduction
and trandocation of game fish and wildlife to improve
fishing and hunting opportunities. For example, rain-
bow trout (Salmo gairdneri) planted in the upper reach-
es of the Colorado River have hybridized with native
Colorado River cutthroat trout (S. clarki pleuiticus),
substantialy contaminating the genetic purity of the
race (Behnke and Benson 1980). In addition to effects
on genetic stocks, these activities have dtered struc-
tural characteristics (ages, sixes, and sex ratios), be-
haviors, and distributions across entire regions.

Individuals, populations, species, communities, and
landscapes all vary in their ability to resist being dis-
turbed (resistance) and to recover from disturbance (re-
silience). Characteristics that contribute to resistance
and resilience are best understood for stresses on plants
caused by trampling. Plant characteristics that contrib-
ute to trampling resistance include short stature, a ro-
sette, creeping, or caespitose growth form, flexible
stems, and leaves that are small, thick, flexible, and
able to fold under pressure (Cole 1987, Liddle 1991).
Resilience is largely determined by the growth rate of
individual plants and the extent to which perennating
tissues are protected from disturbance (Cole 1995).
Similar research is needed on the vulnerability of an-
imals and of aguatic systems to recreationa distur-
bance.

Most recreation research has focused on immediate
impacts on aboveground, terrestrial systems. More re-
search is needed on belowground processes, biotic-
abiotic interactions linked by soil biota, and how dis-
rupted processes and interactions can be repaired so
that recreationally damaged sites can be restored. Re-
search is needed on the long-term effects of both non-
consumptive recreation (unintentional harassment) and
consumptive recreation (hunting, fishing, introduc-
tions, stockings, and translocations) at large spatia
scales. Short-term effects on individuals are obvious,
but we know little about effects on populations or about
the prevalence of cascading effects through food
chains, energy flows, and nutrient cycles, effects that
may only appear after a time lag. The difficulties of
studying belowground processes and effects at large
spatial and temporal scales will challenge recreational
ecologists, much as they are challenging ‘ other ecolo-
gists: Finally, our understanding of recreationa im-
pacts on aguatic systems in wilderness is so rudimen-
tary that a simple assessment of the prevalence and
intensity of such impacts is a top research priority. Most
recreational impacts are so poorly understood that ef-
fective indicators of impact have not been identified,
and monitoring programs cannot be initiated.

THREATS TO WILDERNESS ECOSY STEMS m

Domestic livestock grazing

Contrary to popular assumption, domestic livestock
grazing is generaly permitted in wilderness if it was
an established use prior to designation. Active sheep
or cattle allotments are present in ~35% of designated
wildernesses (Reed et al. 1989). mostly in the western
United States. Even in many places where domestic
livestock grazing is not permitted today, such as most
national parks, heavy grazing often occurred in the late
19th and early 20th centuries (the “hooved locusts’ of
John Muir's Sierra Nevada), and packstock grazing
continues today. The genera effects of livestock on
ecosystems are relatively well understood (Fleischner
1994. Noss and Cooperrider 1994). Most impacts de-
rive ultimately from trampling, grazing, and defecation,
as well as from various actions taken to manage live-
stock (e.g., fencing and water development). The re-
sults are direct impacts, such as defoliation, abrasion,
and death of plants, compaction and destabilization of
soils, and redistribution of nutrients, as well as indirect
impacts such as changes in geomorphology, water char-
acteristics, and animal populations. Direct contact be-
tween livestock and wildlife can also cause behavioral
change in animals and transmission of disease.

Studies of grazing impacts within wilderness and
parks are extremely limited. however. Effects of his-
toric grazing. such as gully formation and lowering of
water tables, changes in the composition of herbaceous
vegetation, increases in the density of forested stands,
and the expansion of trees into areas that formerly were
treeless have been documented in wilderness and parks
in Caifornia (Vale 1977. Vankat and Major 1978.
DeBenedetti and Parsons 1979, Odion et a. 1990). Or-
egon (Reid et a. 1980). and Utah (Madany and West
1983). Beymer and Klopatek (1992) documented how
current grazing in Grand Canyon National Park has
detrimental effects on cryptogamic crusts and has
caused shifts in herbaceous species composition. In the
Sierra Nevada, heavy historic sheep grazing has also
been blamed for reduced wildlife populations, resulting
from both forage consumption and transmission of dis-
eases, particularly to mountain sheep (Ovid canadensis)
(Ratliff 1985).

Grazing has affected wilderness at many levels of
biological organization, but to differing degrees. The
most significant effects of grazing are probably man-
ifested at the species and community-ecosystem levels.
Although there are cases where grazing has substan-
tially reduced the abundance of rare plant species, the
most significant effects at the species level are probably
indirect effects on animals (West 1993). For example,
both the remaining current range of the endangered
Gila trout (Oncorhynchus gilae), and the native habitat
of the narrow endemic golden trout (0. aguabonita)
lie primarily in wilderness areas with a long history of
livestock grazing (Knapp and Dudley 1990, Propst et
al. 1992). For 0. aguabonita, Knapp and Dudley (1990)
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found a positive correlation between growth rates of
trout and amount of aquatic vegetation, amount of bank
vegetation, and stream stability, attributes that are neg-
atively affected by livestock grazing (Kaufmann and
Krueger 1984).

Impacts on plants are probably most significant at
the community level. An extreme example of historic
grazing impact was the apparently irreversible con-
version of perennial bunchgrass communities in Cali-
fornia to annual grassands, dominated by species that
are not native to California (Vat&at and Major 1978).
Numerous studies document changes in the function,
structure. and composition of plant communities wher-
ever grazing occurs (Milchunas and Lauenroth 1993).
For instance, studies in arid and semiarid regions report
that grazing has a greater effect on nonvascular plants
that inhabit soil crusts than on vascular components of
the community (Brotherson et al. 1983, Marble and
Harper 1989). Shifts in relative abundance among both
vascular and nonvascular species and growth forms oc-
cur. Losses of nonvascular plants may disproportion-
ately alter nutrient cycling, given the. ability of cyano-
bacteria, both free-living and as symbionts in lichens
and mosses, to fix nitrogen (West 1990). Lesica and
Shelly (1992) report a case where the survival of Sap-
phire rockcress (Arabis fecunda), a rare regional en-
demic in Montana, is enhanced on cryptogamic soil
crusts. Grazing impacts may be most significant in ri-
parian ecosystems of arid and semiarid areas because
these ecosystems are unusually important biologically,
relatively rare, and because concomitant geomorpho-
logical changes (such as gullying and lowering of water
tables) suggest that impacts may be largely irreversible
(Ohmart  1994).

Much is known about the resistance of species and
growth forms to grazing disturbance (Rosenthal and
Kotanen 1994). but our understanding of the resistance
of communities and ecosystems is rudimentary. Mil-
chunas and Lauenroth (1993) performed a meta-anal-
ysis of results from 236 sites worldwide and concluded
that “within levels not considered abusive overgrazing.
the geographical location where grazing occurs may be
more important than how many animals are grazed or
how intensively an area is grazed.” They found that
reductions in net primary production attributable to
grazing were particularly pronounced in ecosystems
without a long history of intense grazing pressure. Most
grazing in wilderness and roadless areas occurs in the
mountain and desert regions of the western United
States, in communities that have not evolved with in-
tensive grazing by native herbivores (Mack and
Thompson 1982). This suggests that the effects of graz-
ing in wilderness may be particularly severe, unlessthe
intensity, timing, and distribution of grazing can be
adequately controlled.

Although a substantial body of research on grazing
impacts has developed, most of it is focused on the
responses of individual species or community assem-
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blages to various intensities and systems of grazing.
The ecology of natural rangeland ecosystems remains
poorly understood. Research is needed to improve our
understanding of how natural ecosystems have changesi
in response to domestic livestock grazing. This work
should also contribute to an understanding of how and
why ecosystems vary in their sensitivity to grazing and
how excessively dtered sites might be restored. This
is likely to require long-term, multidisciplinary re-
search, including paleoecological studies. Despite the
evidence that grazing substantially compromises wil-
derness values, it is unlikely that grazing will be dis-
continued in many wilderness areas (McClaran 1990).
We can, however, attempt to identify those places
where grazing is most inappropriate and develop graz-
ing management objectives and guidelines that are
more compatible with the goals of wilderness than the
god of maximizing sustainable animal production (the
most common goa outside wilderness). We also must
develop practical techniques for monitoring success at
achieving and maintaining these objectives.

Fire management

Naturally ignited fire significantly affects the com-
position, structure, and functioning of many different
types of ecosystems. Fire occurs relatively quickly, but
the effects may last over long time spans, and influence
gpatial patterns of vegetation and the distribution of
wildlife over large regions. Because fire disturbance is
such a key process, the suppression of fire has profound
effects, from altered species distributions and popu-
lation viability to modified spatia patterns of habitat
types and seral stages across alandscape. These effects
have long been recognized (e.g.. Weaver 1943). and
prescribed fire is now considered necessary to maintain
naturalness within wilderness (Parsons et al. 1986).

Fire regimes (location, intensity, frequency, size. and
pattern) vary from high-frequency, low-intensity sur-
face fires (e.g., in warm and dry ponderosa pine, Pinus
ponderosa, forests) to low-frequency, high-intensity
stand-replacing fires (e.g., in cool and moist western
red cedar, Thuja plicata, forests) (Kilgore 1987, Kil-
gore and Heinselman 1990). The effects of fire sup-
pression have so far been most pronounced in ecosys-
tems with high-frequency fire regimes because tech-
nological advancements alowed active fire suppression
only since the 1930s (Pyne 1987). it is more difficult
to discern fire suppression impacts in ecosystems with
low-frequency fire regimes (100 to >300 yr) because
these systems are likely till within the bounds of nat-
ural variation.

One of the most visible effects of fire suppression
has been on plant species composition and distribution
pattern in ecosystems that typically experience high-
frequency, low-intensity fires (reviewed by Kilgore
1987). With fire suppression, shade-intolerant species
(e.g., ponderosa pine) are typically outcompeted by
shade-tolerant species (e.g., Douglas fir, Pseudotsuga
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menzesii). Changes in species composition, density,
and vertical layering have additional ecological effects,
such as creating nearly ideal habitat for western spruce
budworm (Choristoneura occidentalis) outbreaks
(Carlson et al. 1985). By altering vegetation, fire sup-
pression changes the faunal composition of an area and
the viability of species. Kirtland's Warbler (Dendroica
kirtlandii), for example, nests only in fire-maintained
jack pine (Pinus banksiana) woodlands that are be-
tween 6 and 21 yr old (reviewed in Botkin 1990). By
altering vegetation composition and promoting the
buildup of woody debris, fire suppression also affects
several ecosystem-level processesin wilderness. Low-
intensity surface fires, for example, volatilize few nu-
trients, generally increasing nutrient mobilization and
soil fertility. In contrast, high-intensity fires driven by
accumulated fuels volatilize many more nutrients, ef-
fectively removing them from the soil (Agee 1993).
Barrett (1988) showed how fire suppression altered for-
est successional pathways in western coniferous for-
ests, especially on cooler, moister north- and east-fac-
ing stands.

Fire suppression also affects the landscape-level dis-
tribution of vegetation patches and habitat types in eco-
systems that experience stand replacing or crown fires.
In these systems, fires typically do not move across a
landscape uniformly because of variation in topogra-
phy, moisture, temperature, wind, and fuels. A mosaic
of vegetation patches remains after fire. Over time, the
result is a complex mosaic of different seral stages,
varying in the physiognomy and species composition
of live vegetation and the quantity and characteristics
of. woody debris (e.g.. see Turner et a. 1994a). Fire
suppression in these landscapes freezes this vegetation
mosaic (Bonnicksen and Stone 1982). while the age
class structure of the forest shifts towards older stands
(Vankat and Major 1978). Regional floral and faunal
diversity is reduced aslate seral standsincreasein size
and abundance, and the difficulty of restoring fire is
increased as fuels increase in flammability and ho-
mogeneity. Although there is much circumstantial sup-
port for fire suppression reducing landscape hetero-
geneity (e.g., see Turner et al. 1994a, Turner and Rom-
me 1994). empirical tests of these inferences that sep-
arate the impacts of fire suppression from other altered
disturbances regimes (e.g., from insects and disease)
are generally lacking.

Restoring natural processes that occur over large ar-
eas and hundreds of years will be a formidable man-
agement challenge for both ecological and political rea-
sons. Restoring fire (whether natural- or management-
ignited) in high-frequency, low-intensity systems that
now contain large amounts of fuel may cause stand-
replacing crown fires that bum the old, large trees with-
in aforest. As protected areas increasingly provide the
last refugium for certain species or communities, a sin-
gle fire may cause the extirpation or extinction of a
population, species, or community.
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The more we learn about fire regimes in the distant
past, the more difficult it becomes to define natural fire
regimes. For example, Swetnam (1993) examining a
2000-yr record, concluded that "... giant sequoia (Se-
guoiadendron giganteum), fire regimes were clearly
nonstationary; fire frequencies and sizes constantly
changed through time.” Romme (1982) reached a sim-
ilar conclusion for the subalpine forests of Yellowstone
National Park, as did Baker (1989) for the Boundary
Waters Canoe Area. Politically, restoring fire will be
difficult because of the risk to property and visitors
both within wilderness as well as on adjacent lands,
coupled with the notion that fire destroys a forest. Fur-
thermore, smoke production from management-ignited
fires may violate Clean Air Act standards and be ob-
noxious to people living adjacent to wilderness.

Although we know more about fire and the effects
of its management than many other threats to wilder-
ness conditions, most of this knowledge is at the level
of individua stands. The importance of fire and its
suppression demands that we expand this understand-
ing to large spatial scales and long time frames and to
synergistic interactions between fire and other distur-
bances. Critically needed are methods for accurately
quantifying natural fire regimes over large areas (e.g.,
10 000 ha and greater), and models for explaining and
predicting spatial and temporal variation of fire regimes
in different types of environments (e.g., see Clark
1990). We need to understand how physical attributes
(e.g., dope, aspect, elevation), historical climate con-
ditions, and past disturbances interact to influence cur-
rent fire probabilities, and the influence of these prob-
abilities on landscape-level vegetation patterns as they
change over short- and long-term time frames. Fire
regimes are typically described in terms of a “mean
fire-return-interval.” but this traditional descriptor
does not adequately convey either tempora or spatial
variation. More precise and accurate descriptors need
to be developed, perhaps as probability functions for
both spatial and tempora occurrence (Turner et al.
19946). In addition, impacts of dynamic vegetation pat-
terns on wildlife distribution, abundance, and viability
are poorly understood, even for game species where
considerable effort has already been concentrated. Re-
search on the consequences of fire restoration following
decades of fire suppression is just starting and needs
to be greatly expanded. This knowledge will be crucia
to managers charged with maintaining and restoring
the process of fire in wilderness.

Introduction and invasion of alien
species
Nonnative, or alien species pose a significant threat
to wilderness and other protected lands by their direct
and indirect impacts to native species, and by their
effects on broader scale ecological patterns and pro-
cesses. Impacts from aliens on indigenous plants and
animals have been recognized since at least 1860
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(Mack 1989); virtually every wilderness and other type
of nature reserve has alien species.

Alien species affect dl levels of biological organi-
zation. Abbott (1992) demonstrated interspecific hy-
bridization between native and aien plants (in Helian-
zhus and Senecio spp.), compromising the genetic in-
tegrity of the native species. Many studies found
changes in the distribution or community composition
of native species following invasion of alien pathogens,
plants. invertebrates, and vertebrates (reviewed by
Mooney and Drake 1986, Drake et a. 1989). Non-
native species may cause dramatic effects that ripple
throughout a community. Spencer et a. (1991). for ex-
ample, showed how intentional stocking of a non-na-
tive shrimp caused a series of changes in lake trophic
structure, eventually displacing nesting Bald Eagles
(Haliaeetus albicilla). Unintentionally brought from
Eurasia in 1910. white pine blister rust (Cronartium
ribicola) is epidemic over most of the range of white-
bark pine (Pinus albicaulis). Declining whitebark pine
populations indirectly affect other species, such as griz-
zly bears, which feed extensively on whitebark pine
seeds (Hoff and Hagle 1990, Mattson and Jonkel 1990).
Alien species aso affect ecosystem-level processes,
such as nutrient cycling (reviewed by Vitousek 1990).
Successiona pathways, for example, are significantly
altered by the alien musk thistle (Carduus macroce-
phalus) invading and dominating a pinon-juniper
woodland in Mesa Verde National Park after a hot fire
(Floyd-Hanna et a. 1993).

Syntheses on non-native species in nature reserves
(Macdonald et al. 1987. Thomas 1988, Usher et a.
1988) suggest some genera patterns in the magnitude
of invasion by these species. First, oceanic island re-
serves have a higher number of alien vascular plant
and terrestrial vertebrates than comparable mainland
reserves (Macdonald et al. 1988, Usher 1988). Loope
and Mueller-Dombois (1989) concluded that oceanic
islands are “ predisposed” to invasions because of their
history of isolation from the mainland and a relatively
small number of native species. Second, reserve size,
at least in mediterranean-type ecosystems, is inversely
related to the proportion of invasive aien vascular
plants in the flora (Macdonald et a. 1988). And third,
nature reserves in extreme climates (very hot, cold, or
dry) have fewer aien species than reserves with more
moderate climates (Loope et al. 1988, Macdonald et
al. 1989). Comparable generalizations about the im-
pacts of alien species are lacking.

Impacts of non-native species range in severity, from
merely coexisting within the extant community, to dis-
placing rare or common species and disrupting eco-
system functions. The invasion patterns discussed
above suggest that wildernesses with a longer history
of isolation, smaller size, surrounded by very different
types of vegetation, and occurring in moderate climates
(e.9., coastal, southern, southeastern areas, and lower
altitudes of relatively high-elevation wilderness) will
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be most susceptible to invasion and establishment of
non-native vascular plants and terrestrial animals. Im-
pacts to lentic and lotic systems are especially signif-
icant because of the relative rarity of these ecosystems
in most wildernesses. For example, there is ample ev-
idence that stocking non-native fish changes the abun-
dance and distribution of phyto- and zooplankton. in-
vertebrates, fish, and amphibians in lakes and streams
(e.g., Courtenay and Moyle 1992, Chess et a. 1993).
At present, our understanding of the interaction among
invasion processes, invader life history attributes, and
site conditions is insufficient to predict impacts or re-
sistance (the inverse of invasibility) and resilience in
native terrestrial or aguatic communities.

Other than intentional introductions of species such
as livestock or fish, little is known about the vectors
or mechanisms that bring alien species into wilderness.
A variety of activities occurring outside protected lands
may facilitate the spread of aiens into the protected
area through typical wind. water, or animal dispersal
(Saunders et al. 1991). These activities include soil
disturbance, habitat fragmentation and alteration,
building of roads, and introduction of species for ero-
sion control and other purposes. Within a wilderness.
disturbed areas created by people, packstock, or live-
stock often provide germination and establishment
sites. In addition, these three vectors bring aiens into
wilderness on clothing, hair, or in feces. For example,
Tyser and Worley (1992) found large numbers of aien
plants along trail and road corridors in Glacier National
Park, and Macdonald et a. (1989) found significant
correlations between the number of visitors to an area
and the number of dien vascular plantsin North Amer-
ican and African nature reserves. .

Despite widespread occurrence and long-standing
recognition of non-native species and their impacts,
substantive basic and applied questions remain. When
should an alien species be considered “naturalized”
(Westman 1990. Lodge 1993). and when is eradication
or control both necessary and feasible? For example,
it is often suggested that aliens need to be eradicated
when they replace native species or eliminate their hab-
itat. But the omnipresence of aiens and their high erad-
ication costs suggest that philosophical, social, and
practical dimensions of this debate need to be melded
with purely ecological considerations. Given the rel-
ative remoteness and naturalness of wilderness, what
are the vectors and mechanisms by which alien species
establish and spread throughout an area? Do models of
spread adequately predict patterns of alien species’ in-
vasion within the context of environmental conditions
in wilderness? Under what conditions do aliens induce
long-term changes in ecosystems? And last, how can
wilderness be managed to maintain natural disturbance
regimes, or how can these regimes be restored, when
disturbance increases the chance of surrounding aliens
establishing in the protected area? Research within wil-
derness on these questions will provide ecologists basic
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knowledge about invasion processes and impacts, and
allow agencies to more effectively manage the on-
slaught of non-native species.

Water impoundments, diversions, and
regulated flows

Wilderness ecosystems are affected by a variety of
water projects, including dams, diversions, and even
cloud seeding. Dams, reservoirs, or water conveyances
(ditches, canals, pipelines) built prior to wilderness
designation are present in about 15% of designated
wildernesses (Reed et a. 1989). In most of these aress,
dams were built at existing lakes to raise water levels
and control the timing of runoff. Of even greater con-
cern are the wildernesses and other protected areas that
are affected by diversions or dams located beyond their
boundaries but that control the hydrology of the sup-
posedly protected areas located downstream. Fortu-
nately, most wilderness watersheds contain their own
headwaters and thus are minimally affected by water
projects outside their own boundaries. However, Ev-
erglades National Park, (Kushlan 1987, Davis and Og-
den 1994) and Grand Canyon National Park are ex-
amples of parks that have been highly altered by dams
and diversions. Moreover, externa water diversions
and regulated flows will have a greater effect on des-
ignated wilderness in the future as more downstream
aress are designated as wilderness, particularly on Bu-
reau of Land Management lands. One portent of this
increasing concern is the current controversy over fed-
eral reserved water rights for wilderness (Marks 1987).

The impacts of water projects within wilderness are
most significant where fluvial systems are damned and
where dam operations result in extreme maximum and

minimum flows. The creation of a reservoir represents
a complete dteration of existing ecosystems. Latic. ri-
parian, and adjacent upland ecosystems are extin-
guished localy and replaced by lacustrine ecosystems,
new riparian ecosystems, and wetlands associated with
deltas that form where tributaries enter the reservoir.
The potential effects of diverting low-order tributary
streams, such as those within most wildernesses. are
illustrated by severa studies conducted adjacent to a
wilderness in the eastern Sierra Nevada (Smith et al.
1991, Stromberg and Patten 1992). These studies sug-
gest that low-flow conditions have significantly altered
various attributes of riparian vegetation, including
physiology (reduced stomatal conductance and water
potentia), morphology (smaller, thicker leaves and re-
duced total leaf area), population structure (fewer very
old and large black cottonwood trees, greater mortality
of cottonwood trees), and vegetation structure (lower
canopy foliage density and tree density).

Mainstem dams generdly ater the temperature, sed-
iment load, and flow regime of the rivers they impound.
This can have dramatic effects on lotic ecosystems in
downstream protected areas. The lotic ecosystem of the
Colorado River in Grand Canyon National Park, for
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instance, has been so highly atered by an upstream
dam that Johnson and Carothers (1987) consider it an
exotic ecosystem. Nineteen introduced fish species
have been recorded in the Colorado River in Grand
Canyon, while four of the. eight origind natives are
locally extinct and a fifth only breeds a the mouth of
one tributary. However, the intensity of impact caused
by the upstream dam declines rapidly with distance
from the river. Ecosystems located just 50 m from the
present high-water level have been virtually unaffected
by the upstream dam. The riparian ecosystem, adjacent
to and influenced by the lotic system, is now a mix of
alien and indigenous organisms and processes. Alien
species have been introduced and community structure
and composition have changed. Riparian vegetation has
colonized remnant floodplain deposits that were for-
merly kept bare by periodic scouring, while dense
woody vegetation growing upsope on predam flood
terraces is now apparently senescent. However, the
dam-related changes have caused no known species
extirpations, and they have increased the diversity and
abundance of native plants and vertebrates.

Mainstem dams aso disrupt the movement of mi-
gratory fish. ‘Consequently, wildernesses with substan-
tial populations of migratory fish can be affected by
downstream dams as well as upstream dams. These
effects are probably most pronounced in areas within
the basin of the frequently dammed Columbia River.

The most significant threat to wilderness comes from
water projects that are external to wilderness and that
operate with little consideration of effects on natural
ecosystems. Although effects may not be aredly ex-
tensive, the agquatic and riparian systems that are af-
fected are often rare and of high ecologica vaue. par-
ticularly in arid regions. One critical applied question
that needs to be addressed is if and how dam operations
and resultant flow levels, temperatures, and sediment
loads can be manipulated to minimize downstream im-
pacts. A related question concerns minimum instream
flow levels and the tempora distribution of flows need-
ed to maintain the geomorphological and biological
integrity of riparian and lotic systems.

The magnitude of the changes that occur when pre-
dam lotic and riparian natural systems are converted
to postdam exotic and naturalized systems places man-
agers of protected areas in a difficult position. Given
the degree to which preservation objectives have been
irretrievably logt, it is not obvious what the objectives
for these novel ecosystems should be. It is tempting to
conclude that changes that increase species richness or
that increase the abundance of a rare species or com-
munity are desirable and to develop management pro-
grams that attempt to maintain such conditions. How-
ever, even “desirable” changes represent a divergence
from predisturbance conditions and are at odds with
the original intent inherent to wilderness or protected
area designation. Ultimately, social and political con-
siderations will determine the objectives for highly al-
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tered ecosystems in wilderness and other protected ar-
eas, but ecological science can contribute to more in-
formed decisions. Science can sharpen thinking about
the trade-offs involved and the long-term consequences
of aternative courses of action.

Emission of air pollutants

Photochemical oxidants, heavy metals, and acid de-
position are magjor classes of pollutants produced by
both point and nonpoint sources, and are readily trans-
ported by local winds. These pollutants affect virtualy
all wildernesses throughout the conterminous United
States, leading Schreiber and Newman (I 987) to con-
clude that “maintaining the pristine condition of air
quality in wildernesses may be impossible.”

Air pollutants cause ecological impacts across al
levels of biological organization. A vast literature ex-
ists on these impacts to terrestrial and aquatic ecosys-
tems (at least 37 books published since 1980). These
impacts were reviewed for fish (Haines 1981). lakes
(Schindler 1988). wildlife (Schreiber and Newman
1988), soil microflora (Fritz 1992), and forests (Taylor
et a. 1994). Guidelines for evauating air pollutant im-
pacts to physical, chemical, and biological conditions
within wilderness were developed by Fox et al. (1987,
1989). and specific indicators and standards devel oped
for Pacific Northwest (J. Peterson et al. 1992) and Cal-
ifornia (D. Peterson et al. 1992) wildernesses.

Air pollution impacts to terrestrial and aguatic re-
sources within wilderness are summarized by Schreiber
and Newman (1987) Grigal (1988), Schofield (1988).
and Blankenship (1990). In the western United States,
nonpoint sources of ozone, nitrogen, and sulfur pol-
lutants from urban areas pose the greatest threat to
wilderness. For example, most wildernesses along the
Cascade and Sierra Nevada mountains are downwind
from metropolitan areas that are continual sources of
pollutants. In these areas, severa tree species (eg.,
Pinus ponderosa, P. jefieryi) and lichens show visible
injury, reduced photosynthetic capacity, premature leaf
senescence, reduced growth, and increased suscepti-
bility to pathogens, al caused by air pollutants (Siga
and Nash 1983, D. Peterson et al. 1992). These areas
also have little buffering capacity in their soils (D.
Peterson et al. 1992. J. Peterson et al. 1992) suggesting
that aquatic ecosystems would be very susceptible to
impacts of acid deposition. However, of 455 lakes sam-
pled for acidity in western wildernesses by the Envi-
ronmental Protection Agency (EPA) during 1984 and
1985, only | had a pH <5, and this lake was fed by a
sulfur hot spring (Blankenship 1990). So far, it appears
that aguatic ecosystems in the western United States
have escaped significant injury from air pollutants.
However, the EPA did not sample any lakes in southern
California wildernesses such as the San Gabriel or San
Gorgonio, which are subject to high levels of air pol-
[utants.

Wildernesses in the eastern United States are thought
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to be most influenced by point sources of pollution
(Schrieber and Newman 1987), which cause extensive
impacts to terrestrial and aguatic plants and animals
(Hutchinson and Meema 1987). In addition to point
sources, metropolitan areas and heavy industry produce
ample nonpoint pollution aswell. For example, Bennett
(1985) found extensive vegetation damage from non-
point source ozone and sulfur dioxide in 10 nationa
parks, while Armentano and Loucks (1983) found
ozone and acid-forming pollutants in most of the na-
tiona parks throughout the Great Lakes region.

Because of their relative remoteness. wildernesses
are most likely affected by chronic, rather than acute
air pollution. Moreover, avariety of air pollutants com-
bine to form interacting, or synergistic, stresses. En-
hanced ultraviolet-B radiation (especialy at higher el-
evations), for example, combined with acidic deposi-
tion is a possible cause of amphibian population de-
clines (Blaustein et al. 1994). These chronic stresses
cause genera loss of vigor and reproductive capacity,
and increase susceptibility to disease or pathogens in
many plants and animals. These impacts may be es-
pecialy severe on rare species and populations that are
declining or are at the margins of their distribution.
Carey (1993) hypothesized that acid precipitation,
working synergistically with other environmental
changes, caused immunosuppression in declining bo-
real toad (Bufo boreas boreas) populationsin the West
Elk Wilderness in Colorado, leading to their extirpa-
tion. Other critical impacts resulting from air pollutants
in wilderness include altered nutrient cycling (Raloff
1995) and changes in primary productivity caused by
changes in soil pH, soil microflora activity, and leach-
ing rates of nutrient ions (Blankenship 1990. Clayton
et a. 1991). And air pollutant impacts to aguatic eco-
systems may be especidly significant because of the
genera rarity of these habitats in wilderness.

Air pollutant impacts are especiadly significant in
Class | areas, where federal land managers have “. . .
an affirmative responsibility to protect air quality re-
lated values’ as mandated by the Clean Air Act as
amended in 1977 (Public Law 95-95). Class | status
confers the highest level of air quality protection in the
United States. These areas consist of wildernesses that
were >2024 ha when the Clean Air Act was passed in
1977 (~12% of the area in the present National Wil-
derness Preservation System). All wildernesses des-
ignated after this date are accorded Class Il status, a-
lowing greater deterioration of air quality. In a survey
of personnel managing Class | areas across the United
States, Schrieber and Newman (1987) found that 78%
of these areas had “identifiable’ influences from air
pollution.

The most significant and long-lasting effects of air
pollutants in wilderness are likely from impacts to soil-
and water-based processes. We need a better under-
standing of the impacts to processes such as decom-
position and nutrient turnover and availability in wil-
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derness environments, especialy in poorly buffered
soils. This information would be crucial to evaluating
air pollutant impacts to primary productivity and the
factors affecting ecosystem resistance and resilience.
Research on indicators of air pollutant impacts on com-
munities and ecosystems is criticaly needed, especially
for aguatic ecosystems and amphibians. Basic moni-
toring data on pollutant levels are lacking in many ar-
eas, requiring extrapolation and inference with un-
known levels of precision and accuracy. It is also un-
certain how air quality data in remote locations, where
mechanized transportation is prohibited, can be col-
lected without compromising wilderness values. For
example, the Bureau of Land Management devel oped
aremote air monitoring station that can be horse packed
into an area, but when assembled is ~10 m high and
is considered an unacceptable intrusion by some peo-
ple.

Management of adjacent lands

All wilderness and other protected areas are sur-
rounded by lands that are more intensively developed
and used for human purposes such as timber cutting,
mining, livestock grazing, home building, and mech-
anized recreation. Wildernesses are vulnerable to im-
pacts from adjacent lands because they are “open sys-
tems,” as are all ecosystems, affected by the flow of
biological, chemical, and physica matter and energy
into and out of the area. Because of this “openness’
the mosaic of surrounding lands and their condition
influences the composition, structure, and functions
within a protected area. As our human population con-
tinues to grow, wilderness will become progressively
more insular&d and likely to be altered by adjacent
lands..

Isolation of nature reserves has been discussed for
nearly two decades (e.g., Diamond 1975). spawning
numerous debates and a large literature (reviewed by
Saunders et a. 1991). Isolation effects observed in na-
ture reserves include “relaxation” or loss of species
(Miller and Harris 1977. Soule et a. 1979. Burkey
1995). rippling impacts caused by the loss of key spe-
cies (Bierregaard et a. 1992). increased fluctuations in
population density leading to increased probabilities of
extirpation (Soule et a. 1988). loss of genetic variation
(Frankel and Soule 1981). and increased invasibility
from dien species (Janzen 1983). These isolation ef-
fects may largely be due to altered ecologica flows
either into or out of wilderness, both with adverse con-
sequences.

Activities on adjacent lands that increase harmful
flows or decrease beneficia flows into wilderness are
equally detrimenta (Janzen 1986). Increased harmful
flows into wilderness come from many activities. Ad-
jacent mining or other extractive industry, for example,
increases the likelihood of air and water pollutants
moving into wilderness (Stottlemyer 1987). Water pol-
lutants from agricultural fields have been carried into
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wildlife refuges causing severe declines in bird pop-
ulations. Predators and parasites from adjacent lands
can also spread into projected areas. Andren and An-
gelstam (1988) found significantly more predation on
experimental nests that were within 50 m of the forest
edge, while Brown-headed Cowbirds (Molothrus ater)
can fly up to nearly 7 km to parasitize nests (Rothstein
et al. 1984). Domestic and feral livestock easily roam
into wilderness. sometimes with disastrous impacts to
native flora and fauna, as shown by the impacts caused
by ferd pigs in Hawaiian national parks (Stone and
hope 1987).

De-creased beneficial or required ecologica flows
into protected areas may cause subtle yet widespread
and long-lasting impacts. Withdrawing water for irri-
gation and power generation severely disrupts hydro-
logic flow regimes in the Everglades and Grand Canyon
national parks, causing profound changes in vegetation
and wildlife communities (Johnson and Carothers
1987, Kushlan 1987). Fire suppression on lands ac-
tively managed for timber production alters the pattern
of naturally occurring fire spread into protected areas
(Kilgore and Heinselman 1990). In the Selway-Bitter-
root Wilderness, for example, Habeck (1985) found
that fire suppression in surrounding warm and dry (i.e,
short fire return-interval) lands increased fuels, increas-
ing the probability of fire spreading into and burning
cool-moist (i.e., long fire return-interval) western red
cedar (Thuja plicata) forests. Population viability of
species within wilderness is threatened by reduced im-
migration of individuals and genetic variation from sur-
rounding areas that have been modified. Fahrig and
Merriam (1994) reviewed impacts of altered landscape
structure on population viability, concluding that im-
migration is more important than demographics in &f-
fecting regional population abundance.

Beneficial ecologica flows out of wilderness may be
restricted or adversely affected by activities on adjacent
lands. For example, several ungulate species seasonally
migrate out of wilderness into surrounding lower ele-
vations. Activities on adjacent lands that modify crit-
ical habitat attributes needed by elk (Cervus elaphus)
during winter may cause population reductions (Lyon
and Ward 1982). Likewise, detrimental flows out of
wilderness may be enhanced. Dispersal of animals out
of protected areas to prey on livestock or travel along
roads often results in their death, shown for wolves
(Mech et a. 1988) and severa other predators and large
vertebrates. These increased detrimental flows out of
wilderness may contribute to reductions in density and
viability of populations residing within wilderness.

Adjacent lands will aways influence protected aress,
but some of these effects may be mitigated by increas-
ing the size of protected areas and improving the lo-
cation of administrative boundaries. Idedly, protected
areas would be sufficiently large to encompass the full
range of disturbance regimes and natural flows into and
out of the area (Schonewald-Cox and Bayless 1986,
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White 1987). In reality, most protected areas are small-
e than the “minimum dynamic area’ (Pickett and
Thompson 1978) needed to maintain recolonization
sources and minimize extirpation of species. Increasing
the size of protected areas. establishing buffer zones
around them, or linking them together may mitigate
some of these isolation effects, but al these options
are politically difficult, and the conservation benefits
of landscape linkages are still debated (Saunders et al.
1991, Simberloff et al. 1992). Improving the location
of administrative boundaries by placing them, for ex-
ample. along biologically meaningful landscape
breaks, may also reduce isolation effects. Theberge
(1989), for example, offers 15 guidelines for drawing
“ecologicaly sound boundaries’ for protected aress.
However, any administrative boundary, even in large
reserves (e.g., > 100 000 ha) will likely cross or dissect
some natural disturbance paths, sources of recoloni-
zation, and migration or dispersal routes. Each of these
actions discussed above may ameliorate, but would not
likely eliminate isolation effects.

New and continuing activities on adjacent lands pro-
vide both reason and opportunity to design experi-
mental treatments and monitoring programs to quantify
the mechanisms and impacts of ecological isolation.
The most important experiments would increase un-
derstanding of how flows of plants, animals, and dis-
turbances sustain wilderness character (Romme and
Knight 1382, Noss 1983). Specific research topicsin-
clude studies on: (1) evaluating the conservation ef-
fectiveness of corridors and landscape linkages (e.g.,
movement of animals, plants, aliens, pathogens, pests,
and disturbances within a corridor; impacts of edge
effects on movement; ecological cost-benefit analyses
of linkages among protected areas vs. increasing re-
serve size); (2) understanding the mechanisms of a-
tered “permeability” or flow into and out of protected
areas caused by administrative boundaries and the dis-
parate activities on either side of these boundaries; (3)
guantifying the attributes of wilderness ecosystems
(such as size and degree of contrast across boundaries)
associated with a landscape’s minimum dynamic area
and levels of resistance and resilience in the face of
adjacent land impacts; and (4) evaluating the effects of
landscape-level vegetation patterns on disturbance re-
gimes and population viability in ecosystems that ex-
hibit high levels of natural fragmentation (e.g., see An-
dren 1994). such as occur in coniferous forests through-
out much of the U.S. Rocky Mountain and Intermoun-
tain regions.

Other

A number of other modem human activities have
affected natural ecosystems in wilderness. including
mining, gas and oil drilling, poaching, subsistence
hunting and gathering, aerial overflights, and attempts
to control insects and disease. Of these, mining has
probably caused the most intense but localized impacts,
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particularly on aguatic systems (e.g., Deniseger et a.
1986). There are active mining claims in about 9% of
wilderness areas (Reed et al. 1989). and many addi-
tional areas remain affected by historic mining. Other
historic impacts in wilderness include the effects of
floating logs for railroad ties down streams on channel
morphology and riparian vegetation (Young et al.
1994).

Another perceived impact, particularly germane to
this paper, is that resulting from scientific use of wil-
derness (Franklin 1987. Parsons and Graber 1990). The
process of data collection in wilderness often requires
the use of permanent markers, mechanized equipment,
or destructive sampling, techniques that can compro-
mise wilderness conditions, particularly the psycho-
logical wilderness. In the past, managers have fre-
quently not permitted worthwhile research in wilder-
ness on the grounds that it compromises wilderness.
We hope wilderness managers will more often recog-
nize situations where the long-term benefits of wilder-
ness science exceed the short-term impacts.

Discussion

The prevalence of large areas with a high degree of
integrity and continuity means that wilderness harbors
substantial information of benefit to science and society
(Graber 1985, Noss 1991). In particular, information
contained in wilderness can contribute to understand-
ing how natural ecosystems operate. to understanding
landscape processes, and to assessing global change.
This information is crucia to improve management of
lands inside wilderness. as well as management of
lands outside wilderness. Moreover, the value of this
information will increase greatly in the future, as the
last of the lands not specifically devoted to nature pres-
ervation are developed and modified.

All seven of the threats we describe have aready
had a significant impact on wilderness ecosystems, and
all levels of biological organization have been signif-
icantly affected by at least some of these threats. Fish
introductions, for example, have reduced genetic di-
versity; dam construction has reduced native species
diversity: and fire suppression has reduced the struc-
tural diversity of landscapes.

Threats and the impacts they cause vary in both in-
tensity and areal extent. Some threats, such as recre-
ational use and river impoundments, cause localy ex-
treme changes in system structure and function. Air
pollution, in contrast, has had extremely widespread
but less intense effects. The threats that have probably
caused the most extensive and intensive impacts are
domestic livestock grazing, fire suppression, the intro-
duction of dien species, and adjacent land practices.
Not al wilderness lands are equally vulnerable to these
threats, however. For each of these threats, certain wil-
derness areas are virtualy unaffected, as are certain
ecosystem types within affected wilderness areas. Do-
mestic livestock grazing has probably been most dis-
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TaBLe 1. A basic agenda for research on threats to wilderness ecologica systems.

Evauation . »
3 Define and describe natural conditions.

Protection

Determine methods for assessing deviation from natural conditions.

3) Describe anthropogenic impacts to natural conditions and the significance of these impacts. )
4) Determine how characteristics of threats and attributes influence the intensity, longevity, and areal extent of impact.
53 Determine the effectiveness of aternative management strategies in avoiding impacts.

Restoration

6) Determine how to manipulate ecosystems to restore them to natural conditions.

ruptive in riparian ecosystems in the arid southwest
(Fleischner 1994). while it is currently of little concern
in National Park Service wildernesses or outside of
rangeland ecosystems in the western United States. Fire
suppression effects have been most severe in ecosys-
tems with fire regimes characterized by high-frequency,
low-intensity fires. Alien species incursions have been
particularly significant at lower elevations, on islands,
and in freshwater aquatic systems. Adjacent land prac-
tices probably have had the greatest impact on small
wilderness areas, particularly those in more densely
populated and industrialized parts of the country.

A theme common to many individual threats is that
impacts to aguatic and riparian ecosystems in wilder-
ness are particularly significant. The most intense types
of impact, such as recreation use, domestic livestock
grazing, and water impoundmet& are concentrated in
these ecosystems. Moreover, riparian systems often
harbor an exceptional proportion of the regional biotic
diversity. In many regions, particularly the arid South-
west, most of the riparian habitat outside of protected
areas has aready been substantially impoverished.

Many of the wildernesses most at risk are small wil-
dernesses, particularly those at low elevations and lo-
cated in the eastern United States. In these small pro-
tected areas, disturbance regimes are unlikely to be
intact, and the effects of adjacent land management
practices and land fragmentation are likely to be severe.
Vulnerability to alien invasions is high, particularly in
low elevation wildernesses. and the concentrations of
air pollutants and recreation use are high in areas close
to urban centers.

If natural conditions continue to erode in the face of
anthropogenic threats, wilderness will be protected in
name only. We challenge ecologists to more actively
participate in developing the knowledge needed to pro-
tect natural conditions in designated wilderness. This
knowledge is aso relevant to the theoretical interests
of ecologists (Huenneke 1995). We suggest the follow-
ing basic agenda for ecological research in wilderness,
organized around the three goas of evaluation, pro-
tection, and restoration of wilderness conditions (Table
1).
)R&eearch is needed to help managers evauate the
extent to which wilderness conditions deviate from nat-
ural conditions or some other desired state. Much of
this research must be predicated on a better understand-

ing of natural conditions. Philosophical questions must
be resolved about how to define naturalness (Anderson
1991). Studies of past and present ecological conditions
must be conducted to improve our ability to describe
natural conditions. The spatial and temporal variation
of natural systems suggests the need to describe natural
conditions in probabilistic and variable rather than de-
terministic and static terms. The need to describe nat-
ura or desired conditions at large spatial and temporal
scales is particularly challenging. Managers also need
practical indicators and techniques for assessing and
monitoring deviation from desired or natural condi-
tions. Ecological research can help specify which
system components to assess, a which spatid and tem-
poral scales. Research can aso help managers make
trade-offs between the practical advantages of moni-
toring indicator or keystone species and the shortcom-
ings of this approach (Landres et a. 1988. Mills et a.
1993).

Research is aso needed to help managers protect
wilderness systems from further impact. More studies
are needed on the effects of human activities on wil-
derness attributes. Fundamental questions remain about
synergigtic relationships between different threats and
cumulative impacts to multiple attributes. A critical
need is to better understand impacts on ecosystem pro-
cesses and impacts occurring at large spatial and tem-
poral scales. This research should improve our assess-
ment of the significance of different impacts to wil-
derness systems. More research is needed on how vari-
ation in disturbance characteristics and ecosystem
resistance and resilience influence the intensity, lon-
gevity, and areal extent of impacts. This understanding
should suggest strategies for mitigating impacts. Once
implemented, these management strategies are large-
scale experiments that need to be evaluated and mod-
ified accordingly (Underwood 1995).

Finally, because al wildernesses have already been
compromised to some extent, research is needed to help
managers restore natural conditions and processes.
Restoration may simply involve removal of a distur-
bance agent; however, in many cases it will require
active manipulation of ecosystems. Active restoration
has been called the “acid test” of our ecological un-
derstanding (Bradshaw 1987). For restoration to be suc-
cessful, ecological understanding must be sufficient to
identify both how ecosystem function has been ad-
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versely affected and how proper function can be rees-
tablished. Ecologica research is needed to guide res-
torations at all scales from small sites to disturbance
regimes that operate over areas larger than entire wil-
dernesses. Particularly where restoration involves in-
tentional manipulation of ecosystem linkages and pro-
cesses, basic research is needed to complement more
applied studies that evaluate the success of restorations.

Both philosophical and practical concerns are raised
when restoration involves intentional manipulation
within wilderness ecosystems. Attempts to restore one
€cosystem process or component may exacerbate im-
pacts to other components, and restoration goals may
conflict with one another. For example, attempts to re-
store fire may increase vulnerability to invasions by
aien plants. In other situations, attempts to restore eco-
system processes within an area can compromise at-
tempts to conserve biological diversity at larger spatia
scales. For example, in response to the establishment
of alien salt-cedar (Tamarix chinensis) riparian vege-
tation along the Colorado River in Grand Canyon, sev-
eral rare riparian birds, such as Bell's Vireo (Vireo
bellii). have expanded their distribution into the canyon
where they had not occurred prior to Grand Canyon
Dam (Johnson and Carothers 1987). Attempts to erad-
icate alien salt-cedar and restore predam flow regimes
would reduce the presence of these rare birds in the
region. Managers of protected areas will increasingly
face such trade-offs in their attempts at restoring nat-
ural conditions.

Restoration also raises the issue of the appropriate-
ness of intentional manipulation of wilderness condi-
tions. A primary scientific value of wilderness ecosys-
tems is their utility as reference areas: for comparison
with more intensely managed landscapes and for dis-
cerning impacts from subtle and long-term threats such
as global climate change. This value is compromised
when these ecosystems are intentionally modified, even
for the purpose of restoring natural conditions and pro-
cesses. Increasingly, wilderness managers will have to
choose between two undesirable courses. permitting
ecosystems to deviate further from their natura con-
dition or manipulating ecosystems to match our image
of those natural conditions and the processes that
shaped them. Perhaps the ultimate challenge to ecol-
ogists is to develop the knowledge needed to decide
when and how to intentionally manipulate ecosystems
to compensate for the unintentional effects of anthro-
pogenic disturbance.

ACKNOWLEDGMENTS

We greatly appreciate the sharp eyes, minds, and critical
comments of Tom Feischner, Charles Hawkins, Tim Hogan,
Dick Hutto. Reed Noss. David Parsons, Alan Watson, Cathy
Zabinski. and three anonymous reviewers for clarifying our
thoughts and writing.

LiTERATURE CITED

Abbott, R. J. 1992. Plant invasions, interspecific hybridiza-
tion and the evolution of new plant taxa. Trends in Ecology
and Evolution 12:401-405.

Ecologicd Applications
9 VoI[.)%. No. 1

Agee. J. K. 1993. Fire ecology of Pecific Northwest forests.
Idand Press, Covelo, Cdlifornia, USA.

Anderson. J. E. 199 1. A conceptual framework for evaluating
and quantifying naturalness. Conservation Biology 5:347-
352.

And&t. H. 1994. Effects of habitat fragmentation on birds
and mammals with different proportions of suitable habitat:
a review. Oikos 71:355-366.

Andren, H.. and P. An%elstam. 1988. Elevated predation rates
as an edge effect in habitat isands: experimental evidence.
Ecology 69:544-547.

Armentano. T. V.. and O. L. Loucks. 1983. Air Pollution
threats to U.S. national parks of the Great Lakes region.
Environmental Conservation 10:303-3 13.

Baker, W. L. 1989. Landscape ecology and nature reserve
design in the Boundary Waters Canoe Area, Minnesota.
Ecology 70:23-35.

Barrett, S. W. 1988. Fire suppression’s effects on forest suc-
cession within a central Idaho wilderness. Western Journa
of Applied Forestry 3:76-80.

Behnke, R. J.. and D. E. Benson. 1980. Endangered and
threatened fishes of the upper Colorado River basin. Co-
operative Extenson Service Bulletin 503A. Colorado State
University, Fort Collins, Colorado, USA.

Bennett, J. 1?7 1985. Overview of air pollution in national
parks in 1985. Park Science 5:8-9.

Beymer. R. J.. and J. M. Klopatek. 1992. Effects of grazing
on cryptogamic crusts in pinyon-juniper woodlands in
Grand Canyon National Park. American Midland Naturalist
127:139-148.

Bierregaard, R. 0.. T. E. Lovejoy. V. Kapos. A. A. dos Santos,
and R. W. Hutchings. 1992. The biological dynamics of

troEicaI rainforest fragments. BioScience 42:859-866.

Blankenship. J. 0. 1990. Wilderness air resource manage-
ment. Pages 337-353 in J. C. Hendee, R. C. Lucas, and G.
H. Stankey. editors. Wilderness management: Second edi-
tion. North American, Golden, Colorado. USA.

Blaustein. A. R.. D. B. Wake, and W. P Sousa. 1994. Am-
phibian declines: judging stability, persistence, and sus-
ceptibility of populations to local and global extinctions.
Conservation Biology 860-7 1.

Bonnicksen, T M.. and E. C. Stone. 1982. Reconstruction
of a presettiement giant sequoia-mixed conifer forest com-
munity using the aggregation approach. Ecology 63:1134-
1148

Botkin. D. B. 1990. Discordant harmonies: a hew ecology
for the twenty-first century. Oxford University Press, New
York, New York, USA.

Bradshaw. A. D. 1987. The reclamation of derdlict land and
the ecology of ecosystems. Pages 53-74 in W. R Jordan
I, M. E. Gilpin. and J. D. Aber, editors. Restoration ecol-
ogy. Cambriage University Press, Cambridge, England.

Brotherson. J. D.. S. R. Rushforth, and J. R. Johansen. 1983.
Effects of long-term grazing on cryptogam crust cover in
Navgio Nationad Monument, Ariz. Journal of Range Man-
agement 36:579-58 1.

Brussard, P E 1991. The role of ecology in biologica con-
sarvation. Ecologica Applications 16-12.

Burkey. T. V. 1995. Faunal collapse in East African game
resefves revisited. Biologica Conservation 71:107- 10.

Carey. C. 1993. Hypothesis concerning the causes of the
disappearance of bored toads from the mountains of Col-
orado. Conservation Biol 7:355-362.

Carlson, C. E., W. C. Schmidt, and D. G. Fellin. 1985. The
role of fire in western spruce budworm dynamics: is wil-
derness a factor? Pages 318-322 in J. E. Lotan, B. M.
Kilgore. W. C. Fischer, and R. W. Mutch. technical coor-
dinators. Proceedings, symposium and workshop on wil-
derness fire. U.S. Forest Service Genera Technica Report
INT-182.



February 1996

Chess. D. W.. F. Gibson, A. T. Scholz, and R. J. White. 1993.
The introduction of Lahontan cutthroat trout into a previ-
oudly fishless lake: feeding habits and effects upon the
zooplankton and benthic community. Journal of Freshwater
Ecology 8:215-225.

Clark. J.'S. 1990. Twentieth-century climate change, fire
suppression. and forest production and decomposition in
northwestern Minnesota. Canadian Journal of Forest Re-
search 2&219-232.

Clayton, J. L., D. A. Kennedy, and T. Nagel. 1991. Sail
response to acid deposition, Wind River Mountains, Wy-
oming: Il. Column leaching studies. Soil Science Society
of America Journal 55:1433-1439.

Cole, D. N. 1981. Vegetational changes associated with rec-
reational use and fire suppression in the Eagle Cap Wil-
derness. Gregon: some mana(c);ement implications. Biolog-
ical Conservation 20:247-270.

-. 1987. Research on soil and vegetation in wilderness:
a date-of-knowledge review. Pages 135-177 in R. C. Lu-
cas, compiler. Proceedings-national wilderness research

. conference: issues, state-of-knowledge, future directions.
U.S. Forest Service General Technical Report INT-220.

-. 1995. Experimental trampling of vegetation. Il. Pre-
dictors of resistance and resilience. Journa of Applied
Ecology 32:2 15-224.

Courtenay. W. R.. and F'. B. Moyle. 1992. Crimes against
biodiversity: the lasting legacy of fish introductions. Trans-
actions of the North American Wildlife and Natural Re-
sources Conference 57:365-372.

Davis, S. M.. and J. C. Ogden. 1994. Everglades:. the eco-
system and its restoration. St. Lucie, Delray. Florida, USA.

DeBenedetti, S. H.. and D. J. Parsons. 1979. Mountain mead-
ow management and research in Sequoia and Kings Canyon
National Parks: a review and update. Pages 1305-1311 in
R. Linn. editor. Proceedings of the first conference on ci-
entific research in the national parks. U.S. Department of
the Interior National Park Service Transactions and Pro-
ceedings Series Number 5. Washington, D.C.

Deniseger. J.. A. Augtin, and W. P. Lucey. 1986. Periphyton
communities in a pristine mountain stream above and below
gggvyz/ rgetal mining operations. Freshwater Biology 16:

-218.

Diamond, J. M. 1975. The iand dilemma: lessons of modem
biogeographic studies for the design of nature reserves.
Biologica Conservation 7:3-15.

Drake. J. A., H. A. Mooney, F. diCaglri, R. H. Groves. F. J.
Kruger. M. Regimanek, and M. Williamson, editors. 1989.
Biological invasions: a globa perspective. Scope 37. John
Wiley and Sons, Chichester, England.

Fahrig. L.. and G. Merriam. 1994. Conservation of frag-
mented populations. Conservation Biology 8:50-59.

Fleischner, T. L. 1994. Ecological costs of livestock grazing
in western North America. Conservation Biology 8:629-

644.

Floyd-Hanna, L., W. Romme, D. Kendall, A. Lay, and M.
Colyer. 1993. Succession and biological invasion at Mesa
Verde National Park. Park Science 9:16-| 8.

Fox, D. G., A. M. Bartuska, and J. G. Byrne. 1989. A screen-
in%; GProcedure to evaluate air pollution effects on Class 1
wilderness aress. U.S. Forest Service Genera Technica
Report RM-168.

Fox, D. G.. J. C. Bernabo. and B. Hood. 1987. Guidelines
for measuring the physical, chemical, and biological con-
dition of wilderness ecosystems. U.S. Forest Service Gen-
eral Technicad Report RM-146.

Frankel, 0. H.. and M. E. Soul& 1981. Conservation and
evolution. Cambridge University Press, Cambridge. En-

land.

Frgnklin, J. E 1987. Scientific use of wilderness. Pages 42-
46 in R. C. Lucas, compiler. Proceedings-national wil-

THREATS TO WILDERNESS ECOSYSTEMS 181

derness research conference: issues, date-of-knowledge.
future directions. U.S. Forest Service General Technical
Report INT.220.

Fritz, H. 1992. Effects of environmenta pollution on forest
s0il microflora: a review. Silva Fennica 26:37-48.

Graber, D. M. 1985. Managing for uncertainty: national
parks as ecological reserves. George Wright Forum 4(3):
4-7.

Grigd, D. E 1988. Long-range impacts of air pollution on
terrestrial resources. Pages 118-134 in J. K. Agee and D.
R. Johnson, editors. Ecosystem management for parks and
wilderness. University of Washington Press. Sesttle. Wash-
ington, USA.

Habeck, J. R. 1985. Impact of fire suppression on forest
succession and fuel accumulations in long-fire-interva wil-
derness habitat types. Pages 1 1&I 18 in J. E. Lotan, B. M.
Kilgore. W. C. Fischer. and R. W. Mutch, technical coor-
dinators. Proceedings-symposium and workshop on wil-
derness fire. U.S. Forest Service General Technica Report
INT-182.

Haines. T. A. 198 1. Acidic precipitation and its consequences
for aguatic ecosystems: a review. Transactions of the Amer-
ican Fisheries Society 1103669-707.

Hoff, R.. and S. Hagle. 1990. Diseases of whitebark pine
with special emphasis on white pine blister rust. Pages 179-
190 in W. C. Schmidt and K. J. McDonald, compilers.
Proceedings-symposium on whitebark pine ecosystems:
ecology and management of a high-mountain resource. U.S.
Forest Service Generd Technical Report INT-270.

Huenneke. L. E 1995. Involving academic scientists in con-
sarvation research: perspectives of a plant ecologist. Eco-
logica Applications 5:209-214.

Hutchinson, T. C.. and K. M. Meema. editors. 1987. Effects
of atmospheric pollutants on forts& wetlands and agri-
cultural ecosystems. Springer-Verlag. New York, New
York, USA.

Janzen. D. H. 1983. No park is an idand: increase in inter-
ference from outside as park size decreases. Oikos 41:402-
410.

-. 1986. The eternal external threat. Pages 286-303 in
M. E. Soul& editor. Conservation biology: the science of
scarcity and diversity. Sinauer, Sunderlund, Massachusetts,
USA.

Johnson, R. R.. and S. W. Carothers. 1987. Externa threats:
the dilemma of resource management on the Colorado Riv-
er in Grand Canyon National Park, USA. Environmental
Management  1199-107.

Kaufmann. J. B.. and W. C. Krueger. 1984. Livestock impacts
on riparian ecosystems and streamside management impli-
cations . . . areview. Journal of Range Management 37:
430-438.

Kilgore. B. M. 1987. The role of fire in wilderness: a State-
of-knowledge review. Pages 76103 in R C. Lucas, com-
piler. Proceedings. Nationa Wilderness Research Confer-
ence: issues, state-of-knowledge, future directions. U.S.
Forest Service Generd Technica Report INT-220.

Kilgore. B. M.. and M. L. Heinselman. 1990. Fire in wil-
derness ecosystems. Pages 297-335 in J. C. Hendeg, G. H.
Stankey. and R. C. Lucas, editors. Wilderness management.
Second edition. North American, Golden, Colorado, USA.

Knapp, R. A., and T. L. Dudley. 1990. Growth and longevity
of golden trout, Oncorhynchus aguabonita, in their native
streams. California Fish and Game 76:161-173.

Knight, R. L., and D. N. Colt. 1995. Wildlift responses to
recregtionists. Pages 5 1-69 in R. L. Knight and K. J. Gutz-
willer, editors. Wildlife and recrestionists: coexistence
through management and research. Idand Press. Covello,
Cdifornia. USA.

Kushlan, J. A. 1987. Externa threats and internal manage-



182

ment: the hydrologic regulation of the Everglades, Florida,
USA. Environmenta Management 11:109- 19.

Landres, P. B., J. Verner. and J. W. Thomas. 1988. Ecological
uses of vertebrate indicator species: a critique. Conservar
tion Biology 2:3 16-328.

Leopold, A. 1949. A sand county almanac and sketches here
and there. Oxford University Prtss. New York, New York,
USA.

Lesica, P., and J. S. Shelley. 1992. Effects of cryptogamic
aoil crust on the population dynamics of Arabis fecunda
éBrassicaceae). American Midland Naturalist 12853-60.

Liadle. M. J. 1991. Recreation ecology: effects of trampling
on plants and corals. Trends in Ecology and Evolution 6:
13-17.

Lodge, D. M. 1993. Speciesinvasions and deletions. com-
munity effects and responses to climate and habitat change.
Pages 367-387 in P. M. Kareiva, J. G. Kingsolver. and R.
B. Huey. editors. Biotic interactions and global change.
Sinauer. Sunderland, Massachusetts. USA.

Loopt. L. L., and D. Mueller-Dombois. 1989. Characteristics
of invaded idands, with specia reference to Hawaii. Pages
257-280 in J. A. Drake, H. A. Mooney, F. di Cadtri. R. H.
Groves, E J. Kruger, M. Rejmantk, and M. Wrlliamson.
tditors. Biologica invasions: a globa perspective. SCOPE
37. John Welty and Sons, Chichester, England.

Loope, L. L., P. G. Sanchtz, P. W. Tarr, W. L. Loopt, and R.
L. Anderson. 1988. Biologicd invasions of arid land na-
ture reserves. Biological Conservation 44:95- 18.

Lubchenco, J, A. M. Olson, L. B. Brubaker, S. R. Carpenter,
M. M. Holland, S. P. Hubbell, S. A. Levin. J. A. MacMahon,
P. A. Matson. J. M. Mdlillo, H. A. Mooney. C. H. Peterson,
H. R. Pulliam. L. A. Redl, P J. Regdl, and P G. Risser.
1991. The sudtainable biosphere initiative: an ecological
research agenda. Ecology 72:371412.

Luecke, C. 1990. Changes in abundance and distribution of
benthic macroinvertebrates after introduction of cutthroat
trout into a previoudly fishless lake. Transactions of the
American Fisheries Society 119:1010-1021.

Lyon. L. J, and A. L. Ward. 1982. Elk and land management.
Pages 443-477 in J. W. Thomas and D. E. Toweill, editors.
Elk of North America: ecology and management. Stackpole
Books, Harrisburg, Pennsylvania, USA.

Macdonald. I. A. W., D. M. Graber. S. DeBenedetti. R. H.
Groves. and E. R. Fuentes. 1988. Introduced species in
nature reserves in Mediterranean-type climatic regions of
the world. Biologica Conservation 44:37-66.

Macdonald. I. A. W, F. J. Kruger. and A. A. Ferrar, editors.
1987. The ecology and management of biological invasions
in Southern Africa. Oxford University Press, New Y ork,
New York, USA.

Macdonald, . A. W., L. L. Loope, M. B. Usher. and 0. Ha-
mann. 1989. Wildlife conservation and the invasion of
nature reserves by introduced species: a global perspective.
Pages 215-256 in J. A. Drake. H. A. Mooney, F diCastri.
R. H. Groves, F. J. Krugtr. M. Rtjmantk. and M. William-
son, tditors. Biologica invasions. a global perspective.
Scope 37. John Wiley and Sons, Chichtsrer, England.

Machlis. G. E., and D. L. Tichntll. 1985. The state of the
world's parks: an inrtmational asstssment for resource
management, policy, and research. Wistvitw, Bouldtr. Col-
orado, USA.

Mack. R. N. 1989. Temperate grasslands vulnerable ro plant
invasions: characteristics and constqutncts. Pagts 155-
180 in J. A. Drake, H. A. Mooney, F. di Cadtri. R. H.
Groves, E J Kruger, M. Rtjmantk. and M. Williamson.
editors. Biologica invasions: a globa perspective. SCOPE
37. John Wiley and Sons, Chichester. England.

Ma&, R. N., and J. N. Thompson. 1982. Evolution in steppe
with few large, hoovtd mammals. American Naturalist 119:
757-773.

DAVID N. COLE AND PETER B. LANDRES

Ecologicdl  Applications
9 VoIP%. No. 1

Madany, M. H., and N. E. West. 1983. Livtstock graxing-
fire regime interactions within montanc fortsts of Zion Na
tiona Park, Utah. Ecology 64:661-667.

Marble, J. R., and K. T Harptr. 1989. Effect of timing of
graxing on soil-surface cryptogamic communities ii? a
Grut Basin low-shrub desert: a preliminary report. Gr?ar
Basin Naturdist 49:104-107.

Marks, J. 1987. The duty of agencies 10 asstrr rtstrvtd water
rights in wilderness areas. Ecology Law Quarterly 14:639-
683.

Mattson, D. J., and C. Jonktl. 1990. Stoat pints and bears.
Pages 223-236 in W. C. Schmidt and K. 1. McDonald,
compilers. Rocttdings-symposium on whittbark pint
ecosystems: ecology and management of a high-mountain
rtsourcc. U.S. Fortsr Service General Ttchnical Rtport
INT-270.

McClaran. M. 1? 1990. Livestock in wilderness: a revitw and
forecast. Environmental Law 20:857-889.

Mtch. L. D.. S. H. Fritu. G. L. Radde. and W. J. Paul. 1988.
Wolf distribution and road dtnsity in Minnesota. Wildlife
Society Bulletin 16:85-87.

Milchunas. D. G.. and W. K. Laurenroth. 1993. Quantirative
effects of graxing on vegetation and soils over a globa
range of environments. Ecological Monographs 63:327-
366.

Miller, R. 1., and L. D. Harris. 1977. Isolation and txtirpa-
lions in wildlife reserves. Biologica Conservation 12:31 |-
315.

Mills, L. S. M., M. E. SoulC. and D. E Doak. 1993. The
keystone sptcits concept in ecology and conservation.
Bioscience 43:2 19-224.

Moonty. H.. and J. A. Drakt, editors. 1986. Ecology of
biological invasions of North Amtrica and Hawaii. Spring-
er Vtrlag. Btrlin, Germany.

Noss. R. E 1983. A rtgiona landscape approach 10 maintain
diversity. BioScitnce 33:700-706.

-. 1991. Sustainability and wilderness. Conservation
Biology 5:120-122.

Noss. R. E. and A. Y. Cooptrrider. 1994. Saving nature's
legacy. Idand, Covtllo. Cdifornia. USA.

Gdion, D. C., T. L. Dudlty. and C. M. D’ Antonio. 1990..
Cattle grazing in southtasttm Sitrran meadows: ecosystem
change and prosptc~ for recovery. Pages 277-292 in C.
A. Hal and V. Doyle-Jonts, editors. Plant biology of tast-
em Cadlifornia Mary DcDtcker Symposium, White Moun-
tain Research Smtion. University of California. Los An-
gdes. Cdifornia USA.

Ohmart. R. D. 1994. Tht effects of human-induced changes
on the avifauna of western riparian habitats. Studies in
Avian Biology 15:273-285.

Parsons, D. J., and D. Gnbcr. 1990. Hones. htlicoprers and
hi-tech: managing science in wilderness. Pages 90-94 in
F? C. Rttd. compiler. Preparing to managt wilderness in
the 2Ist ctnrury. U.S. Forest Service General Technica
ReportSE-66.

Parsons, D. J.. D. M. Grabcer. J. K. Agtt. and J. W. Van
Wagmndonk. 1986. Natural fire management in national
parks. Environmental Management 10:21-24.

Perry. D. A, M. |? Amaramhus. J. G. Borchtrs. S. L. Borch-
crs. and R. E. Braintrd. 1989. Bootstrapping in ccosys
terns. BioScitnce 39:230-237.

Peters. R. L.. and T E. Lovtjoy, editors. 1992. Globa warm-
ing and biological divtraity. Yale University Rtss. New
Havtn. Conntcricut. USA.

Ptrerson. D. L., D. L. Schmoldt. 1. M. Eiltrs, R. W. Fisher.
and R. D. Dory. 1992. Guidelines for tvaluating air pol-
lurion impacts on Class | wildtmtss areas in California.
U.S. General Technica Report PSW-136.

Peterson. J.. D. Schmoldt, D. L. Peterson. J. M. Eilers, R. W.
Fishtr. and R. Bachman. 1992. Guidtlints for evaluating



February 1996

air pollution impacts on Class | wilderness areas in the
Pacific Northwest. U.S. Forest Service General Technical
Report PNW-299,

Pickett, S. T. A., and J. N. Thompson. 1978. Patch dynamics
and the design of nature reserves. Biological Conservation
13:27-37.

Propst, D. L.. J. A. Stefferud. and P R Turner. 1992. Con-
servation and status of Gila trout, Oncorhynchus gilae.
Southwestern Naturalist 37: 117-125.

Pyne. S. J. 1987. Vestal fires and virgin lands: a historical
perspective on fire and wilderness. Pages 254-262 in J. E.
Lotan. B. M. Kilgorc. W. C. Fischer, and R. W." Mutch.
technical coordinators. Proceedings, symposium and work-
shop on wilderness fire. U.S. Forest Service General Tech-
nica Report INT-182.

Raoff. J. 1995. When nitrate reigns. air pollution can dam-

e forests more Ithan trees reveal. Science News 147:90-

RatJff. R. D. 1985. Meadows in the Sierra Nevada of Cal-
ifornia: state of knowledge. U.S. Forest Service Genera
Technical Report PSW-84.

Recd. I!, G. Haas. E Beum. and L. Sherrick. 1989. Non-
rccteationa uses of the National Wilderness Preservation
System: a 1988 telephone survey. Pages 220-228 in H. R.
Frcilich. compiler. Wilderness benchmark 1988: proceed-
ings of the national wilderness colloquium. U.S. Forest
Service Generd Technical Report SESL

Reid, E. H.. G. S. Stricklcr. and W. B. Hall. 1980. Green
fescue grassand: 40 years of secondary succession. U.S.
Forest Service Research Paper PNW-274.

Rommc. W. H. 1982. Fire and landscape diversity in sub-
apine forests of Y dlowstone National Park. Ecological
Monographs 52: 199-22 1.

Rornmc. W. H.. and D. H. Knight. 1982. Landscape diversity:
the concept applied to Yellowstone Park. BioScience 32:
664-670.

Rosenthal. J. I?, and I! hf. Kotanen. 1994. Terrestria plant
tolerance to herbivory. Trends in Ecology and Evolution
9:145-148.

Rothstein. S. I.. J. Vemer, and E. Stevens. 1984. Radio-
tracking confirms a unique diurnal poem of spatial oc-
cumn~ in the parasitic Brown-headed Cowbird. Ecology
6577-88.

Saunders, D. A., R. J. Hobbs, and C. R. Margules. 1991.
Biological consequences of ecosystem fragmentation: a rc-
view. Conservation Biology 5. 18-32.

Schiedler. D. W. 1988. Effects of acid rain on freshwater
ecosystems. Science 239:149-157.

Schofield, C. L. 1988. Lake acidification in wilderness aress:
an evaluation of impacts and options for rehabilitation.
Pages 1X-144 in J. K. Agec and D. R. Johnson, editors.
Ecosystem management for parks and wilderness. Univer-
shy of Washington Press. Seattle, Washington, USA.

Schonewald-Cox, C. W.. and J. W. Bayless. 1986. The
boundary mode!: a geographic analysis of design and con-
servation of nature reserves. Biological Conservation Js.
305-322.

Schraiber, R. K., and J. R. Newman. 1987. Au quality and
wilderness: a dtate-of-knowledge review. Pages 104-134
inR. C. Lucas, compiler. Proceedings of Nationa Wildcr-
ness Research Conference: issues, state-of-knowledge, fu-
ture directions. U.S. Forest Service General Technicd Re-

ort INT-220.

Schreiber. R. K., and J. R. Newman. 1988. Acid precipitation
effects on forest habitats. implications for wildlife. Con-
servation Biology 2:249-259.

Sigal, L. L., and T H. Nash. 1983. Lichen communitieson
conifersin southern California mountains: an ecological
survey relative to oxidant air pollution. Ecology 64:1343-
1354,

THREATS TO WILDERNESS ECOSYSTEMS 183

Simkrloff, D. S.. J. A. Fan; J. Cox. and D. W. Mehlman.
1992. Movement corridors. conservation bargains or poor
investments? Conservation Biology 6:493-504.

Smith, S. D., A. B. Wellington, J. L. Nachlinger. and C. A.
Fox. 199 1. Functiona responses of riparian vegetation to
strumflow diversion in the eastern Sierra Nevada. Eco-
logical Applications 1:89-97. *

SottiC. M. E., D. T. Boulger, A. C. Albctts. R. Saugjot, J.
Wright, M. Sorice, and S. Hill. 1988. Reconstructed dy-
namics of rapid extinctions of chaparral-requiring bids in
utban habitat idands. Conservation Biology 2:75-92.

Soul& M. E., B. A. Wilcox, and C. Holtby. 1979. Benign
neglect: amodel of faunal collapse in the game reserves
of East Africa Biolonica Conservation 15:289-272.

Spencer, C. N.. B. R. McCldland. and J. A. Stanford. 1991.
Shrimp stocking, saimon collapse. and eagle displacement.
BioScience 41:14-21.

Stone, C. P., and L. L. Loope. 1987. Reducing negative ef-
fects of introduced animals on native biotas in Hawaii: what
is being done, what needs doing, and the role of Nationa
Parks. Environmental Conservation 14:245-258.

Stottlemycr, R. 1987. Evaluation of anthropogenic atmo-
spheric inputs on US national park ecosystems. Environ-
mental Management 11:91-97.

Stromberg, J. C.. and D. T Patten. 1992. Mortdlity and age
of black cottonwood stands aong diverted and undiverted
gtreams in the eastern Sierra Nevada, California. Madrono
39:205-223.

Suk. T. J.. S. K: Sorenson. and I! D. Dileanis. 1987. The
relation between human presence and occurrence of Giur-
dia cystsin streams in the Sierra Nevada, California. Jour-
nal of Freshwater Ecology 4:71-75.

Swetnam. T W. 1993. Fire history and climate change in
giant sequoia groves. Science 262:885-889.

Taylor, G. E., D. W. Johnson, and C. P. Anderson. 1994. Air
pollution and forest ecosystems: a regiona to globa per-
spective. Ecologica Applications 4:662-689.

Thebcrge. J. B. 1989. Guidelines to drawing ecologically
sound boundaries for national parks and reserves. Envi-
ronmental Management 133695-702.

Thomas, L. K.. editor. 1988. Management of exctic species
in natural communities. Conference on science in the Na-
tional Parks, Volume 5. The George Wright Society aad
the USDA Nationa Park Service, Ft. Collins, Colorado,
USA.

Thomas, L. P., and G. D. Willson. 1992. Effect of expcri-
menta trampling on the federally endangered species, Lcs
querdlajiliformis Rallins, a Wilson's Creek National Bat-
tlefield, Missouri. Natural Areas Journal 12:101-105.

Turner. M. G.. W. W. Hargrove. R. H. Gardner, and W. H.
Romme. 1994~. Effects of brc on landscape heterogeneity
in Yellowstone Nationa Park, Wyoming. Journa of Veg-
etation Science 573 |-742.

Turner, M. G.. and W. H. Rommc. 1994. Landscape dynamics
in crown fire ecosystems. Landscape Ecology 959-77.
Turner, M. G., W, H. Romme. and R. H. Gardner. 1994b.
Landscape disturbance models and the long-term dynamics

of natural aress. Natural Areas Journal 143-| 1.

Tyser. R. W.. and C. A. Worlcy. 1992. Alien flora in grass-
lands adjacent to road and trail corridorsin Glacier National
Park, Montana (USA). Conservation Biology 6:253-262.

Underwood, A. J. 1995. Ecological research and (and rc-
search into) environmental management. Ecological Ap-
plications 5232-247.

Usher, M. B. 1988. Biologica invasions of nature reserves.
a search for generdizations. Biologica Conservation 44:
119-135.

Usher, M. B.. E J. Kruger, I. A. W. Macdonald. L. L. Loopc,
and R. E. Brockie. 1988. The ecology of biologica in-



184 DAVID N. COLE AND PETER B. LANDRES

vasions into nature reserves: an introduction. Biological
Conservation 44:1-B.

Vae, T. R. 1977. Forest changes in the Warner Mountains,
Cdifornia. Annals, Association of American Geographers
67:28-45.

Vat&at, J. L.. and J. Mgjor. 1978. Vegetation changes in
Sequoia Nationa Park, Cdifornia Journa of Biogeogra:
phy @377-402.

Vemer, J.. and L. V. Rittcr. 1983. Current status of the brown-
headed cowbird in the Sierra Nevada National Forest. Auk
100:3SS-368.

Vitousek. J? M. 1990. Biologica invasions and ecosystem
processes: towards an integration of population biology and
ecosystem studies. Oikos 57:7-13.

Weaver. H. 1943. Fire as an ecologica and silviculturd fac-

Ecologicd  Applications
9 VoIF.)%. No. 1

tor in the ponderosa pine region of the Pacific Siope. Jour-
nal of Forestry 41:7-14.

West, N. E. 1990. Structure and function of microphytic soil
crusts in wildland ecosystems of arid to semi-&d regions.
Advances in Ecoloaical Research .Xt: 179-223.

- . 1993. Biod& sity of rangelands. Journal of Range
Management  46:2-13. .

Westman. W. E. 1990. Park management of exotic plant sge
c%eos: problems and issues. Conservation Biology 4:251-
260.

White, 1? S. 1987. Natural disturbance, patch dynamics, and
I7anlslsggpe pattern in n8NI-d areas. Natural Areas Journal

Yourgjg, M. K., D. Hairc, and M. A. Boxek. 1994. The effect
and extent of railroad tie drives in streams of southeastern
Wyoming. Western Journal of Applied Forestry 9: 125-130.





