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WHAT IS NATURAL? PHILOSOPHICAL ANALYSIS
AND YELLOWSTONE PRACTICE

Paul Schullery!

EpITor's NoTE.—The following remarks were Paul Schullery’s introduction to a roundtable discussion presented
during the 5th Biennial Scientific Conference on the Greater Yellowstone Ecosystem, held 11-13 October 1999 in Yel-
lowstone National Park. His remarks serve a second purpose in this issue of the WESTERN NORTH AMERICAN NATURALIST,
as they set the stage for and introduce the remaining articles, all of which are papers, presentations, or addresses from
that conference. The 1999 Yellowstone Biennial Conference was entitled “Exotic Organisms in Greater Yellowstone:
Native Biodiversity Under Siege.” Mr. Schullery is a resource naturalist with the National Park Service in Yellowstone.

It is probably true that most of us, if we
think at all about the people who established
Yellowstone National Park in 1872, tend to see
them as being essentially like us, only rather
stupid. We see them primarily as being at the
opposite end of Yellowstone history, totally
deprived of all the things we have learned in
the past 127 years.

This attitude toward our ancestors probably
guarantees that 100 years from now our de-
scendants will be justified in thinking the
same about us. Yellowstone’s founders were not
just dumbed-down versions of us. They inhab-
ited a remarkably different world and re-
sponded to cultural and natural environments
we seem hardly to understand today. A few
examples should make the point.

First, in 1872 the Industrial Revolution was
accomplishing the urbanization and mechaniza-
tion of society. Both changes swiftly divorced
people from daily contact with nature. Think
of it—after thousands of years, suddenly large
numbers of people no longer depended, on a
daily basis, on animal power. They no longer
saw and handled animals as part of life’s most
local routines. They no longer expected or
required any kind of behavior from nonhuman
beings with whom they had grown up.

Historians have traced the increasing popu-
larity of a long-existing humane movement to
these momentous changes. People now had
the luxury of caring about the treatment and
well-being of animals, in part because they no
longer had to count on those animals for soci-
ety’s most miserable chores.

1PO Box 168, Yellowstone National Park, WY 82190.

Second, in 1872 there were very few adult
American memories that were not struggling
with or fleeing from personal horrors of the
Civil War. This was a societal trauma unlike
anything the nation had experienced before,
or would experience later. Those of us living
today probably cannot comprehend the mag-
nitude of the nation’s post-traumatic stress in
that first post-war generation.

Third, in 1872 these same people were
caught in the first shock waves of the Darwin-
ian revolution. The Origin of Species was pub-
lished in 1859, and The Descent of Man
appeared the year before Yellowstone was cre-
ated.

In this unprecedented intellectual, emo-
tional, and cultural turmoil, it is hard to imag-
ine a generation in greater need of Yellow-
stone, except perhaps our own. But each gen-
eration has its own set of needs, and Yellow-
stone has been responsive to all of them. Per-
haps the most important and least understood
among those needs are those related to human
values. We tend to think of national parks as
being good for things we can define, such as
recreation and commerce. We are much less
comfortable, especially those managers among
us, considering the spiritual and emotional
aspects of Yellowstone; successful manage-
ment of public lands is generally defined as
numbers: recreational visits per year, regional
income generated by tourist dollars, board
feet of lumber, tons of ore extracted. This is
unfortunate, for although it is true that Yellow-
stone undeniably has been one of the world’s
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foremost “natural laboratories” (to use an early
phrase applied to the park) and that it indeed
has been a similarly important laboratory of
ideas, it is also true that human values under-
lie all other roles Yellowstone plays in our cul-
ture.

Consider those people who established Yel-
lowstone National Park in 1872. Whatever their
knowledge and ignorance of geology or ecology,
think of their values and then of ours. They
killed predators on sight and poisoned carcasses
of ungulates in hopes of additional random
killing. Without much thought or premedita-
tion, they disenfranchised the native humans
of the Yellowstone region. They desperately
wanted to improve the Yellowstone landscape
in countless ways most modern Yellowstone
enthusiasts do not even know were discussed:
an elevator to the foot of the Lower Falls of
the Yellowstone River; railroad tracks to the
geyser basins and beyond; roads through the
Thorofare, over Bighorn Pass, around Yellow-
stone Lake; a system of dams in the Bechler
country. They piped water from hot springs for
commercial bathhouses; they trashed scores of
aquatic ecosystems that had taken thousands of
years to evolve; they turned wild bears into
garbage dump clowns. In these and many other
ways, they changed the place. They did not do
these things because they were stupid (though
some of them certainly were, just as some of
us are). They did them because their view of
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nature, and of their relationship with it, was
substantially different from our own. Most of
them did not see these things as wrong; most
of us do. They did not have our values, but
that does not mean they were without values.

Yellowstone has weathered our stumbling
efforts to apply human values to wilderness
settings in surprisingly good shape, but it would
be foolish to think that we, at the beginning of
the 21st century, have arrived at some finished
form of the national park. National parks are
institutions that must always adjust. The test
of an institution’s success over the long haul is
how responsive it remains to the changing
needs of the society that created it. The test of
a society over the long haul is its ability to
change its institutions only enough to keep
them true to whatever high impulses led to
their creation in the first place. Yellowstone
tests us just as rigorously as we test it.

This conference on the Greater Yellow-
stone Ecosystem gives us an opportunity to
consider where we are today in this very com-
plicated and often painful process of revising
our understanding of national parks. Nonnative
species provide us with a host of stimulating
case studies that do more than perplex policy
makers and managers. They reach deeply into
our belief systems; they expose the rawest
emotional underpinnings of the institution to
the often unkind light of day. Best of all, they
make us think.
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DEFINING AND EVALUATING EXOTIC SPECIES:
ISSUES FOR YELLOWSTONE PARK POLICY

Ned Hettinger!

ABSTRACT.—Exotics are species that are foreign to an ecological assemblage in the sense that they have not signifi-
cantly adapted to resident biota or to local abiotic conditions, and resident species have not significantly adapted to
them. Although they need not be human introduced nor damaging, when they are, a negative appraisal of such exotic
species can be justified. Human introduction of exotics into natural systems typically increases human influence over
those systems, thus diminishing their wildness. Valuing nature for its wildness is a rationale for the national parks” policy
of letting nature take its course. Thus, Yellowstone Park has a strong reason for removing human-introduced exotics and
for welcoming naturally migrating exotics. Disvaluing exotics that are neither human introduced nor damaging simply
because they are foreign smacks of xenophobia. But given that wanton human mixing of species threatens to homoge-
nize the earth’s biological communities, biological nativism is justified as a way to preserve the diversity between such

communities.

Key words: exotics, exotic species, native, nativism, Yellowstone, wild, natural, biodiversity.

There is considerable debate about how we
should characterize exotic species (Scherer
1994, Woods and Moriarty 2001). Controversy
concerning the negative evaluation of exotics
is also significant (Pollan 1994, Throop 2000).
In Yellowstone National Park these conceptual
and valuational issues make a difference for pol-
icy and management. This paper provides sug-
gestions for how we should define and evalu-
ate exotic species, with particular reference to
exotics in the greater Yellowstone region.

DEFINING EXOTICS

Exotic species are defined in many differ-
ent—even contradictory—ways. The definition
I propose aims to separate the distinct strands
typically woven into this concept while still
capturing most of our fundamental intuitions
about exotics. I suggest that we define an
exotic species as one that is foreign to an eco-
logical assemblage. In contrast to a native
species, an exotic species is one that has not
significantly adapted to resident biota or to
local abiotic conditions, and—perhaps more
importantly—resident species have not signif-
icantly adapted to it. When an exotic first
arrives, it will not yet have exerted selective
pressure on local species, nor will it have re-
sponded to selective pressure from the resident

LPhilosophy Department, College of Charleston, Charleston, SC 29424.

species or local abiotic conditions. Once this
process of “evolutionary accommodation be-
tween newcomer and residents” (Westman
1990) has begun, the exotic species starts the
process of naturalizing. At some point the
mutual adaptation between immigrant and
natives will be significant enough for the one-
time exotic to have naturalized and become
native (Hettinger 2001).

For example, the protozoan parasite (Myxo-
bolus cerebralis) that causes whirling disease
(an affliction that cripples some fish species) is
a recent immigrant to Yellowstone’s ecosystems.
A European import arriving in this country
about 45 years ago and first detected in park
waters in 1998, the whirling disease parasite is
exotic to the extent that it has not significantly
adapted to species present in the park and to
the extent that park natives have not signifi-
cantly adapted to it. Although the microbe has
successfully parasitized some Yellowstone cut-
throat trout (Oncorhynchus clarki bouvieri),
there has been little time for cutthroat trout to
adapt to the parasite or to exert selective pres-
sure on it.

Whether a species is exotic to an assem-
blage is a matter of degree. The greater the
differences between the species, the abiota,
and their interrelationships in the old and new
habitats, the more exotic the immigrant will be.
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For example, mountain goats (Oreamnos amer-
icanus) that are moving into the park from the
north are likely to be much less exotic to the
Yellowstone assemblages they join than Japan-
ese snow monkeys (Macaca fuscata) would be
in the thermal areas of the park. Mountain
goats have likely adapted with a number of
species in the park, whereas little if anything
in the park has ever adapted with any species
of monkey.

Exotic arrival should be distinguished from
range expansion where the traveling species
does not move into ecological assemblages to
which it has not already adapted. Thus, as
bison (Bison bison) expand their range north
and west out of Yellowstone Park into the sur-
rounding grasslands, they enter a habitat in
which they are native, because these assem-
blages and bison have significantly adapted to
each other. When the U.S. Fish and Wildlife
Service moved gray wolves (Canis lupus) from
Canada into the park, this was not exotic intro-
duction because gray wolves have evolved with
elk (Cervus elaphus), mule deer (Odocoileus
hemionus), and moose (Alces alces), among
other species present in the park.

Contrary to a frequently adopted defini-
tion, including one used by the National Park
Service (National Park Service undated), exotics
need not be human-introduced species. This
is true both because some human-introduced
species are native (e.g., the restored Yellow-
stone wolves) and because some species move
to foreign ecological assemblages on their
own. Examples of the latter include Cattle
Egrets (Bubulcus ibis) blown from Africa to
South America and the first finches on the
Galapagos Islands.

Exotics also should not be identified with
damaging species, as some suggest (Scherer
1994), for some natives are damaging and
some exotics are not. For example, the Asian
long-horned beetle (Anoplophora glabripen-
nis), recently discovered in trees in Chicago, is
an important threat to trees in its native range
as well (Corn et al. 1999). The National Park
Service has management policies to deal with
such native pests (National Park Service 1988).

It is true that exotics have caused massive
amounts of damage, both ecologically and eco-
nomically (Office of Technology Assessment
1993). Approximately 40% of threatened or
endangered species on the U.S. Endangered
Species lists are at risk primarily because of
exotic species (Pimentel et al. 1999). Never-
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theless, exotics need not be harmful. Many,
perhaps most, immigrant species in foreign
assemblages die out before they become
established (Westman 1990, Williamson and
Fitter 1996). One estimate is that about 10% of
such immigrants succeed in establishing them-
selves (Bright 1998). Even those that become
established need not be invasive or weedy
(Mack 1996). Approximately 15% of foreign
species that have established themselves in
the U.S. have become serious problems (Sim-
berloff 1997). The National Park Service’s
division of exotics into innocuous species and
disruptive species reinforces the point that
exotics need not be harmful (National Park
Service undated). Making such a distinction is
not without risk, for exotics that establish them-
selves in benign ways may eventually experi-
ence explosive growth that damages local
assemblages (Simberloff 1997). Still, some exotic
species are benign and some are even benefi-
cial. Invasion biologists talk about the crucial
role invaders have played in stimulating evo-
lution (Vermeij 1996). In Yellowstone Park,
grizzly bears (Ursus arctos) and other wildlife
consume substantial amounts of nonnative
clover (Trifolium spp.; Reinhart et al. 1999). A
species of eucalyptus tree introduced into Cal-
ifornia from Australia over 120 years ago bene-
fits monarch butterflies (Danaus plexippus)
that rely on them during annual migrations
(Woods and Moriarty 2001). Eucalyptus also
benefits native birds and salamanders (West-
man 1990). The common apple tree (Malus
sylvestris) is an import from Europe and west
Asia. It is hard to imagine that this tree has
not benefited the North American landscape.

EVALUATING EXOTICS

Justifying a Negative Appraisal
of Exotics

Although T do not think we should define
exotic species in these ways, the exotic species
typically of concern to the park (and others)
are both human introduced and damaging.
Each of these features provides a strong rea-
son for a negative evaluation of such exotics
and perhaps for a policy of control or eradica-
tion of them.

A negative evaluation is fairly straightforward
when exotics significantly damage human inter-
ests or when they impoverish ecosystems, for
example, by turning diverse native communi-
ties into single-species areas unable to support
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other life forms. I say fairly straightforward
because human interests are not the only ones
at stake and because criteria are needed to
distinguish changing ecosystems from damag-
ing them (Throop 2000).

A negative evaluation is also called for
when an exotic is human introduced. Although
controversial, such a value judgment is justi-
fied by the following considerations: (1) the
fact of ongoing massive human influence on
the planet (Vitousek 1997) and the radical
diminishment of the sphere of wild nature;
(2) a positive evaluation of natural systems to
the extent that they have not been influenced
by humans, that is, to the extent that they are
wild (Hettinger and Throop 1999); and (3) a
judgment that the presence of human-intro-
duced aliens lessens the wildness of natural
systems and thus provides a reason for dis-
valuing such exotics.

For example, Yellowstone Lake has been
humanized by the introduction of lake trout
(Salvelinus namaycush), and the park is less
wild as a result. Even though lake trout have
been present in other park lakes for about a
century (Schullery and Varley 1999), their
recent introduction into Yellowstone Lake sig-
nificantly increases human influence over park
processes as their presence in that lake threat-
ens Yellowstone cutthroat trout and other
species that feed on cutthroat trout, including
grizzly bears and Bald Eagles (Haliaeetus leu-
cocephalus). Rather than feeling in touch with
wild natural processes, a knowledgeable angler
who catches a 10-pound lake trout while fish-
ing for cutthroat trout in Yellowstone Lake will
be reminded of humans and their ill-advised
acts. Removing these lake trout will make Yel-
lowstone a wilder, less human-influenced place,
as did closing the garbage dumps to grizzly
bears.

Letting Nature Take
Its Course

Valuing nature for its wildness is a rationale
for the park’s policy of letting nature take its
course. One implication of seeing the park as a
natural area where human influences should
be minimized is that just as the park has a rea-
son to eradicate or control human-introduced
exotics, so too it has a reason to welcome natu-
rally dispersing aliens. Removing such exotics
would seem to increase, not decrease, the
human control and manipulation of natural
systems in the park.

DEFINING AND EVALUATING EXOTICS
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Those who believe that the purpose of
national parks is to “preserve vignettes of prim-
itive America” (Leopold et al. 1963) may argue
that the park should eradicate even naturally
arriving exotics, for they will alter the charac-
ter of the native ecosystems the park should
preserve. But national parks ought not to be in
the business of trying to prevent nature from
changing on its own. Yellowstone Park should
preserve natural processes, not some particu-
lar status quo in nature. The national parks’
management guidelines count naturally arriv-
ing exotics as “natives” and thus presumably
sanction their arrival (National Park Service
undated).

Although Yellowstone Park has a strong rea-
son to welcome naturally dispersing exotics,
the policy of letting nature take its course is
not absolute. Such a policy could be overrid-
den if an exotic—or native, for that matter—
were to cause sufficient damage. If the whirl-
ing disease parasite somehow traveled from
Europe into Yellowstone Park without the aid
of humans, the park would be hard pressed to
justify welcoming such a naturally dispersing
exotic. If the parasite threatened to destroy
the entire Yellowstone cutthroat population,
the park would have strong reasons not to let
nature take its course.

Disvaluing Exotics As Such

Are there reasons for disvaluing exotics per
se, simply because they are foreign? If so, the
park would have a reason not to welcome nat-
urally dispersing exotics, even when they did
not cause damage. But negatively evaluating a
species simply because it is foreign smacks of
xenophobia and a nativist desire to keep locals
pure from “foreign biological pollution.” In
human affairs, such an attitude is morally re-
pugnant. Nativist fear of foreigners and preju-
dice against immigrant peoples are morally
troubling attitudes. Critics of biological nativism
(i.e., the preference for native flora and fauna)
point out that the Nazis had a native plant
movement and attempted to purify the flora
and fauna of their country as they purified
their culture of Jews (Pollan 1994). One writer
warns that “nativist trends in Conservation
Biology have made environmentalists biased
against alien species” and thinks it important
to “protect modern environmentalists from
reproducing the xenophobic and racist atti-
tudes that have plagued nativist biology in the
past” (Peretti 1998).
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But biological nativists do not dislike for-
eign flora and fauna, and the charge of purism
ignores their commitment to biodiversity. Bio-
logical nativists want to preserve the spectacu-
lar diversity between biotic communities. The
wanton human mixing of species from around
the globe creates mongrel ecologies and threat-
ens to homogenize the earth’s biotic communi-
ties (Hettinger 2001). The logical end point of
the massive, human-induced spread of exotics
is that ecological assemblages in similar cli-
matic and abiotic regions around the world
will be composed of the same species. This
biotic impoverishment is much like the impov-
erishment of cultural diversity resulting from
economic globalization and the cosmopoli-
tanization of humans. Keeping a dandelion
(Taraxacum officinale) out of Yellowstone is
much like keeping Wal-Mart out of a small
New England town or McDonalds out of
India. Kudzu (Pueraria lobata) in the Ameri-
can South is like TV in Nepal, a threat to the
diversity of the planet's communities and ways
of life. Because humans have introduced so
many alien species into so many of the earth’s
biotic communities, the park may well have a
reason to oppose even naturally dispersing and
nondamage-causing exotics.

ACKNOWLEDGMENTS

I thank Paul Moriarty and Mark Woods for
kindly sharing a prepublication version of their
article on exotic species. Their paper was very
helpful in writing this essay. I also thank the
College of Charleston for providing a sabbatical
leave that gave me the time to work on these
ideas. Finally, I thank Holmes Rolston and Paul
Schullery for organizing a panel of humanists
at the Yellowstone Exotics Conference.

LITERATURE CITED

BricHT, C. 1998. Life out of bounds: bioinvasion in a bor-
derless world. W.W. Norton & Co., New York. 287 pp.

CorN, M.L, E.H. Buck, J. RAWSON, AND E. FISCHER.
1999. Harmful non-native species: issues for Con-
gress. Congressional research service issue brief. 8
April 1999. Available at: http://www.cnie.org/nle/
biodv-26.html.

HETTINGER, N. 2001. Exotic species, naturalization, and bio-
logical nativism. Environmental Values 10:193-224.

HETTINGER, N., AND B. THROOP. 1999. Refocusing eco-
centrism: de-emphasizing stability and defending
wildness. Environmental Ethics 21:3-21.

LeopoLD, A.S., S.A. CaiN, C.M. CortaMm, [.N. GABRIEL-
soN, AND T.L. KimBaLL. 1963. Wildlife management

WESTERN NORTH AMERICAN NATURALIST

[Volume 61

in the national parks. Report of U.S. National Park
Service Advisory Board on Wildlife Management to
the Secretary of Interior. Washington, DC.

Mack, R.N. 1996. Predicting the identity and fate of plant
invaders: emergent and emerging approaches. Bio-
logical Conservation 78:107-121.

NATIONAL PARK SERVICE. 1988. Management policies. U.S.
Department of the Interior.

. Undated. Natural resource management guide-
lines. NPS-77.

OFFICE OF TECHNOLOGY ASSESSMENT, UNITED STATES
CONGRESS. 1993. Harmful non-indigenous species in
the United States. U.S. Government Printing Office,
Washington, DC.

PERETTI, J.H. 1998. Nativism and nature: rethinking bio-
logical invasion. Environmental Values 7:183-92.

PorLraN, M. 1994. Against nativism. New York Times
Magazine, 15 May 1994, pp. 52-55.

PIMENTEL, D., L. LAacH, R. ZUNIGA, AND D. MORRISON.
1999. Environmental and economic costs associated
with non-indigenous species in the United States.
Presentation at American Association for the Advance-
ment of Science, Anaheim, CA, January 1999. Avail-
able at http://www.news.cornell.edu/releasesljan99/
species_costs.html.

REINHART, D., M. HAROLDSON, D. MATTSON, AND K. GUN-
THER. 2001. The effect of exotic species on Yellow-
stone’s grizzly bears. Western North American Natu-
ralist 61:277-288.

SCHERER, D. 1994. Between theory and practice: some
thoughts on motivations behind restoration. Restora-
tion and Management Notes 12:184-188.

SCHULLERY, P, AND J.D. VARLEY. 1999. The Yellowstone
genetic reservoir: quandaries and consequences of
exotic introductions in Yellowstone National Park.
Paper delivered at the Yellowstone Conference on
Exotic Organisms in Greater Yellowstone: Native
Biodiversity Under Siege. Mammoth Hot Springs,
11-13 October 1999.

SIMBERLOFE, D. 1997. Impacts of introduced species in
the United States. Published by the U.S. Global
Change Research Information Office. October 6.
Available at http://Awww.gcrio.org/CONSEQUENCES/
vol2no2/article2.html.

THroOE, W. 2000. Eradicating the aliens: restoration and
exotic species. Pages 179-191 in W. Throop, editor,
Environmental restoration: ethics, theory, and prac-
tice. Humanity Books, Amherst, NY.

VERMEI], G. 1996. An agenda for invasion biology. Biologi-
cal Conservation 78:3-9.

ViTousek, P 1997. Human domination of earth’s ecosys-
tems. Science 277: 494-499.

WEsTMAN, W.E. 1990. Park management of exotic species:
problems and issues. Conservation Biology 4:251-260.

WILLIAMSON, M., AND A. FITTER. 1996. The characters of
successful invaders. Biological Conservation 78:
163-170.

Woobs, M., AND P MORIARTY. 2001. Strangers in a strange
land: the problem of exotic species. Environmental
Values 10:163-191.

Received 15 March 2000
Accepted 26 February 2001



Western North American Naturalist 61(3), pp. 261-266

THE NATURALNESS OF BIOLOGICAL INVASIONS

Daniel B. Botkin!

Key words: balance of nature, ecosystem dynamics, natural invasions, exotic species, invasive species, National Park

Service policies.

The National Park Service has precise poli-
cies regarding biological invasions. These place
specific burdens on park management. In con-
sidering how to handle biological invasions in
the United States national parks, we need to
be cognizant and sensitive to these require-
ments. The problems posed by these policies
are revealed by an interesting conundrum
about invasive species.

CONUNDRUM

A serious conundrum exists about invasive
species: Biological invasions are natural and
necessary for the persistence of life on Earth,
but some of the worse threats to biological
diversity are from biological invasions. It was
once believed, both among scientists and in
prescientific history in Western thought, that
nature undisturbed was in a steady state. If
this were true, then biological invasions would
be unnatural, and management of biological
invasions would be simple: prevent them or, if
that failed, eliminate the invaders and restore
the “natural” steady state. But findings in en-
vironmental sciences in the latter part of the
20th century confirm that natural ecological
systems are always changing, that they do not
have a single steady state, and that biological
invasions are natural and, more important,
necessary for the persistence of life. If species
never invaded new territories, they would be
extinguished by catastrophic events in their
previous habitats. An additional conundrum is
revealed. One can either preserve a “natural”
condition, or one can preserve natural processes,
but not both. The preservation of natural pro-
cesses requires change. The resolution to this
second conundrum is, however, simple: either

preserve the natural processes and therefore
preserve life over the long run, or preserve a
single condition and either threaten the persis-
tence of life or else substitute a great amount
of human intervention for natural, dynamic
processes.

Salmon exemplify the necessity of change
and of biological invasiveness. Contrary to the
folktale that salmon always return to spawn in
their natal stream, approximately 15% of adult
salmon find their way to a different stream
from the one in which they were born (Botkin
et al. 1995). This might seem to be a “mistake,”
but without such “mistakes” salmon could not
persist. Salmon are cold-water fish and make
use of cold rivers and streams near northern
continental glaciers. As glacial ages wax and
wane, streams once suitable to salmon become
iced over, while others, previously too warm,
become sufficiently cold to support salmon.
Other natural disturbances make individual
streams temporarily unusable. Salmon require
gravel of a specific size range and composition
in which to lay their eggs. The source of these
gravels is the failure of bedrock headwalls at
the upstream end of streams. When such a
failure occurs, the gravel dumped into a stream
temporarily blocks water flow and makes the
stream unusable by salmon. But without such
temporary blockages, gravel would slowly
erode from all salmon streams. Salmon streams
must become temporarily clogged with gravel
and therefore temporarily unusable for salmon
to survive. Therefore, the requirement for a
supply of gravel also requires that salmon be
able to shift among streams over time. Fires
and storms create conditions that temporarily
eliminate salmon from a specific stream, thus
also requiring that salmon can move among
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streams. Thus, for salmon to survive over a
long time, invasiveness and reinvasiveness are
necessary characteristics.

Biological invasion is a natural process every-
where, requisite for the persistence of essen-
tially all species on Earth over the long term.
Being able to seek new habitats and survive in
them is essential in an environment that
changes at all scales of space and time. A strik-
ing example occurred with the creation of
Surtsey, a new island 25 km off the coast of
Iceland as a result of volcanic activity (Botkin
and Challinor 1998). In 1964 scientists camp-
ing on Iceland’s south coast saw the view from
the shore dominated by a vertical plume of
ejecta and smoke from an open fissure about
100 m below the water surface on the mid-
Atlantic ridge. When ocean water met molten
lava at that shallow depth, the water pressure
was insufficient to contain the resulting explo-
sion, which hurled large pieces of the seabed
through the water column as high as 300
meters into the air. Pulsed explosions occurred
with each contact of cold seawater and molten
lava at the fissure. The rapid cooling of the
lava resulted in fine-grained crystal particles
called tephra.

About three and one-half years later, in
1967, the explosions ceased, and the volume
of tephra that had rained from the sky created
Surtsey, roughly two kilometers in diameter
and rising at its highest point about 100 meters
above sea level. A few weeks after the erup-
tions ceased, the lava that formed Surtsey had
cooled and hardened just enough so that it
was safe for a person to walk on the surface,
although molten lava was still visible flowing
deep below through occasional surface cracks.
Now the island could be visited by people. A
group of scientists went to the island, and one,
a botanist, found the first flowering plant
invader: the sea rocket, a small flowering plant
less than 5 cm high, and it was already in
bloom. That the sea rocket flowered so soon
after the lava solidified illustrates the speed
with which biological invasions can occur.

Other botanists later discovered mosses
and grasses that continued the biological inva-
sion of Surtsey. Scientists formed the Surtsey
Research Society, which stimulated long-term
monitoring of the invasion process. The invasion
of Surtsey by the sea rocket had no negative
effects and can only be viewed as a positive
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event, beginning the transformation of a new
but lifeless island into one rich with vegeta-
tion and other forms of life.

Another recent, ongoing example of a natural
biological invasion that has had little if any
negative consequences is that of the Cattle
Egret, a ubiquitous white bird familiar to trav-
elers who view African wildlife. This bird prob-
ably evolved in the flood plains of the African
tropics but adapted to irrigated crop fields,
especially in southern Africa. Cattle Egrets eat
insects stirred up by or on large grazing mam-
mals. In Africa these birds readily made the
transition from following only the wild, native
mammalian herbivores to following domestic
cattle as the number of buffalo and other large,
wild herbivores declined. More surprisingly
was the transoceanic migration of this species,
which flew from west Africa to South America.
Eventually, enough egrets arrived to establish
a New World breeding population. In hind-
sight, this transoceanic invasion was not such
a difficult feat for this amazing bird because, if
helped by favorable winds, Cattle Egrets can
fly the 2900 km from West Africa to South
America in about 40 hours.

First reported in South America in the 1880s,
the birds rapidly expanded their range, espe-
cially as coastal tropical forests were cleared
for cattle ranching in the 20th century. Once
established in South America, they migrated
north, reaching the United States in 1951. Just
5 years later they had spread from Texas to
New England—several thousand kilometers!

A similar process took place in Australia,
where these birds became common in the
western part of the continent in 1952. They
reached New Zealand in 1963, and breeding
pairs were found about a decade later. The
Cattle Egret expanded its range from Africa to
virtually all tropical and temperate areas of the
Earth within a century. Its expansion was
fueled by its ability to exploit pastures with
high cattle densities—an artificial habitat more
suitable for its feeding behavior than its origi-
nal one in Africa. So, in part, the egret’'s migra-
tion was assisted by effects of people on nature.
But egrets took advantage of these human
actions on their own; they were not transported
by people. The widespread invasion by egrets
seems so far to be benign because it fills a
niche heretofore unoccupied by New World

birds.
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In contrast is a long list of invasions of
exotic species that have had disastrous effects.
Embarrassing to human judgment, many of
the worst cases result from intentional human
introduction, fostered with the belief that each
would be beneficial. As an example, people in
Great Britain intentionally introduced the
American grey squirrel into the British Isles,
believing this would add aesthetically to their
woodlands. But the North American squirrel
is forcing out the native British red squirrel,
which has been extirpated from much of its
original range and persists today only where
habitats are inhospitable to the North Ameri-
can squirrel. Another famous example is the
gypsy moth, introduced into Massachusetts by
a well-meaning scientist who believed these
insects could be used to establish a silk indus-
try in North America. He also believed the
moth could not spread westward because he
introduced it in eastern Massachusetts, and
the prevailing westerly winds would keep the
moth along the coast.

The history of both positive and negative
effects of biological invasions is essential back-
ground for the consideration of National Park
Service policy regarding biological invasions.

NATIONAL PARK SERVICE POLICIES
AND BIOLOGICAL INVASIONS

What are the implications for National Park
Service policies toward invasive species, given
the conundrum about biological nature—that
it is both necessary and natural, and can create
major problems in certain situations? Accord-
ing to National Park Service administrative
policies, “Non-native species of plants and
animals will be eliminated where it is possible
to do so by approved methods which will pre-
serve wilderness qualities.” This is interesting
because (1) the goal is complete elimination,
not control, and (2) the definition brings in the
term wilderness quality, which remains ambig-
uous and therefore presents operational diffi-
culties.

Furthermore, NPS administrative policies
define an exotic species as “a species occur-
ring in a given place as a result of direct or
indirect, deliberate, or accidental actions by
humans.” This definition focuses on the mode
of transportation and arrival rather than on the
effect of the species on others and on ecosys-
tems. Further affirming this emphasis on the
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mode of transportation, National Park Service
administrative policies define a native species
as “a species that occurs and evolves naturally
without human intervention or manipulation.”
Species that move into an area without the
direct or indirect aid of humans are consid-
ered native by NPS definition. Based on this
definition, a species that arrived without human
intervention but completely altered a park’s
ecosystem from what it was prior to European
settlement would be considered acceptable
and would be allowed to persist within a park.
However, a species that directly or indirectly
arrived as a result of human actions, even if its
presence was obscure and its effects innocuous,
would be a target for elimination. But what if a
species that arrives on its own, without human
intervention, greatly disrupts the biological
diversity of a park and alters its landscapes
from the way they appeared just prior to
European settlement? And what if a human-
introduced species has little effect if any, or
increases the bountiful appearance of a park?
This emphasis on the condition of a park
prior to European contact appears in NPS
administrative policies, which state:

Plant or animal species introduced by indige-
nous peoples may be preserved and protected
where they were introduced to the site prior
to European settlement, and were culturally
significant, and where their presence does
not have any demonstrated impact of native
species.

This means that, by NPS policy, species intro-
duced after 1492 by Europeans are bad and to
be exterminated, but those introduced before
1492 by peoples not of European origin are
acceptable. In selecting a specific cut-off time
for introductions that are to be allowed, there
is an arbitrariness in this last policy. Underly-
ing this policy also is the assumption that a
single time, which therefore indicates a single
state of nature, is the only one that is natural.
This policy fails to acknowledge that natural
ecological systems always undergo changes,
and that a single time period is not an ade-
quate measure of what is “natural.”

A goal of returning a park to a specific time
is consistent with earlier ideas about nature, in
particular with the belief in a balance of
nature. This is the idea that nature, left alone,
will achieve a single state—a constancy of
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form and structure that will remain indefi-
nitely (Botkin 1990). As stated earlier, research
among environmental sciences in the last 30
years of the 20th century demonstrated this
was false, that natural ecological systems are
dynamic and changing. The one thing we can
be sure about nature in the future is that it
will be different from today, because nature is
always changing. Therefore, a goal of maintain-
ing a park’s ecosystems and species list to con-
form with what was the condition at a single
past time cannot be obtained by a hands-off,
do-nothing policy. It requires extraordinary
effort. Recently, much lip service has been
paid to the idea of the naturalness of change,
but policies and actions have lagged behind,
most of which are based on some kind of
steady-state notion.

The NPS policy is mixed in regard to steady
state. It allows natural introductions and intro-
ductions by American Indians, but not by those
that occurred afterward. The implicit assump-
tion is that introductions following European
settlement have had only bad effects while
those prior to European settlement had good
or neutral effects. This is not true a priori, and
it is not necessarily true in fact, as salmon, the
sea rocket, and the Cattle Egret demonstrate.
As explained earlier, these policies confuse the
origin and mode of transport of a species with
the effects of that species on the ecological
system where it arrives.

Setting Goals

Are we claiming that an invasive species is
a problem for the physical system—the eco-
system or a species—that an ecosystem or set
of ecosystems cannot persist with any invasive
species? Or do we desire to eliminate invasive
species because of our appreciation of land-
scape beauty and a belief that the only land-
scape that can be beautiful in North America
is one that was not affected by European civi-
lization? Or do we desire to eliminate invasive
species because of a spiritual value, perhaps
reasoning that such a landscape might serve as
a source of creative inspiration, but again only
if it appears as it did prior to any European
influence? Do we fear that introduced species,
no matter how innocuous or beautiful, will
take away from that spiritual or aesthetic qual-
ity of an American national park? Or is our
justification a moral judgment—that only
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those species that arrived on their own or
were helped by pre-Europeans are morally
acceptable?

Let us consider the scientific basis for the
argument that all invasive species should be
eliminated. While there is ample evidence
that many introduced species have led to dis-
asters, I am aware of no evidence to support
the generalization that all invasiveness is always
negative. The Cattle Egret would appear to
provide a sufficient contrary case in terms of
ecosystem and landscape dynamics. There-
fore, it would seem that a completely general
policy opposing invasion of new species since
European settlement must be based on non-
scientific justifications, such as I have reviewed.
These nonscientific reasons are value judg-
ments, which are a personal and societal choice.
They can be taken as good or bad, my point
being that they cannot be justified on scien-
tific grounds alone.

Discussions of the importance of native
species and the negative effects of invasive
species typically focus on the scientific basis—
on the effects of ecosystem functioning and of
the persistence of native species, including
the potential extinction of a native species. We
tend to shy away from discussing the complex
mixture of goals I have mentioned. I think this
is in part because of a belief that the intangi-
ble values—Dbeauty, spirituality, inspiration,
morality—won't sell in our modern, material-
istic world. But to the contrary, the history of
Western civilization is the history of the great
power of ideas and beliefs. Somehow, when it
comes to the environment and to life on
Earth, we doubt this power.

I submit it is more logical, easier to justify
theoretically, and pragmatically simpler to con-
struct policies for invasive species based on
truly held values about the intangibles—
beauty, spirituality, creativity, morality—than
it is to base them on poorly understood and
often misused science.

Consider the introduction of wolves into
Yellowstone National Park. The introduction
of wolves is typically justified on 2 grounds:
that they were present in pre-European settle-
ment times, and that they perform a necessary
function in the Yellowstone ecosystems, usu-
ally stated in terms of the natural control of
their prey species. If this is taken to be an
introduction, then it might be interpreted as
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contrary to written national park policy. If it is
assumed that the presence of wolves will
bring the abundance of its prey species back
to the level at some specific year, such as 1492,
then modern ecological research has shown
that this will not be the case. While large
mammalian predators can reduce the abun-
dance of their prey, the idea that they could
create a precise control and return a wilderness
to a fixed, steady state has been abandoned by
the science of ecology. The reintroduction of
wolves can be justified on mechanistic grounds
(that is, on the basis of their function in Yellow-
stone ecosystems) only if reduction in abun-
dance, rather than precise control, is accept-
able.

These policies and assumptions are not
unique to the National Park Service. As I
wrote in Discordant Harmonies, there are 3
basic kinds of natural areas or nature preserves,
when people use that term in North America:
(1) an area with no human action, (2) an area
set aside to conserve a specific species or
species assemblage, (3) an area set aside to
represent a particular time, usually taken to be
that just before European settlement. In regard
to invasive species, NPS policies are consistent
with the last of these conceptions of “natural.”

The naturalness of biological invasion gives
some substance to the fear of those who live
near but outside the park: that a truly success-
ful reintroduction of wolves within the park
will lead to their invasion (or reinvasion) of
surrounding areas. As long as policies are
based on restoring ecological systems to spe-
cific prior conditions, but allow little other
direct actions, then preventing the spread of
wolves beyond the park might not fall under
park policies.

Suppose we took a different approach: justi-
fying the introduction (or reintroduction) of
wolves into Yellowstone on the grounds that
they were once part of the ecological systems,
and that people want to see them there, for
aesthetic, spiritual, and moral reasons. We
abandon the arguments about the ecological
role of wolves as a necessary condition for sus-
taining the Yellowstone ecosystems. If the goal
is justified from one of these points of view,
then less burden in placed on science. Science
does not have to provide the rationale for the
presence of wolves. Instead, science can tell
us how we can attain the goal of maintaining
wolves within the Yellowstone ecosystem with
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minimal effects outside the park. In this case
science plays its natural societal role. Scien-
tific findings tell us what the natural charac-
teristics of Yellowstone ecosystems are, and
these include change over time. They tell us
what species were present, but provide little
information about actual abundances (because
of a lack of historical data, both before and after
the establishment of modern ecological sci-
ence). Scientific findings tell us what goals are
possible, how we can attain them, and what
we gain and give up in achieving a goal.

SUMMARY

A dominant idea in ecology in the 20th cen-
tury was the belief in a balance of nature—
that there is a single true condition for any
ecosystem, and therefore a single truth for that
system. But modern ecological research shows
us that ecological systems can persist under a
variety of states and, in fact, generally require
some level of variation. Rather than there
being a single true condition to which a park
must be returned, there are options, which
depend on our goals. Allowing the possibility
of several options for a park may make some
conservationists uncomfortable. It may seem
to open up the management of a park to con-
ditions that specific interest groups would find
undesirable. What becomes clearer through
this discussion is that the management of a
national park, rather than simply the restora-
tion of a wilderness by abandonment of human
intervention, resembles more the activities of
a landscape architect who works to choose a
landscape design that meets the real needs of
a client. In this case, the client is the citizens
of the United States and the visitors to the
national parks.

Given the naturalness of biological inva-
sions and the manifold rationales for the con-
servation of species and restoration of national
park ecosystems, I believe that the path I have
laid out provides a methodology more consis-
tent with the goals of a democracy, more likely
to achieve what people want to see in a park,
and more likely to allow flexible management
that will maintain biological diversity within a
park.

LITERATURE CITED

BotkiN, D.B. 1990. Discordant harmonies: a new ecology
for the 21st century. Oxford University Press, NY.



266 WESTERN NORTH AMERICAN NATURALIST [Volume 61

BotkiN, D.B., AND D. CHALLINOR. 1998. Comment la nature salmon of western Oregon and northern California:
colonise et recolonize la terre depuis 3 milliards et findings and options. Center for the Study of the
demi d’années. Le Temps Strategique, Geneve 80: Environment, Santa Barbara, CA. 300 pp.

19-34.
Bortkin, D.B., K. Cummins, T. DUNNE, H. REGIER, M.]. Received 2 May 2000

SOBEL, AND L.M. TALBOT. 1995. Status and future of Accepted 17 October 2000



Western North American Naturalist 61(3), © 2001, pp. 267-276
NATURAL AND UNNATURAL; WILD AND CULTURAL
Holmes Rolston III!

ABsTRACT.—Yellowstone National Park’s mission and policy can be clarified by analysis of the natural and the unnat-
ural. Nature is a comprehensive word, in some uses excluding nothing; more useful is a contrast distinguishing nature
and culture. Specifying “wild nature” denotes spontaneous nature absent human influence. Critics claim that the mean-
ing of wild nature, especially of wilderness, is a foil of culture. Pristine nature, often romanticized, is contrasted with a
technological and industrial culture. By this account, wilderness is a social construction.

Nevertheless, wild nature successfully denotes, outside culture, an evolutionary and ecological natural history, which
remains present on the Yellowstone landscape, jeopardized by numerous human influences, including the invasions of
exotic species. Natural processes have returned in the past, as when Native Americans left the landscape. Natural
processes can be preserved today, because of, rather than in spite of, park management. Over much of the North Ameri-
can landscape nature is managed and at an end. Yellowstone provides an opportunity to encounter and to conserve

“untrammeled” nature as an end in itself, past, present, and future.

Key words: nature, natural, wild, pristine, wilderness, culture, management, exotics.

1. NATURE AND CULTURE

In one sense, nature is quite a grand word,
referring to everything. Natura or physis is the
source from which all springs forth. If one is a
metaphysical naturalist, then nature is all that
there is. The contrast class might be the super-
natural, which, they may argue, is an empty
set. Humans are generated within nature and
they break no natural laws. Everything agri-
cultural, technological, industrial, or economic
will, on this meaning, be completely natural.
So will everything humans have done, whether
intentionally or accidentally, by way of moving
animals and plants around, as with exotics and
invasive species. So will all park management.

Baird Callicott says, provocatively: “We are
therefore a part of nature, not set apart from it.
Chicago is no less a phenomenon of nature
than is the Great Barrier Reef.” Or Yellowstone.
Callicott wants to cure us from mistakenly
supposing a “sharp dichotomy between man
and nature” (1992:16-17). Such scope is prob-
lematic, however, because it allows no useful
contrast with culture; but we need that con-
trast carefully analyzed if humans are going to
relate their cultures to nature. We need a
more restricted definition, one that can enable
us to separate Chicago from Yellowstone.

A straightforward contrast is culture. If 1
am hiking across the Lamar Valley, the birds
and their nests are natural; but if I come upon
an abandoned boot, this is unnatural. Expand-
ing this into a metaphor, the whole of civiliza-
tion is mind and hand producing artifacts in
contrast to the products of wild, spontaneous
nature. Wild animals, much less plants, do not
form cumulative transmissible cultures, elabo-
rating such artifacts over generations.

Humans evolved out of nature; our bio-
chemistries are natural. We too have genes
and inborn traits. But human life is radically
different from that in wild nature. Unlike coy-
otes or bats, humans are not just what they are
by nature; we come into the world by nature
quite unfinished and become what we become
by culture. Humans deliberately rebuild the
wild environment. They also deliberately set
out to conserve some wild places, as with Yel-
lowstone, protected by an act of Congress.

Information in nature travels intergenera-
tionally on genes; information in culture travels
neurally as persons are educated into trans-
missible cultures. They learn how to build fires,
or make spears, or make iron plows and grow
wheat. Humans argue about worldviews, about
whether there should be wildlands as well as
wheatlands in Wyoming. The determinants of
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animal and plant behavior are never anthropo-
logical, political, economic, scientific, philo-
sophical, ethical, or religious.

Any transmissible culture, and especially a
high-technology culture, needs to be discrimi-
nated from nature. Boeing jets fly, as wild
geese fly, using the laws of aerodynamics. The
flight of wild geese is impressive. The infor-
mation storage system in goose genetics could,
in its own way, be the equal of that by which
Boeings fly. Some of the information in the
geese is transmitted nongenetically, as when
they learn migration routes by following other
geese. But geese do not form cumulative
transmissible cultures.

It is only philosophical confusion to remark
that both geese in flight, landing on Yellow-
stone Lake, and humans in flight, landing at
O’Hare in Chicago, are equally natural, and
let it go at that. No interesting philosophical
analysis is being done until there is insightful
distinction into the differences between the
ways humans fly in their engineered, financed
jets and the ways geese fly with their geneti-
cally constructed, metabolically powered
wings. Geese fly naturally; humans fly in arti-
facts.

2. NATURE AND WILDNESS

Nature goes back to Latin and Greek roots
for “giving birth” or “springing forth,” roots
that survive in pregnant, genesis, and native.
We also have the word wild, placed as an
adjective to nature. With this significant modi-
fier, some perspectives shift. We wish to make
it abundantly clear that we are referring to a
world outside the human sector. There is
spontaneous nature in humans, as when we
digest food. There is human nature, as when
parents care for children. In contrast there is
wild nature, elemental and spontaneous, with
humans out of the picture. The word wild is
already present in Old Teutonic, the precursor
of English, before 450 A.D., and means “not
domesticated” or “not cultivated.” The word
wilderness is found in Old and Middle Eng-
lish and means “land not farmed or settled,”
“land in its natural state” (Chipeniuk 1991).

But, comes a protest, etymologies develop
and the meaning of wild is obtained by contrast-
ing it with its foil, culture. Maybe we use a
word with a thousand-year history, but we use
it in the framework of a modern perspective,
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one that comes out of Western science and a
high-tech culture. This can be seen even more
clearly when wild is loaded into our concept
of wilderness. Non-Western peoples typically
do not have the word wilderness in their vocab-
ulary, and even some Western languages (like
Spanish) do not have such a word.

Wilderness was once untamed, uncivil
nature, nature cursed after the fall of Adam,
savage nature beyond the “frontier” which it
was the American/European manifest destiny
to conquer. Only with the Romantic move-
ment, and still more recently with the modern
wilderness movement, did the current con-
cept of wilderness arise, a pristine realm
unspoiled by humans. Some of that was initi-
ated in Yellowstone when Americans, busy
taming the frontier, paused to wonder whether
they might not better save at least this region
of wild nature. A century later that ideal con-
tinues, as official policy: “The primary pur-
pose of the National Park Service in adminis-
tering natural areas is to maintain an area’s
ecosystem in as nearly pristine a condition as
possible” (Houston 1971).

But thereby we create a myth, these critics
say. Nature-wild is just one way we choose to
see nature, especially when we are on vacation
in Yellowstone. Wilderness so imagined is a
foil for our American culture, a romanticized
Garden of Eden. Wilderness enthusiasts have
a kind of archetypal, archaic longing for a
world with no people in it, imagining it as
pristine and pure.

David Lowenthal says: “The wilderness is
not, in fact, a type of landscape at all, but a
congeries of feelings about man and nature of
varying import to different epochs, cultures,
and individuals® (1964:36). David Graber
explains:

Wilderness has taken on connotations, and
mythology, that specifically reflect latter-
twentieth-century values of a distinctive Anglo-
American bent. It now functions to provide
solitude and counterpoint to technological
society in a landscape that is managed to
reveal as few traces of the passage of other
humans as possible. . . . This wilderness is a
social construct (1995:124).

Roderick Nash, tracing the history of
Wilderness and the American Mind, reaches a
startling conclusion: “Wilderness does not exist.
It never has. It is a feeling about a place. . . .
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Wilderness is a state of mind” (1979). “Civi-
lization created wilderness” (1982:xiii). Wilder-
ness is a myth of the urbane, mostly urban,
mind. Wilderness is a filter-word with which
we color the nature we see. Wild is as much
construct as West.

Or so they say. But the trouble is that such
critics have so focused on wild as a word taken
up and glamorized in the term wilderness, that
they can no longer see that wild and wilder-
ness do have reference outside our culture. It
cannot count against wilderness having a suc-
cessful reference that some earlier peoples did
not have the word. Yes, wilderness is, in one
sense, a 20th-century construct, as also are
Krebs cycle, DNA, photosynthesis, and plate
tectonics. None of these terms were in presci-
entific vocabularies. Nevertheless, these con-
structs of the mind enable us to detect what is
not in the human mind.

Civilization creates wilderness? Lately yes,
originally no. More specifically, the U.S. Con-
gress, acting for its citizens, designates wilder-
ness. That is a legislative meaning of create,
not the biological meaning. Wilderness created
itself, long before civilization; everybody knows
that and it is only setting up conundrums
to exclaim, “Civilization created wilderness.”
Wildness a state of mind? Wildness is what
there was before there were states of mind.

It ought not to be that difficult for Lowen-
thal, a geographer, to distinguish between the
wilderness idea, which has its vicissitudes in
human minds, and wilderness out there, wild
nature absent humans. A “congeries of feel-
ings of varying import to various individuals in
various epochs” is not any Yellowstone wilder-
ness worth saving. With more denotation with
the connotation, there is plenty of surviving
objective reference in the word.

We need then to identify what it is in nature
to which we so refer. Wild gets at those levels
in nature where there is mixed stability and
spontaneity, creative processes in conflict and
resolution. There is a mixture of order and
chaos. The reference is not ordinarily to mole-
cular or atomic scales. We do not usually think
of a single carbon atom as being wild, nor do
we describe crystal structures as being wild.
Crystal structures are too orderly. Wild retains
some of the “uncontrolled” or “unlawful” or
“spontaneously autonomous” elements. Origi-
nally, the reference is to nature outside human
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plan and control. But within that domain, the
reference continues to nature outside simple
lawlike patterns. We do not control these events;
neither are they completely controlled natu-
rally. There needs to be more complexity; the
complexity needs to have broken symmetries.

Geomorphological and climatological pro-
cesses qualify better than simple physical and
chemical ones. There need not be living
things. Antarctica is wild. We probably think of
a moonscape as being wild; rocks and debris
are scattered there; meteors have left their
impact. But eclipses of the moon can be pre-
dicted to within microseconds for centuries
ahead; the clockwork regularity overwhelms
the spontaneity. The process is too automatic
to catch what we mean by wild. Mechanical is
not a synonym for wild. Wild needs more evi-
dent autopoiesis, more turbulence and ferment.

In biology the negentropic tendencies are
there working against the entropic tendencies,
generating and testing new possibilities. We
are inclined to think genetics more wild than
crystallography, although they are equal pro-
cesses in spontaneous nature. Many processes
may be determinate, but there will be the
intersection of causally unrelated lines, pro-
ducing novelty and unpredicted events. Indi-
vidual events rattle around in the statistics.
Recent science accentuates genuine contin-
gency, openness mixed with determinate laws.
The result, on landscape scales, is idiographic
places, beyond lawlike regularity. Yellowstone
is not celebrated as a place where the laws of
gravity are obeyed unexceptionally, or because
meiosis, mitosis, and photosynthesis take place
predictably there, as they do everywhere else.
Yellowstone is celebrated because it is like no
place else on Earth, no place else in the uni-
verse.

3. EXOTICS AND INVASIVES

On such wild landscapes, we also find
exotics, with the root meaning “from the out-
side.” Exotic too is an interesting word, espe-
cially because of its alternative meanings. On
the one hand, the usual meaning is “intriguing,”
“charming,” “beautiful” because unfamiliar.
When one visits botanical gardens, one searches
out the exotics. But the Yellowstone meaning
is “foreign,” “invasive.” When one visits Yellow-
stone, one despises the exotics. Exotics reduce
the wildness on the landscape.
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But why so? You can still have the unpre-
dictability, the contingency, and the spontane-
ity when exotics are introduced. Which exotics
end up where is as patchy as the mosaics on
natural landscapes. Conflict and resolution are
still taking place when purple loosestrife in-
vades a pond. If a vacant lot in a city is aban-
doned, weeds take over. Has not the lot gone
wild? Maybe Yellowstone has had some exotics
dumped into it; but the new plants are on
their own. They do their thing, beyond human
control. They might even increase biodiver-
sity, although exotics typically displace native
vegetation and are, after habitat destruction,
the biggest cause of biodiversity loss in the
United States (Enserink 1999).

Yes, but now the wildness is reduced. The
temporal continuity with the evolutionary past
is broken. The area is less pristine. Perhaps
wildness can eventually return. But meanwhile
the exotics are making the place unnatural. The
invasives are not adapted fits, having evolved
on other landscapes and been transported
here anomalously. Invasive means “entering by
an unlawful force.” These plants and animals
have not entered these ecosystems by any of
the lawlike natural processes that, in the wild,
govern community structure. They are, we
might say, feral. Feral does not mean “wild.”

Exotics do not contribute to what Aldo
Leopold called the “integrity, stability, and
beauty of the biotic community” (1968:224-225).
Charles Elton recognized this, half a century
ago: “We are living in a period of the world’s
history when the mingling of thousands of
kinds of organisms from different parts of the
world is setting up terrific dislocations in
nature” (1958:18). These exotics are, we might
say, weeds. But the word weeds now has an
atypical sense, since these plants are not out of
place, undesired, in our cultivated garden.
These plants are misplaced in the wild.

Exotics typically grow well in disturbed
so0il, and humans disturb enormous amounts of
soil. So exotics are waifs of culture. One might
expect, however, that exotics will fail in wild
ecosystems, since they are not good adapted
fits. And that is often so. The invasives often
linger around culture, on roadsides, in fence
rows. One does not find them deep in the
wildlands—at least not at first. But there is
disturbed soil in nature as well as in culture,
and these plants can gradually invade native
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places, as they have in Yellowstone. Say, if you
like, that they did so competitively; it is equally
true that they did so by assistance of boat and
plow.

We can take weed as a metaphor for the
whole. One doesn’t want a weedy landscape.
Initially this means a landscape where fields
and pastures are full of weeds that we dislike.
Later it means a landscape where wild nature
has been invaded with exotics. One doesn’t
want a garden with weeds. One doesn’t want a
national park, a natural park, with weeds. On a
small scale, relatively, Yellowstone becomes
the park of weeds, rather than an evolutionary
ecosystem. On a larger scale, Earth becomes a
weedy planet, rather than a biosphere.

Yes, comes a reply, but these weeds are
invasive and competitive, now on their own,
even if once brought to their new locations by
human transport. They are like everything
else wild, except that they manage to exploit
humans and their activities, and to live, wildly,
in the nooks and crannies of civilization. When
humans set aside wild sanctuaries and parks
on the periphery of their civilization, these
exotics are poised, ready to test their coping
skills in these pockets of wildness in the midst
of civilization. Stickseeds evolved to catch on
animal fur, but if several seeds catch instead
on a hiker’s britches and then are dislodged
half a mile down the trail, the resulting seed-
lings do not know whether they were carried
by animal or by human; it does not matter.
Admire them for their aggressive success; that
is what natural selection is all about, ongoing
now despite human interference.

It may matter, however, when the britches
are carried by jet plane to a different conti-
nent, where the sprouting seeds will not have
evolved as an adapted fit in the radically dif-
ferent ecosystem they come now to inhabit.
Once hemmed in by oceans, these plants play
hopscotch because of human travel. These
exotics are foreigners, spillovers from civiliza-
tion. They are like the foreign viruses that
land in New York or Los Angeles and upset
human health in cities, except that, instead,
these upset the health of the land.

Plants do move around on their own. They
invade new areas, as when climates change; and
one can, if one wishes, speak of naturally inva-
sive species. In prehistoric times, with melting
ice, species moved north variously from 200 to
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1500 meters per year, as revealed by fossil
pollen analysis. Spruce invaded what previ-
ously was tundra. Today, most exotic species
are introductions that crossed oceans by boat
or by air, thousands of times faster than any
natural plant movements. Most are rapidly
propagating species that arrived in North
America within the last 2 centuries. Once on
site, exotic species invade typically at a rate of
10 kilometers per year, up to 50 times as fast
as the slower natural rates, and upwards of 7
times more than even the faster natural rates.
Worse, present and predicted Yellowstone en-
vironments will favor exotic species that can
shift ranges of latitude, longitude, and elevation
at 40-50 times faster than anything observed
in the fossil record (Whitlock and Millspaugh
2001).

One way to see the problem is to take exotic
for a local symbol of ongoing global events.
Look forward a century. Michael Soulé says:

In 2100, entire biotas will have been assem-
bled from (1) remnant and reintroduced
natives, (2) partly or completely engineered
species, and (3) introduced (exotic) species.
The term natural will disappear from our
working vocabulary. The term is already mean-
ingless in most parts of the world because
anthropogenic [activities] have been changing
the physical and biological environment for
centuries, if not millennia (1989:301).

That forces us to ask whether we want an en-
tirely managed nature, where humans engineer
and assemble the biotas, or disassemble them
by ignorance and accident, a landscape where
nature has come to an end.

4. PRISTINE NATURE

These lines of argument converge with the
claim that the quest for pristine nature is a
hopeless quest, whether past, present, or future.
Humans are always around, Europeans now
and earlier the Native Americans. Humans are
the real “exotics.” On every continent except
Africa, humans are foreigners out of place, and
everywhere, Africa included, they have long
since displaced the native vegetation.

Just what wild nature was present in the
Americas before the Native Americans arrived
15,000 years ago cannot be known. Even if it
could be known, that was Pleistocene nature.
Climates have since changed; and nature today;
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had it been left on its own, would be vastly
different from any Pleistocene nature. So the
quest for pristine nature out of the past is a
hopeless quest—so that argument goes. All we
have, or have ever had, is a dynamically chang-
ing nature occupied by humans.

The quest for pristine nature today is even
more hopeless—and now the argument takes
a new turn. The very idea of some humanless
nature separates humans from nature, falsely.
We have contaminated every landscape we
observe, if not by our hands with our tools,
then by our minds with our cultural baggage.
Edwin Dobb summarizes this view:

Any definition of nature that excludes people
and their works has always been indefensible,
as has any definition of humanity that excludes
nature. Wherever we stand, in the Gila Wilder-
ness or in Times Square, we stand at the inter-
section of nature and culture (1992:46).

By this logic, both Yellowstone and Times
Square are intersecting nature and culture. At
Times Square modern Americans intersect
nature, having rebuilt it dramatically there. In
Yellowstone, too, first the Native Americans
intersected nature on their hunts, and today
the tourists intersect nature as place of vaca-
tion. No human ever knows any nature with-
out intersecting with it.

But this is indiscriminate. Nature, as it
existed for millennia before people and their
works arrived, is quite a defensible definition
of nature. When “we” stand in the Gila or the
Absaroka Wilderness, there is an intersection
of the nature I behold and the cultural educa-
tion with which I behold it. But when I am no
longer standing there, there is a Gila and an
Absaroka Wilderness in which people and
their works are, if not entirely absent, insignif-
icant on the landscape beheld. Experiencing
the Gila Wilderness, Dobb reconsiders: “There
is something that lies beyond the reach of cul-
ture” (1992:50). To fail to discriminate between
the relative proportions of nature and culture
in the Gila Wilderness and in Times Square
only glosses over important issues about which
we are concerned both in understanding our
human place in nature and in our responsibili-
ties for its conservation.

Sometimes one encounters the objection
that the slightest human intervention has a
sort of totalizing effect and brings straightway
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the end of nature. This is like saying that the
whole moon is pristine no more because the
astronauts took a few steps on it, or that the
sky is not natural because some jet planes have
flown through it. Or that the Absaroka Wilder-
ness is not natural because some aborigines
traveled through it once and some backpack-
ers hike there today.

Is it the case that we have lost any possibil-
ity of letting Yellowstone be natural? In an
absolute sense this is true, since there is no
square foot on which humans have not dis-
turbed the predation pressures, nor any on
which rain falls without detectable pollutants.
But it does not follow that nature has absolutely
ended, because it is not absolutely present.
Answers come in degrees, with Times Square
on one end of a spectrum and the Absaroka
Wilderness on another. Events in Yellowstone
can remain 99.44% natural on many a square
foot, indeed on hundreds of square miles. We
can restore nature. We can put the wolves back
and clean up the air, and we have recently
done both. Wildness can return. Pristine nature
is relatively present in the sense (recalling the
language of the Wilderness Act) that the domi-
nant ecosystem processes are substantially
“untrammeled by man.”

This presumes that Yellowstone was wild
before the Europeans arrived. But that, it may
be protested, underestimates how much Native
Americans had already transformed the Amer-
ican landscape. J. Baird Callicott claims:

Upon the eve of the European landfall, most
of temperate North America was not . . . in a
wilderness condition—not undominated by
the works of man. . . . Most of temperate
North America was managed actively by its
aboriginal human inhabitants. In addition to
domesticating and cultivating an extraordi-
narily wide range of food and medicine
plants, native North Americans managed the
continent’s forest and savannah communities,
principally with fire. . . . The European
immigrants, in fact, found a man-made land-
scape, but they thought it was a wilderness
because it didn’'t look like the man-made
landscape that they had left behind (1991:
241).

So pristine nature is a bad idea, because there
isn't any.

Whether this is so is, in part, an ecological
question whether ecosystems were so thrown
out of balance that no wild nature remained.
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In part, this is an anthropological question con-
cerning the practices of the pre-Columbian
peoples. The question is to be answered by
historical records, so far as these exist, and by
scientific analysis of the extent of altered
ecosystems. Philosophers have no particular
competence here about the empirical facts,
but they can analyze how these facts are incor-
porated into arguments to see whether the
conclusions reached plausibly follow.

Neither the Wilderness Act nor meaningful
wilderness designation requires that no humans
have ever been present, only that any such
peoples have left the lands “untrammeled.”
The land yet “retains its primeval character
and influence.” Paul Schullery, a recognized
Yellowstone authority, first answers the ques-
tion this way: Yellowstone’s “discovery” by
whites followed 10,000 years of occupation
and use by Native Americans, and the Native
Americans were “very aggressive land man-
agers.” But he goes on to quote Philetus Norris,
the park’s 2nd superintendent and an archae-
ologist, who noticed how rapidly the Indian
remains faded away, concluding that “these
Indians have left fewer enduring evidences
of their occupancy than the beaver, badger,
and other animals on which they subsisted.”
Schullery adds, “In a sense, he was right”
(1997:11-12). The Indian presence was not
that exotic; it has faded away and nature has
returned.

The only Indian practice that might have
extensively modified the Yellowstone land-
scape is fire. Fire is also quite natural. Forests
in the Americas have been fire adapted for at
least 13 million years, since the Miocene
Epoch of the Tertiary Period, as evidenced by
fossil charcoal deposits. The fire process in-
volves fuel buildup over decades, ignition, and
subsequent burning for days or weeks; any or
all of the 3 may be natural or unnatural. Fire
suppression is unnatural and can result in
unnatural fuel buildup, but no one argues that
the Indians used that as a management tool,
nor did they have much capacity for suppres-
sion. The argument is that they deliberately
set fires. Does this make their fires radically
different from natural fires?

It does in terms of the source of ignition;
the one is a result of environmental policy
deliberation, the other of a lightning bolt. But
students of fire behavior realize that in dealing
with forest ecosystems on regional scales, the
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source of ignition is not a particularly critical
factor. Once the fire has burned 100 yards, the
vegetation cannot tell what the source of igni-
tion was. The question is whether the forest is
ready to burn, whether there is sufficient
ground fuel to sustain the fire, whether the
trees are diseased, how much duff there is,
and so on. If conditions are not right, it will be
difficult to get a big fire going; it will soon
burn out. If conditions are right, a human can
start a regional fire this year. If not, lightning
will start it next year, or the year after that.

In forests natural ignition sources are avail-
able on an order of magnitude (a few years)
that greatly exceeds the order of magnitude of
fuel buildup for burning (several decades). A.
Starker Leopold put it this way:

If the area is ready to burn, it makes little
difference . . . whether the fire is set by light-
ning, by an Indian, or by [a park scientist], . . .
so long as the result approximates the goal of
perpetuating a natural community” (quoted
in Lotan et al. 1985:65).

It is difficult to make the case that Native
American fires in Yellowstone, centuries ago, so
dramatically and irreversibly altered the nat-
ural fire regime that it is impossible to find
meaningful wildness there today.

Most of what we think of today in the United
States as pristine nature, much of that which
we have designated as wilderness areas or
parks, was infrequently used by the aborig-
ines, since such areas are often high, cold, arid
mountains or canyonlands difficult to traverse
on foot. There the Indians were seasonal or
transient hunters—for the same reasons that
the whites after them left those regions sparsely
settled. In places such as Yellowstone, the
Native Americans were “visitors who did not
remain.”

Just what did these Native Americans do to
manage the Grand Canyon, or Mount Rainier?
Or Yellowstone or, for that matter, the Great
Smoky Mountains? Or regional wetlands such
as the Everglades? Is there any designated
wilderness in which, on regional scales, the
fundamental ecosystemic processes today are
recognizably different from what they would
have been had there been no Native Ameri-
cans? That is a question for scientists to
answer, not philosophers. But, having posed
that question repeatedly to various ecologists,
I have not yet identified such an ecosystem.
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5. MANAGED NATURE AND
NATURE AT AN END?

But now my critics will retort: You are suf-
fering from double illusion. Not only are you
deceived about the past; you are deceived
about the present. Even though the public
still equates national parks with primordial,
untouched wilderness, the reality is consider-
ably different. The very appearance and design
of national parks is based on social conventions,
for example, aesthetic and political ideologies,
that allow “land” to become “landscape.” Ethan
Carr claims:

The designed landscapes in national and
state parks, as works of art, directly express
the value society invests in preserving and
appreciating natural areas. Few other arts,
with the exception of landscape painting,
more fully explore this leitmotif of American
culture. Neither pure wilderness nor mere
artifact, the national park is the purest mani-
festation of the peculiarly American genius
which sought to reconcile a people obsessed
with progress with the unmatched price paid
for that advance: the near total loss of the
North American wilderness (1998:9).

We hire forest managers and park inter-
preters to teach us about nature in contrast to
culture. But the nature-in-contrast-with-cul-
ture view is the epitome of social constructs,
made in a self-consciously technological soci-
ety. In reality, there is no nature-culture dual-
ism; this is an artifact of the eyeglasses West-
erners wear when they look at nature.

One way to ask whether what we see in
Yellowstone is what our managers teach us to
see, this recently constructed American nature-
other-than-culture, is to ask: Is this National
Park Service distinction between nature and
culture only Western and modern? Or is some
such distinction transcultural?

In a 12th-century poem, The Owl and the
Nightingale, the poet remarks, “Their land . . .
isn't civilized, rather it is a wilderness (wilder-
nisse)” (Dickins and Wilson 1951:54, line 95).
In Greece, Plato claims this as “the wisest of
all doctrines: that all things do become, have
become, and will become, some by nature,
some by art, and some by chance” (Laws,
10.888). In the Bible the Hebrews regularly
distinguish between their own activities and
those of wild nature, especially in Job and the
Psalms. The word wilderness occurs over 300
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times in the Bible. The Chinese anciently dis-
tinguished between nature and culture, a dis-
tinction found in the Analects of Confucius.

In fact, in an etymological study of the
word nature, C.S. Lewis concludes:

This, as it is one of the oldest, is one of the
hardiest senses of nature or natural. The
nature of anything, its original, innate charac-
ter, its spontaneous behaviour, can be con-
trasted with what it is made to be or do by
some external agency. A yew-tree is natural
before the topiatrist has carved it. . . . This
distinction between the uninterfered with
and the interfered with . . . [is] very primi-
tive. . . . What keeps the contrast alive . . . is
the daily experience of men as practical, not
speculative beings, [such as] the antithesis
between unreclaimed land and the cleared,
drained, fenced, ploughed, sown, and weeded
field (1967:45).

Every culture can, to some extent, see beyond
itself to a spontaneous nature, unaffected by
human agency. The very idea of culture, in
any form, has the sense of cultivation, of tak-
ing oversight, direction, and control of a found
natural process to redirect it. That contrast is
found wherever there are people with minds
and hands who act on the world to alter it,
revising the course of events that might natu-
rally have taken place.

Now it seems that the main idea in nature
is that the natural is not a human construct.
Intentional, ideological construction is exactly
what natural entities do not have; if they had
it, they would be artifacts. The main idea in
nature is that nature is not our idea. If so, why
cannot Yellowstone park interpreters, contrary
to Carr’s claim, so “design” the visitor’s expe-
rience as to facilitate the discovery of nature
in, with, and under culture, of pristine nature
yet present on this relatively wild landscape?

Maybe there can be some reasonable illusion
of a once primitive nature in Yellowstone, like
a museum piece on the landscape. But now a
new protest arises. This is backward looking,
because such landscapes are vanishing, Agree-
ing with Michael Soulé, only now enthusiasti-
cally endorsing the changes, Daniel Botkin
says: “Nature in the twenty-first century will
be a nature that we make. . . . We have the
power to mold nature into what we want it to
be” (1990:192-193). Of course he, like many
others, urges us “to manage nature wisely and
prudently”; and, to that end, ecology can
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“instrument the cockpit of the biosphere”
(1990:200-201). That sounds like high-tech
engineering which brings wild nature under
our control, remolding it into an airplane that
we fly where we please.

So, it does seem possible to end nature by
transforming it into something humanized.
This has already been taking place, and the
future promises more, at an escalating pace.
Over great stretches of Earth, wild nature
already has been or likely will be diminished
in favor of civilization. Wild nature will never
again be the dominant determinant of what
takes place on inhabited landscapes.

What is the role of Yellowstone in such a
century of managed nature? Perhaps, the park
interpreters are looking backward, nostalgic
about a past that we really no longer have. Yel-
lowstone is quaint: a tiny corner of a continen-
tal landscape mostly managed for multiple
uses, this little bit being intentionally man-
aged to create an illusion of wild nature. But
really, nature is at an end, as the rest of the
landscape demonstrates. There is evidence for
this even in the park. Those exotics prove that
all we can have is nature modified by the
human presence. Even if we set policy to re-
move the exotics, we will still, for all that, have
managed nature, in this case, managed to min-
imize the exotics. The final philosophical les-
son is that wild nature is gone; the new millen-
nium is one of humans managing the Earth.

But for Yellowstone to accept such museum
status would be a great mistake. Why? Because
nature is always still present and potentially
active. Natural forces will flush out many
human effects, similarly to the way in which
natural effects themselves also are often washed
out. Indeed, some human impacts on nature
are quite ephemeral. Hiking through a forest
after a snow, one leaves Vibram sole bootprints,
which are unnatural artifacts contrasted with
the tracks of the rabbits. But the snow soon
melts, and both sets of tracks are gone.

Humans intervene; but, withdraw the
humans, and natural forces return and obliter-
ate the human effects. Wagon tracks of the
pioneers in the American West remain, in
some locations, a century and a half later. But
nature heals these scars; nature comes back.
“As for man, his days are like grass; he flour-
ishes like a flower of the field; for the wind
passes over it, and it is gone, and its place
knows it no more” (Psalm 103.15). These
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ancient words come to mind when one is
standing at the last traces of a pioneer home-
stead, long since abandoned, and now so
reclaimed by nature that, were it not for a few
rocks from the collapsed chimney, it would be
difficult to tell where the house stood. One
sometimes wishes to pack out the trash; but,
in other moods, there is something moving
about leaving the old cans and watching what
nature does with them. Here we need for our-
selves the lesson we learned about the Native
Americans. When Europeans too draw back,
nature comes back, perpetually present. Yel-
lowstone interpreters need to teach that, not
that nature was once upon a time here and is
now gone.

6. YELLOWSTONE NATURE
AS AN END IN ITSELF

Nature neither is, nor ought to be, ended.
Rather, humans can and ought to make nature
an end in itself, complementary to their own
human ends. We do not want entirely to trans-
form the natural into the cultural, nor do we
want entirely to blend the cultural into the
natural. Neither realm ought to be reduced to,
or homogenized with, the other. Otherness is
not, ipso facto, a bad thing. We do not want a
humanized nature, shore to shore, ocean to
ocean, pole to pole. Humanizing it all does not
make us a part of it; rather, the dominant
species becomes still more dominant by man-
aging all. That, ipso facto, sets us apart: the
one species that manages the place.

Rather, we humans, dominant though we
are, want to be a part of something bigger; and
this we can only do by sometimes drawing
back to let others be. This we do precisely by
recognizing the otherness of wildness, by set-
ting aside places such as Yellowstone as sanc-
tuaries and wilderness where we will not
remain, which we will not trammel. Insisting
on being part of everything, even wilderness,
separates us out just because nothing else on
earth so insists.

Wildness is a place where humanity is
absent, not completely, but nearly enough to
allow independence. Humans need to see
their lives in a larger context, as embedded in,
surrounded by, evolved out of a sphere of
natural creativity that is bigger than we are.
Humans who cannot do this never know who
they are and where they are; they live under
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some other and inadequate mythology. In that
sense, it is important that this nature is inde-
pendent of humans. Setting aside wild places,
fauna and flora, as ends in themselves will do
two good things. It will respect the intrinsic
value in such pristine nature. It will conserve
places on the planet where humans, when
they visit there, can experience their lives in
this larger context. Either of these benefits is
sufficient reason for saving nature as an end in
itself.

Yes, there is a sense in which Yellowstone
Park, so designated by the U.S. Congress, is an
artifact of American culture. Perhaps it is nec-
essary to manage Yellowstone so as to restore
wildness, for instance, to minimize or remove
the exotics. But we ought not to be so easily
led to think there is no wild nature on the Yel-
lowstone landscape, yes, even pristine nature.
That is what tourists come to Yellowstone to
see. Make Yellowstone, as it was founded to be,
“a pleasuring-ground for the benefit and en-
joyment of the people” (U.S. Congress 1872).
Better still, let this be a place where people
encounter wild nature and take pleasure in it.
Teach them that nature is the ground of cul-
ture, that culture transcends nature, that
humans emerge from nature. But teach them
too that nature is a womb that humans never
entirely leave.

Nature can do much without culture—the
several billion years of evolutionary history are
proof of that. Culture, appearing late in nat-
ural history, can do nothing without nature as
its ground. To use a word in some disfavor, in
this foundational sense, nature is the given. To
take a favored word and turn it on its head,
rather than culture constituting nature, nature
here is constitutional for culture. No culture
can ever be independent of nature. Culture will
always have to be constructed (constituted)
out of nature.

Let Yellowstone teach, in conclusion, that
nature is forever lingering around. There is a
sense in which nature has not ended and never
will. Humans depend on nature for their life
support. Humans use nature resourcefully,
modifying and rebuilding it in their cultures.
Humans stave off natural forces, but the nat-
ural forces can and will return, if one takes
away the humans. Let Yellowstone be the place
that Americans can forever encounter once
and future nature.
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EFFECTS OF EXOTIC SPECIES ON YELLOWSTONE'S
GRIZZLY BEARS

Daniel P Reinhart!, Mark A. Haroldson2, David J. Mattson3, and Kerry A. Gunther*

ABSTRACT.—Humans have affected grizzly bears (Ursus arctos horribilis) by direct mortality, competition for space and
resources, and introduction of exotic species. Exotic organisms that have affected grizzly bears in the Greater Yellow-
stone Area include common dandelion (Taraxacum officinale), nonnative clovers (Trifolium spp.), domesticated livestock,
bovine brucellosis (Brucella abortus), lake trout (Salvelinus namaycush), and white pine blister rust (Cronartium ribi-
cola). Some bears consume substantial amounts of dandelion and clover. However, these exotic foods provide little
digested energy compared to higher-quality bear foods. Domestic livestock are of greater energetic value, but use of this
food by bears often leads to conflicts with humans and subsequent increases in bear mortality. Lake trout, blister rust,
and brucellosis diminish grizzly bears foods. Lake trout prey on native cutthroat trout (Oncorhynchus clarkii) in Yellow-
stone Lake; white pine blister rust has the potential to destroy native whitebark pine (Pinus albicaulis) stands; and man-
agement response to bovine brucellosis, a disease found in the Yellowstone bison (Bison bison) and elk (Cervus elaphus),
could reduce populations of these 2 species. Exotic species will likely cause more harm than good for Yellowstone griz-
zly bears. Managers have few options to mitigate or contain the impacts of exotics on Yellowstone’s grizzly bears. More-
over, their potential negative impacts have only begun to unfold. Exotic species may lead to the loss of substantial high-
quality grizzly bear foods, including much of the bison, trout, and pine seeds that Yellowstone grizzly bears currently

depend upon.

Key words: exotic species, grizzly bears, Yellowstone, Ursus arctos, white pine blister rust, brucellosis, lake trout,

clover, dandelion.

Grizzly bears (Ursus arctos horribilis) in the
contiguous United States were extirpated
from 98% of their historical range between
1850 and 1950 by human-caused mortality,
often precipitated by competition for space
and resources (U.S. Fish and Wildlife Service
1993). The Greater Yellowstone Area (GYA)
contains 1 of the 2 largest remaining grizzly
bear populations in the contiguous United
States, in an area of about 23,000 km2. Grizzly
bears in this region were listed as threatened
under the U.S. Endangered Species Act in
1975 for several reasons, including “the pre-
sent or threatened destruction, modification,
or curtailment of habitat or range” (U.S. Fish
and Wildlife Service 1993). In the GYA, dele-
terious human influences persist in the form
of human developments, roads and trails, direct
mortality, loss of secure habitat, and availabil-
ity of human foods. Humans also have affected
grizzly bears by introducing exotic or nonna-
tive species.

Yellowstone’s grizzly bears have coexisted
with exotic species for decades. However, the
spread of exotics and their effects on Yellow-
stone’s bears have escalated in recent years.
Of all the exotics potentially influencing griz-
zly bears in the GYA, a select group is notable
as being of either the greatest benefit or the
greatest harm. This group includes lake trout
(Salvelinus namaycush), white pine blister rust
(Cronartium ribicola), domesticated livestock
such as cattle and sheep, bovine brucellosis
(Brucella abortus), common dandelion (Tarax-
acum officinale), and nonnative clovers (Tri-
folium spp.).

In this paper we present an overview of
these nonnatives and their current and poten-
tial future effects on Yellowstone’s grizzly bears.
We review and interpret existing relevant in-
formation, including published scientific stud-
ies and data recently collected by manage-
ment agencies in the Yellowstone region. We
first address nonnatives that are potentially

1U.S. National Park Service, Resource Management, Yellowstone National Park, WY 82190.
2USGS Northern Rocky Mountain Science Center, Interagency Grizzly Bear Study Team, Bozeman, MT 59717.
3USGS Forest and Rangeland Ecosystem Science Center, Colorado Plateau Field Station, PO Box 5614, Northern Arizona University, Flagstaff, AZ 86011-

5614.

4U.S. National Park Service, Bear Management Office, Yellowstone National Park, WY 82190.
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important sources of nutrition and then non-
natives that are, directly or indirectly, poten-
tially important threats to bears.

SITE

The Yellowstone grizzly bear population
currently occupies over 6 million acres (Fig. 1)
in Montana, Idaho, and Wyoming (U.S. Fish
and Wildlife Service 1993). This encompasses
lands managed by Yellowstone (YNP) and
Grand Teton national parks (including the
John D. Rockefeller Memorial Parkway) and
the Gallatin, Shoshone, Bridger-Teton, Targhee,
and Beaverhead national forests as well as
some state and private lands (Gunther et al.
1999). Detailed descriptions of the recovery
area can be found in U.S. Fish and Wildlife
Service (1993, 1994) and Mattson et al. (1991,
1992).

Exoric Foops

Nonnative Clovers
and Dandelion

Nonnative clovers and dandelion are wide-
spread in the Yellowstone region. Red and
alsike clovers (Trifolium repens and T. hybridum,
respectively) and dandelion arrived in the
New World probably along with the first live-
stock from Europe. Their spread to the GYA
was inevitable and was abetted by cultivation
of hay in and around YNP, as well as transport
of feed into backcountry areas for horses and
cattle. There were a surprising number of live-
stock and haying operations in YNP itself dat-
ing back to the late 1800s (Haines 1996,
Meagher and Houston 1998). The spread of
nonnative clovers and dandelions probably
proceeded apace with the well-documented
invasion of common timothy (Phleum pratense)
between the 1880s and 1950s (Houston 1982,
Meagher and Houston 1998). More recently,
these weedy species have continued to spread
on their own along roads and trails aided, in
the case of clovers, by the seeding of roadbeds
by managers on non-park lands. Even more
dramatically, red and alsike clover were broad-
cast-seeded on U.S. Forest Service lands in the
wake of extensive fires during 1988 to stabilize
denuded steep slopes and valley bottoms.

Grizzly bears eat dandelion and nonnative
clovers wherever these plants are common in
grizzly bear range (Mattson 1990). In Yellow-
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stone most consumption of dandelions and
clovers by bears occurs between May and
August, with use of dandelion peaking earlier
(May and June) and use of clover peaking later
(July and August). Heaviest grazing of nonna-
tive clovers by bears occurs on dense patches
found in low-elevation meadows (Graham 1978,
Gunther 1991). Grazing by bears at these sites
can be intense enough to maintain a grazing
lawn typified by persistent regrowth of succu-
lent foliage stimulated by the heavy cropping.
It is not uncommon to find 5 to as many as 50
bear feces at such sites during July. Sites where
bears graze dandelions are less well defined,
but they are typified by an abundance of dan-
delions and other forbs (Mattson 2000).

There is no evidence that use of nonnative
clovers and dandelion has a population-level
effect on either birth or death rates of grizzly
bears (Mattson 1998, 2000, Pease and Mattson
1999). As with many other lower-quality foods,
however, clover and dandelions can be a sub-
stantial source of energy for individual bears
for abbreviated periods of time (Graham 1978,
Gunther 1991). Overall, the low return of net
digested energy obtained from clover and
dandelions compared to trout, ungulates, and
pine seeds (Mattson et al. 1999) and the gen-
erally small fraction of time devoted to grazing
these foods (Mattson et al. 1991, Mattson 2000)
suggest that population-wide effects on fecun-
dity would be minor.

There is evidence that use of clover, in par-
ticular, can lead to elevated conflicts between
grizzly bears and humans (unpublished data,
Bear Management Office, YNP). This occurs
when clover along roads, backcountry trails, or
near human developments attracts bears to
these areas where they are more likely to en-
counter humans. Increased exposure to humans
can lead bears to lose their fear of man, result-
ing in an increase of bear-human conflicts and
human-caused grizzly bear mortalities (Gun-
ther 1994, Gunther et al. 2000).

To date, there has been little control of non-
native clovers or dandelions by managers of
public lands. Managers have often been respon-
sible for the propagation of clover. Compared
to other invasive exotic plants that are the
focus of management, clovers and dandelions
are quite benign. It is unlikely that resources
will be allocated for the control of nonnative
clovers and dandelion in the near future.
Thus, these beneficial exotic foods will likely
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Fig. 1. The Yellowstone Grizzly Bear Recovery Zone on federal lands in the Greater Yellowstone Area.

remain available to bears. However, given local
problems with roadside or trailside conflicts
arising from grizzly bear use of clover, control
of clover in these locations might be consid-
ered when secondary negative effects are miti-
gated and such control is within the scope of
governing policies.

Livestock

Grizzly bears prey on domestic cattle, sheep,
and occasionally horses in areas where these
nonnatives have been introduced into grizzly
bear range. Livestock are potentially a high-
quality, abundant food source for bears in the
GYA. However, livestock also compete with
bears for some vegetal foods (Jorgensen 1983,
Stivers and Irby 1997), and bears that persis-
tently prey on livestock are usually killed in
control actions. Historically, predator control

of livestock-depredating carnivores was wide-
spread (Anderson et al. 1997) and contributed
significantly to the grizzly bear’s decline
throughout the western United States (Storer
and Tevis 1955, Brown 1985).

In the Yellowstone region most livestock
producers winter their livestock on private land,
and they then pay a fee to the federal govern-
ment to graze their livestock on public land
(grazing allotment) during the summer season
(Mack et al. 1992). There are approximately
392 active grazing allotments encompassing
16,642 km2 (35%) of public land in the GYA
(Mack et al. 1992). Approximately 105,000
sheep, 77,000 cattle, and 1,000 horses (Mack
et al. 1992) seasonally occupy these allotments.
In comparison, there are an estimated 56,000
elk (Cervus elaphus), 6,000 moose (Alces alces),
and 4,000 bison (Bison bison) in the GYA (U.S.
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Fish and Wildlife Service 1994). Thus, live-
stock are potentially both a significant source
of nutrition for bears and competitors for veg-
etal bear foods.

Most grizzly bears will opportunistically prey
on livestock (Knight and Judd 1983, Mattson
1990). The majority of grizzly bear depreda-
tions on livestock occur from mid- to late June
through September while livestock are being
grazed on public land (Murie 1948, Jorgensen
1983, Anderson et al. 1997). From 1992 to
1998, of the 301 reported incidents of grizzly
bear depredations in the Yellowstone ecosys-
tem, 84% occurred on federal grazing allot-
ments, 15% on private lands, and 1% on state
lands (Gunther et al. 1993, 1994, 1995, 1996,
1997, 1998, 1999). Old-age male bears are most
likely to become chronic depredators of cattle
(Mattson 1990, Anderson et al. 1997).

Livestock are potentially an important source
of energy for Yellowstone’s grizzly bears. At
approximately 4.0-5.5 kcal - g-1, meat from
native ungulates and domestic livestock is one
of the most concentrated sources of net
digestible energy available to bears in the
GYA (Mattson et al. 1999). Individual bears
can consume numerous cattle or sheep (Ander-
son et al. 1997). In addition to predation, griz-
zly bears also scavenge livestock that die from
other causes. Even though individual bears
may obtain considerable energy from livestock,
there is no clear evidence that use of domestic
livestock translates into a significant popula-
tion-level increase in female fecundity (Matt-
son 2000). Moreover, given that males depre-
date on livestock more often than females
(Anderson et al. 1997), such a population-level
effect would be unexpected.

Any positive population-level effect on
grizzly bear birth rates is likely negated by the
higher death rate of bears that repeatedly kill
livestock. Between 1996 and 1999, four grizzly
bears involved in livestock depredations were
captured and euthanized in control actions.
An additional 19 grizzly bears were captured
and relocated to areas away from livestock graz-
ing allotments (Gunther et al. 2000); relocated
bears typically exhibit higher mortality (Blan-
chard and Knight 1996). Total livestock-related
grizzly bear mortality may be underestimated
as some incidents are not reported (Jorgensen
1983).

The number of livestock depredations by
grizzly bears in the GYA is increasing (Gun-
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ther et al. 2000). Between 1996 and 1999, we
documented 265 livestock depredations in the
GYA; during 1992-1995 there were 120 depre-
dations (Gunther et al. 2000). Most of the in-
crease in incidents during 1996-1999 occurred
outside the designated grizzly bear recovery
zone (U.S. Fish and Wildlife Service 1993,
Gunther et al. 2000). At present, highly selec-
tive control of livestock-depredating grizzly
bears has resulted in removal of only the most
chronic depredators. Depredation on livestock
will likely continue to increase as grizzly bear
activity outside the designated recovery zone
increases. At some point the level of public
tolerance of grizzly bear depredations on live-
stock will likely be exceeded, especially in
areas far from the recovery zone boundary.
Predator control actions against depredating
grizzly bears will likely increase as well. The
interface areas between occupied grizzly bear
habitat and livestock-producing agricultural
areas are likely to be a continual challenge to
grizzly bear managers in the Yellowstone region.

EXOTIC THREATS
Bovine Brucellosis

Bovine brucellosis is a nonnative bacterial
disease of ungulates, causing placentitis, metri-
tis, and abortion in newly infected individuals.
The precise origin of this disease in North
America is not known, but domestic cattle im-
ported from Europe were the likely vector
(Meagher and Meyer 1994). Transmission of
brucellosis occurs through contact with infected
tissue such as aborted fetuses, birth mem-
branes, or vaginal discharges from infectious
animals (U.S. National Park Service 2000).
Although the disease affects reproduction in
wild ungulates, the primary management con-
cern in the GYA is potential transmission from
wild ungulates—primarily bison and elk—to
domestic cattle. The first known case of bru-
cellosis in Yellowstone bison occurred in 1917
(Meagher and Meyer 1994, U.S. National Park
Service 2000). Currently, both bison and elk in
the GYA maintain endemic brucellosis.

Carnivores are exposed to brucellosis when
preying on infected ungulates or feeding on
infected carrion. Blood samples from grizzly
bears in the GYA exhibited a 17% (n = 69)
seroprevalence to brucellosis, suggesting bears
are exposed to the disease through contact
with infected ungulates (K. Aune, Montana
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Department of Fish, Wildlife and Parks, per-
sonal communication). However, there is no
evidence the disease negatively impacts repro-
ductive performance in any carnivore. Although
the direct effect of brucellosis on grizzly bears
is unknown, it is probably negligible. Brucel-
losis is likely to impact the Yellowstone grizzly
bear population indirectly, if reductions in
ungulate populations are instituted for disease
management.

Until 1968 bison and elk were maintained
at low numbers within YNP by direct reduc-
tions (Houston 1982). Following termination
of this program, numbers of elk and bison and
amount of biomass associated with bison and
elk increased significantly (Fig. 2; Singer and
Mack 1993). Changes in climate during the
early 1980s, to drier winters and wetter sum-
mers, also may have contributed to this increase
(Despain et al. 1986, Engstrom et al. 1991,
Balling et al. 1992). For almost 30 years, the
YNP bison herd grew steadily, increasing 10-
fold by 1996 (U.S. National Park Service 1997).
Within the last 2 decades, changes in move-
ments led to increased wintertime use of areas
outside YNP by bison (Meagher 1989). These
changes in distribution increased the potential
for transmission of brucellosis to domestic cat-
tle and brought this issue to the forefront of
public and scientific debate.

Planning for control of brucellosis in or near
YNP is currently underway (U.S. National
Park Service 2000). Interestingly, brucellosis
itself is not expected to have an effect on
ungulate populations in the Yellowstone region
(Meagher and Meyer 1994, U.S. National Park
Service 2000). Rather, management of native
ungulates to reduce exposure of cattle to the
disease may have a greater impact on numbers
and distributions of bison. Over 2000 bison
were killed between 1994 and 1999 in attempts
to limit their movement into agricultural areas
(U.S. National Park Service 2000; G. Kurz, YNE
personal communication). Current management
plans include the possibility of maintaining
bison herds at substantially lower levels than
those of the late 1980s. Thus, this disease stands
to affect the GYA grizzly population mostly
through a management response to the real,
or perceived, threat of bovine brucellosis to
domestic cattle.

Currently, the GYA supports some of the
highest native ungulate densities in North
America (Mattson 1997). There was a strong
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positive relationship between estimated annual
standing biomass of ungulates and minimum
grizzly bear population estimates (Fig. 2).
Although this correlation does not prove cause
and effect, it adds further supportive evidence
that the availability of ungulates may have a
positive influence on the Yellowstone grizzly
bear population.

Grizzly bears in the GYA are unique among
interior North American populations in their
substantial consumption of ungulates (Craig-
head and Mitchell 1982, Mattson et al. 1991,
Mattson 1997). Recently, N5 isotopes in griz-
zly bear hair were used to index the propor-
tion of meat in grizzly bear diets in the GYA
(Hildebrand et al. 1999). Findings indicate that
ungulate meat comprises almost half of the
annual energy intake of adult females and over
half for adult males (Hildebrand et al. 1999).
Of all ungulate species consumed by grizzly
bears, bison are used with disproportionately
greatest frequency and intensity, contributing
24% of total ungulate biomass consumed (Green
et al. 1997, Mattson 1997). Because ungulates
are one of the most concentrated sources of
net digestible energy available to Yellowstone’s
grizzly bears (Mealey 1975, Pritchard and
Robbins 1990, Craighead et al. 1995, Mattson
et al. 1999), availability of ungulates—espe-
cially bison—potentially affects fecundity of the
grizzly bear population.

Availability of ungulate meat may influence
levels of human-caused grizzly bear mortality.
Numbers of bear-human conflicts and human-
caused bear mortalities are negatively corre-
lated with availability of high-quality natural
foods (Mattson et al. 1992, Gunther et al.
2000). Any significant reduction in ungulate
numbers to control the spread of brucellosis
may contribute to increases in bear-human
conflicts and human-caused grizzly bear mor-
talities, especially during shortages of other
natural foods.

Lake Trout

Yellowstone Lake is home to the largest
inland population of native cutthroat trout
(Oncorhynchus clarkii) in the world. Lake
trout were discovered in Yellowstone Lake in
1994. Since then, Yellowstone anglers have
caught thousands of lake trout, and tens of
thousands have been caught in gill nets set by
YNP Aquatic Resources staff (Mahony et al. in
preparation). Lake trout are not native to the
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Fig. 4. Comparison of T. serpenticola densities - m™2 in
3 habitat types (vegetation, edge, and run) in the Banbury
Springs study site, 1999. (Vegetation: median = 78.00,
mean = 344.75, minimum = 0.00, maximum = 3163.86,
lower quartile = 0.00, upper quartile = 312.48, N = 23.
Edge: median =195.00, mean = 351.54, minimum =
0.00, maximum = 1132.74, lower quartile = 117.18,
upper quartile = 507.78, N = 14. Run: median =195.00,
mean = 353.84, minimum = 0.00, maximum = 1445.22,

lower quartile = 78.12, upper quartile = 624.96, N = 17.)

then moving into new habitats, particularly
unoccupied vegetation habitat. Faster water
velocity possibly limits colonization of P anti-
podarum into run habitats. The vegetation ha-
bitat with its associated slower water velocity
seems to provide refuge for small-sized P. anti-
podarum and might also act as a nursery. Veloc-
ity could also affect smaller P antipodarum
more than larger ones due to a combination of
physical, behavioral, physiological, or morpho-
logical factors. Current more easily dislodges
P antipodarum than T. serpenticola individu-
als. During this study, T. serpenticola remained
attached to rock substrates when disturbed,
whereas P. antipodarum immediately detached
themselves from any substrate and readily
entered the drift after disturbance. Interest-
ingly, we found P antipodarum to be the 2nd
most abundant macroinvertebrate collected in
24-hour drift net samples at Banbury Springs,
and we have often found them in floating veg-
etation mats in Morgan Lake. We have also
timed their dispersal on flat substrates at up to
Im.hL

Continued invasions of P antipodarum are
likely, particularly in habitats with low water
velocity and large amounts of vegetation (e.g.,
ponds, lakes, reservoirs, slower rivers, and back-
waters), but may be limited in habitats with
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higher water velocities. There was little water
temperature gradient in our study area, but
temperature may be important for snail distri-
bution and abundance in other aquatic envi-
ronments, including Morgan Lake.

Although densities of the threatened species,
T. serpenticola, did not vary between habitats,
we do not know whether this species would be
more abundant in vegetation habitats if densi-
ties of P antipodarum were lower. We are
presently conducting field and laboratory com-
petition experiments between P antipodarum
and T. serpenticola and are continuing to mon-
itor temporal and spatial changes in snail den-
sities on a bi-monthly basis from these same
locations at Banbury Springs. We will also
conduct population surveys of T. serpenticola
throughout its range in the mid-Snake River
drainage in the near future.
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A RULE-BASED MODEL FOR MAPPING POTENTIAL
EXOTIC PLANT DISTRIBUTION!

Don G. Despain2, T. Weaver3, and Richard J. Aspinall4

ABsTRACT.—Wildland managers need a method to predict which portions of the lands under their stewardship are
susceptible to invasion by exotic plants. We combined a database listing exotic plant species known to occur in major
environmental types (habitat types) throughout the northern Rocky Mountains with a digital vegetation map of environ-
mental types for a major national park in the region (Yellowstone National Park) to produce maps of areas potentially
threatened by major exotic species. Such maps should be helpful to managers concerned with monitoring and control-

ling exotic plants.

Key words: maps, exotics, weeds, GIS, Yellowstone National Park, modeling, Centaurea, Cirsium, Melilotus, Phleum.

More than 100 exotic plant species occur in
Yellowstone National Park (Whipple 2001), and
others will undoubtedly become established in
the future. Many of these are likely to under-
2o range expansion. An ability to predict the
areas threatened by expanding exotics should
be of great value to park managers trying to
minimize dispersal to susceptible areas and
eradicate new colonies of these areas.

Information needed to predict the potential
extent of a species includes knowledge of
which environments are susceptible to inva-
sion by the species and the location and extent
of susceptible environments.

Both are available for Yellowstone National
Park. First, we have a map of environmental
types (Despain 1990a). Students of vegetation
have pointed out that plant communities provide
a good indicator for site conditions (Holdridge
1947, Whittaker 1975, Huschle and Hironaka
1980). In our area Daubenmire identified major
environmental types (habitat types) for eastern
Washington and northern Idaho and demon-
strated the relationship of indicator species
to both environmental qualities (Daubenmire
1952, 1956) and plant performance (Dauben-
mire 1976). His environmental types have
been extended into southern Idaho, Montana,
and Wyoming (Pfister et al. 1977, Mueggler et
al. 1980, Hironaka et al. 1983, Steele et al.
1983), and their relationships to environment
have been reviewed by Weaver et al. (2001).

We use environmental type as a synonym for
Daubenmire’s habitat type, but prefer envi-
ronmental type because it unambiguously
refers to physical environment and excludes
confusing factors in animal “habitat” such as
characteristics of a community temporarily
occupying the site (e.g., species composition
or structure of a seral community). Dauben-
mire recognized and regretted this confusion
(Weaver et al. 2001).

Second, exotic species’ potentials to invade
environmental types representing segments of
the altitudinal gradient of the northern Rocky
Mountains have been identified by Weaver et
al. (2001). In their treatment the environmen-
tal range of a species is expected to be wider
in disturbed sites (where competition is less)
than in late seral communities (where compe-
tition is intense; Daubenmire 1968, Grime
1979, Huschle and Hironaka 1980), and this
has been demonstrated (Weaver et al. 2001).
Thus, we expect geographic ranges of exotic
species in undisturbed vegetation to be nar-
rower than, and nested in, ranges of the same
species occupying disturbed vegetation.

This paper has 5 objectives: (1) to demon-
strate a method for mapping potential plant
distribution, (2) to illustrate it with 4 exotic
plant species of Yellowstone National Park, (3)
to publicize maps of 24 other exotics, (4) to
compare the mapped ranges of each species
on undisturbed and disturbed sites, and (5) to

LPresented at the 5th Biennial Scientific Conference on the Greater Yellowstone Ecosystem, October 1999. See footnote 1 on p. 409.
2Northern Rocky Mountain Science Center (USGS), PO Box 173492, Bozeman, MT 59717-3492.

3Department of Biology, Montana State University, Bozeman, MT 59717-3460.

4Geographic Information and Analysis Center, Montana State University, Bozeman, MT 59717-3495.
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evaluate the method by comparing predicted
distributions with actual distributions recorded
by Yellowstone National Park’s weed manage-
ment staff.

METHODS

Working in Glacier National Park, Yellow-
stone National Park, Grand Teton, and areas
between, Weaver et al. (2001) studied the dis-
tribution of exotic plants in 16 environmental
types representing altitudinal zones of the
northern Rocky Mountains. To determine
which exotics invade disturbed and undis-
turbed vegetation in these environmental
types, they recorded presence at 7-10 sites in
each environmental type. To test susceptibility,
they examined sites long exposed to diverse
seed sources, i.e., sites near major highways.
Their inspection of each site was concentrated
in two 4 X 25-m plots running parallel to the
road. Entry into disturbed sites was examined
with a plot on the roadcut (inslope) bordering
the highway. Entry into near-climax vegeta-
tion was examined with another plot in adja-
cent undisturbed vegetation. They listed all
species present in the plot (and in similar
areas around it), recorded presence in five 4 X
5-m segments of the plot as an index of ubi-
quity, and estimated cover with 75 points
located near the central axis of the plot. They
reported both constancy values (the percent-
age of plots in an environmental type where
the species occurred) and cover for each
species. For a more complete description of
their methods, refer to Weaver et al. (2001).

We used Weaver et al.’s (2001) constancy
value as a measure of a species’ ability to
establish in an environmental type. Our maps
indicate areas where a species was present at
more than half the sites, at less than half the
sites, and where they were capable of invad-
ing the climax community.

Two details require elaboration. First, be-
cause Weaver et al. (2001) did not encounter
all environmental types that occur in Yellow-
stone National Park, we predicted exotic plant
species occurrence, in those Yellowstone
National Park types for which they had no
data, from the most similar type for which data
were available. A type was judged to be simi-
lar if it was in a similar moisture range of the
same series. Resultant assighments are shown
in Table 1. Exotic plant species presence in
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TABLE 1. Environmental types of Yellowstone National
Park with Weaver et al. (2001) equivalents.

Weaver et al.2 Yellowstone environmental typeb
DECA/CARX

FEID/AGCA

alpine tundra

FEID/DECA
POFR-ARCA/DECA
ARCA/FEID
ARTR/FEID-GEVI
FEID/STRI
FEID/AGCA-GEVI
FEID/AGCA

ARTR/FEID

PIAL/VASC
PIAL/CAGE

ABLA/LIBO-VASC
ABLA/VAGL-VAGL
ABLA/THOC
ABLA/VASC-VASC
ABLA/VASC-PIAL
ABLA/VASC-CARU
ABLA/CAGE
ABLA/CARU

ABLA/CARO
PICO/CAGE
PICO/CARO
PICO/PUTR

PSME/PHMA

PSME/SYAL
PSME/CARU
PSME/SPBE-SPBE

FEID/AGSP
ARTR/AGSP

STCO/AGSP AGSP/POSA-STCO

aEnvironmental types are named for 2 species, including a dominant overstory
species and an indicator species. Names of these species are abbreviated with
a 4-letter code including 2 letters from the genus name and 2 from the spe-
cific epithet: ABLA = Abies lasiocarpa, AGCA = Agropyron caninum, AGSP
= Agropyron spicatum, ARCA = Artemisia cana, ARCO = Arnica cordifolia,
ARTR = Artemisia tridentata, BOGR = Bouteloua gracilis, CAGE = Carex
geyeri, CARO = Carex rossii, CARU = Calamagrostis rubescens, CARX =
Carex spp., DECA = Deschampsia caespitosa, FEID = Festuca idahoensis,
GEVI = Geranium viscosissimum, LIBO = Linnaea borealis, PHMA =
Physocarpus malvaceus, PIAL = Pinus albicaulis, PICO = Pinus contorta,
POFR = Potentilla fruticosa, POSA = Poa sandbergii, PSME = Pseudotsuga
mengziesii, PUTR = Purshia tridentata, SPBE = Spirea betulifolia, STCO =
Stipa comata, STRI = Stipa richardsonii, SYAL = Symphoricarpos albus,
THOC = Thalictrum occidentale, VAGL = Vaccinium globulare, VASC = Vac-
cinium scoparium.

bWeaver et al. (2001) did not encounter all environmental types that occur in
Yellowstone National Park. Thus, Yellowstone types (Despain 1998) were
grouped with the Weaver type to which they were most similar. Blocking in
this table indicates the correspondences. Yellowstone types for which there
are no equivalent Weaver types include hot springs vegetation, sedge bogs,
willow/sedge, wet forests, talus, and water.

ARTR/FEID
ABLA/ARCO

ABLA/VASC

ABLA/ARCO

PSME/PHMA
PSME/SYAL

AGSP/BOGR

the known type was assigned to other types in
its group.

Second, Despain’s (1990a) habitat type map
sometimes uses mosaic mapping units that
contain 2 dominant types, such as a matrix of
grasslands with numerous islands of trees or
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vice versa. In these cases we averaged the
constancy values of the 2 component types to
derive a value for the mosaic units. If a species
could invade the climax vegetation of either of
the types, the entire map unit was considered
to be susceptible to that species.

The resultant database was combined with
the vegetation map using GIS to create 28
maps, one for each species studied. Four
species are used as illustrations. Canadian
thistle (Cirsium arvense [L.] Scop.) and spot-
ted knapweed (Centaurea maculosa Lam.) are
classed as noxious weeds by the surrounding
states. Yellow sweetclover (Melilotus officinalis
[L.] Lam.) and timothy (Phleum pratense L.)
are crop plants that have become widely estab-
lished in nonagricultural areas of the region.
All 4 are of special concern to Yellowstone
National Park managers.

To evaluate the success of our model, we
compared locations we mapped for 3 species
with actual locations mapped by Yellowstone
National Park’s staff: Canadian thistle, spotted
knapweed, and yellow sweetclover (data for
timothy were not available).

REsuLTS

Potential ranges of 28 exotic species found
repeatedly in northern Rocky Mountain vege-
tation (Weaver et al. 2001) were mapped.
Maps are available from the Geographic Infor-
mation and Analysis Center, Montana State
University, Bozeman, website (http://www.giac.
montana.edu) in raster format at 50-m resolu-
tion, which should be useful for field purposes.

Centaurea maculosa is classified as a nox-
ious weed in the Greater Yellowstone Ecosys-
tem. The potential range of spotted knapweed
mapped for disturbed sites (Fig. 1) includes
the drier portions of the park, i.e., dry grass-
lands/shrublands and drier Douglas-fir forests.
We mapped no areas where knapweed would
have an expected constancy >50%. It is ex-
pected to invade climax vegetation only in dry
grasslands predominantly at low elevations. In
contrast to our predictions, actual Yellowstone
National Park data showed many locations
along park roads outside our predicted areas.
Thus, more data are required to determine
how threatening this species is in Yellowstone
National Park. Unpredicted locations may be
either transient occurrences that would disap-
pear without constant seeding from the outside
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Centaurea maculosa

B N B W 3N Rikardenl
[ ]

Fig. 1. Potential distribution of Centaurea maculosa
(spotted knapweed) in Yellowstone National Park. Gray
areas show the distribution of disturbed areas where it is
expected to occur in less than half a series of study plots.
No areas occurred where it would be capable of occurring
in more than half the study plots. Black areas show distri-
bution of those sites where it is capable of invading climax
vegetation. Roads are indicated (solid line) for reference.
Actual locations recorded by Yellowstone’s weed manage-
ment staff are shown by triangles.

or an indication that knapweed enters environ-
ments not predicted by this model and is thus
a serious threat over a much larger area than
that mapped. While it does not appear to pose
a serious threat to the majority of the park,
it should be closely monitored as a potential
threat especially in the Yellowstone River val-
ley along the north boundary.

Cirsium arvense is a 2nd noxious weed of
the Greater Yellowstone Ecosystem. The poten-
tial range mapped for it (Fig. 2) includes dis-
turbed areas primarily in sparsely vegetated
forest types and montane and subalpine grass-
lands/shrublands. We map no potential for entry
into dry grasslands/shrublands. Because it does
not invade climax vegetation, colonies estab-
lished on disturbed sites are expected to die
out as succession progresses to climax. No areas
occurred where Canadian thistle would have
an expected constancy >50%. Our map is



2001]

Cirsium arvense

MAPPING POTENTIAL WEED DISTRIBUTION

431

Melilotus officinalis

B N B W 3N Rikardenl
[ ]

Fig. 2. Potential distribution of Cirsium arvense (Cana-
dian thistle) in Yellowstone National Park. Gray areas
show the distribution of disturbed areas where it is
expected to occur in less than half a series of study plots.
No areas occurred where it would be capable of occurring
in more than half the study plots. Black areas show distri-
bution of those sites where it is capable of invading climax
vegetation. Roads are indicated (solid line) for reference.
Actual locations recorded by Yellowstone’s weed manage-
ment staff are shown by triangles.

validated by noting that the majority of loca-
tions mapped by the Yellowstone National Park
weed management staff are within the areas
we mapped as potential habitat. Anomalous
colonies in dry grassland/shrubland units may
be located within inclusions of wetter environ-
mental types.

Melilotus officinalis is a plant of special
concern because it tends to dominate grass-
lands. The potential range mapped for yellow
sweetclover on disturbed sites (Fig. 3) includes
areas from drier grassland/shrubland sites in the
northern part of the park to moist subalpine
meadows. Our map predicts that Melilotus is
capable of invading open climax communities
across the same range. In the higher-elevation
forest zone it can invade disturbed areas. No
areas were mapped where yellow sweetclover
would have an expected constancy >50%. Most
locations recorded by the weed management

B N B W 3N Rikardenl
[ ]

Fig. 3. Potential distribution of Melilotus officinalis (yel-
low sweetclover) in Yellowstone National Park. Gray areas
show the distribution of disturbed areas where it is
expected to occur in less than half a series of study plots.
No areas occurred where it would be capable of occurring
in more than half the study plots. Black areas show distri-
bution of those sites where it is capable of invading climax
vegetation. Roads are indicated (solid line) for reference.
Actual locations recorded by Yellowstone’s weed manage-
ment staff are shown by triangles.

staff did not correspond to predicted locations.
More data must be gathered to determine the
threat posed by yellow sweetclover. This species
could become a serious problem if it displaces
native climax species in sites to which it is
well adapted.

While Phleum pratense is less obvious than
the forbs just discussed, it has a significant
tendency to dominate Yellowstone National
Park vegetation (Weaver et al. 2001). The poten-
tial range mapped for timothy (Fig. 4) includes
disturbed areas in most of the park. The map
indicates that it can invade climax communi-
ties in a smaller range of environmental types,
i.e., moister grasslands/shrublands and lower
forest communities. It is more common than
spotted knapweed, Canadian thistle, and yellow
sweetclover on disturbed sites; i.e., it had
a constancy >50% over large portions of
the park. Because weed management staff
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Phleum pratense

B N B W 3N Rikardenl
[ ]

Fig. 4. Potential distribution of Phleum pratense (timo-
thy) in Yellowstone National Park. Light gray areas indi-
cate where it is expected to occur in less than half a series
of study plots. Dark gray indicates areas where it is
expected to occur in more than half the study plots. Black
areas show distribution of those sites where it is capable
of invading climax vegetation. Roads are indicated (solid
line) for reference.

members do not map it, actual location data
for this widespread species are not available
for validation of our maps. While it is of little
concern in the forested types because it would
be greatly reduced at canopy closure, it could
be of major concern in moister grassland/shrub-
land environments, which are the major source
of forage for native ungulates.

DiscussioN

This exercise has demonstrated a method
for producing maps showing the potential
ranges of exotic plant species in disturbed and
undisturbed environments. Some general pat-
terns are seen in the maps: (1) potential ranges
of some species are limited while others are
extensive; (2) most invader species are adapted
to colonize disturbed sites, and thus species
ranges are broader on disturbed than undis-
turbed segments of an environmental type; (3)
where colony locations are known, constancies
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are usually highest in or near the potential
range predicted. We attribute near-misses to
interfingering of environmental types in eco-
tonal areas, unmapped islands of one type in a
matrix of another, or inexact records of invader
colony locations made by the weed team.

The certainty of our maps could be increased
by adding more observations, particularly in
those types where Weaver et al. (2001) have
no data. The most extensive of these in Yellow-
stone are the wetland types and high-elevation
forests.

For simplicity we have mapped ranges in
successional extremes of severely disturbed
roadside cuts and near-climax conditions. Road-
cuts are typically void of developed soil and
are usually in the early stages of primary suc-
cession. Gathering more data relating to more
moderate disturbances, such as wildland fire,
could usefully extend the work. For example,
while Canadian thistle has been shown to
increase after forest fire (Turner et al. 1997),
this is not reflected (Fig. 2). The persistence of
this species as the community succeeds, after
fire, to climax vegetation deserves study. Thus,
it would be useful to gather exotic species dis-
tribution data across successional stages within
each of the environmental types (Despain
1990a) to allow a broader and more accurate
evaluation of the threat posed by a particular
species.

We recommend that managers gather the
data necessary to use this method to further
their efforts in monitoring and controlling the
establishment and spread of these exotic plants,
especially those that are most likely to cause
extensive ecological and economic problems.
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EXOTIC PLANTS IN EARLY AND LATE SERAL VEGETATION
OF FIFTEEN NORTHERN ROCKY MOUNTAIN ENVIRONMENTS (HTs)!

T. Weaver24, D. Gustafson2, and J. Lichthardt3

ABSTRACT.—We determined the capacity of exotic plants to invade major environmental types of the northern Rocky
Mountains. We did this by observing their presence on disturbed and undisturbed sites in relatively well inoculated
locations—corridors adjacent to highways—on transects across the mountains in Glacier National Park and Grand Teton
National Park and on low-altitude sites between them. We draw 3 primary conclusions. First, of 29 exotics commonly
found, the most dominant are intentionally introduced grasses (Agrostis, Bromus, Dactylis, and especially Phleum pratense
and Poa pratensis) and legumes (Melilotus, Medicago, and Trifolium) rather than the forbs more often listed as noxious.
Second, in the environmental types studied, disturbed sites are invasible, except in the alpine. Third, invasion of undis-
turbed sites declines from grasslands and open forests to alpine to moist forests. This gradient probably represents a
decline in resource (light, water, nutrients) availability for herbs, except in the alpine, where a physical limitation is sug-
gested by the poor performance of exotics on noncompetitive disturbed sites.

Key words: exotic plants, aliens, weeds, Phleum pratense, Poa pratensis, Bromus inermis, Bromus tectorum, Tri-
folium, Melilotus, Centaurea, Chrysanthemum leucanthemum, habitat types, environmental types, Bouteloua gracilis,
Agropyron spicatum, Artemisia tridentata, Pseudotsuga menziesii, Abies lasiocarpa, mountain meadows, alpine, seral
stages, disturbance, climax, northern Rocky Mountains, Grand Teton National Park, Glacier National Park, Yellowstone

National Park.

National forests and parks have a mandate
to manage against exotic plants both in their
charters (U.S. Congress 1872) and recent exec-
utive directives (Clinton 1994, 1999).

Management of exotics requires their iden-
tification. Plants exotic to specific regions (e.g.,
Whitson 1992) and management units (e.g.,
Whipple 2001) have often been listed to facili-
tate recognition and identification. A listing by
ecological zones within a region would refine
this capacity.

In addition, a listing by environmental types
within a region would provide a key to envi-
ronments (or sites) the plant might invade or
might already have invaded. Identification of
occupiable environmental types will enable
managers to concentrate control efforts in a
fraction of the management area. Two environ-
mental qualities are important. First, one con-
siders environmental types (defined in Meth-
ods), determined by physical characteristics
such as climate and substrate (Holdridge 1947,
Daubenmire 1968, 1970, Whittaker 1975) and
indicated locally by potential natural vegeta-
tion (Pfister et al. 1977, Mueggler and Stewart

1980, Steele et al. 1983). And, within each of
these, one compares sites on the competitive
spectrum from freshly disturbed (noncompeti-
tive) to late seral (very competitive; Grime
1979, Despain 1990).

The objectives of this paper are thus to list
the common exotics of the northern Rocky
Mountains, to provide separate lists of the
exotics present in major upland environmental
types of the region, and to compare exotic
presence in an early (less competitive) and late
(more competitive) seral stage in each envi-
ronmental type. A companion paper extends
our results to separately map the potential dis-
tribution of major exotics on disturbed and
undisturbed sites in Yellowstone National Park
(Despain et al. 2001).

METHODS

Our term environmental type is synonymous
with Daubenmire’s (1968a, 1968b, 1970) habi-
tat type (HT). (1) An environmental type (ET
= HT) includes all environments (equivalent,
but not identical) capable of supporting a climax

IPresented at the 5th Biennial Scientific Conference on the Greater Yellowstone Ecosystem, October 1999. See footnote 1 on p. 409.

2Ecology Department, Montana State University, Bozeman, MT 59717.

3Conservation Data Center, Idaho Department of Fish and Game, Boise, 1D 83707.

4Corresponding author.
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association (series of plant communities of the
same kind). (2) The concept is useful because
it groups discrete sites (or environments as
opposed to plant communities) likely to respond
similarly to similar managment (Daubenmire
1968b, 1976, Pfister et al. 1977, Mueggler and
Stewart 1980). (3) The term environmental type
is preferred because it clarifies the concept
that the types represent physical environment
(e.g., moisture and temperature) rather than
habitat for a particular organism, since the lat-
ter “habitat type” may either extend across
several environmental types (e.g., wide-rang-
ing plants in Table 3) or may not exist in the
organism’s optimal environmental type (e.g., if
vegetation of the seral stage present provides
too much competition [Walter 1960] or fails to
provide necessary nutrients, cover, or struc-
ture). Daubenmire (personal communication)
recognized the environmental type/habitat type
confusion—especially among zoologists—and
wished he had called his types “environmental
types.”

To determine which exotics might invade a
specific environmental type (e.g., a montane
environment occupied by Pseudotsuga men-
ziesii/Symphoricarpos albus at climax), we
needed to observe exotic colonization of well-
inoculated sites in that type. Thus, we sampled
several (7-11) sites jointly in that type and
near a major highway that has long delivered
seed to it (Table 1).

To determine which “seral” vegetation types
in that environmental type could be invaded,
we needed to compare invasion of highly dis-
turbed (low competition), less disturbed (early
seral), and high competition (late seral) sites
(Grime 1979) occupying that physical environ-
ment. Thus, we sampled relatively gentle road
cuts, logged right-of-way (not reported here),
and nearby undisturbed vegetation at each of
the 7-11 sites studied. The fact that our work
was primarily in national parks facilitated loca-
tion of undisturbed sites adjacent to highly
disturbed sites. The relatively low establish-
ment of a species on a late seral site, perhaps
20-30 m away, is attributed to competition but
could also be due to failure to disperse. We
attribute most of the deficiency to competition,
however, both because differences in distances
from the highway are short and because dis-
persal is a characteristic selected for in oppor-
tunistic species.
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To complete the list of exotics likely to invade
our region, we needed to sample other major
environmental types representative of the
environmental gradient from steppe upward
through forest to the alpine. Thus, we sampled
15 environmental types along highways cross-
ing the mountains in Glacier and Grand Teton
national parks (1984-1985) and in intervening
lowland areas (in 1986). We identified major
environmental types by using late seral vege-
tation as indicators (Holdridge 1947, Dauben-
mire 1968a, 1968b, 1970, Whittaker 1975).
While our exotic lists for major environmental
types approach completeness, our regional list
is incomplete because we omitted less wide-
spread types such as those along streams or on
unusual substrates. The environmental types
(HTs) sampled are listed, in altitudinal order,
in Table 1, with abbreviations, general loca-
tions, and sample size (~10). Underlying
changes in climate and soils along the gradient
are compared in Table 2, as well as by Dauben-
mire (1968a, 1970), Pfister et al. (1977), Mueg-
gler and Stewart (1980), and Steele et al. (1983).

Thus, our sample design included 15 envi-
ronmental types (HTs), 2 treatments reported
here (and 3 others [Weaver et al. 1993]), and
approximately 10 replications (sites). Vegeta-
tional characteristics of each of the approxi-
mately 800 sites studied were recorded with
measures of presence, frequency, and cover of
both native and exotic species present. (1)
Presence was recorded by listing all exotic and
native plant species present in a 1 X 25-m plot
representative of the zone and parallel to the
highway traveled. We separately noted any
other species present in adjacent similar vege-
tation. Natives in the plots, not discussed here,
are listed in Weaver et al. (1993). (2) Cover of
a species was measured by recording the per-
centage of 75 points covered by that species.
The 75 points were located by lowering 3 pins
into the vegetation in each meter point along
the plot's center line. Cover was integrated
over a type by averaging cover measurements
across sites, but only at sites where the species
occurred. We omitted unoccupied plots in
these calculations to measure the success of
species at sites where they did occur. If
desired, cover values for the environmental
zone as a whole can be calculated by multiply-
ing cover values presented by the associated
constancy value; this will correct the cover
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TABLE 1. Environmental types (HTs), locations, and sizes of samples in which exotic distributions were observed.
Environmental types are listed in approximate order of altitude, from low to high.

Environmental type (HT)2 AbbreviationP Location® Sampled
(GRASSLANDS/ SHRUBLANDS

Stipa comata/ Bouteloua gracilis STCO/BOGR Broadwater MT 7

Agropyron spicatum/ Bouteloua gracilis AGSP/BOGR Broadwater MT 8

Artemisia arbuscula/ Festuca idahoensis ARAR/ FEID Teton WY 10

Artemisia tridentata/ Festuca idahoensis ARTR/ FEID Meagher, Gallatin MT 10

Festuca scabrella/ Festuca idahoensis FESC/ FEID Glacier MT 10
DRY FORESTS

Pseudotsuga menziesii/ Symphoricarpos albus PSME/ SYAL Meagher, Gallatin MT 10

Pseudotsuga menziesii/ Physocarpus malvaceus PSME/PHMA Gallatin MT, Park WY 6
WARM MOIST FORESTS

Populus tremuloides/ Calamagrostis rubescens POTR/ CARU Flathead MT 8

Tsuga heterophylla/ Clintonia uniflora TSHE/CLUN Flathead MT 10

Abies lasiocarpa/ Clintonia uniflora ABLA/CLUN Flathead MT 9

Abies lasiocarpa/ Xeophyllum tenax ABLA/XETE Flathead MT 10
COOL CONIFER FORESTS

Abies lasiocarpa/ Arnica cordifolia ABLA/ ARCO Teton WY 10

Abies lasiocarpa/ Vaccinium scoparius ABLA/VASC Teton WY 10
HIGH GRASSLANDS AND TUNDRA

Festuca idahoensis/ Agropyron caninum FEID/ AGCA Teton WY 10

Deschampsia caespitosa/ Carex spp. DECA/ CASP Park WY, Carbon MT 11

aEnvironmental types are those of Pfister et al. (1977) and Meuggler and Stewart (1980).

bAbbreviations provide a key to Table 3. They represent dominant species by reporting initial letters (2) from genus and species names.

CLocations are specified by county. Glacier and Flathead are in the Glacier National Park area. Broadwater and Meagher are adjacent to the Bridger/Big Belt
Mountains. Gallatin, Park, and Carbon are at the north edge of Yellowstone. Teton includes Grand Teton National Park.

dEach environmental type was sampled at 7-11 sites. At each site 5 environments were sampled with 5 parallel quadrats. Of these, those representing roadcuts

and undisturbed vegetation are discussed here.

value downward for sites at which the species
did not occur (Table 3). (3) Constancy was cal-
culated as the percentage of sites in the envi-
ronmental type at which the species occurred.

We hypothesized that a strong presence of
an exotic in roadside samples would result in a
strong presence in adjacent undisturbed vege-
tation because a strong presence at the road-
side indicates both good adaptation to the
environment and production of many propa-
gules for colonization of nearby sites. We
tested this hypothesis, using both constancy
and cover data, by comparing the presence of
each exotic in disturbed vegetation on sites
adjacent to occupied vs. unoccupied native
vegetation. The Mann-Whitney test, a non-
parametric ¢ test, was used (Gibbons 1985). An
alternative test, regression/correlation, was
forgone because quantitative data from the
undisturbed sites are currently unavailable.

In a companion paper (Despain et al. 2001),
we map the potential range of an exotic in a
region by using a map of the environmental
types (HTX) of the region (e.g., Despain 1990b)
as a base and shading ETs invasible by the
species studied. We expect the range mapped

on disturbed sites to enclose the range on un-
disturbed sites because competition is less rig-
orous on disturbed sites.

RESULTS

Our observations of exotic plant presence
on roadcuts (outslopes) and adjacent undis-
turbed vegetation of 15 environmental types
are summarized in Table 3. (1) Vertically, table
segments list groups of exotic species found,
according to their ranges on the altitudinal
gradient studied: those with narrow, moderate,
or broad amplitude and those with an inter-
rupted range. (2) The elevational gradient
ranges from dry steppe, through warm dry
forests, warm moist forests, cool forests, to
mountain meadows and alpine tundra. Fifteen
segments (environmental types or habitat types)
on this gradient are listed horizontally. These are
named and characterized in Table 1. (3) Entries
in Table 3 specify the presence of exotics, both
on disturbed sites in corridors along which
propagules are expected to move and on adja-
cent undisturbed sites. Presence on roadsides is
indicated by constancy (the percent of occupied
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TABLE 2. Comparison of environments in major Rocky Mountain ecosystems. Standard errors, as well as additional

data, are available in Weaver (1978, 1980, 1990, 1994).

Temperatures (C)P

Water availability (mm)e

Jan Ty July Pptn Drt HOH Soil Gsd
Parameter min mean max ann mo deficit WHC mo
Alpine tundra2 -16 6 12 778 0 0 38 3.6
Abies lasiocarpa -18 12 22 820 0 0 30 4.5
Pseudotsuga menziesii -16 12 27 580 0 1 103 3.6
Festuca idahoensis -12 12 27 380 1 6 101 5.1
Agropyron spicatum -13 12 28 380 1 17 117 49
Bouteloua gracilis -15 14 31 350 2 25 117 4.4

aThe ecosystems compared range from alpine down through high forests (ABLA), low forests (PSME), and grasslands (FEID, AGSE and BOGR). Each is named
for its climax dominant vegetation and abbreviated with initial letters from its generic and specific epithets.

I"l‘(‘mpcratur(‘,s (Weaver 1980, 1990) include average January minimum, growing season mean, and average July maximum.

cWater data include annual precipitation, drought months, and annual water deficit (Weaver 1980, 1990, 1994), and water-holding capacity of the rooted zone

(Weaver 1978), all in mm.

dGrowing season months are defined as those with moist soils and average air temperature above 0°C (Weaver 1994).

sites in the ET). Potential dominance on those
sites is indicated by cover (the average cover
on sites which are occupied); and current real-
ized success is found by multiplying these
entries. Presence in undisturbed vegetation is
reported nonquantitatively from plots of the
same size and shape. The material in cells hav-
ing constancies >30% is in boldface because a
higher constancy indicates that the plant has
established more or less regularly in that envi-
ronmental type.

The 29 exotic plants occuring in >10% of
the sites in at least one environmental type are
listed (Table 3, vertically). Ten species have a
narrow amplitude; i.e., they have a high con-
stancy in only 1 or 2 types. Ten species have a
moderate amplitude, that is, range over 4-8
environmental types, as arranged in Table 3.
Four species have a broad amplitude, ranging
over 10-14 ETs. The ranges of 5 species of
moderate to broad distribution are interrupted;
that is, they occupy low and higher sites, but
not the intervening environments. Two types
of occurrence deserve further comment. First,
plants with low constancy in a single ET are
ignored because they may occupy microsites
in an environmental type; that is, they do not
actually occupy the environmental type dis-
cussed. Alternatively, they could either be new
to the region (Forcella and Harvey 1981) or be
the vanguard of a newly adapted ecotype. Sec-
ond, 7 environmental types contain a species
which occurs on undisturbed, but not on non-
competitive disturbed, sites. Such species could
possibly require a stability not found at road-
sides, e.g., lack of erosion or frost action. More
likely, these species are “accidentals”; other-

wise this pattern would repeat in similar types,
as it does for Taraxacum.

On disturbed sites the number of high-con-
stancy (>30%) exotics (Fig. 1, Table 3) was
10-11 in grasslands, 9-12 in dry forests, and
8-10 in warm moist forests and 7-11 in cool
forests. Numbers were lower in shrublands
(5-7), mountain meadows (5), and alpine (1).
Numbers of low-constancy exotics were 3-6 in
grasslands, 5-11 in dry forests, 3-6 in warm
moist forests, and 2—6 in cool forests. Low-
constancy richness was similar in mountain
shrublands (2-5) and mountain meadows (7),
and low in alpine (2).

The number of exotics entering undis-
turbed sites (Fig. 1, Table 3) decreased from
grasslands (9—13) through aspen forests (8) and
shrublands (5-7) to conifer forests (0). It
increased again in mountain meadows (7) and
alpine tundra (2). While the richness (average
number of species per sample) on undisturbed
sites is always lower than on disturbed sites,
most grassland ETs are occupied by at least
one species not found on disturbed sites in it.

Di1scUssION

Exotics in the Northern
Rocky Mountains

We found only 29 exotic species (Table 3) in
our sample of major upland environmental
types of Glacier National Park, Grand Teton
National Park, and little disturbed intervening
areas including parts of Yellowstone National
Park. Our list does not include species that
have invaded since 1986, which occupy heav-
ily grazed areas or uncommon substrates. To



TABLE 3. Presence of major exotic species in major environmental types? of the northern Rocky Mountains. Code digitsP indicate constancy and cover on disturbed sites and tendency

to invade undisturbed vegetation. Constancies >30% are in boldface to emphasize environments where the species is common.

STCO AGSP ARAR ARTR FESC PSME PSME POTR TSHE ABLA ABLA ABLA ABLA FEID DECA

BOGR BOGR FEID FEID FEID SYAL PHMA CARU CLUN CLUN XETE ARCO VACC AGCA CARX
SPECIES WITH NARROW AMPLITUDE
Agropyron cristatum 7CXb X 1A . .
Alyssum alyssoides 8AX 9BX 1AX 1A
Camelina microcarpa 4AX 5AX . . .
Bromus japonicus 8BX 6AX 1A X 1C .
Descurania pinnata 5AX 5AX . . . . 2CX .
Rumex acetosa 9DX 9D 1A . . 1A . . 0A
Dactylis glomerata 2B 3B 2BX 5EX 1A 1A 1B 2B
Festuca pratensis . . . 1A S5A .
Verbascum thapsus 2AX 1AX 2B 5B 1A .
Chrysanthemum leucanthemum 5B
SPECIES WITH MODERATE AMPLITUDE
Tragopogon dubius 4AX 8AX 1AX 5BX 4AX 2A 5BX 1A 1A 2B 1B 1A
Centaurea maculosa 4BX 3AX 1D TEX 2A . 7C 2B . . . .
Melilotus officinalis 8BX 8BX 6BX 3B 5A 9CX 2A 1B 1A . 3E 1BX
Cirsium arvense . 1A 3CX 4A 1A 8CX . . . 1A . .
Poa compressa 1A 1A 6CX 1AX 1A 8C 1A 1A 3A 1A 1A X
Trifolium procumbens 4BX . . 7BX 7C 5D 3B
Trifolium pratense 5BX 1AX 7D 1C 8D . . .
Trifolium repens 5DX 1A . 8C 4B 8B 1B 4B 1C
Agrostis alba . 1A 6DX 6C 4A 5B 2B 4B .
Trifolium hybridum 2A 1AX 2C 9D 8D 6D SE SE 6C
SPECIES WITH BROAD AMPLITUDE
Bromus inermis 2B 5E 2B . 5D 5DX 8B 2AX 5E SE 6B 7D 4D .
Poa pratensis 4EX S5EX 9IEX 9EX 8DX 7CX 6CX 7BX 4B 6C 7B 5C 4C 7DX .
Taraxacum officinale X 2AX X 5BX 3B 8CX 8BX 8BX 9C 8C 5C 9E 8D 9CX 3BX
Phleum pratense 1AX 9DX 7CX 8DX 9EX 9D 9C 9C 8B 8C 7BX 0A
SPECIES WITH INTERRUPTED RANGES
Lactuca serriola 5AX 2BX 2A 1A 5A
Bromus tectorum 9BX 7DX . . X 3BX . .
Polygonum aviculare 1AX 9CX 4BX . . . 4A X
Madia glomerata 7AX 5CX 1A . 3B 3A 5B 2BX
Medicago lupulina 1A 4C 6C 3C 4D 3A
aEnvironmental types are listed from dry to moist, as in Table 1: grasslands (1, 2, 5), shrublands (3, 4), dry forests (6, 7), aspen (8), warm moist forests (9-11), cool forests (12, 13), mountain meadows (14), and alpine (15).
bCodes indicate constancy in roadside sites, cover in occupied roadside sites, and invasiveness. Constancy (= the probability of occurring in a stand in the environment): 0 = 0-9, 1= 10-19, 2 = 20-29, . . . 9 = 90-100%. Cover classes are A =

+, B =0-1%, C = 1-2%, D = 2-5%, E = 5-25%, F = >25%. Invasion of undisturbed areas in an environmental type is indicated by X.

SINTIWNOYIANT NIVINAOJN XMOO0Y 40 SINVIJ OLLOXT] (1003
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1

Numbear of sxotics

e B W
Environmental typas

Fig. 1. Number of exotics (richness) by class and environmental type. Classes are total exotics of undisturbed sites
(UnD-tot), common exotics of disturbed sites (D-maj), all exotics of disturbed sites (D-tot), and all exotics of disturbed
and undisturbed sites (Total). Environmental types are as listed in Tables 1 and 3, that is, grasslands (1, 2, 5), shrublands
(3, 4), dry forest (6, 7), aspen (8), warm moist forests (9, 10, 11), cool forests (12, 13), mountain meadows (14), and alpine

(15).

illustrate this qualifying statement, we give
Chrysanthemum leucanthemum as a species
underrepresented because its range is expand-
ing, Centaurea maculosa as less common than
expected because it expands with grazing
absent on the sites we studied, and Euphorbia
esula as a species that is most important in
areas moister than we sampled, e.g., riparian
sites. Since volcanic materials are uncommon
in the region, extrapolation to volcanic parts of
Yellowstone National Park must be made with
caution.

Exotic Richness Across
Environmental Types

The presence of an exotic in an environ-
mental type depends on at least 3 factors.
First, the environment must be within the
physiologic niche of the species. A species range
on disturbed sites across the broad altitudinal
gradient suggests the breadth of the physio-
logic niche. Second, the environment/vegeta-
tion must be within the realized niche of the
species. Presence in undisturbed vegetation of
an environmental type demonstrates presence
in the realized niche, with respect to climax

(= late seral) vegetation. And third, presence
in either disturbed or undisturbed sites demon-
strates that the species has dispersed to the
site. While proximity to a highway maximized
the exotic’s likelihood of arrival at the sites we
studied, sites in environmental types in the
agricultural zone had far more exposure to
invading propagules than did sites in the high
mountains.

On disturbed sites the exotic richness
(species number) across the environmental
gradient seems remarkably constant (Fig. 1),
despite changes in its composition (Table 3).
Regulars (constancy >30%) were 8-12 except
in shrublands (5-7), one conifer forest (7),
mountain meadows (5), and tundra (1). While
one might argue that incidentals (constancy
<30%) indicate microsite effects, numbers of
incidentals were also rather constant (2-6),
except in the Pseudotsuga/Symphoricarpos envi-
ronment (11). Thus, disturbed sites seem to
have a more or less constant “richness capac-
ity,” but filled with species differing among
environments. Shrubland environments are
slightly species deficient, for no obvious rea-
son. Pseudotsuga environments have a small
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excess, possibly due to their location at eleva-
tions supporting floras from Mediterranean/
steppe environments and northern coniferous
environments. While we see no corresponding
break in environmental rigor (Table 2), the
tundra environment is notably exotic poor.

In contrast, numbers of species invading
undisturbed vegetation of different environ-
mental types vary greatly (Table 3): grasslands
(7-13), aspen (8), dry Pseudotsuga forests (8-10),
other conifer forests (0), and alpine (2). This sug-
gests that the undisturbed vegetation of major
environmental types differs greatly in compet-
itiveness. In grasslands and dry forests, exotics
occupying disturbed sites, i.e., tolerating the
physical environments, also colonize adjacent
undisturbed vegetation. The open structure of
these vegetation types apparently provides non-
competitive microsites for these exotics. The
exotic deficiency seen in the shrub zone was
also seen on disturbed sites and is most likely
induced by the physical environment. In con-
trast, exotics known to tolerate physical condi-
tions in the conifer zone (i.e., disturbed sites)
rarely invade adjacent forest. These exotics are
probably excluded from forests by heavy com-
petition for water/nutrients (Watt and Fraser
1933) or light. Thus, removal of forest commu-
nities, by fire or harvest, should allow plants
capable of occupying noncompetitive disturbed
sites to colonize more widely in the forest
environment, where they may inhibit forest
establishment but will finally yield when they
are overtopped by tree species.

The low exotic richness of the alpine is
probably due in part to environments too rig-
orous for establishment of opportunists (Billings
and Mooney 1968), but this does not explain
the sharp decline from the forest and mead-
ows below. It is likely that failure of dispersal
also contributes. To illustrate, we contrast the
exotic presence in alpine and mountain meadow
vegetation. (1) First, while plants adapted to
disturbed Old World alpine environments may
exist, vectors—crops, animals, machinery—
rarely pass directly from these areas to high-
altitude areas in the Rockies. Thus, the trans-
fer of potential weeds has been slight. We con-
servatively suggest that as recreational use
grows, managers should minimize introduc-
tions (exchanges) of exotics by increasing both
quarantine and efforts to detect and eradicate
unwanted establishment. (The presumed need
for this caution might be tested by showing
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that alpine opportunists are available in the
Old World [Alps, Himalayas, Southeast Asia]
flora and that the grazing disturbance has been
sufficient and environmental rigor slight enough
to induce the evolution of opportunistic species.)
(2) In contrast, while mountain meadows seem
almost equally isolated, our culture has pro-
vided a stepping stone for exotics to them. The
exotics have been introduced to environmen-
tally similar foothill sites through commercial
and agricultural activity, have established, and
are being transported upward, especially as
motorized backcountry use increases. For
example, while an experimentally bared por-
tion of a remote mountain meadow (Weaver
and Collins 1977) was not infected by Cirsium
arvense in the preceding 2 decades, thistle
appeared soon after loggers entered nearby
forests.

Distribution of
Individual Species

Knowledge of the tolerance range of a
species tells us where to look for established
stands and where to expect establishment. Both
are useful in planning control. It may also help
us estimate a species’ ability to cross stress-
ful—dry or cold—zones without assistance.
The importance of the latter is declining as
human transport becomes the dominant dis-
persal mechanism.

DISTRIBUTION AMONG DISTURBED SITES.—
The physiologic niche of a species is suggested
by its presence in disturbed sites because
open spacing reduces competition. We recog-
nize 4 distribution types (niche types).

First, species with narrow distributions are
most important in lower, warmer environments
(Table 3). Some occupy dry grasslands (Agropy-
ron cristatum, Alyssum alyssoides, Camelina
microcarpa, and Bromus japonicus), shrublands
(Rumex acetosa), and warm forests (Dactylis
glomerata, Festuca pratensis, Verbascum thap-
sus). None are important in the moist conifer
zone, cool conifer zone, or mountain grass-
lands/tundra. In our data Chrysanthemum leu-
canthemum seems to have narrow tolerances,
but it is spreading rapidly into drier environ-
mental types including those dominated by
Pseudotsuga menziesii and Festuca idahoensis.

Second, plants with broader tolerances pop-
ulate wider zones in the altitudinal gradient
(Table 3). Low-site plants (Tragopogon dubius,
Centaurea maculosa, and Melilotus officinalis)
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may prefer grasslands over shrublands. Exotics
dominating near the lower forest margin plants
include Cirsium arvense, Poa compressa, and
the most drought tolerant (?) of the clovers (Tri-
folium procumbens). Trifolium pratense occurs
throughout the low/warm conifer zone. Trifo-
lium repens, T. hybridum, and Agrostis alba
occur in the moist conifer zone, both low/warm
and high/cool.

Third, 2 plants (Poa pratensis and Tarax-
acum officinale) have remarkably wide distri-
butions, extending from low grasslands through
forests to mountain meadows and even tundra
(Table 3). Two others (Bromus inermis and
Phleum pratense) range from moister grass-
land environments through forest environ-
ments to mountain meadow environments. All
of these species cover 2-5% (D in Table 3) or
5-25% (E) of the ground surface on disturbed
sites in some environments they occupy.

Fourth, 5-6 species representing 2 sub-
groups have interrupted or bimodal distribu-
tions (Table 3). First, Lactuca serriola and Bro-
mus tectorum were found in dry grasslands
(Bouteloua and Agropyron), were absent from
moister grassland environments, and reappeared
in dry forests (Pseudotsuga). One might specu-
late that these species tolerate arid environ-
ments, cannot compete in moister grassland
environments, and become competitive again
where precipitation evaporates from treetops
before it becomes available to plants in the
ground layer. This hypothesis would be more
convincing if the interruption occurred in the
undisturbed zone, but not in the disturbed
zone. The same interruption was reported for
2 mative grasses (Stipa viridula and Koeleria
nitida) and 5-10 exotic species (including Bro-
mus inermis, B. tectorum, B. japonicus, 3 annual
mustards, and Kochia scoparia) that are pre-
sent in the dry plains of eastern Montana, dis-
appear in the foothills and grasslands, and
reappear in the Pseudotsuga zone to the west
(Weaver and Meier 1997). Second, 3—4 species
have modes in both a lower-elevation zone
and in the Abies/mountain meadow zone. Des-
curania (listed as unimodal) appears in dry
grasslands and has a weak high mode. Poly-
gonum and Madia appear first in moister grass-
lands and have solid high modes. Medicago
appears first in the dry forest zone (Pseudo-
tsuga) and reappears in the Abies/mountain
meadow zone. We speculate (hypothesize) that
plants of the lower mode occupy a site dry due
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to lack of precipitation and those of the high
mode occupy sites dry due to the high wind
flows near mountain ridges (cf. Weaver 2001).

Each altitudinal zone contains species of
both narrow and broad environmental ampli-
tudes. This is demonstrated by listing the
species within an amplitude group according
to their locations on the altitudinal gradient
(Table 3). Thus, among species with narrow
distribution, Agropyron cristatum, important
only in the driest environments, appears first.
And among species with broad distribution,
Poa pratensis appears before Taraxacum offici-
nale because it becomes important at lower
altitudes.

DISTRIBUTION AMONG UNDISTURBED SITES.—
The tendency of exotics to escape from distri-
bution corridors is inversely related to the
penetrability of adjacent vegetation. Thus, while
establishment on disturbed sites provides an
indication of the physiologic niche, invasion of
natural vegetation provides an indication of
the realized niche, i.e., performance under
competition from natural vegetation.

The escape of species of all amplitudes and
gradient segments is proportional to the open-
ness of the adjacent native vegetation. Species
of narrow to moderate altitudinal ranges often
escape into relatively open grassland or Dou-
glas-fir (Pseudotsuga) vegetation, but they are
unlikely to escape into denser subalpine fir
forests (Abies; Table 3). Similarly, species with
broad ranges tend to escape into grassland and
low forests but are unlikely to escape into dense
forest environments (Table 3). Given these
observations, we expect bimodal species to
escape in their lower, drought-stressed envi-
ronments, but to be competitively constrained
in their upper, moister environments. This is
true except where the environment in the
upper arm is sufficiently wind-dried to create
competitive conditions (and escape) similar to
that in the low-elevation mode (Table 3). Poly-
gonum aviculare and Madia glomerata are bi-
modal plants illustrating the last point.

While undisturbed vegetation in the center
of the forest zone may be impenetrable, seg-
ments of the forest zone that have been logged
or burned are probably more penetrable, either
because competition for light or water/nutri-
ents (Watt and Fraser 1933) is reduced or be-
cause wind dispersal is facilitated. Analysis of
comparable samples (existing data) will even-
tually test this hypothesis.
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TABLE 4. Median constancy of both invading species and noninvading species on disturbed sites. The lower constancy
of noninvading species may indicate poorer adaptation or a smaller seed supply.

Environmental BOGR AGSP FEID FEID FESC PSME PSME POTR FEID DECA Over-
type (HT) STCO BOGR ARAR ARTR FEID SYAL PHMA CARU AGCA CARX all
Invaders 5.0 5.0 7.0 5.0 5.0 5.0 75 2.0 1.0 5.0
Noninvaders 1.5 1.0 1.5 2.5 1.0 5.0 2.5 2.0 0.0 1.0
P = 0.0005* 0.07 0.23 0.08 0.16 0.06 0.06 0.61 0.06 — 0.57

aKruskal-Wallis test (Gibbons 1985)

We expect the dominance of a species on
disturbed sites of an environmental type to
indicate its capacity to invade undisturbed
sites in that environmental type, both because
a species thriving on the disturbed site must
be well adapted to the physical environment
it occupies and because, as a well-adapted
species, it will produce more seed. Our
hypothesis is, then, that invading species will
be more dominant on adjacent disturbed sites
than noninvaders. In fact, the median constancy
of invaders usually does exceed the median
constancy of noninvaders, and the difference
is significant in 70% of the cases (Table 4).
When data are pooled across all except the
moist conifer types, which show no escape,
the difference is significant (P < 0.0005). The
moist conifer types, PSME/PHMA, TSHE, and
ABLA forests are reasonably excluded from
this analysis because no exotic species have
moved from roadside to forested environments.

Evaluating Exotics

If public forest and park vegetation is to be
managed for “pre-Columbian” condition (cf.
U.S. Congress 1872), exotics should be ex-
cluded. If this is impossible, managers should
strive to prevent exotics from dominating the
vegetation because dominants are most likely
to affect the success of native plant associates
and, through their influence on vegetation
composition, animal associates as well (cf.
Clinton 1999). In evaluating species, we mini-
mize “breadth of distribution” as a criterion on
the assumption that conservationists should
equally emphasize preservation of all vegeta-
tion types important in the region. Vegetation
types rare in the region deserve special atten-
tion if they are endemic to it, but they are less
critical if they are well represented in other
regions. Because our project was designed for
generality, we studied no rare types.

Sites undergoing primary succession are
rare in the forest and grassland zones (e.g.,

river deposits or landslides) and more com-
mon in ridge sites of the alpine (e.g., unde-
composed rock). Although slopes of our road-
side sites may be steeper than the average dis-
turbed site, our data (Table 3, cover classes D
and E) probably identify the most problematic
species of upland sites undergoing primary
succession. On disturbed grassland sites (in-
cluding mountain meadows) the only exotic
with 5-25% cover (E) was Poa pratensis and
exotics having 2-5% cover (D) were Bromus
inermis, B. tectorum, Phleum pratense, and
Rumex acetosa. In dry forests exotics with
cover 5-25% (E) were Dactylis glomerata and
Phleum pratense, while those with cover 2-5%
(D) were Agrostis alba, Bromus inermis, and
Trifolium repens. In moister conifer forests,
those with cover 5-25% (E) were Bromus iner-
mis, Melilotus officinalis, Taraxacum officinale,
and Trifolium hybridum; and 2-5% (D) were
Medicago lupulina, Phleum pratense, Trifolium
pratense, and T. procumbens. No exotic covered
as much as 5% of either disturbed or undis-
turbed sites in the alpine. Ironically, the most
aggressive exotics are rarely discussed as
problematic, and none of the exotics desig-
nated as noxious seem to dominate in the wide
range of environments we studied.

Secondary secession sites—such as recent
burns, logged areas, or old fields—are more
common on public lands than are primary suc-
cession sites. Here, the performance of exotics
may be similar to their performance on pri-
mary succession sites. This expectation may
overstate the problem since exotics, mostly
dispersing laterally through space, must com-
pete with natives colonizing both from the
propagule bank and dispersing laterally. Thus,
we expect the grasses (Agrostis, Bromus, Dac-
tylis, Phleum, and Poa), legumes (Melilotus,
Medicago, and Trifolium), and dandelion, listed
above, to be among the most important exotic
invaders.
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Late seral sites may be as common as or
more common than secondary succession sites
in national forests and parks. Later seral vege-
tation of moister forests is impenetrable, but
grasslands, shrublands, and dry forests are in-
vaded by many species (Table 3). However,
because dominance of all species falls from
disturbed to undisturbed sites, we discount
most of the species not listed as invaders of
secondary succession sites. This position may
understate the effects of robust (e.g., Agropy-
ron cristatum or Melilotus officinalis) or very
numerous (e.g., Bromus tectorum, B. japoni-
cus, or Alyssum alyssoides) plants of the driest
environmental types.

CONCLUSIONS

The number of exotics currently common
in vegetation of the northern Rocky Moun-
tains is relatively few, approximately 29 (Table
3). The altitudinal (temperature/moisture) ampli-
tude of each of these species is described by
presence in environmental types (HTS) repre-
senting segments of the environmental gradi-
ent (Table 3). Knowledge of species ampli-
tudes will enable managers to estimate and
even map potential distributions of exotics,
both in disturbed (primary succession) and
undisturbed (late seral) vegetation.

The overall invasibility of major environ-
mental types—in both disturbed and undis-
turbed conditions—is indexed by tabulating
exotic species richness across a broad altitudi-
nal gradient of types. Grasslands and dry forest
environments harbor the most exotic species,
both in disturbed and undisturbed sites. Moist
conifer forests have similar species richness on
disturbed sites, but no exotics appear on undis-
turbed sites. Tundra environments support few
exotics on either disturbed or undisturbed
sites.

Dominance in vegetation in at least one
environmental type is our criterion for recog-
nizing an exotic of special concern, because a
dominant is most likely to affect the success of
plant associates and, through its influence on
vegetation composition, the success of animal
associates as well. We minimize breadth of
distribution as a criterion on the assumption
that conservationists should emphasize equally
the preservation of all regionally common
and internationally unique ecosystems. Seven
species exhibited cover of 5-25% on disturbed
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sites they occupied in at least one type (Table
3); they include grasses (Agrostis, Bromus, Dac-
tylis, Phleum, and Poa), legumes (Melilotus,
Medicago, and Trifolium), Rumex and Tarax-
acum species. An additional seven species ex-
hibited cover of 2-5% on disturbed sites in at
least one environmental type (HT). Most of
these plants were introduced intentionally and
none of these stealth plants is normally con-
sidered a noxious weed.
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SITE AND STAND CHARACTERISTICS RELATED TO
WHITE PINE BLISTER RUST IN HIGH-ELEVATION FORESTS
OF SOUTHERN IDAHO AND WESTERN WYOMING!

Jonathan P Smith2 and James T. Hoffman3

ABSTRACT.—Successful infection of white pine species by white pine blister rust (WPBR) is contingent upon envi-
ronmental conditions that are favorable to the spread and development of Cronartium ribicola. Site and stand factors
related to this process have been studied elsewhere within the distribution of the disease, but few studies have concen-
trated on the high-elevation white pine forests of southern Idaho and western Wyoming. We found that mean summer
precipitation, average tree diameter, and elevation were the most important variables in 3 logistic regression models of
WPBR presence and intensity. The models were tested on a randomly chosen portion of our data set. The model with 9
variables correctly predicted categories of low-, moderate-, and high-disease incidence in 79% of cases. The 2 models
with fewer variables had lower predictive efficiencies but were more parsimonious and generally easy to measure. The
ability to use easily measured or remotely sensed site and stand characteristics to predict WPBR spread or intensifica-
tion could be an important asset to land managers who need to decide where to focus disease mitigation efforts and pre-

dict disease effects on water quality, wildlife habitat, recreation potential, and other land-management activities.

Key words: white pine, whitebark pine, limber pine, white pine blister rust, Cronartium ribicola, tree diseases, Rocky

Mountain forests, subalpine forests.

White pine blister rust disease (WPBR),
caused by the introduced fungus Cronartium
ribicola, is the most widespread and serious
disease of Pinus albicaulis (whitebark pine;
Arno and Hoff 1989) and P, flexilis (limber pine)
in the Rocky Mountains (Smith and Hoffman
2000). The disease is also a potential threat to
most, if not all, other white pine species (genus
Pinus, subgenus Strobus, section Strobus, sub-
sections Cembrae and Strobi, and section Par-
rya, subsection Balfourianae; Hoff et al. 1980).
The rust causes branch and stem cankers that,
in most cases, girdle and kill the host tree.

Cronartium ribicola has a complex life cycle
that is characterized by 5 spore-producing
stages that alternate infection between white
pine species and plants of the genus Ribes
(currants and gooseberries). Aeciospores are
small, light spores that are produced on pine
cankers and can travel long distances to infect
the leaves of Ribes. Urediniospores emerge
on Ribes leaves and spread to other leaves on
the same plant, or other nearby Ribes plants.
Teliospores, produced on Ribes, germinate and
form the basidium, which releases basidio-

spores to infect white pine needles. Fungal
hyphae spread into woody tissue causing
cankers, where the 5th type of spore-bearing
structure, the pycnium, is produced. Upon
completion of the pycnial stage, which proba-
bly involves mating, aecia are produced, com-
pleting the life cycle.

Like other pine rusts, transmission of spores
and host infection depends on a favorable
temperature and moisture environment, an
abundance of spores (inoculum), and availabil-
ity of susceptible hosts (Mielke 1943, Charlton
1963). These conditions may be affected by
physical factors such as slope, aspect, eleva-
tion, and precipitation, as well as biological
factors such as structure of the forest canopy
and proximity of Ribes spp.

Site and stand factors associated with rust
incidence have been identified by studying
the distribution of WPBR and endemic pine
rusts. Van Arsdel (1972) found that the size of
forest canopy openings and certain topographic
features were related to WPBR incidence in
Pinus strobus (eastern white pine). In British
Columbia, Hunt (1983) reported more WPBR

IThis article was originally presented as part of the 5th Biennial Scientific Conference on the Greater Yellowstone Ecosystem held at Yellowstone National
Park in October 1999. The conference was entitled “Exotic Organisms in Greater Yellowstone: Native Biodiversity Under Siege.” The July 2001 issue of the
WESTERN NORTH AMERICAN NATURALIST (Volume 61, No. 3) published presentations made at the conference. Three additional articles are included in this issue.

2Northern Arizona University, School of Forestry, PO Box 15018, Flagstaff, AZ 86011.

3USDA Forest Service, Forest Health Protection, 1249 S. Vinnell Way, Boise, ID 83709.
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cankers in P monticola (over 2.5 m high in the
tree) as slope increased. Jacobi et al. (1993)
found Cronartium comandrae (comandra blister
rust) incidence in Pinus contorta subsp. latifolia
(lodgepole pine) positively correlated with tree
diameter, and negatively correlated with stand
density and distance to the rust’s telial host.
Beard et al. (1983) found a greater incidence
of C. coleosporioides (stalactiform blister rust)
in central Idaho Pinus contorta forests at mid-
dle to upper elevations, and in Abies lasiocarpa/
Xerophyllum tenax and Abies lasiocarpa/Vac-
cinium scoparium habitat types. Endocronar-
tium (=Peridermium) harknessii (western gall
rust) stem infections were negatively corre-
lated with stand age in British Columbia Pinus
contorta forests (van der Kamp 1988). Van Ars-
del (1965) constructed a formula based on
slope and canopy openings and predicted
WPBR presence in southwestern Wisconsin
with 89% accuracy. Charlton (1963) used aspect,
elevation, slope, topographic position, and vege-
tation structure, along with climatic factors, to
assess WPBR infection hazard in the eastern
U.S. A comprehensive site-specific WPBR haz-
ard model based on site, stand, alternate host,
and physiological factors was developed by
McDonald et al. (1981) for P monticola in
northern Idaho.

Very little of this type of work has been
conducted in the southern portion of C. ribi-
cola’s range in the Rocky Mountains because,
historically, disease surveys revealed only trace
levels of infection (Brown 1967, Brown and
Graham 1969). However, WPBR has recently
intensified and spread to new locations in the
southern portions of the Northern Rocky Moun-
tain and Middle Rocky Mountain provinces
(Kendall et al. 1996, Smith and Hoffman 2000).
As an initial step in modeling WPBR spread
and intensification in this region, we used USDA
Forest Service disease survey data (Smith and
Hoffman 1998) to look for relationships between
WPBR incidence and several site and stand
characteristics.

STUDY AREA

Pinus albicaulis and P, flexilis populations in
the U.S. extend southward along the Rocky
Mountains from the Canadian border to south-
eastern Idaho and southwestern Wyoming.
Pinus flexilis extends even further south,
throughout the mountains of Utah. There are
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also several disjunct P, flexilis and P albicaulis
populations in isolated mountain ranges of
eastern Oregon and northern Nevada, and both
species occur in the Sierra Nevada (Critch-
field and Little 1966). Our study area encom-
passes those Rocky Mountain white pine pop-
ulations that lie within southern Idaho and
western Wyoming (Fig. 1). Within this region
P albicaulis and P, flexilis populations extend
upward from the lower subalpine zone to the
upper (cold) tree line. Pinus flexilis also has
the unique ability to grow at lower (dry) tree
line (Arno and Hammerly 1984).

F1ELD METHODS

In 1995 we installed 10 rectangular plots
according to the methods specified by the
Whitebark Pine Monitoring Network (Kendall
1995). In 1996 we used randomly located strip
transects rather than rectangular plots to delin-
eate trees. We switched to transects because
white pine species in our study area tend to
grow as dispersed woodlands or as infrequent
seral components in subalpine forests. Obtain-
ing 50 white pines in a rectangular plot of a
reasonable size was often not possible. For the
68 sites sampled during 1996, we established
a 4.6-m (15-ft)-wide strip transect, along the
contour of the slope, from a random starting
point. We traversed this transect until 50 white
pines had been inspected or until we encoun-
tered a change in the character of the site or
stand that did not match our sampling criteria,
such as a different canopy structure, a suffi-
ciently different aspect (>10° difference), slope
(>5% difference), habitat type or phase, or a
topographic change. Rather than cross this
environmental gradient, we changed the direc-
tion of the transect by 180°, displaced it uphill
or downhill 4.6 m (15 ft), and continued to
sample until 50 trees had been inspected.

For each tree we recorded the presence of
WPBR cankers and DBH (diameter at breast
height, 1.37 m above the ground), in 5.1-cm
(2-in) size classes. At the midpoint of each tran-
sect, we measured or calculated habitat type
(Steele et al. 1981, 1983), presence/absence of
Ribes sp., basal area, trees per hectare, canopy
closure, elevation, aspect, slope angle, and
topographic position (Table 1).

An additional variable, estimated mean sum-
mer precipitation, was generated from climate
maps (Martner 1986, Molnau and Newton



2001]

WHITE PINE BLISTER RUST ECOLOGY

411

E

r iz

Fig. 1. Northern and middle Rocky Mountain ranges, sample locations, and white pine blister rust intensity for 78
sample sites inspected in 1995-1996. Distribution of white pine species (shaded areas) derived from Little (1971).

1994). To estimate mean summer precipita-
tion, we multiplied regionalized estimates of
the summer (June, July, and August) propor-
tion of total precipitation by the mean annual
precipitation values taken from these maps.
We interpolated precipitation values between
isohyetal contours for each of our sample sites.

STATISTICAL METHODS
Because sampling location criteria and data

collection procedures were identical for plots
and transects, the data were combined for our

analysis. We grouped the categorical indepen-
dent variables, habitat type, canopy cover, and
topography to reduce the number of cate-
gories for model calculation. For example, we
identified 20 habitat type classes in the field
but combined these into 4 categories based
on a multidimensional scaling procedure that
groups habitat series based on moisture re-
quirements of understory plants (McDonald
unpublished data). We used dummy coding for
the categorical variables. Presence or absence
of Ribes spp. was entered as a binary variable
(i.e., a value of 0 for absent, 1 for present).
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TABLE 1. Variables used in the stepwise logistic regression procedure and parameter estimates for the 3 models using

the recombined (full) data set.

Standardized parameter estimate (Wald y2)

Variable (description) Model 1 Model 2 Model 3
Elevation (meters, from topo map) —0.613 (313) -0.606 (321) —0.546 (308)
Average DBH (diameter at breast height in 2-cm classes) 0.458 (212) 0.454 (210) 0.517 (301)
Mean summer precipitation (interpolated from maps) 0.278 (109) 0.304 (145) 0.250 (111)
Ribes (present/absent in stand) 0.237 (62) 0.239 (69)

Stand density (trees - ha-1, all species) —-0.258 (61) —0.222 (55)

Topographic position 3 (upper slopes) 0.215 (56) 0.212 (55)

Habitat type 1 (wet subalpine fir group) 0.123 (28)

Slope (percent) -0.109 (12) -0.118 (15)

Habitat type 4 (whitebark pine series) 0.007 (7)

Basal area (m2 - ha-1, all species, white pines only)
Aspect (cosine of aspect in degrees)
Latitude (UTM-northing)
Canopy (open, broken, closed)
Topography (valley/lower, mid, upper, ridge)
Habitat type (wet subalpine fir, cool/moist
subalpine fir, cold/dry subalpine fir,
whitebark series, Douglas-fir)

Elevation, slope, latitude (UTM northing), aver-
age tree size, and mean summer precipitation
were entered as continuous variables (i.e.,
their actual measured values). The aspect
measurement, which is azimuthal (circular
data), was linearized by taking the cosine of
the aspect in radians.

Logistic Regression Analysis

Percent of trees infected in a sample stand
was the dependent variable, which was treated
statistically as the number of successful events
(infected trees) per number of trials (trees
sampled) at each sample site. We performed a
stepwise logistic regression procedure with
the model development data set using the
PROC LOGISTIC STEPWISE option in SAS
(SAS Institute Inc. 1996). This procedure iden-
tifies predictive variables when the number of
potential explanatory variables is large relative
to the number of samples (Hosmer and Leme-
show 1989). We constructed 3 models of WPBR
incidence with combinations of the variables
selected by the stepwise procedure.

To determine if models were statistically
significant, we compared 4 criteria to assess
how well the models fit and to compare how
well each model predicted WPBR incidence.
First, we calculated r2;, which is a measure of
the reduction in the log-likelihood as a result
of including the independent variables (Menard
1995). We tested the null hypothesis that the

predictor variables contribute no more than
chance to the explanation of the dependent
variable with the G, statistic (the model chi-
square statistic). The Bayesian information cri-
terion (BIC) was calculated as a selection de-
vice because it emphasizes parsimony by penal-
izing models with a large number of parame-
ters (Ramsey and Schafer 1997). To measure
the predictive efficiency of each model, we
arbitrarily assigned broad classes of WPBR
incidence, low (<25% incidence), medium
(26-50%), and high (>50%), to the observed
and predicted values and then calculated how
frequently each model correctly predicted the
observed category, was 1 category off, or was
off by 2 categories.

Model Testing

We used a split-sample validation tech-
nique to develop and test the logistic regres-
sion models. Each record was assigned a ran-
dom number, sorted by this number, and then
split into a model-development data set (2/3 of
the data), which was used to develop the mod-
els. The remaining 1/3 of the data (n = 23) was
treated as an independent data set to test the
models’ statistical significance, fit, and predic-
tive efficiency, and to assess the importance of
the independent variables. We estimated the
predicted proportion of trees infected in each
sample with the predicted probability of infec-
tion (presence or absence of WPBR) for each
tree in that sample.
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TABLE 2. Fit statistics and prediction efficiency for 3 logistic regression models of WPBR incidence using the model-

developing data set (A) and the model-validation data set (B).

A Prediction of incidence category
Model s Gy? pb R2c Rz 4 BICe  af Correct Under1 Overl Under2 Over2
1 9 502 0.001 0483 0.179 2326 49 37(76%) 3 5 2 2
2 7 487 0.001 0473 0.173 2339 49 37(76%) 5 4 2 1
3 3 370 0.001 0347  0.129 2502 50 33(66%) 8 7 2 0
B Prediction of incidence category
Model s Pb R2c nf Correct Under1l Overl Under2 Over?2
1 9 0.001  0.448 24 19(79%) 3 1 1 0
2 7 0.001  0.384 24 18(75%) 3 2 1 0
3 3 0.001  0.405 24 15(62%) 6 3 0 0

aModel chi-square

bStatistical significance of model

Coeflicient of determination

dReduction in log-likelihood due to the model

¢Bayesian information criterion

fNumber of observations; differences due to missing values for some variables

The probability of WPBR infection in a
tree [P(Y)] was obtained by inserting the test
data independent variables into the equation
for each model. The equations calculated logit(Y)
(the natural logarithm of the odds of WPBR
infection) rather than P(Y) directly. The form of
the equation was

logit(Y) = B + By x x1 + Bg x Brg +.o. + By X 1,

where logit(Y) = In {P(Y)/[1 — P(Y)]}, B, is the
Y-intercept, x; through xj are the independent
variables identified by the stepwise procedure
as important predictors of WPBR incidence,
and [3; through B}, are the coefficients for these
independent variables. It was necessary to lin-
earize the predicted value to compare it to the
linear observed proportion of trees infected.
To accomplish this, logit(Y) was converted to
odds(Y) by exponentiation, and then to P(Y)
by the formula P(Y) = odds(Y)/[1 + odds(Y)],
where P(Y) is the predicted probability of infec-
tion in an individual tree and odds(Y) is the
ratio of the probability that Y = 1 to the prob-
ability that Y # 1.

We used least-squares regression to com-
pare the predicted proportion of trees infected
with our observed proportion of infected trees
and to calculate the significance of the regres-
sion and the coefficient of determination.
Finally, we assigned the low, medium, and
high classes to the predicted and observed
values and performed a simple error assess-
ment to see how well the model predicted
incidence.

Analysis of the Independent
Variables in the Model

To assess the importance of the indepen-
dent variables, we evaluated the odds ratio,
which approximates how much more likely
the event (WPBR presence in a tree) becomes
with increases or decreases in the value of
each independent variable (SAS 1996). We
also used the standardized logistic regression
coefficients to evaluate the strength of the
relationship between each independent vari-
able and the dependent variable (Menard
1995).

REsULTS

Model Development
and Validation

The stepwise logistic regression identified
13 variables that were potentially related to
WPBR infection. We used these to develop 3
candidate models. For the 1st model we re-
moved 4 variables that were highly correlated
(r > 0.6) or that were not significant (P >
0.05). We created the 2nd model by removing
the variables with Wald-x2 values <20. The
3rd model contained only the 3 variables that
stood apart from the others because of their
very high Wald-y2 values (>100). Fit statistics,
significance, and predictive efficiency for the
3 models are shown in Table 2A.

When applied to the validation set, all 3
regression models were statistically significant
(P < 0.001). The coefficient of determination
(r2) for the models ranged from 0.38 to 0.45.
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The level of classification accuracy was highest
for model 1, which correctly classified 79.2%
of the cases. Model 3 correctly classified 62.5%
of the test cases and had a higher r2 than
model 2 (Table 2B).

Importance of Independent
Variables in the Model

The most important variables in all 3 models
were elevation, mean summer precipitation,
and average DBH. Although other variables
were also statistically significant, when com-
bined, these variables accounted for a much
smaller proportion of the variation in WPBR
incidence than the first 3 variables. Table 1
lists the parameter estimates for the variables
in each model.

DI1SCUSSION

Interpretation of Independent
Variable Selection

ELEVATION.—In Yellowstone National Park,
Berg et al. (1975) reported that WPBR inci-
dence in Pinus albicaulis and Pinus flexilis
decreased with elevation. These researchers
found that 92% of all infections occurred
below 2591 m (8500 ft) elevation. Our results
suggest a similar negative relationship between
elevation and WPBR incidence. We found that
97% of the sample stands below 2591 m had
WPBR, while only 53% of the stands above
2591 m were infected. However, the average
proportion of trees infected in these stands
did not decrease with elevation. In fact, the
proportion of high-infection sites above 2591
m, 33%, was slightly greater than the propor-
tion of high-infection sites below this eleva-
tion, 31%, suggesting that once WPBR is able
to infect a high-elevation site, it is able to con-
tinue to intensify. However, this phenomenon
was apparent only in the Greater Yellowstone
Ecosystem portion of our study area. Some fac-
tors involved in the decrease in WPBR inci-
dence with increasing elevation may include
earlier Ribes leaf senescence, cooler tempera-
tures at key times of development or spore
dispersal, less susceptible Ribes species, or a
less favorable spatial pattern of hosts at higher
elevations.

PRECIPITATION.—Mean summer precipita-
tion was an important predictor variable in
our model. Other researchers have observed a
relationship between WPBR incidence and
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regional moisture characteristics. For example,
Van Arsdel et al. (1956) attributed low WPBR
incidence in southwestern Wisconsin to the
dry climate of the region.

Optimal temperature and moisture condi-
tions for survival of Cronartium ribicola have
been well documented (Mielke 1943, Van Ars-
del et al. 1956). Infection of pines requires
extended periods of time (Charlton 1963) dur-
ing late summer and early autumn with night-
time temperatures below 19.4°C (67°F) and free
moisture on the needle surfaces (Kimmey and
Wagener 1961). Van Arsdel et al. (1956) con-
cluded that at least 2 consecutive days of these
favorable conditions are required for infection
of pines.

Extended temperature data from high-ele-
vation weather stations within our study area
were not available, and interpolating tempera-
tures between low-elevation weather stations
is inappropriate because of local temperature
inversions that are common in mountain envi-
ronments (Baker 1944). Thus, we did not include
a temperature variable in our analysis. We were
also unable to locate climate data for moun-
tainous areas that included summer moisture
estimates other than mean precipitation
amounts. It is generally thought that moist
summers are conducive to WPBR development
and spread; however, mean summer precipita-
tion alone is probably not the best indicator of
favorable climate conditions. For example,
Mielke (1943) noted that a heavy “flare up” of
WPBR incidence occurred in Idaho during a
summer of relatively low mean precipitation
in 1937. In fact, dew may be an equally impor-
tant source of moisture (Mielke 1943). Cloudy
summer periods and high relative humidity
periods may be better indicators of WPBR
incidence than precipitation.

AVERAGE TREE DIAMETER.—The importance
of average tree diameter at breast height (DBH)
in the logistic regression model may be due to
2 factors. First, smaller-diameter trees tend to
have less foliage than larger-diameter trees
and are therefore smaller targets for spores.
Second, most cankers we inspected were in
the upper portion of tree crowns in the inte-
rior of stands or throughout the crown of trees
on an open edge of the stand. We speculate
that wind patterns during times of basidio-
spore dispersal from Ribes to pines concen-
trate infections along the windward and upper
sides of a stand. Wind-dampening effects of
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the forest canopy and screening of spores by
larger trees may reduce the transfer of spores
to smaller, more sheltered trees.

While diameter could reflect the length of
exposure, the length of exposure is probably
not important because even the smallest trees
in our samples likely pre-date WPBR presence
in the region.

Average DBH appears to be more impor-
tant to the intensity of infection on sites that
are infected than to WPBR incidence. Of 16
stands with an average DBH of <10 cm, all
but 2 were infected, with an average infection
level of 19.5% (2-85%) for the infected stands.
Of 14 stands with >20 cm average DBH, 4 were
uninfected, and the average infection rate for
the infected stands was 46.3% (2—-87%).

OTHER VARIABLES.—Other variables were
statistically significant in the stepwise logistic
regression analysis. However, these variables
had much lower Wald-y2 values and con-
tributed proportionally much less to explain-
ing observed variability in incidence than ele-
vation, mean summer precipitation, and aver-
age tree diameter. Due to the low Wald-y2 val-
ues and potential correlations between these
variables, their statistical and biological signif-
icance is suspect. Also, since we did not test
each of the independent variables, it is possi-
ble that we included irrelevant variables in the
model.

Implications for
Future Research

The potential relationships between site
and stand characteristics that we identified in
this analysis represent a “snapshot” in time for
the current stage of the developing WPBR epi-
demic in our study area. These relationships
help identify areas where WPBR will likely
spread and/or intensify first. Aging cankers
could help researchers (1) determine how
WPBR has moved and intensified in the region
and (2) differentiate between sites susceptible
to long-range transmission and those where
WPBR intensifies quickly. Such a study could
also help researchers predict future spread
and intensification of WPBR in the region.
However, the characteristics of spread and
intensification may change in the future due
to genetic adaptations by Cronartium ribicola,
an exponential increase in inoculum availabil-
ity, changes in host distributions, or shifts in
regional climate patterns.
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Management Implications

The ability to identify areas of potential rapid
intensification or areas with a low probability
of infection or intensification over time would
help land managers direct mitigation efforts.
For example, a spatial model that identifies
these areas of intensification could aid the on-
going search for phenotypically resistant trees,
which are highly visible in severely infected
stands. In some areas vegetative competition
from Abies lasiocarpa (subalpine fir) is as much
of a concern as WPBR (Keane et al. 1994). A
spatio-temporal WPBR spread and intensifica-
tion model would help managers decide where
treatments to reduce this competition would
be effective. Where WPBR intensification prob-
ability is low, silviculture and/or prescribed
fire could be used to reduce competition and
provide regeneration opportunities for white
pines. Conversely, conducting these activities
in areas with a high probability of WPBR
intensification could potentially increase inocu-
lum levels through the regeneration of suscep-
tible white pines or an inadvertent increase in
Ribes abundance. A predictive model could
also help resource planners assess the future
effects of white pine mortality on wildlife, water
quality and quantity, avalanche activity, and
recreation.
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INVISIBLE INVASION: POTENTIAL CONTAMINATION OF
YELLOWSTONE HOT SPRINGS BY HUMAN ACTIVITY!

Robert E Lindstrom2, Robert E Ramaley3, and Richard L. Weiss Bizzoco*

ABSTRACT.—This report establishes a baseline inventory of microorganisms in acidic hot springs of Yellowstone
National Park (YNP). The analysis is based on observations carried out over the past 25 years using light microscopy,
DNA staining, and electron microscopy of environmental samples. The inventory, while incomplete in that not all organ-
isms have been cultured or examined using genetic approaches, represents a study of several solfatara (acid sulfate)
geyser basins in YNP. We found that the types of microorganisms in flowing springs had changed over time. In contrast,
no such changes occurred in mixing pools. We solicited opinions of prominent YNP microbiologists to address the issue
of change in the context of human cross-contamination of springs and to suggest sampling protocols. While the consen-
sus is that research has not introduced exotic species, this explanation is always uncertain. The issues related to this
uncertainty, including human cross-contamination, are discussed, and sampling methods designed to best preserve the
springs for future investigations are described.

Key words: hot spring, sulfur, acid, contamination, microorganism, microbe, Yellowstone National Park.

Discovery of life at high temperature newly isolated species is an exotic microbe.
(Brock 1978) led to advances in biotechnology ~ Such an issue arose in the acid sulfate habitat
made possible by Thermus aquaticus (Taq),  of Sulfolobus acidocaldarius (Brock et al. 1972).
which was isolated in Yellowstone National = This organism was the first species known to
Park (YNP; BFOCk and Fr.eeze 1969). Since Taq  grow in this habitat. Then several new species
polymerase chain reaction (P CR).becgme a were reported, Metallosphaera sedula, Sulfolo-
patented process for in Vlt?o e'ar.nphflca.tlon' (?f bus metallicus, S. solfataricus, Acidianus brier-
DNA, P CB h“?S generated significant sqentlﬁc leyi, A. infernus, Acidobacillus fibrocaldarius,
advances in biotechnology and substantial rev- 1 ;1 bacillus acidocaldarius (Zillig et al. 1980,
enues (Br'ock 1994) for the patel}t holder. The Segerer et al. 1986, Huber et al. 1989, Huber
commercial success of T. aquaticus led to an and Stetter 1991, Weiss Bizzoco 1999). Tt was
increase in collection activity and research in !

. not known whether they were newcomers to
the Yellowstone geothermal ecosystem. Scien- . .
the acid sulfate habitat or were always present,

tists seeking other utilitarian, heat-stable en- . .
. but due to advances in isolation technology,
zymes in the protected, mostly unexplored hot 3 "
only recently identified and reported

spring habitats generated dozens of research 0 “oach to thi ; d
permits in the 1990s, allowing microbial explo- ne approach to this question was pursue
ration in YNP by Susan Barns and Norman Pace (Barns et al.

Only a small number of organisms from the 1994), who developed a complete invefltory of
hot springs in YNP have been isolated (Lind- mineral rich hot spring known as Jim’'s Black
strom 1997). As a result, there is no existing ool using PCR-based DNA fingerprinting of
microbial inventory to evaluate whether inves- the small subunit rRNA. This classic study
tigators who visit a series of springs inadver- produced a grouping of the archaeal domain
tently introduce exotic microbes via sampling  into 2 kingdoms, Crenarchaeota and Korarchae-
equipment or mud carried from one spring to  ota. This would not have been possible using
another. Hence, without a historic baseline traditional enrichment culture techniques, since
inventory, we cannot determine whether a  most of the microbes cannot be cultured.

IThis article was originally presented as part of the 5th Biennial Scientific Conference on the Greater Yellowstone Ecosystem held at Yellowstone National
Park in October 1999. The conference was entitled “Exotic Organisms in Greater Yellowstone: Native Biodiversity Under Siege.” The July 2001 issue of the
WESTERN NORTH AMERICAN NATURALIST (Volume 61, No. 3) published presentations and papers from the conference.

2National Park Service, PO Box 168, Yellowstone National Park, WY 82190.

3Department of Biochemistry and Molecular Biology, University of Nebraska Medical Center, Omaha, NE 68198.

4Corresponding author. Department of Biology, San Diego State University, San Diego, CA 92182.
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We report herein a baseline inventory of
organisms in the acid sulfate habitat based on
both historical and recent study. Then we pre-
sent the opinions of prominent Yellowstone
researchers on the possibility of introduction
of exotic species of microbes from human
(including human researcher) activity.

STUDY SITES

We examined 2 types of acid hot springs in
YNP, flowing springs and mixing pools. These
thermal habitats are further distinguished by
their chemical and physical characteristics.
Among flowing springs, the south end of Roar-
ing Mountain is the hottest acid spring (pH
2.1) in YNP with a site temperature at the ori-
gin of 93°C. This compares with the western
end of the Amphitheater basin, springs 2 and 3
(pH 2.3), with an origin temperature of 81°C.
However, these springs have heavy deposits of
sulfur that begin a few centimeters away from
the origin. Phenotypically interesting organisms
are associated with sulfur deposited along out-
flow channels (Amphitheater Springs and Nor-
ris Junction). No such deposits occur at Roar-
ing Mountain.

In 1971 Norris Junction and Amphitheater
Springs were similar in that both sites had
flowing springs with sulfur deposits in the out-
flow channels. Over the years since 1971 at
Norris Junction, both temperature and water
flow have decreased. The main spring at Nor-
ris Junction still has heavy deposits of elemen-
tal sulfur. However, the spring is now a mixing
pool with a much lower temperature (70°C)
than that measured in 1971 (80°C).

We examined several mixing pools in the
Norris Geyser Basin: Congress, Vermillion,
Locomotive, and Growler (defunct in 1975).
We also visited several sites in the Sylvan
Springs complex (Gibbon Geyser Basin).
Another spring we studied, Frying Pan Spring,
lies north of Norris Junction along the road to
Mammoth. In the Mud Volcano area we studied
Sulfur Caldron and Moose Pool. We examined
a series of springs in Hayden Valley located in
Crater Hills. These springs are mixing pools;
one with a visibly high content of elemental
sulfur is known as Great Sulfur Spring.

METHODS

Organisms in flowing springs were exam-
ined by immersing cleaned, one end—frosted
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glass slides in a spring as described previously
(Weiss 1973). The slides (RITE-ON, Clay
Adams, NY) were cleaned with ethanol
(ETOH), rinsed with water, air-dried, and
placed in outflow channels of springs. Organ-
isms were allowed to attach and grow for
selected periods of time; the slides were then
removed, placed in a screw-cap Coplin jar or a
small plastic slide carrying case (Cell Path,
Hemel Hempstead, UK) filled with spring
water, and returned to the laboratory.

For DNA staining, a stock solution of 4’, 6-
diamidino-2-phenylindole, HCI (DAPI) stain
(10 ug mL-1) was prepared in 0.1 M 2-(N-
morpholino) ethanesulfonic acid, MES buffer,
pH 6.8, 1 mM ethyleneglycol-bis-(3-amino-
ethyl ether) N,N’-tetraacetic acid, (EGTA), 0.5
mM MgCl, - 6HyO. Samples were mixed with
an equal volume of stain on a slide to deliver a
final concentration of 5 pg mL-! DAPI. In
some experiments cells were concentrated
before staining by centrifugation at 10,000 g
for 15 minutes at 23°C.

Samples were observed and photographed
with a Leitz Dialux 20 phase contrast epifluo-
rescence (A filter block) microscope equipped
with a Wild MPS 55 automatic camera. Images
were recorded using Kodak T-MAX 400 film
and T-MAX developer.

Electron microscope samples from flowing
acid hot springs were taken in the channel
center. Samples of sediment were collected
with an inverted sterile 10-mL pipette with a
tip broken to accommodate a pipet pump.
Samples from pools were collected in a 1-L
Nalgene beaker attached to a telescoping 8-
foot paint roller pole. The samples were trans-
ferred into 140-mL plastic bottles.

For electron microscopy, we cooled envi-
ronmental samples in the field to ambient
temperature, ~25°C. Glutaraldehyde (4%) in
4 mM KPO4 buffer, pH 7.0, with 0.1 mM
CaCl, - 2H,0 and 0.1 mM MgCl, - THy0 was
added to an equal sample volume to obtain a
final concentration of 2% V/V glutaraldehyde.
After fixation for 2 hours at ~25°C, the cells
were centrifuged at 8000 g for 15 minutes,
washed in buffer; and fixed in 1% OsO, in 50
mM cacodylate-HCI buffer, pH 7, for 1 hour
at 25°C, cooled on ice, and fixed for 4 hours
longer. Fixed cells were dehydrated for 10
minutes each in 25, 50, 75, and 100% acetone
and embedded in Spurr’s epoxy resin. Ultrathin
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sections cut on a Reichert OMU 2 ultramicro-
tome with a diamond knife were stained with
uranyl acetate and lead citrate.

For negative staining, we placed a small
drop of cells on a Formvar plastic-coated grid.
Organisms were allowed to attach for 5 min-
utes. The cells were stained with 2% W/V
aqueous uranyl acetate and dried with filter
paper. Samples were examined with a Philips
400 transmission electron microscope.

Scanning electron microscope (SEM) sam-
ples were prepared on 13-mm-diameter cover
glasses. Cells and sulfur attached to cover
glasses coated with a thin layer of poly-l-lysine
to increase binding of sulfur and cells. Cells
were fixed for 1 hour or longer on the cover
glass with 1% OsO, in 50 mM Na cacodylate,
pH 7.2. After dehydration for 5 minutes each
in 25, 50, 75, and 100% ETOH, samples were
dried by the critical-point method using a
semiautomatic Tousimis samdri 790 drier and
then sputter-coated with Au-Pd on a Hummer
VI. Cells were photographed in a Hitachi
model 2700 SEM equipped with a Princeton
Gamma Tech IMIX X-ray microanalyzer. Sulfur
was identified in the SEM on Au-Pd-coated
samples attached to aluminum stubs.

Sampling of YNP
Thermobiologists

An abstract was prepared for a conference
talk to be presented at the 5th Biennial Scien-
tific Conference on the Greater Yellowstone
Ecosystem entitled, “Exotic organisms in greater
Yellowstone: native biodiversity under siege.”
The abstract on potential contamination of
YNP thermal springs by human activity was
sent (by e-mail) to a selected list of researchers
known to be experts in their field and active in
YNP microbial research. The e-mail requested
comments and opinion on the question for
inclusion in the present paper.

Information on sampling methods from one
investigator, Karl O. Stetter, was adapted from
a video tape (Films for the Humanities and
Science 1993) with the approval of the investi-
gator.

REsuLTS

Microbial Inventory

HISTORICAL STUDIES.—In the 1970s, Sul-
folobus was the predominant organism at tem-
peratures above 70°C at Norris Junction and
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Amphitheater Springs 1 and 2. It could be
isolated easily from most sites in both areas
either on sulfur as an autotroph or on yeast
extract as a heterotroph. It usually took about
a week to isolate new strains, sometimes
slightly longer, from most sites. At our Roaring
Mountain sites, it was the only organism we
saw. Here, we define Sulfolobus as Sulfolobus-
like, meaning that the organism was a lobed
sphere. It is important to note that at this time
we had not yet described it as a genus. We
were just beginning to write up the work,
which was initially submitted in July 1971
(Brock et al. 1972).

On all of our slide immersion studies,
whether at Roaring Mountain, Norris Junction,
or Amphitheater Springs, we found roughly
equal numbers of attached rods and Sulfolobus
spheres around 70-75°C. Above 75°C the
main organism was Sulfolobus; few if any rods
were seen. Below 70°C rod-shaped cells began
to appear in very high numbers at sites along
thermal gradients at Norris and Amphitheater,
but not at Roaring Mountain, where we saw
principally Sulfolobus. Investigators Carl Flier-
mans and David Smith found metabolic activ-
ity in the soils of Roaring Mountain due to both
Sulfolobus and rods (perhaps Thiobacillus).
The highest temperature at which they ob-
served rods was about 60°C.

In 1997-98 we surprisingly found mainly
rod-shaped cells in the samples from Amphi-
theater Spring 2. We found many more types
than the few we had observed earlier in our
1970-1973 thin-section and negative-stain elec-
tron microscopy. In the early samples we saw
only 2 different rods at Amphitheater. The first
had a Sulfolobus-like subunit cell wall, and the
second, a long filament, had a layered, bacter-
ial-like cell wall. With so much diversity appar-
ent, it became difficult for us to characterize
all the different types of organisms (rod shaped)
that were present. When the samples at Amphi-
theater Springs were prepared and examined
by electron microscopy, some Sulfolobus-like
spheres appeared. But the striking difference
was the ratio of rods to spheres at tempera-
tures up to 75°C. Whereas previously there
had been about a 1:1 ratio, now the ratio was
on the order of 10:1 rods to spheres. We have
not yet found a suitable explanation for these
dynamics, but the sites have undergone many
changes over the years.



2002]

We also did slide immersion studies in the
same spring in 1997-98 and found no colonies
of Sulfolobus-like cells at temperatures of
70-80°C but significant attachment of rod-
shaped cells. The slides immersed in springs
had many elongated, thin filaments (0.4 x 20
um), rods of medium thickness and length
(~0.6 x 6 um), and smaller rods (~0.5 X 2 pm).
Here again, this differed significantly from our
earlier observation that Sulfolobus-like and
rod-shaped cells were present in about equal
numbers, but above 75°C Sulfolobus-like cells
usually outgrew rods on immersed slides and
developed into colonies. The slide immersion
studies usually correlate well with phase con-
trast microscopic observations of samples
taken from the same habitat.

RECENT sTUDIES.—Two other features of
these early observations are worth noting. (1)
Sulfolobus, when it did occur within the de-
posits of sulfur at Amphitheater Springs 1 and
2, was present in large numbers in microhabi-
tats. (2) It was not seen at every sample site.
This compares with rods that were the domi-
nant type in our recent observations. Amphi-
theater Spring 3 (summer 1997), with unusual
dark deposits at the origin and elemental sul-
fur, had almost totally Sulfolobus-like cells and
only a few rods. The deposits (perhaps iron)
were bound tightly to the siliceous bottom of
the spring. Sulfur deposits begin at the origin,
and extensive deposits occur further down the
thermal gradient.

This difference (rods vs. spheres) is particu-
larly evident when cells are examined by DAPI
staining (Fig. 1). Samples taken at 78°C at
Amphitheater Spring 2 compared with those
from nearby Spring 3, 75-78°C (Fig. 2), em-
phasize the difference in colonization of sulfur-
rich habitats by rods and Sulfolobus-like cells.
The sulfur crystal structure (c) is particularly
evident as are the differences in morphology
of the microbes attached to sulfur. The indi-
vidual rod and spherical shapes can readily be
seen by DAPI staining and phase contrast
microscopy.

More detail can be observed when cells
attached to sulfur are processed for negative
staining (Fig. 3). Here, the 2 different cell types
and their relative sizes are evident. The Sul-
folobus-like cell is a lobed sphere ~1 pum in
diameter with several thin filaments, termed
pili, extending from the cell surface. The thin
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filaments possibly play a role in attachment of
cells to sulfur. The wall structure is formed
from subunits arranged in a 2-dimensional
array. The rod-shaped cell has a somewhat dif-
ferent cell wall, with small, circular units
arranged in rows that form a regular 2-dimen-
sional array. The cell is about 0.45 x 2.6 um,
uniform in width, and has rounded ends. It
has no thin filaments or other obvious surface
structures. We made an interesting observa-
tion on other cells: flagella bearing wings of
unknown function. Commonly, 2 of these are
arranged opposite each other (180° apart)
along the flagellum. They extend from the sur-
face of the flagellum as featherlike rows that
run as a helix along the full length of the fla-
gellum (Weiss Bizzoco et al. 2000).

Samples from Amphitheater Spring 2 taken
at 70°C, 74°C, and 78°C sites were examined
by SEM. The high-temperature (78°C) sample
is shown in Figure 4. Here, rod-shaped cells
(R) and spherical, Sulfolobus-like cells (S)
appear in about equal numbers. Both cell
types are attached to the surface of crystals.
Because there are many different minerals
present in hot springs, some of which are crys-
talline, we examined individual crystals with
attached cells. X-ray microanalysis reveals that
sulfur (S) is a major component of the crystal
to which microbes are attached (Fig. 5). At
temperatures of 70°C and 74°C, rod-shaped
cells appear by the thousands, while Sulfolo-
bus-like cells are seen less frequently in sam-
ples examined in the SEM.

Frying Pan Spring is a large pool, pH 2.4,
with a temperature of 75°C (vs. 77°C in 1971).
In 1971 at Frying Pan Spring, a mixing pool,
we saw only rod-shaped microorganisms. One
was a long, slender filament just visible by
phase contrast microscopy, and the other was
a short, sausage-shaped rod. In 1997 when we
examined control cells from this spring with-
out the addition of DAPI using fluorescence
microscopy, we found no autofluorescence.
DAPI staining identifies DNA in several mor-
phological kinds of rod-shaped cells (Fig. 6).
The observed DAPI fluorescence coincides
with the DNA of cells visualized in phase con-
trast images of cells. Thin filaments and
sausage-shaped cells exhibit DAPI fluores-
cence with different intensities (Fig. 6). Some
cells showed small, intensely fluorescent sites,
suggesting they are undergoing cell division.
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Fig. 1. DAPI-stained Sulfolobus-like control sample. Sulfur crystal (c) with attached spherical cells was collected from
a flowing spring. A, Phase contrast; B, DAPI stain. DNA is seen as uniform DAPI fluorescence. Amphitheater Spring 3:

75°C, pH 2.3. X1300.

Fig. 2. DAPI-stained, rod-shaped cells associated with sulfur crystals (c) in a flowing spring. Cells attach to crystal (c)
and extend from the surface. A, Phase contrast; B, DAPI stain. DNA appears as uniform DAPI fluorescence. Amphithe-

ater Spring 2: 74°C, pH 2.3. X1300.

In contrast, other cells had low levels of fluo-
rescence, suggesting the cells are in the sta-
tionary or death phase of the growth cycle. We
also fixed cells, prepared thin sections, and
examined the resulting cells by electron micro-
scopy. We found thin, microbial filaments and
sausage-shaped cells resembling those seen in
the light microscope (Fig. 7, cf. Fig. 6). Exami-
nation of these by negative staining revealed
several different types of flagellated cells (data
not shown). Some flagella on these cells lack

any obvious substructure, while others are
unique in comprising units with a linear sub-
structure. In this sense they are reminiscent of
the winged flagella at Amphitheater Spring 2
that also have a linear substructure.

In mixing pools we found 2 distinct popula-
tions of cells. In 2 sites there was nearly a
pure culture of Sulfolobus-like cells. This
occurred at Moose Pool and Great Sulfur
Spring. Sulfur Caldron, Locomotive, Growler,
and several of the springs in the Sylvan
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Fig. 3. Microbes attached to sulfur in a flowing spring: A, Sulfolobus-like cell is a lobed sphere about 1 pm in diame-
ter. Cell bears thin filaments intertwined with nearby filaments. Cell wall is formed of subunits arranged in a regular
pattern over the surface. B, Rod-shaped cell with surface subunits arranged in rows forming a patterned array. Cell
shown measures ~0.65 x 2.6 wum. No filaments appear on the cell shown here. A, B, Amphitheater Spring 2: 74°C, pH

2.3. Negative stain electron micrographs, X30,000.

Springs area had a mixture of rods and Sul-
folobus-like cells. In contrast, only rod-shaped
cells were observed at Frying Pan Spring,
although it is known to contain Thermoplasma
(Segerer et al. 1988), a spherical organism.
From 1971 to 1999 there was a significant
change in 2 springs, Evening Primrose and
Growler. In 1995 Evening Primrose (Sylvan
Springs, see Fig. 6.7b, Brock 1978) caved in.
When we visited it in 1997, the temperature
had dropped from 89°C (1971) to 33°C.
Whereas previously it had been a Sulfolobus
habitat, it now contained mainly algae and
no Sulfolobus-like cells. The second spring,
Growler, had collapsed earlier (1975), and above
(northeast) it a new spring, Sulfur Spring,
appeared. From 1997 to 1998 Sulfur Spring
changed in temperature from 88°C to 74°C.
Despite such changes, the microbial popula-
tions of most mixing pools remained relatively
stable over the period from 1971 to 1999. Our
most recent microbial survey of these springs
is presented in Table 1.

Human-vectored Contamination:
Perspectives of Yellowstone
Microbiologists

Thomas D. Brock
E.B. Fred Professor Emeritus, Department of
Bacteriology, University of Wisconsin, Madi-
son. Area of study: Thermophiles

Although human cross-contamination could occur,
it seems to me that this process would occur much
more often via wild animals in the area, or via air-
borne contamination. Sorting out human from non-
human contamination experimentally would be dif-
ficult.

Craig J. Oberg,
Department of Microbiology, Weber State Uni-
versity, Ogden, UT. Area of study: Metabolism
and genetics of thermophiles

Lower temperature acidic and photosynthetic
environments are continually inoculated by envi-
ronmental biota and are thereby probably immune
to xenic species contamination. Hyperthermophilic
habitats, although refractory to most species, are
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Fig. 4. Rod-shaped (R) and Sulfolobus-like (S) cells
attached to sulfur in a flowing spring. Amphitheater
Spring 2: 78°C, pH 2.3. Scanning electron micrograph,
X2300.

not often visited by natural vectors and may be
inoculated only by contaminated human probes.

Richard W. Castenholz
Department of Biology, University of Oregon,
Eugene. Area of study: Yellowstone photosyn-
thetic thermophiles

With present practices I do not believe there is
a real danger of introducing exotic microorganisms
into Yellowstone hot springs. First of all, most ther-
mophilic microorganisms from far distant hot
spring clusters (which are by their nature disjunct)
would be rarely transported in sufficient inoculum
size to become established in a hot spring commu-
nity (usually of different chemistry). It is a “princi-
ple” of ecology that established native communities
rarely become displaced by exotics unless the
recipient community is disturbed. This may also
apply to hot springs communities. Sufficient inocu-
lum may come frequently enough from hot springs
in the same cluster (e.g., the springs of Yellow-
stone), by insects for example, but this would be
expected and constitute natural dispersal. Although
thermobiologists are probably the most likely vec-
tors of viable cells from one geothermal area to
another (e.g., Oregon to Yellowstone), the amount
of inoculum would be essentially inconsequential,
i.e., some old mud on boots, unwashed collecting
equipment, etc., unless of course there is a pur-
poseful mass inoculation. Nevertheless, T have
always made it a practice to use new materials or
sterilized old. Scrubbing boots and/or steam steriliz-
ing them or simply using a new pair is a good idea
if collectors have been in a distant hot spring area. I
am sure that transferring boats from one lake or
temperate stream to another constitutes a much
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greater risk (well documented) of introducing exotic
species than in the refractory habitat of hot springs.
The natural photosynthetic populations of alkaline
and acid hot springs and their patterns in Yellow-
stone have not changed in any apparent way during
the past 33 years of my studies, but of course this
does not include the more recent studies using
molecular methods. As for the shift in dominant
species in various springs, there are well-docu-
mented changes in the chemistry, temperature, and
flow in many springs in Yellowstone, especially in
unstable areas such as Mammoth and Norris. I have
observed many pH and temperature changes in
springs over these years, and these changes corre-
lated with some changes in microorganisms. As for
the “possible” shift from Sulfolobus to Acidianus in
some acid springs, the latter genus was unknown
earlier and would not have been recognized at that
time in the 1970s when Sulfolobus was discovered.
Even if such a shift has taken place, in order to
understand it, studies of correlative changes in tem-
perature, pH, and chemistry should have been
made in order to find possible causes. The introduc-
tion of Acidianus by collectors or human vectors of
any type seems (by orders of magnitude) the least
likely scenario.

As far as other impacts of hot spring collectors
are concerned, taking an occasional thimbleful or
even 100 mL of water and mat/sediment is not
going to affect in any way the integrity of the hot
spring community of microorganisms. However,
trampling of soil and plants surrounding certain
heavily used hot springs (e.g., Octopus Spring)
should be discouraged as much as possible. There
are many springs similar to Octopus that could be
used by collectors.

Norman R. Pace
Department of Molecular, Cellular, and Devel-
opmental Biology, University of Colorado,
Boulder. Area of study: Biodiversity—PCR-
based DNA fingerprinting

I'm in full concurrence with Brock and Casten-
holz about this. T'm not too concerned about conta-
mination (of Octopus Spring or Obsidian Pool)
because the mats are so rich in biomass. We always
try to use aseptic technique and are less concerned
about contaminating the site than the sample.

Carl R. Woese
Department of Microbiology, University of
Illinois, Urbana. Area of study: Gene isolation
techniques

Although the direct gene isolation method now
fails us by not identifying the actual phenotype of
the organism from which the gene has come, the
approach more than compensates for this by (1)
telling us that phenotypically characterized organ-
isms are related to unisolated ones; (2) allowing us to



2002]

X-ray Display 1
Acquisition completed.

M . sxrayl5

EXOTIC SPECIES 51

3819 Fs |

i

keV

10.01

Fig. 5. X-ray spectrum of crystal sampled at Amphitheater Spring 2: 78°C, pH 2.3. Sulfur (S) is a major component.
The gold-palladium (Au-Pd) peaks represent the surface coating deposited on the crystal during sample preparation.
Also evident are aluminum (Al) from the sample stub and carbon (C) from cells. Chromium (Cr) and silicon (Si) are pre-

sent in the sample as minor components.

design probes and primers to aid in efforts to isolate
the organism in question by enrichment culturing;
(3) best of all, having the potential of a complete
accounting of microbial species occurring in a
niche, complementing enrichment culturing.
Together, the 2 approaches give microbiologists the
power to define, understand, and reveal the full
richness of the microbial world.

Francisco F. Roberto
Department of Biotechnology, Idaho National
Engineering and Environmental Laboratory,
U.S. Department of Energy, Idaho Falls, ID.
Area of study: PCR-based Yellowstone micro-
bial extremophile diversity

On Acidianus brierleyi, 1 don't believe it's an
alien species, but actually it has probably been
there all the time. It's likely that it was in Brock’s
original enrichments, as it’s virtually indistinguish-
able from Sulfolobus acidocaldarius under a micro-
scope. I'm not surprised by Brock being cool to the
idea. I saw the call for papers and also think that
rather than introducing new microbial species, the
biggest effect of man is altering the environment,
leading to the succession and dominance of “non-
native” species, which have probably always been
around in small numbers, but not had the right
environments to proliferate.

Karl O. Stetter
Department of Microbiology, University of
Regensburg, Regensburg, Germany. Area of
study: Hyperthermophilic microbes

I define hyperthermophilic microbes as those
growing fastest above 80°C. I isolate hyperther-
mophiles from many terrestrial, subterranean, and
abyssal and shallow submarine areas all over the
world. From Yellowstone (I have had a collecting
permit for about 15 years), my co-workers and I
have cultivated and described (1) Thermoplasma
volcanium, the first Thermoplasma (wall-less
microbe) in YNP; (2) Thermosphaera aggregans,
from Obsidian Pool; (3) Thermocrinis ruber, Brock’s
“pink filaments,” from Octopus Spring. For sam-
pling and storage of samples, I always use glass bot-
tles to avoid diffusion of oxygen into samples. This
would occur with plastic bottles.

Like other Yellowstone investigators, Karl Stet-
ter samples hot springs in a temperature range
from 70°C to boiling water. In addition to Yellow-
stone, Solfatara Crater near Pozzuoli, Italy, is one of
his choice hot habitats; it is laden with sulfur. Sam-
pling here at extreme temperatures, he is most con-
cerned with keeping the organisms happy. To sam-
ple an inaccessible spring, he uses a long, 2-piece
pole with a small 250-mL stainless cup attached to
one end. He fills up the cup by sampling in the
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Fig. 6. DAPI-stained cells from a mixing pool. A, Phase
contrast; B, DAPI fluorescence. DNA appears as bright
spots or less intense thin lines of DAPI fluorescence. Fry-
ing Pan Spring: 75°C, pH 2. X1300.

middle of a spring and transfers the sample to a
glass sample bottle that he fills to the top without
introducing bubbles during pouring. In springs that
are easy to sample, he uses a 50-mL plastic syringe
to withdraw samples. Here again, he fills up a glass
bottle to the top to exclude oxygen. Then he may
add sodium dithionite to the sample. He notes,
“There is one important thing, there is practically
no oxygen here. With a powerful oxygen killer,
sodium dithionite, the organisms will be very
happy” (Films for the Humanities and Science
1993).

Robert F. Ramaley
Department of Biochemistry and Molecular
Biology, University of Nebraska Medical Cen-
ter, Omaha. Area of study: Thermus species

As of this point, T don’'t know if we have any
hard data that “native microbial populations” in Yel-
lowstone have been displaced by either “native”
transfer (wildlife) or any evidence that investigators
themselves could be contributing to displacement
from any use of nonsterile collecting equipment.
This is a constant worry, especially when you see
investigators doing physical sampling of hot springs
for released gases, etc., much as I observed on 16
July 1999 at Octopus Spring by Gavin Chan and
other students from Washington University in St.
Louis during their detailed mapping of the outflow
channels of Octopus Spring (Web site http:/
epsc.wustl.edu). I have been very careful to always
use sterile materials (wrapped sterile sampling
material) and suggest that approach for other indi-
viduals or investigators to avoid or minimize any
direct contamination problems.
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Fig. 7. Thin filaments and wide, curved rod coexist with
other cell types in a mixing pool. Figures 6 and 7 may be
compared. Frying Pan Spring: 75°C, pH 2. Thin-section
electron micrograph, X10,000.

Perry Walker Russell
Department of Biology, Cumberland College,
Williamsburg, KY. Area of study: Sampling
protocol

A sampling protocol needs to be established that
will preserve these sites as much as possible. Since
my background is in pathogenic bacteriology, 1
have always as a habit used techniques that are as
close to “sterile technique” as possible. (1) I use a
telescoping golf ball retriever with a glass beaker
attached to the end for gathering my samples and a
thermometer hanging from the end of the retriever
shaft. (2) Before collecting a sample, I sterilize the
end of the retriever, the beaker, and the thermome-
ter with alcohol. (3) When actually collecting the
sample, I never stand in the water and, in fact, like
to stand back a little way. Of course, for really hot
or dangerously weak crustal areas, standing back is
a necessity, but T also like to stay back a couple of
feet from more easily accessible and cooler runoff
streams. After all, T don’t need to be stomping
around with my Kentucky microflora-laden boots
in Yellowstone thermal springs. (4) Upon retrieving
a sample in the beaker, I first check the tempera-
ture reading and then pour the sample into an indi-
vidually wrapped sterile polypropylene tube
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TABLE 1. Microorganisms in acid thermal habitats in Yellowstone National Park.

Location °C pH Microbes?
Amphitheater Spring 2 78 2.0 Sulfolobus-like, thin filaments,
short wide rods, flagellated rods
74 2.0 Sulfolobus-like, long curved rods, thin
rods, one enlarged end, short rods,
winged flagella
70 2.0 short wide rods
Norris Geyser Basin
Sulfur Spring above Growler 88 15 long rods, short rods, thin rods
Locomotive 83.5 2.0 Sulfolobus-like, short rods
Vermillion 79 2.3 Sulfolobus-like, short rods, thin rods
Congress 85.5 2.6 short rods
Small Triangular Pool 86 2.1 Sulfolobus-like, thin rods, wide rods,
curved rods
Norris Junction 72 1.5 Sulfolobus-like, thin rods, wide rods,
long, irregular curved rods, long rods
Frying Pan Spring 75 2.4 Thin filaments, medium length rods,

Roaring Mountain

(southern effluent) 88
80
Mud Volcano area
Sulfur Caldron 70
Moose Pool 69
Crater Hills
Great Sulfur Spring 86

long rods, short curved wide rods

2.2 Sulfolobus-like, long thin filaments
2.2 Sulfolobus-like, short rods
1.5 Sulfolobus-like, Lobobacillus, long

thin rods, short thick curved rods,
short thin rods

1.8 Sulfolobus-like, thin filaments, very
thin rods, wide rods

2.1 Sulfolobus-like, a few short thin rods

4Sampling period was 1997-1999.

(maybe 8-10 mL). The residual in the beaker I pour
out into the dirt or sand (not back into the water).
(5) I can now take a pH reading of my sample by
quickly putting a drop or two from my sample tube
onto pH paper. (I tend to prefer this method over
sticking a probe end into the spring or the sample
because of the potential for contamination plus I
have always found my pH test strips to be accurate
enough for my purposes.) (6) Before moving to the
next site, I record my site data (temperature, pH,
location, and elevation) and sterilize the end of the
retriever, the beaker, and the thermometer with
alcohol again.

Hopefully by using this protocol, T am not cont-
aminating any sampling site with bugs from Ken-
tucky or cross-contaminating springs with other
thermophiles. My only worry lies in the fact that
while alcohol should destroy any bacterial contami-
nants, it may not eliminate all bacteriophage conta-
minants.

Di1scUsSION

Several kinds of experimental approaches
provide a microbial inventory of hot spring

ecosystems. These include (1) PCR-based
methods to amplify rRNA gene sequences
(ribosomal DNAs), (2) DNA staining with
DAPI to distinguish microbes from minerals,
and (3) electron microscopic analysis to iden-
tify microbes and their phenotype. Small sub-
unit rRNA sequence-based analysis provides
the most complete inventory of microbial pop-
ulations. While this method does not assess
the microbial growth phase or phenotype of
unknown microbes, as do DAPI staining and
electron microscopy, it provides an elegant
method to gain information on microbes that
can be seen microscopically, but not cultured.
Such approaches are strengthened by micro-
bial culture and an analysis of phenotypes to
reveal the presence of new characteristics
such as the “winged” flagellum (Weiss Bizzoco
et al. 2000).

Our observations of Sulfolobus-like cells in
pools ranging in temperature from 68°C to
88°C and in a flowing spring at Amphitheater
(79°C) indicate that in many acid habitats this
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is the dominant morphological type of organ-
ism. It is also clear from our results that popu-
lation dynamics in mixing pools have not
changed substantially since 1971 when cells of
environmental samples were first observed by
means of electron microscopy. It seems clear
from our results of the past 3 years that a mor-
phologically diverse collection of rod-shaped
microbes exists at 70-89°C, pH 2-2.4. This
temperature range is substantially higher than
that reported for most rod-shaped ther-
mophiles in comparable habitats below pH 3.
The exceptions perhaps are Thermofilum and
Thermoproteus, which grow anaerobically
(70-97°C, pH 2.5-6.5) and share Sulfolobus
habitats (Stetter 1986).

Our studies show that in one flowing spring
at Amphitheater a substantial change has taken
place. Whereas our earlier study (Weiss 1973)
showed that at temperatures above 75°C Sul-
folobus-like cells were the predominant cell
type, we have demonstrated here that rod-
shaped microbes significantly outnumber Sul-
folobus-like cells at all temperatures above
65°C in Amphitheater Spring 2. Our light and
electron micrographs indicate that in this
spring there may be significant interactions
among phenotypically diverse rod-shaped
cells as well as between the rod-shaped cells
and spherical Sulfolobus-like cells. Such cell-
cell interactions may allow survival of the
associated cell types and appear to involve
direct attachment by cell walls or short surface
pili. One feature of considerable interest is
that whether cells attach to sulfur directly, as
with rod-shaped organisms, or by pili, as with
Sulfolobus-like cells, the majority of the attached
cluster remains separated from the sulfur crys-
tal surface. Sulfolobus-like cells accomplish
this by means of long pili, whereas rods attach
to each other, forming elongated cell groups
that extend away from the sulfur crystal. The
significance of this separation distance for the
oxidation of sulfur and the long-term survival
of the microbial community remains to be
determined.

The finding that Sulfolobus-like cells no
longer represent the dominant organism at
Amphitheater Spring 2 indicates that a change
in population dynamics has occurred. We note
with interest that it is still the most abundant
microbe in nearby spring 3 in the Amphithe-
ater group. At another flowing spring, Roaring
Mountain, changes are not as obvious because
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of lower cell numbers and the absence of sul-
fur. This type of microbial community change
has been considered by Yellowstone microbi-
ologists who generally believe that other organ-
isms have always been present along with Sul-
folobus, and that a shift in the dominant
species does not result from research activities
but instead represents natural succession within
native microbial communities. In keeping with
that opinion, it seems unlikely that the change
represents an “invasion” or exotic microbes. It
is also unlikely that this habitat has been inten-
tionally disturbed by research or other human
activity. The pH and temperature of this site
have been rather stable over the years. How-
ever, changes such as flow rate, chemistry of
the spring, or nutrients entering from the algal
mat above the spring may all be factors con-
tributing to microbial changes.

Human-vectored
Contamination

This study shows that microbial community
changes have occurred over a period of time
in the acid hot spring habitat. An important
question is whether such changes might be
expected to occur naturally over time within
an established community or whether they
might be the result of human research activi-
ties. We will consider below 5 points related
to this question, i.e., human-vectored contami-
nation.

(1) The argument is given that human and
animal contamination would be hard to
separate.

While this is most likely correct, animal
cross-contamination might be more easily dis-
missed. Although animals such as moose and
bison range in the area of acidic hot springs
and pools and might step into a spring, trans-
fer of acquired microbes seems more likely
limited to nearby springs which themselves
have already been exposed, possibly through
abiotic processes, to these same organisms.
With springs that are more distant, say miles
apart, it could take many hours for the animal
to travel to the next spring, and the microbes
might die or be removed during transit time
from the first to the second spring,

The time interval for springs several miles
apart would be so great that such cross-conta-
mination is less likely. Insect-mediated conta-
mination may have a shorter interval for the
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longer distances, but insects for the most part
would likely be limited to the cooler surfaces
of algal mats below 55°C. Furthermore, micro-
bial communities in these mats have long
been exposed to insect foraging activities, par-
ticularly ephydrid flies that carry out their life
cycle year-round in algal mats. Possible dis-
persal of microbes in these lower temperature
ranges seems to be part of the biotic activities
to which springs and microbial communities
have already been exposed. At the lower tem-
perature ranges, there is a complex commu-
nity structure. Algae constitute a food source
for these herbivores (Brock 1978), but at higher
temperatures insects do not seem to visit the
springs to any great extent.

On the other hand, investigators travel by
automobile from one site many miles to the
next, within minutes. The general mobility of
investigators who can travel rapidly from site
to site and the presence of inexperienced in-
vestigators such as graduate students or assis-
tants represent unknowns that could impact
hot spring habitats. While researchers are well
aware of and concerned about exotic species,
the current awareness was not a major concern
with microbes one or more decades ago.

We should note that even if mud from an
investigator’s boot were to enter a new system
accidentally, most of it would be carried down-
stream in a flowing spring like Amphitheater,
leaving only a small and likely inconsequential
amount of inoculum. In pools this could vary a
bit where there might not be an outflow chan-
nel. Most pools are sampled with some type of
extension device so that investigators stay fur-
ther away from the edge of a pool than they
would a flowing spring. Despite the lack of
past attention to possible contamination, micro-
bial investigators have always been careful to
try to minimize input in hot springs and pools
and in most cases use sampling methods and
devices that would avoid any but the smallest
possible input into a system. The fairly size-
able flow rate of spring water in pools and the
continuous turnover of the contained water
(Brock 1978) would likely remove the intro-
duced inoculum.

(2)  Microbial researchers are very careful to
avoid contamination of their samples, but
in the past they may not have been think-
ing about mud or soil that was on their

feet.
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Moreover, investigators taking hot spring
samples to analyze physical or chemical prop-
erties may not have been as careful as microbi-
ologists. So, both seem to be likely potential
vectors.

Although this concern introduces an
unknown, it is diminished somewhat because
acid hot springs provide a hostile environ-
ment, perhaps even for the resident microbes.
This is seen by our DAPI staining results where
most cells in the springs are in a stationary
phase and are not growing and rapidly divid-
ing. Very few organisms present have been
isolated in culture. This is usually consistent
with stringent nutrient (or oxygen) require-
ments. As pointed out by Stetter (Films for the
Humanities and Science 1993), many acid hot
spring organisms utilize hydrogen and are
inhibited or killed by oxygen. This implies
that exotic organisms have complex growth
requirements that likely will not be met in
most new habitats.

(3)  Castenholz argues that exotic species tend
to establish only in disturbed habitats, and
since these hot spring habitats are thought
to be undisturbed, it is unlikely that any of
the established species are introduced.

This is said despite the fact that some
changes in communities have been observed
over the years. While it seems clear that dis-
turbance facilitates establishment of exotics,
this system of hot springs is much more like a
series of islands than vast tracts of continental
land. In islands dispersal is a rare event, and
unique and interesting species arise through
adaptive radiation due to the large number of
unfilled niches. Islands are prone to exotic
species damage even when very undisturbed.
When exotic species, e.g., rats, enter a Pacific
island, they rapidly establish and decimate the
local species, both competitors and local flora.
It is easy to imagine that acid hot springs can
have very unusual and unique species, but
that an introduced bacterium from another
pond will not have the bacteriophage load and
may actually be better adapted. There might
be underadapted species that are susceptible
to competitive exclusion by introduced species.
Islands can possess underadapted species
because of the absence of introduced competi-
tors and predators.

If bacteriophage in cells of the native com-
munity were lysogenic, their presence proba-
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bly would not alter the ability of native cells to
compete effectively with an introduced
species. On the other hand, if bacteriophage
are thought of as a means for keeping micro-
bial populations in check, then a phage-free
introduced organism could gain an advantage.
If bacteriophage kill off the dominant species
(by lysis), this might allow the introduced
microbe to gain a competitive advantage and
become established in the new ecosystem,
assuming all other things are equal.

Although the existence of bacteriophage
introduces some uncertainty, it is less of a con-
cern than it might seem. So far, only 2 genera
have been recognized as having bacteriophage
or viruslike particles (Stetter and Zillig 1985).
While this might seem to be a low number of
organisms with bacteriophage, recall that we
have examined a very large number of springs
by electron microscopy of thin sections and
whole mounts and find this to be consistent
with our results. As for the 2 genera we know
about, each has elements that decrease the
possible problem. The bacteriophage of Ther-
moproteus cause cell lysis when the sulfur
supply is exhausted; clearly, this might be
cause for concern, but this organism is a strict
anaerobe. This considerably reduces the con-
cern because anaerobic contaminants are not
likely to survive transfer via a human vector.
Viruslike particles in Sulfolobus do not appear
to affect active growth of this organism. The
crystalline particle arrays seen in Sulfolobus
are not known to cause cell lysis without an
induction mechanism such as UV irradiation
(Stetter and Zillig 1985); this required stimu-
lus would not likely be encountered in the
natural habitat.

Certainly a case can be made that under-
adapted species exist within acid hot springs
because there is electron microscopic evi-
dence for the existence of a rich diversity, and
yet many cells are present in low number. Tt is
easy to imagine that an exotic species might be
better adapted than the underadapted species.
This introduces some uncertainty, but the
niche of the underadapted species would
likely be small since they are few in number.
So, the introduced species, even if successful,
would likely be insignificant.

(4)  One researcher stated that alcohol clean-
ing would not eliminate bacteriophage
contaminants.
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Introduced bacteriophage could be a
major disturbance in these systems. Bacterio-
phage are strongly resistant, perhaps even to
attempts at sterilization by ETOH. Bacterio-
phage in the acid sulfate habitat likely follow
the general rule that those with a wide range
of species are more rare than those with
species or strain specificity. Phage would have
to make specific contact with sensitive cells.
This might be difficult in a flowing spring with
continuously moving water. In a mixing pool
bacteriophage could be removed by nonspe-
cific adsorption to a surface such as a mineral
particle. Even direct contact with a suitable
host would not assure a productive infection.
We mentioned that most organisms in these
habitats are not actively growing and dividing.
Thus, while these considerations (a narrow
host range and a quiescent microbial host pop-
ulation) certainly do not eliminate the poten-
tial for bacteriophage to disturb the system,
the problem is diminished to some extent
from a conceptual point of view because the
more abundant the bacteriophage might be,
the less likely they are to interact effectively
with the existing microbial population. In
keeping with this idea, viruslike structures in
thermoacidophilic cells from natural samples
or cultures were seen only rarely (Weiss Biz-
zoco 1999) in many hundreds of samples
examined by electron microscopy. Thus, even
if bacteriophage present in these springs are
vectored by humans, their activity is likely to
be at a low level.

(5) Although we have stated that these sys-
tems do not vary, several springs show
minor temperature changes or major
changes induced by cave-ins.

Castenholz mentions documented natural
changes in many springs in YNE especially in
unstable areas such as Mammoth and Norris.
These natural changes could be the source of
disturbance that would enhance the chance
for success of introduced exotic microbes.

While solfatara basins such as Norris or
Amphitheater Springs seem fundamentally
unchanged and stable, individual springs can
and do undergo alterations. Far from being
unusual, changes of this type, both minor and
major, are normal events in solfatara areas.
Such natural changes as water flow, tempera-
ture, pH, and chemistry all conceivably could
enhance or reduce chances for success of
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human-introduced species. Several arguments
should be considered in evaluating which pos-
sibility is more likely. First, with present micro-
biological methods, numbers of any introduced
organisms would be small. The likelihood of
their becoming established seems low because
they would have to undergo an abrupt, and
not necessarily favorable, change in chemistry
compared to their native habitat. One possible
result is that introduced organisms would be
washed away or die from these changes. Sec-
ond, organisms may be introduced to a habitat,
but, if not optimally adapted, their numbers
will remain low or insignificant. The chances
that a few introduced microbes will land in an
acid hot spring may be great, but the likeli-
hood of landing in a spring, whether disturbed
or not, to which they are optimally adapted in
temperature, pH, and flow or chemistry seems
minimal. Third, the physiological state of these
organisms is an important consideration that is
usually overlooked. Most cells in springs are
in the stationary growth phase and potentially
quiescent. As a result, they are not necessarily
going to grow, even if exposed to an appropri-
ate and favorable environment. Fourth, organ-
isms in acid hot springs are exposed to extremes
of temperature, pH, and redox potential. Low
redox potentials (anaerobic habitats) exist in
these springs. Because of the low solubility of
oxygen at high temperature and the presence
of reducing gases like hydrogen sulfide, most
of the organisms are anaerobes. Oxygen is toxic
to these exotic organisms, particularly during
transfer between springs. This toxicity would
likely reduce their ability to displace native
microbes or even survive. Fifth, many respon-
dents in this paper are long-time thermobiolo-
gists, some with decades of experience. Over
the years of attempting to grow organisms seen
microscopically in samples, experienced inves-
tigators know it may be extremely difficult to
duplicate conditions required for growth. This
suggests that the organisms have complex nu-
tritional requirements or interactions in their
natural habitats. The fastidious nature of these
microbes is not particularly evident in native
communities where these organisms coexist in
large numbers. Introduced organisms with
unique nutritional requirements might survive
in a new habitat for a prolonged period of
time, but it is much less likely that they would
displace native residents, even in the face of
natural changes or disturbances in a spring.
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Taken together, these 5 points on human-
vectored contamination introduce some un-
knowns that may be cause for concern.
Although some human-vectored species might
survive, if introduced into springs, our rebut-
tal arguments favor the view that exotic
species are likely to have a low probability of
displacing native microbial communities, even
with the present level of research activities in
the acid hot springs of YNP Because un-
knowns exist, the use of sound microbiological
technique in sampling acid thermal habitats
seems absolutely essential to provide the most
protection for the unique native microbes.

CONCLUSIONS

Results of this study suggest that the micro-
bial flora in YNP has changed in some cases,
and some things not seen in the 1970s may
now be present in the system. Whether this is
a result of biotic or abiotic processes, includ-
ing successional change, or introduction of
new exotic species (human-vectored contami-
nation) cannot be determined from the results
presented here. While the consensus of promi-
nent YNP microbiologists is that research
activities have not produced human-vectored
contamination, the question has not been
studied in detail (using PCR-based analysis),
and uncertainty on the issue remains. It will
serve the long-term stability of YNP hot springs
as well as other similar resources if all investi-
gators (both beginning and experienced) are
aware of the possible introduction of exotic
species into the springs and thermal sites that
are being studied. With care and considera-
tion on the part of investigators, undisturbed
hot spring microbial populations will have the
best chance to exist for the benefit of future
generations. Significant contributions already
made include the discovery of life at high tem-
peratures, the invention of PCR (Saiki et al.
1988), and establishing the Archaea as one
of the primary lines of evolutionary descent
(Woese et al. 1990). That YNP has fostered
these contributions suggests that microbial
research represents an important activity.
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