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Preface

Yellowstone National Park is internationally recognized as a unique and beautiful place. Its status as a
World Heritage Site and a Biosphere Reserve testify to the world'’s affection and concern for it. Since
its establishment, the park has largely been protected from spoliation through the energetic efforts of
generation after generation of its friends.

Researchers and managers here deal with what we might call the "Yellowstone concept," a complex set
of hypotheses that are continually reshaped by social constraints, political exigencies, and biological
surprises. This concept exists within the confines of an ecosystem--a wonderfully complex and often
awe-inspiring group of interacting biotic and abiotic entities. Proper management of such an area
requires several things, including political savvy, a good sense of our own history, and a strong measure
of patience, but most of all it requires the best information available regarding the state of the natural
systems that operate without regard to human-imposed boundaries or value systems.

Proper management, however, is both a goal and a problem, because there is no reliable set of
principles to guide us; wilderness does not come with an instruction book. Thus it is that management
of a place as complex and culturally challenging as Yellowstone seems always to be controversial.
Controversy arises largely because the workings of the ecosystem are not fully understood. The effects
and extent of historical events are not clear to modern observers, and the science of ecosystems is still
young. Our ability to understand ecological processes, just like our ability to manage Yellowstone, is
constantly growing and maturing.

This volume represents a process that is intended to make science more serviceable in the management
of Yellowstone National Park, and more accessible to those in need of scientific information. It is hoped
that this is only the first in a long series of biennial meetings and their proceedings that will bring
together the results of continuing scientific investigations in the Greater Yellowstone Area.

The foundation of all ecosystems is plants. Plants are the procurers of energy and nutrients, the flow
and cycles of which define and operate the ecosystem. It is fitting that plant research is the focus of this
first scientific conference devoted entirely to Yellowstone National Park and its surroundings. Much
research has been conducted on this ecosystem component, especially within the past twenty years;
that blossoming of scientific interest holds great promise for our future understanding of Yellowstone,
its natural systems, and its role in our society.

Many people and organizations have been involved in searching for answers about the workings of the
Yellowstone ecosystem and exploring its state of health. The following papers and abstracts represent
many investigators from numerous agencies and institutions. We were fortunate to attract the support




and patrticipation of ecologists with national and international reputations. The keynote address by
Dwight Billings places the Yellowstone ecosystem in context with the mountain ecosystems of the worid
and its impending climatic changes. Norm Christensen gives us a good overview of recent changes in
the direction and emphasis of ecological research and thought. The whole conference is ably
summarized by Dennis Knight.

Papers with data and discussion are presented in the first section. Abstracts are included in section 2
to document ideas presented at the conference and give contacts to those who would like to follow up

on those ideas.

It is hoped that this volume will be a foundation for further research and understanding of the
Yellowstone ecosystem and a source of information for those responsible for the management of this

singular place.
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The Effects of Global and Regional Environmental
Changes on Mountain Ecosystems

W.D. Billings
Department of Botany
Duke University, Box 90338
Durham, NC 27708-0338

Introduction

The key word in this essay is "change." To paraphrase the distinguished ecologist William S. Cooper
(1926). Change in vegetation is like a braided glacial river flowing through time. The complexities of the
separations and rejoinings and the new combinations of species are almost limitless and filled with

surprises.

One cannot view the biosphere provincially either in space or in time; this is true of any regional
ecosystem, including mountain ecosystems or other component biospheric systems. Crosswall barriers
to environmental change do not exist in the biosphere nor within its component ecosystems. However,
limiting factors to the successful growth and reproduction of biotic populations do exist and are unique
to specific populations. And, within ecosystems and the biosphere itself, trigger factors may initiate far-
reaching changes and readjustments within the system. Such trigger factors are exemplified by increases
in atmospheric carbon dioxide concentrations and by the destruction of stratospheric ozone by

chlorofluorocarbons.

There is an eventual carrying capacity for populations at trophic levels above the primary level; this
encompasses all levels of consumer biota, including people — locally, regionally, and globally. Also,
through time, "surprises" can occur episodically, cumulatively, and evolutionarily in the biosphere, such
as fire, volcanic activity, atmospheric carbon dioxide increase, glaciation, accelerated erosion, climatic
change, release of toxic substances, and genetic change in populations of microorganisms, plants, and

animails.

The lithosphere, atmosphere, hydrosphere, and biosphere have changed both continuously and
episodically during the past in both space and time, and they will continue to do so in the future. Many
of these changes have been unpredictable; this is true at present, and very likely such "surprises" will
be common in the future. But some changes have been repeated many times in the past. Similar
repetitive changes occur at present and some can be predicted. An example of past repetitive changes
in the present mountainous Yellowstone ecosystem is the case of a number of petrified forests, one
above the other, at Fossil Forest in the mountains above the Lamar River Valley. Dorf (1960) estimated
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that burial of these forests by pyroclastic debris occurred over c. 20,000 years by repeated episodic
volcanic events during the Middle Eocene. The estimated elevation at the site at that time was ¢. 915 m
in relatively low mountains. The present elevation there is near 2,135 m. More recently, however, Fritz
(1980) has shown that mud flows and braided streams from nearby Eocene volcanic peaks transported
plant parts, including logs, stumps, and roots of Picea and Abies, from the cooler high mountains. These
plant parts were deposited among petrified remnants of tropical and temperate region trees in the
lowlands. Vegetational changes occurred, also during the Cenozoic, in the mountains of western Nevada
(Axelrod 1962, 1976, 1991) and in other western mountain ranges. In recent centuries, much global
change has resulted from an increasing series of natural and industrial "surprises" that have led to a new
and different earth, ecologically, economically, and politically. Some of this change had been predicted
or planned for, but much had not. |

Can one predict ecosystemic futures by using the past as analogue? The answer is only partially, and
only qualitatively. The biosphere appears to be changing faster now than at most times in the past. The
fossil record generally shows slower and steadier migration rates than those sudden adventive jumps,
so common today, that are exemplified by the spread of cheatgrass (Bromus tectorum L.) and starlings
(Sturnus vulgaris) across North America in this century. In these two instances, the introductory vectors
were human beings. People are now primarily responsible for many such "invasions" that have resulted
in large changes in widespread native ecosystems. An example is the destruction of great areas of
Artemisia tridentata Nutt. (sagebrush steppe) in the Great Basin of western North America, caused both
by the growth of cheatgrass and by fire (Billings 1990).

Even so, existing species of plants probably will not be able to continue their migrations because of
future climatic changes. Also, their latitudinal migration rates may not prevent population decreases or
even extinctions. Moreover, climates can change more rapidly than suitable soils can develop northward
or up-mountain on glaciated rock, scree, or rocky felifieid.

In general, we have only relatively crude methods in our attempts to predict the possible effects of
climatic and weather changes on evolutionary rates and extinctions and changes in plant populations
and vegetational structure. These methods include experimentation with single plants, clones, local
populations, and ecosystemic natural microcosms under simulated future environments in phytotrons
or in the field (Billings et al. 1982). Measurements of growth, reproduction, survival, photosynthesis,
nutrient uptake, and respiration can be made on these models under an array of postulated
environments of the next few centuries. In using such experimental approaches, one must be aware that
carbon-nutrient interactions act as major constraints on the success of the population under new and
future environments (Shaver et al. 1992). Also, all of the above experimental procedures must be
accompanied and aided by continuous monitoring of plant growth, reproduction, and population
structure in the field. Such work is time consuming and tedious. But such "ground truth" is absolutely
necessary if useful predictions are to be obtained. Such information can then be incorporated into
mathematical models.

But all of this is far from perfect, even at the levels of populations, communities, and biomes, and is even
more so at biospheric levels. There are strong possibilities that climatic changes and surprising episodes
may come before we have answers for montane and alpine populations and ecosystems, including
timberlines. For high latitudes, where alpine ecosystems merge with arctic tundras, this is a particularly
urgent issue. It is in these ecotonal regions that climatic warming is predicted to occur more rapidly than
elsewhere and with disastrous results to soils and vegetation underlain with permafrost (Billings 1992;
Billings and Peterson 1992; Oechel and Billings 1992). At the same time, it would be very surprising if
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plant migrations could keep pace with climatic warming before natural loss of the tundra soils occurred,
caused by melting permafrost (Billings and Peterson 1992).

The result, in both alpine and arctic ecosystems, may be local and general extinctions of plants and
animals. In a warming climate, what will happen to Brown's (1971, 1978) "alpine islands" of mammals
in the western North American mountains and their already partially depleted alpine biota? These
questions are also applicable to the vegetational and floristic "alpine islands" from the Sierra Nevada to
the Rocky Mountains, including the Beartooth Plateau, the Absarokas, the Big Horns, the Wind Rivers,
and the Medicine Bow as described by Billings (1978, 1979), Bliss (1956), Chabot and Billings (1972),
Despain (1973), Johnson and Billings (1962).

Analogous situations have occurred in postglacial times in the high Southern Appalachians and to some
extent in the alpine zones of Mt. Katahdin and Mt. Washington in the Northern Appalachians (Bliss 1963).
The loss of an alpine zone to forests in the Great Smoky Mountains and on Mt. Mitchell in the Black
Mountains of North Carolina has already occurred in recent millennia, with some arctic-alpine relictual
plant taxa disappearing there within the last century. And now, the spruce-fir forests that cap the
Southern Appalachian high peaks are dying due to a combination of biologic adventives and
atmospheric pollution. Similar “Waldsterben" are also occurring in the Northern Appalachians and in the
Adirondack Mountains (see Eagar and Adams 1992).

Western North American Mountain Gradients Now

Environmental

There are three main environmental gradients that interact to govern biological and physical systems on
the earth’s mountain ranges: latitudinal, elevational, and topographic. Each of these environmental
gradients consists of many interacting factors that vary quantitatively along the gradient. Figure 1 (from
Billings 1979) diagrams qualitatively the relative values of a few of the important factors that govern
arctic-alpine environments along mountains from the Arctic to the equatorial Andes. Only daily mean air
temperature is relatively uniform along this gradient of 70 degrees of latitude. At a given degree of
latitude, the interacting factors create a unique mountain environment. This condition is further
complicated by the effects of the elevational gradient and altitudinal atmospheric gradient. Superimposed
on these complications are the effects of topography.

The topographic gradient, in turn, consists of two main subdivisions differing in scale, the larger being
termed mesotopographic and the smaller microtopographic (Billings 1973). Figure 2 diagrams a typical
alpine mesotopographic gradient and its effects on water, snow, and vegetation in the Beartooth
Mountains near the Yellowstone Plateau. A diagram of one kind of common alpine microtopographic
feature, a solifluction terrace, common in the Beartooth, appears in figure 3 (Johnson and Billings 1962).
Almost identical solifluction terraces occur in the alpine zones of New Zealand mountains (Billings and
Mark 1961) and in the mountains of central Alaska.

Ecosystemic

The actual gradients of ecosystems on the sides of mountain ranges reflect the interactions of latitudinal,
elevational, and topographic gradients with the available floristic and faunistic populations. Such
populations have migrated somewhat independently along all three major gradients for millennia and,
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Figure 1. Relative values of six principal environmental factors in arctic and alpine ecosystems along a
latitudinal gradient from the Arctic to the Equator. At any given latitude, the combinational effect of the
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Figure 2. Diagram of a typical alpine mesotopographic environmental gradient. The scale can vary from

PREVAILING RIDGECREST

WIND

WINDWARD 7\ LEE
SLOPE \/\ SLOPE

MELTWATER
MEADOW

c. 50 m from A to B up to ¢. 800 m. From Billings (1973).




Mountain Ecosystems 5

in some cases, for millions of years through the Cenozoic as climates have changed and the mountains
have risen.

In addition to climatic change, geologic uplift, and weather gradients, geologic substratum plays an
important role in determining ecosystemic composition and process in mountains. The greatest impacts
on biologic structure and physiology of the community are made by parent rocks of unusual chemical
composition. Some examples are limestone and dolomite (Billings and Thompson 1957; Despain 1973;
Marchand 1973), serpentines (Kruckeberg 1969, 1985), and the very acid and nutrient-poor
hydrothermally altered rocks (Billings 1950; Schiesinger, Delucia, and Billings 1989). Ecotones between
these chemically extreme rocks and adjacent rocks of mixed mineralogical composition are usually rather
sharp and narrow compared with ecotones and continua that are due to differences in weather and

climate accompanying increased elevation.

Evolutionary and Migrational

The source regions for montane and alpine plant taxa through the Cenozoic have been most often the
neighboring lowlands or foothills, either wet or dry. As the mountains rise, new elevational gradients are
created, ranging from warm temperatures in the foothills to cold temperatures on the ridges and peaks.
Snow and winds dominate the environments of the higher elevations, except in most tropical mountains.
Atmospheric pressure and the partial pressures of metabolic gases also decrease with altitudinal

elevation.

The Great American Cordilleran Pathway. By far the longest and oldest (Cretaceous and Paleocene)
latitudinal mountain gradient in North America is the greater Rocky Mountain complex, which extends
from tropical Central America to Alaska, where it reaches its arctic limit in the Brooks Range near 68
degrees north latitude. In western and coastal British Columbia, this system is joined from the south by
the Sierran-Cascadian chain. In southeastern Alaska, the St. Elias-Alaska Range diverges to the
northwest and west into a snowy, cold, maritime climate. Far to the south, beyond the Panamanian
lowlands, the northern Andes of Colombia and Venezuela stretch southward along the west edge of
South America to the subantarctic mountains of Cape Horn near 56 degrees south latitude. The addition
of the very long Andean system to the Rocky Mountains forms the longest mountain migrational biotic
pathway on earth. The approximate total iength of the Rocky Mountain-Andean Cordillera is ¢. 17,000
km. (10,500 mi). lts latitudinal span is almost 125 degrees. lts alpine and timberline ecosystems show
similar plant life forms along most of this distance (Billings 1973, 1974).

During the entire Cenozoic, alpine and timberline floras have evolved by migrations upward from the
lowlands into the western North American and South American high mountains (Axelrod 1990; Axelrod
and Raven 1985; Billings 1974; Chabot and Billings 1972; Vuilleumier 1971). Figure 3 represents a
quantitative example of upslope migration and evolution of taxa on the east slope of the Sierra Nevada

of California (Chabot and Billings 1972).

Once the heights are achieved, migration north and south is possible a few steps at a time or by long-
distance dispersal. The latter type of dispersion is often aided by mammal and/or bird vectors. This is
particularly true along the old tried and true Rocky Mountain pathway to and from the Arctic and the
Tropics — and even from Colorado to the far southern Andes (Simpson and Todzia 1990). Figure 4
(Johnson and Billings 1962) illustrates migratory pathways as affected by several principal stresses: low

. temperatures, drought, predation, and solar radiation. The pathway is a two-way road for migrating taxa.
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Top Soil Rocky Subsoil

Figure 3. Diagram through a solifluction terrace in the Beartocth Mountains, Carbon County, Montana.
The buried organic horizons and several organic involutions show that amorphous solifluction has been
active. From Johnson and Billings (1962).
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Figure 4. Relative distribution and floristic richness along an elevational gradient on the east escarpment
of the Sierra Nevada near Bishop Creek, California. The relative numbers of taxa in each of three major
floristic groups are indicated by the thickness of the shaded sections. From Chabot and Billings (1972).
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Latitudinal and Elevational Floristic Gradients. Floristic richness decreases with both increasing elevation
and increasing latitude toward the Arctic (Billings 1973, 1987, 1992). The causes of such decreases in
number of species are decreases in mean annual and growing season temperatures (Billings 1973;
Cailleux 1961; Rannie 1986), drought stress in polar deserts (Bliss, Svoboda, and Bliss 1984), and
drought stress at very high elevations in tropical mountains (Smith 1981, 1987). Ultraviolet-B irradiation
is also a severe environmental stress on mountain plants. Ultraviolet-B reaches its highest levels on
tropical mountains at high elevations such as Haleakala on Maui and on the high Andes of Venezuela,
Colombia, Ecuador, and Peru (Caldwell, Robberecht, and Billings 1980).

Environmental gradients up the sides of mountains are steeper than latitudinal environmental gradients.
In general, floristic diversity and richness decrease as mountain elevations increase. This is especially
true when elevation is combined with increasing latitude (Billings 1987; Breckle 1974); see figure 5.
However, the geologically new Sierra Nevada of California, which extends for c. 650 km between the
latitudes of 36 and 40 degrees north, is fioristically very rich in its subalpine and alpine elevations (Raven
and Axelrod 1978; Stebbins and Major 1965). Raven and Axelrod propose that the subalpine and alpine
endemics evolved in situ from the subalpine forests as the Sierra rose during the Pliocene and
Pleistocene. Added to these endemics are some arctic-alpine species derived from the north (Billings
1978). These arctic derivatives are generally taxa that are rather widespread in the western high
mountains. A number of archetypical arctic-alpine plant species such as Silene acaulis, Saxifraga
oppositifolia, and Koenigia islandica are conspicuous by their absence in the Sierra. Still, the alpine flora
of the Sierra is the largest, and uniquely the richest, on the North American continent (Billings 1988).
Only 19 percent of the alpine plant species growing at 3,700 m on the glacially scoured granites near
Piute Pass (lat. 37°N) in the Sierra Nevada also occur in the Arctic (Billings 1978). In a similar alpine
region near Olancha Peak (lat. 36°N), ¢. 115 km southeast of Piute Pass in the Sierra, there are c. 102
alpine vascular plant species (Howell 1951). Only 13 percent of these species also occur in the Arctic.
These figures contrast sharply with the geographic relationships of the alpine flora of the Beartooth
Mountains, Wyoming-Montana, (lat. 45°N) on the main Cordilleran pathway, where 47 percent of the
vascular species also occur in the Arctic (Billings 1978, 1988).

If one examines widespread arctic-alpine plant species at the level of the ecotype, it becomes apparent
that ecogenetic populations within species determine much of the tolerance to latitudinal and elevational
climatic gradients (Clausen, Keck, and Hiesey 1948; Turesson 1925). One of the most widely distributed
arctic-alpine plant species is Oxyria digyna (L.) Hill, or mountain sorrel. Its physiological ecology and
flowering were first studied in detail by Mooney and Billings (1961), who found that arctic and alpine
populations differed in their breaking of dormancy, flowering, and return to dormancy as determined by
day length in combination with temperature. Alpine populations broke dormancy at shorter day lengths
than those from the Arctic and produced preformed flower buds at shorter day lengths (12 to 13 hours)
than the 18 to 20 hours that triggered such dormancy mechanisms in arctic ecotypes.

Some years later, Billings et al. (1971) measured photosynthesis, dark respiration, and other biochemical
metabolic processes in 17 populations of Oxyria grown from seed in the Duke Phytotron. These seeds
were collected in the field from North American and European alpine and arctic populations along a
latitudinal gradient extending from 35 degrees north to 82 degrees north. The North American
populations were obtained from San Francisco Peaks, Arizona, and at sites along the Rocky Mountain
Cordillera through Colorado, Wyoming, and Montana to the Alaskan Arctic and Ellesmere Island. Other
mountain populations in western North America included those from the Sierra Nevada and the Olympic
Mountains. European populations ranged from the Pyrenees to the Scottish Highlands, the Tatra
Mountains of Poland, and Finnish Lappland.
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Figure 5. The decreasing number of plant species with increasing elevation in the European Alps,
compared with the mountain ranges in Central Asia. The letters show the increasing number of species
with decreasing latitude: A = Alps, P = Pamir, H = Hindu Kush, T = Tibet, N = Nepal Himalaya. From
Breckle (1974).

The principal question asked in that research was, "What is the relative effect of phenotypic temperature
acclimation on metabolic rates compared to the effect conferred by the genetic ecotype?”

Some of the results obtained are as follows: Dark respiration rates were increased by cold acclimation
in all 17 ecotypes. Maximum net photosynthesis rates in this C3 species (in which ribulose bisphosphate
is the CO,, receptor) were lowered in all arctic populations but in only a few alpine populations after warm
acclimation. The temperature of maximum net photosynthesis was increased by warm acclimation.
Maximum net photosynthesis rates were higher in arctic populations than in alpine populations; this
difference was increased by cold acclimation. The upper temperature compensation point in both arctic
and alpine ecotypes was increased by warm acclimation. Alpine populations showed ideal homeostasis
in net photosynthesis, while arctic ecotypes showed only a low degree of partial homeostatic adjustment
in net photosynthesis. On the other hand, dark respiration homeostasis was almost ideal in all
populations and showed no ecotypic difference. Efficiency of chlorophyll was higher in alpine ecotypes
and at high temperature in all ecotypes, particularly after warm acclimation. Mitochondrial oxidative
activity was increased by cold acclimation; the rates from arctic populations were higher after cold
acclimation than those from alpine populations. We conclude that, in Oxyria, acclimation is under genetic

control and that "acclimation ecotypes" exist. The most plastic phenotypes in regard to acclimation occur
in alpine ecotypes.

In view of the above results, climatic changes are quite likely to change metabolism, growth,
reproduction, and survival of mountain plant populations. Those ecotypes that have the genetic ability
to acclimate will be favored. In Oxyria, alpine populations and ecotypes probably would survive climatic
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warming better than their arctic counterparts because of their more plastic acclimation potentials.
Populations that cannot acclimate or survive extreme temperatures or drought stress during climatic

warming are likely to die out.

Gradients of People and Their Effects in Mountains. Now, finally, we come to relatively recent mountain
gradients: those of people and their effects. These effects are almost entirely products of the Holocene,
and primarily of the last century or two. The impacts on vegetation are relatively great and intensively
localized compared with those of long-term climatic changes.

Mankind has been living in the high mountains of the Northern Hemisphere for thousands of years,
probably for most of the Holocene and at least as soon as the continental ice melted in Europe. There
is good evidence at a relatively low elevation (300 - 400 m) in the mountains of South Wales near
Paviland of early man very close to the continental ice front. This is an elaborate cave burial of a 25-year-
old male with much ivory jewelry and a worked mammoth skull in the same cave (Dennell 1983). The
man'’s skeleton has been radiocarbon dated by Oakley (1980) at 18,460 years before the present (8.p.).
At that time, the burial site was only c. 6 km from the front of the ice sheet.

However, there are relatively few concrete details in time and space on true alpine populations of human
beings. Therefore, the discovery of a frozen mummified man, complete with gear, exposed in September
1991, at an elevation of 3,200 m, by the peripheral melting of the Similaun Glacier, was of great
significance. This is not far below the 3,525 m summit of the Finailspitze near the head of the Otztal (thus
the nickname "Otzi" applied to the body) in the Austrian Tirol. The discovery is solid evidence of the kind
of people who lived and hunted in those high mountains more than 5,000 years B.p. (Harrigan 1992;

Jaroff 1992). |

In the Himalayas and Andes, there are people living now whose ancestors cut the original timber for fuel
and housing. The Andean Quechua also grew crops (maize, potatoes, and quinoa) on the steep slopes,
and still do. The large human population increases in the Andes, much of it caused by up-mountain
migration in the last century or two, has led to severe accelerated gully erosion, which is destroying the
very cropland so necessary to the survival of these peoples.

In the western North American high mountains, the climates were too severe for the native Americans
to live throughout the year and to cultivate crops. These people were hunter-gatherers crossing and
recrossing the Rocky Mountains or Sierra Nevada, hunting as they went. But the greater parts of their
lives were spent in the bordering foothills and valleys on either side, where the majority of the large

game animals grazed.

In Europe, particularly in the Swiss Alps and the high mountains of the Austrian Tirol, people have lived
for a long time in small village popuiations as high as timberline. Primary production of grasses and forbs
in the alpine meadows is good enough to allow milk cows to graze during the summer. The farmers
harvest the meadow hay to feed the animals in shelters during the long snowy winters. All of this is done
very carefully by these people who live in the mountains and know them very well — as did their

ancestors.

In this century, the development of skiing as a sport has brought great changes to the mountains in
Austria and Switzerland, and to all the western and northern mountains in Europe and North America.
Skiing has brought tourists by the many thousands into the villages and resorts in Europe and North
America, and also into similar mountain environments in the Southern Andes, Japan, New Zealand, and

Australia.
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The economic and ecologic impact of ski tourism on a European alpine farming village has been studied
by Moser and Moser (1986) and others in the Austrian Tirol. The village is Obergurgl near timberline at
the head of the Otztal at an elevation of ¢. 1,950 m. The village is surrounded by glaciers and snow-
covered sharp peaks not far north of the ltalian border, which lies on the crests of the highest mountains
on the southern horizon. This village and its surroundings were also studied by Bunnell et al. ("Bubu
Himamowa") in 1974. This research group produced the famous Obergurgl Model using the village as
a microcosm of economic and sociologic growth in relation to a mountain environment of limited

ecological resources.

Obergurgl village has a permanent population of c. 300 - 500 persons. It has been settled since the 12th
century largely by subsistence farmers. Until the 20th century, the subalpine meadows and alpine
grasslands supported c. 15 farm families totaling c. 120 persons (Moser and Moser 1986). The villagers'
careful agriculture allowed sustainable yield of cattle, milk, and cheese using the native herbaceous
vegetation. Close to the village, hay was harvested, and on the rougher mountainsides, the cattle grazed
during the summer. The vegetation was carefully protected and so were the soils. The higher peaks
around 3,700 m in elevation were not exploited by the farming families. In the years before World War
I, people interested in mountaineering arrived in relatively small numbers from the countries of western
and central Europe, giving summer business to the village inn.

The real increase in alpine tourism throughout the upper Otztal came after World War 1. The number of
small hotels increased in the village and by the 1970s, there were ¢. 2,000 guest house and hotel beds
for tourists winter and summer. This resulted in a tremendous influx of tourists (c. 40,000 per year), as
well as perhaps 800 seasonal migrant workers from Yugoslavia, Turkey, and other countries in
southeastern Europe. The number of permanent Obergurg! families grew to almost 80 (Moser and Moser
1986). Only a few families continued to farm, while many families entered the hotel and restaurant
business or worked on the ski lifts. The influx of money into Obergurgl naturally has made quite an
economic impact on the community and has changed dramatically the way of life in this alpine farming
community. The ski lifts and ski slopes have changed much of the mountainous land east of the village.
And, a great deal of the formerly productive agricultural land in the canyon bottom east of the Gurgler
Ache (a small river from the Gurgler Gletscher) is now occupied by small Tyrolean-type hotels and
restaurants. West of the Gurgler Ache, the trail network is expanding over the flowery meadows, creating
a trampling problem with some erosion.

The native attractiveness of the village and its mountain setting (figure 6) were being endangered by the
overwhelming impact of the total winter and summer tourist trade. By the early 1970s, the village and
environs were beginning to lose some of their charm. But even in 1974, the economic and ecologic
threats to Obergurgl's future had not been integrated so that forecasts could be made. A Man and the
Biosphere-6 project was set up in that year through the International Institute for Applied Systems
Analysis in Vienna and brought together villagers, scientists, economists, and other specialists.

This team approach defined the total Obergurgl problem. The result was the preliminary version of the
Obergurgl Model of a mountain tourist village as a microcosm. Such a model can be useful worldwide
for similar people-mountain problems. The model consists of four main groups of factors: (1) recreational
demand, (2) population and economic development, (3) farming and ecological change, and (4) land
use and control of development (see figure 7). Major problems seen by the modelers were (1) sociology
of villagers, (2) perception of environmental quality by villagers and tourists, (3) mapping of ecological
conditions in the area, (4) determination of primary production of vegetation in relation to grazing by
domestic stock and native animals, (5) projection of potential recreational demands, (6) continued policy
analysis of alternative development schemes, (7) ecological studies of human and animals impacts on
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Figure 6. The mountain village of Obergurgl in the Austrian Tirol as it appeared in 1964 with its

surrounding hay fields. Photograph by W.D. Billings.
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Figure 7. The Obergurgl Model, with its four main components and subcomponents. From Moser and

Moser (1986).
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meadows, and (8) economic analysis of the village and its population. While the model is far from perfect
at this time, and many of the data are lacking or not yet complete, it is an example of what can be done
in an interdisciplinary and interpopulational way to begin forecasting and, possibly, to solve, at least
partially, some of the modern problems of how aggregations of people might live, work, and play in high
mountain environments without destroying them.

Problems similar to those faced in the greater Obergurgl ecosystem occur widely throughout these high
mountain regions of the earth that are affected by tourism and livestock grazing. Within the United
States, these regions are exemplified by the National Parks and certain National Forest areas, as well
as by many state parks and recreational areas.

Alpine vegetation above timberline is very susceptible to trampling by people and hooved animals, both
domestic stock and native ungulates. These effects lead to trail proliferation and, eventually, to erosion,
especially in snowdrift areas and some kinds of wet meadows. Pioneer research on these effects on
alpine vegetation in National Parks of the United States include those of Willard and Marr (1970) in Rocky
Mountain National Park, Colorado; Beli and Bliss (1973) in Olympic National Park, Washington; and
Hartley (1976, 1980) in Glacier National Park, Montana, which still continues. In addition, Grabherr's
(1982) pertinent paper describes quantitative results on trampling on Hohe Mut, a mountain ridge at an
elevation of 2,550 to 2,650 m accessible by cable car from Obergurgl in the Tirolean Alps. Grabherr
found that the most sensitive species on Hohe Mut were fruticose lichens. The dominant angiosperms,
Carex curvula and Ligusticum mutellina, did not disappear completely even at a tourist frequency of 150
per meter of trail per day.

The most thorough field research on trampling effects on alpine vegetation and trail formation by people
is that of Hartley (1976) in the meadows east of Logan Pass in Glacier National Park. His work was
started in 1967 and still continues, with the latest measurements on damage and recovery being taken
in July 1992. It is truly long-term ecological research.

Hartley’'s main conclusions as of 1976 and 1980 are as follows:

1. The local landscape at Logan Pass has changed conspicuously owing to the building of
amenities, educational facilities, and water supplies for tourists.

2. Animal life has been affected in various ways by the continued closeness of people. This is
true of grizzly bears, mountain goats, and mountain sheep. Smaller mammals, including
Columbian ground squirrels and hoary marmots, have adjusted to the presence of people,
as have a number of bird populations, including the white-tailed ptarmigan.

3. The herbaceous plant cover near Logan Pass has been reduced by human activity, and the
floristic composition has been changed by such activity through the years. Aside from
permanent structures, - paved roads, parking lots, and constructed ftrails, much of the
remaining vegetation has been trampled to some extent. Such damage is particularly severe
along trails and close to them. The degree of vegetational damage depends on foot traffic
interacting with the kind of vegetation, slope, and wetness of the soil. Wet meadows are
often damaged severely but may recover more rapidly also. Only a few people walking single
file can create a new trail. If other groups follow the trail, the damage is started. Some plant
species are very sensitive and can disappear very soon even under light use.

’l
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4. Hartley constructed a useful model of the effects of trampling on the physiological status of
alpine vegetation under the stress of trampling. Billings (1983) modified Hartley’s model
slightly; it appears here as figure 8. Primatrily, the effect starts through physical damage to
the plants and the loss of photosynthetic tissue. Secondarily, energy capture by leaves and
thence by translocation to carbohydrate storage in roots, rhizomes, and bulbs is severely
hampered or stopped. Since these are the perennating organs of these herbaceous plants,
lack of regrowth and reproduction can cause the local extinction of susceptible species.
These species include Phyllodoce empetriformis, Senecio resedifolius, and, to some extent,
the bulbiferous Erythronium grandiflorum.

Solar
Dq = Rate controller
light energy

Photosynthetic

Flowers
and

fruits

Assimilate
pool

Roots
Rhizomes

Dead tissue

Figure 8. Rate controlier model of the impact of treading on photosynthesis and carbohydrate storage
in subalpine and alpine meadow vegetation in Glacier National Park, Montana. Slightly modified and
redrawn by Billings (1983) from Hartley (1976). W = water status, N = nutrient status, D = disease,
H = herbivores, M = man.
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5. The soils of the research area were damaged by trail traffic by compaction and subsequent
erosion. Such soil destruction makes vegetational reestablishment very difficult and slow.
Depending on the degree of soil damage and loss of plant reproduction potential,
revegetation and soil development may take centuries or even tens of thousands of years
in alpine ecosystems of the type near Logan Pass.

What Will Mountain Ecosystems Be Like in the Next Century?

And, what are the problems likely to be? What environmental "surprises" await for these ecosystems
either globally or locally? As Rosenberg (1986) entitied his paper, "A Good Crystal Ball Is Hard to Find!"
Will the global climate in the mid-21st century be warmer than it is now as the carbon dioxide, methane,
and other greenhouse gases increase in atmospheric concentration? Or are there uncertainties in this
regard? Local mountain environments will certainly vary, plus or minus, in temperature trends from global
means. Some mountain regions possibly will be cloudier than they are now; others may be less cloudy
and perhaps drier.

It is difficult enough to predict what the climates of the lowlands will be in the next century with their
thousands of first-class and long-term weather observing stations. But as Barry (1992) reminds us, few
mountain weather stations are relatively and usually far between, and with records mostly spanning only
the last century or less. In the western North American mountains, there are very few observing stations
at all and only two or three equipped with first rate instruments and personnel. Switzerland has many
more and has had them for a longer time. In the United States, the better mountain weather stations are
those on Mt. Washington, New Hampshire, which was established in 1932, and the Institue of Arctic and
Alpine Research (INSTAAR) station on Niwot Ridge, Colorado, established by Dr. John Marr in 1952,

Good past records of weather observations at a given site are the foundations upon which climatic
predictions for that site can be made from the best predictive models. Therefore, we face a handicap
in trying to predict what the montane weather and climate will be like in the middle of the next century.
However, estimates can and should be made now based on available regional and global data and their
possible impacts on mountain vegetation and the rest of the biota, including people.

In this concluding section, | shall discuss only a few of the interacting factors that can affect plant growth
and vegetation in the western North American high mountains:

greenhouse gases and possible climatic change

loss of stratospheric ozone and the increase in uItravnolet B irradiation
possible changes in snowfall, glaciers, and runoff

climatic change and wildland fires in mountains

migrations and possible extinctions of plant taxa

Greenhouse Gases and Possible Climatic Change

Within this century, it is apparent that the global mean air temperature is increasing. But global warming,
in spite of much research and modeling efforts, is still rather unpredictable (Jones and Wigley 1990).
True, atmospheric CO, levels have increased in the past two centuries from c. 280 ppm by volume to
almost 360 ppm. However, the longest consistent and detailed record in one place (Mauna Loa, Hawaii)
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only began in 1958 (Keeling, Bacastow, and Whorf 1982), when the CO, concentration there was 315
ppm. There are now a number of other global stations continuously monitoring atmospheric CO, but with
far shorter records.

Even though CO, is the main and most abundant "greenhouse" gas, there are several others of
importance. Notable among these are methane (CH,), which has more than doubled in the past several
decades to over 1,700 ppb; nitrous oxide to 310 ppb; and the man-made chlorofluorocarbons (CFCs)
that did not even exist in the first half of this century and now are c. 1 ppb. The CFCs, of course, are also
the primary causes of the breakdown of the stratospheric ozone layer and of the ultraviolet-B (UV-B)
problem (Rowland 1989).

Jones and Wigley (1990) calculate that the present global air temperature is ¢. 0.75°C warmer than it was
in the early part of this century. However, the yearly means are rather erratic. All models predict that
warming will accelerate logarithmically in the first hailf of the 21st century. But there is considerable
uncertainty between low and high temperature increase. By the year 2050, global air temperatures could
be somewhere between 2.0 to more than 4.0° warmer than now on a global basis.

What does this warming mean for the high mountains of the earth? As Barry (1992) emphasizes, it is
difficult to predict the effects of global warming on mountain climates for several reasons. One reason
is the considerable difference in areal scale between mountains and the globe. Other reasons are
concerned with primary climatic effects on so many environmental factors for which we have so few data
both spatially and temporally. These include especially those concerned with water; snowfall, showpack,
snowdrifts, glaciers, meltwater, and runoff.

Soil temperatures in permatfrost in the arctic tundra of Alaska from Cape Thompson to Barrow to
Prudhoe Bay have been reported by Lachenbruch and Marshall (1986). These temperatures show
widespread secular warming trends of the permafrost surface ranging from 2° to 4°C during the past few
decades. The loss of permafrost by melting is often accompanied by severe thermokarst erosion and
loss of vegetation that literally holds the tundra ecosystems together (Billings and Peterson 1992). Since
permafrost has been reported from a number of places in the high Rocky Mountains, the loss of these
cold soils could cause considerable change in the kinds of alpine plant communities above timberline
in these mountains. In the Yellowstone region, permafrost and other cryopedogenic features are known
from the Beartooth Plateau (Johnson and Billings 1962). Farther south in the Cordillera, permafrost is
known from the Medicine Bow Mountains of Wyoming (Billings and Mooney 1959) and from the Front
Range of Colorado (Greenstein 1983; Ives and Fahey 1971).

Aside from the peripheral effects of global warming in the earth’s high mountains, there are the direct
effects of increasing CO, levels on photosynthesis and growth of mountain plants. Aimost all plants at
high elevations in the mountains of the middle latitudes have the C3 photosynthetic pathway. Plants with
the C4 mode of photosynthesis do not operate well in these cold summer temperatures. Also, the direct
effects of increasing atmospheric CO, on photosynthesis and growth favor C3 plants over those with C4
metabolism (Strain 1987). Strain also reports that water-use efficiency increases as atmospheric CO,
concentration increases. This leads to stomatal closure, causing transpiration to decrease at the same
time that photosynthesis is increasing. This improved plant water balance is estimated to be sufficient

to increase water yield in some mountain watersheds.

At the ecosystem level, Bazzaz (1990) concludes that the intricate interactions between CO, levels and
other environmental factors make it rather difficult to extrapolate advantages or disadvantages from the
level of the individual plant to the community and the ecosystem.
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Kérner (1992) has studied the effects of climatic warming on alpine vegetation in the Tirolean Alps with
special attention to the interactions between rising CO, and temperature. He concludes that the extent
to which rising CO, levels will result in increased primary production and consequent changes in alpine
vegetational patterns will depend on trends in atmospheric and soil temperatures. Growth and changes
in alpine vegetation appear to have a high priority as indicators of climatic warming effects on
ecosystemic processes.

One way of attempting to study arctic (or alpine) tundra is to use natural vegetation-soil microcosms
extracted whole in frozen condition during the arctic winter and then measure carbon exchange as thaw
proceeds under controlled and simulated conditions of the 21st century in a phytotron (Billings et al.
1982, 1983, 1984). We got the following results using cores from Barrow, Alaska, at 71°N latitude:
(1) increasing the summer temperatures from 4° to 8°C reduced net ecosystem carbon uptake by half;
(2) lowering the water table by 5 cm and increasing temperature greatly lowered ecosystem carbon
storage; (3) doubling ambient atmospheric CO, concentration alone had little effect on the total
ecosystem carbon balance; (4) adding nitrogen (the present limiting factor in most arctic tundras) had
far more effect on ecosystemic net carbon gain than simultaneously increasing atmospheric CO,
concentration; and (5) the most probable effects of higher atmospheric CO, levels on the Alaskan tundra
will be through indirect effects on temperature, water levels, decomposition, and availability of soil
nutrients. -

Loss of Stratospheric Ozone and the Increase in Ultraviolet-B (UV-B) Irradiation

The high mountains of the middle latitudes and the tropics have always had an environment with strong
fluxes of incoming solar ultraviolet radiation. This downward flux is in spite of the screening of such
radiation, especially UV-B, by the stratospheric ozone layer. A key environmental danger is, therefore,
severe sunburn or skin cancer of most people who inhabit these mountains or climb in them in the clear,
transparent air. Snow cover and ice, by reflection, increase the irradiation of ultraviolet A and B as
received on the skin. Plants also receive this irradiation; some leaves reflect it, while others screen it out.

While this ultraviolet hazard has been present as long as mountains have been raised, the UV-B gradient
between the polar mountains and those in the tropics curvilinearly increases toward the tropics: the
Andes, the Himalayas, the Hawaiian volcanoes, and the equatorial mountains of east Africa (see
figure 1). This increase toward the equator is due to a combination of increased mountain elevation, a
thinner ozone layer over the tropics than over the polar regions, and the steeper angle of incidence of
solar radiation received at the earth’s surface in the tropics.

The 20th century has seen drastic increases in UV-B irradiation, not only in the mountains but also at
sea level. It is now known, of course, that the stratospheric ozone screen is breaking down, not just over
the tropics, but in the polar regions over Antarctica and the Arctic. The cause is the continued accidental
release of a product of the mid-20th century, the man-made chlorofluorocarbon gases (CFCs or "freons").
As Rowland (1974) and his colleagues discovered c. 20 years ago, these chlorine compounds, escaping
from aerosol cans, refrigerators, and air conditioners into the atmosphere, rise to high altitudes where
they break down the stratospheric ozone molecules. This effect is summarized in Rowland (1989).

We still know relatively little of the effects of solar and sky UV-B radiation on the growth and physiological
processes of plants. It has been only in the past 30 years or so that precise measurements of UV-B have
been made with improved instrumentation. Even so, such modern measurements preceded our
knowledge of the breakdown of stratospheric ozone. It was suspected even earlier that UV-B irradiance
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was greater on high mountains in spite of its absorption by stratospheric ozone. This assumption led
to speculation concerning the effects of such irradiance on the growth, structure, and physiology of
alpine plants. It was not until the work of Caldwell (1968) that ecologists began to use the new
measurement techniques and to understand plant reactions and adaptations to increased UV-B dosages.
Caldwell's results gave impetus to research on effects of UV-B not only on high mountain plants but also

on crop plants.

The field location of Caldwell's pioneer (1968) work was on Niwot Ridge in the Colorado Front Range
at an elevation of 3,750 m in alpine tundra. His laboratory measurements were under controlled
conditions in our laboratory at Duke University. In the field, Caldwell measured the responses of alpine
plants (Kobresia myosuroides, Carex rupestris, Geum rossii, Trifolium dasyphllum, and Oreoxis alpina)
to the exclusion of natural solar and sky UV-B radiation. Caldwell’s principal results showed the following:

Under high-intensity monochromatic UV irradiation in the laboratory, there was an inverse
relationship between UV filtration capacity of alpine plant epidermis and leaf sensitivity to UV-B

damage.

When grown under controlied laboratory conditions, plants of Oxyria digyna from the Arctic,
where solar UV is attenuated, had significantly higher epidermal UV transmission than did Oxyria
plants from western North American alpine locations. In this species, red leaves with higher
anthocyanin contents were consistently less susceptible than green leaves to tissue destruction
by 296.7 nm at 1.4 x 10 quanta cm™ sec’. Other snowbank species that turn bright red after

. emergence, such as the high Sierran Polygonum davisii, probably are also less susceptible to
UV damage.

The UV filtration capacity of plants of the Colorado alpine Ranunculus adoneus, a snowbank
emergent, was suppressed by covering the snow (before plant emergence) with UV-absorbing
plastic filters. After emergence of control plants of this species on the open tundra, UV-absorbing
filters of the same type also decreased UV filtration capacity. If the filters were suddenly removed
from either set of these Ranunculus plants, no apparent damage occurred. Removal of filters was
accompanied by rapid reddening of the leaves as anthocyanins were synthesized and screened

out UV-B.

Photoreactivation (PR) by visible light of leaf damage caused by UV-B wavelengths within the
alpine solar spectrum was shown by several species of high mountain plants.

Tissue destruction by UV-B under controlled laboratory conditions was evident in some
individuals. In nature, on Niwot Ridge, where high-intensity visible and UV-A radiation are both
available for PR, such severe tissue destruction by UV-B does not normally occur.

Beginning in the 1970s, Caldwell and several colleagues began additional UV-B and plant measurements

on a much larger geographical stage. This research was done on the high mountains of North and South

America and Hawaii. The first of these projects was a quantification of solar UV-B radiation along the high

alpine Cordillera from Atkasook at 70°28’N latitude in the Alaskan Arctic to the mountains above

Snowbird, Utah (40°32’N), to the Andean paramo in Venezuela (8°50’N), to the Andean puna above

Tarma, Peru (11°25’S), and the puna above Huancayo, Peru (12°20’S). In addition, we made the same
. measurements on the summit of Haleakala, Maui, at 20°42’N latitude in the Pacific Ocean.
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The first paper (Caldwell, Robberecht, and Billings 1980) concerned the actual field measurements of
solar UV-B radiation in the arctic-alpine zone along a latitudinal gradient of almost 90 degrees. All of the
measurements were made at the season of highest noon altitude of the sun above the horizon at each
site. Along this entire alpine gradient, maximum daily total shortwave irradiance varied only by a factor
of 1.6 and total daily shortwave radiation by less than 15 percent for cloudless conditions. In contrast,
maximum integrated effective UV-B irradiance varied by a full order of magnitude along the transect from
the Arctic to the Andean puna in the southern latitudes in Peru, and the total daily effective radiation by
as much as 7 times. The far steeper UV-B gradient is the result of the natural latitudinal gradient in
stratospheric ozone column thickness, solar angles, elevation above sea level, and optical amplification.
Much of the solar UV-B flux (40 - 70 percent) is in the form of scattered radiation that still strongly affects
even pendant foliage. And, snow cover can add considerably to the UV-B radiation load on alpine plant
leaves.

Simultaneously with measurements of incoming UV-B radiation at the various sites on this long latitudinal
mountain gradient, we also measured leaf ultraviolet optical properties on several plant species in each
of the rather different vegetation types representative of the different latitudes (Robberecht, Caldwell, and
Billings 1980). Epidermal transmittance of solar UV-B (295 - 320 nm) was measured on a number of plant
species at each site. In the equatorial and tropical mountains, mean leaf epidermal transmittance was
less than 2 percent. At the higher latitudes, such transmittance exceeded 5 percent. Even though
incoming solar UV-B dose along the latitudinal gradient varied sevenfold in daily integrated UV-B
irradiance, the mean effective UV-B irradiance at the top of the mesophyll of equatorial and tropical high-
mountain plant leaves was not essentially different from those of plants at high latitudes. Mountain plants
in high UV-B radiation environments seem to attenuate this radiation more effectively than do those in
the lower UV-B environments of the subarctic mountains. This seems to be due to the absorption of
UV-B wavelengths in the epidermis.

Reflectance of UV-B is generally less than 10 percent from glabrous leaves. However, some species with
glaucous or pubescent leaves reflected a considerable fraction of the UV-B irradiance. In the very high
UV-B environment on the summit of Haleakala (elevation 3,024 m) on Maui, the light-colored pubescent
leaves of the shrubby Geranium tridens reflected c. 20 percent of the irradiance across the UV spectrum
from 290 to 400 nm. Its neighboring species in that barren, open landscape, Argyroxiphium sandwicense
(silversword or "ahinahina"), reflected about 40 percent of the UV across the same spectral gradient, from
silvery appressed pubescence. Modification of epidermal transmittance either by reflectance or
absorbance resulting in lower UV-B irradiance at the mesophyll may represent one mechanism toward
acclimation by plants to UV-B radiation. This acclimation possibly could help high mountain plants
survive and adapt if the UV-B flux downward increases with breakdown of the stratospheric ozone layer.

Recently, Ziska, Teramura, and Sullivan (1992) have studied the physiological sensitivity of four plant
pairs, from sea level on Maui to the summit of Haleakala, to UV-B radiation. In a controlled greenhouse
experiment, these plants were grown under UV-B radiation levels that could be expected by a 20 percent
and a 40 percent stratospheric ozone depletion at the latitude of Maui. Increases in UV-B radiation on
plants from higher elevations on Haleakala, where natural UV-B radiation is already high, caused earlier
reproductive effort, maintenance of relative water content, increased dark respiration, increased
photosynthesis, and increased apparent quantum efficiency. Plants from low elevations in the same
experiment showed a significant decrease in average plant and floral biomass, a decline in apparent
quantum efficiency and also in relative water content, and a reduction in light-saturated photosynthetic
capacity. As with our results, the authors found that UV-B - absorbing compounds (e.g., flavonoids,
including anthocyanins) increased under UV-B irradiance in the low elevation plants. But the plants from
high elevations on Haleakala consistently produced larger amounts of these flavonoids even in the
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absence of UV-B radiation. It appears that plants growing in a naturally high UV-B environment have
developed mechanisms that maintain reproductive phenology and carbon uptake in spite of increased
UV-B irradiance.

Caldwell et al. (1982) earlier had found, experimentally, with several ecotypic or species pairs from the
arctic-alpine zone along the Cordillera that UV-B radiation inhibited photosynthesis. These taxa included
arctic and alpine ecotypes of Oxyria digyna, the arctic Taraxacum lateritium and a Taraxacum sect.
Mexicanum from 4,000 m elevation in the Peruvian Andes, and Lupinus arcticus from northern Alaska
vs. L. meridanus from the Venezuelan Andes at 3,000 m elevation. The authors found that ecotypes of
Oxyria, the arctic Lupinus, and the arctic Taraxacum were consistently and significantly more sensitive
to UV-B radiation than their southern Rocky Mountains or Sierran ecotypes (Oxyria) or Andean
counterpart species (Taraxacum, Lupinus) in regard to inhibition of photosynthesis. The arctic taxa
exhibited short-term fluorescence transients indicating damage to the oxidizing side of Photosystem |l
in the photosynthetic light reaction. There was no indication of this in the alpine taxa.

Possible Changes in Snowfall, Glaciers, and Runoff

Wind, snowdrift patterns, and meltwater runoff govern the local distribution and community structure of
most alpine-subalpine herbaceous and woody plants, since all can metabolize, grow, and reproduce at
low temperatures after thaw. Referring back to figure 2 on the effects of topography and wind force on
snow, one can deduce that the mountain mesotopographic snow-moisture gradient controls alpine
community structure and vegetational pattern (Billings 1973). Meltwater meadows lying below relatively
early-melting snowdrifts are the most productive alpine and subalpine ecosystems (Billings and Bliss
1959, Billings and Billings in preparation).

Precipitation types and regimes of the next century are more difficult to predict than atmospheric CO,
concentrations or changes in temperature. Such predictions are even more difficult in mountains than
elsewhere because of the complexity of topographic, geographic, and atmospheric factors involved.
Certainly, whether or not precipitation, particularly snowfall, increases or decreases in the western North
American mountains, there will be considerable impact on runoff as it affects urban water supplies and
agricultural irrigation water in these arid and semiarid lowland regions. In all such dry regions in the
middle latitudes, water supply is largely dependent on mountain snowpacks, and especially so now that
subterranean aquifers are being depleted.

A warming of climate could also result in the shrinking or loss of mountain glaciers. Such retreats or
even gains have occurred at times during the Holocene. But as Ladurie (1971) chronicles, extensive
retreat of European alpine glaciers in the recent past, 1860 to the present, due to "amelioration” of the
global climate, is a fact. This shrinkage of montane ice is of relatively long duration and essentially is
worldwide, including North America, New Zealand, Greenland, Scandinavia, and other continents, as well
as the Alps. However, some mountain glaciers have retreated extensively and then advanced again, for
example, the Nisqually Glacier on Mt. Rainier (Harrison 1952 - 1956 cited in Ladurie 1971). Glacier
National Park in Montana was established in 1910, in part because of its many small alpine glaciers.
Today, few of them remain. Within the Greater Yellowstone Ecosystem itself, Grasshopper Glacier in the
Beartooth Mountains has receded to only 38 percent of its 1956 area (Lockwood et al. 1992). in the
lowest glacial remnants of this glacier, they found numerous parts of the extinct Rocky Mountain
grasshopper, Melanopus spretus (Walsh), which is last known from swarms between 1873 and 1876.
The grasshopper parts found in the ice are not younger than the later date but may be much older.
Climatic warming has reduced this glacier by 89 percent since 1940 (Lockwood et al. 1990). In this case,
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glacier melting, climatic warming, and loss of ecosystem diversity have gone hand in hand to reveal
change in the upper elevations of the Yellowstone Ecosystem.

Climatic Change and Wildland Fires in Mountains

To speak of forest and wildland fires in the Yellowstone is like carrying coals to Newcastle, to use an
overworked phrase. Such fires have always been a controling element of the forested parts of the
Yellowstone ecosystem, as they are in all forested regions in the western North American mountains.
However, 1988 was an unusually severe fire year even in these forests. It was interpreted very early
afterward by Christensen et al. (1989). Additionally, there are a number of pertinent papers in this volume
as well as others of importance (Despain 1990; Romme 1982; Romme and Despain 1989, for example).
In this section, | shall cite just a few other examples of mountain ecosystems changed by wildfires. In
most cases, these fires are followed by relatively typical secondary succession of shrubs and trees,
unless the burned areas are too large to have nearby seed sources. In cases where the burned areas
are indeed too large for natural reseeding, whole native ecosystems may be replaced by weedy systems
of exotic invaders unless they are replanted with native species. Replanting can be very expensive.

In some mountains, the loss of subalpine forest by fire just below timberline may open the site to strong
winds, drifting snow, and lack of tree reproduction (Billings 1969; Stahelin, 1943). In essence, under such
a change to a severely stressful environment, subalpine forest often is replaced by an alpine tundra
ecosystem, as on Libby Flats at an elevation of 3,300 m in the Medicine Bow Mountains of southeastern
Wyoming. Billings (1969) has described this situation in some detail. Repeated fires there during the 18th
and 19th centuries in the subalpine spruce-fir forests have been succeeded by secondary lodgepole pine
forests. When the fires burned to timberline, lodgepole forests did not establish and alpine tundra has
taken over and persisted for centuries. When this happens, blowing snow carried by the western winds
moves leeward and is deposited in deep drifts in the stillness of the unburned subalpine forests below.
These forest drifts melt so late during the following summer that many of the trees (Engelmann spruce,
subalpine fir, lodgepole pine) die and are replaced by wet boggy areas. In drier, protected areas near
the old timberline, spruce and fir often become reestablished in the form of "ribbon forests" perpendicular
to the prevailing winds (Billings 1969). These ribbon forests act as living snow-fences, allowing the
deposit of deep and long-lasting snowdrifts in their lee and thus preventing tree reproduction. Such lee
sites in ribbon forests are now occupied by very wet alpine meadows or "snow glades" like that on the
east side of Cinnebar Park in the Medicine Bow. This deep drift, behind a long ribbon forest, at an
elevation of c. 2,950 m, is almost 2 km long (Billings 1969). So, forest fire in places just below timberline
can result in completely new ecosystems.

It is difficult to predict how global warming may affect frequency and intensity of fires in the mountains.
One way, of course, is to use past environments, vegetation, and events as possible prologues to the
future. Since our future will have higher atmospheric CO, concentrations, higher incoming UV-B fluxes,
and more people in the mountains, it is difficult to find close analogues in the past 1,000 years to likely
environmental situations in the mountains of a century from now. Romme and Despain (1989) show
clearly that the Yellowstone fires of 1988, severe as they were, are not abnormal if one examines the fire
history of this plateau for the past 350 years. Such fires did occur in the decades from 1690 to 1739.
Balling, Meyer, and Wells (1992), in attempting to predict future wildfire risk in Yellowstone by using past
fire records, show that temperatures during the fire season are increasing while precipitation is
decreasing in the preceding year, with some early drought in the year of the fire or fires. This trend
toward increasing aridity may presage more fires in the next century.
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In addition to the possibility of increasing. aridity in western North American mountains, there is the
problem of the invasion of fire-susceptible Mediterranean annual grasses in the semiarid mountains of
the western third of the United States. These grasses include Bromus tectorum (cheatgrass), B. rubens,
B. rigidus, and Taeniatherum asper (medusahead), among the important ones, particularly on the
mountains of the Intermountain West. Mack (1981) has documented the invasion of Bromus tectorum,
the most important and widespread of these invaders into the western United States, ¢. a century ago.
More recently, Mack (1986) has reviewed the annual grass invasion probiem in some depth by
comparing the different species of many genera, some flammable, some not.

Bromus tectorum was first reported in the Reno region in 1906 by Kennedy (1907). It spread rapidly into
the nearby mountains. Billings (1948) reported on the fire hazard caused by the invasive Bromus
tectorum in the native Artemisia tridentata - bunchgrass steppe, which is the matrix of the middle
elevation vegetation in the mountains and plateaus of the Great Basin east of the Sierra Nevada. All other
Great Basin woody vegetation is superimposed on this sagebrush-grass vegetation. Prehistoric fires were
rare because of the scattered and open nature of the perennial grasses and shrubs (Billings 1990; Young
and Evans 1985). | set up permanent plots in this unburned sagebrush ecosystem (with Bromus tectorum
already present as an understory) as early as 1941. These were sampled before fires occurred and also
afterward. Also, plots were photographed and rephotographed from standard points through a period
of 50 years. Much of the sagebrush ecosystem on the lower slopes (up to elevations of c. 1,800 m) has
now been burned at least once. A number of sites have burned several times, with the fires starting from
dry lightning storms or from the activities of people and spreading through an understory of dry Bromus
tectorum during the typically dry summers. Those sites burned several times have become annual
grasslands of little biological diversity. Even in areas burned only once, succession of native shrubs and
trees back into the burned areas is very slow, and some species do not return at all; this is particularly
true of the perennial dicot herbaceous species and the grasses. But cheatgrass does return and the fire

danger remains.

Cheatgrass now has spread up the mountains through the pinyon-juniper woodland zone and above.
This conifer woodland is now being destroyed, as is the shrubland at the lower elevations. Billings (1990)
has described the destruction by fire of great areas of both the sagebrush and pinyon-juniper
ecosystems. The long-term ecological effects of this destruction triggered by wildfires originating in dry
expanses of Bromus tectorum are not easy to predict. This invasion has resulted in an ecological
"surprise" of some magnitude. Annual-grass-caused fires have continued in many western states during
the long period of drought of the past several years, and especially in the drought-stricken summer of
1992. Is it a portent of the next century, or will we see a moister surprise?

Migrations and Possible Extinctions of Plant Taxa

As mountain climates warm, and perhaps get drier in the lower and middle elevations, plant populations
should migrate vertically up-mountain or latitudinally along the Cordillera — or possibly become extinct.
In this regard, interglacial refugia are fully as important as glacial refugia, especially under present
climates. Also, alpine floras and populations, while their vegetation occupies relatively small space, are
evolving and consolidating their genetic adaptations after catastrophic selection during the present
interglacial. Examples of such interglacial refugia are mountain peaks, certain rock types, glacial
moraines, bogs, moist canyons, and cloudy and foggy cliffs with suitable crevices.

If the climate warms in the western North American mountains, timberline vegetation and its associated
species will move up the mountains, but rather slowly. For example, Carrara, Trimble, and Rubin (1991)
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have quantified Holocene timberline fluctuations in the San Juan Mountains of southwestern Colorado.
Between 9,600 and 5,400 years B.P., treeline in the northern San Juans was at an elevation at least 80
m higher than at present. A large fragment of spruce wood with complacent annual-rings and a
radiocarbon date of c. 8,000 years B.P. suggests that timberline may have been at least 140 m higher
in elevation than at present. During the early and mid-Holocene, mean July temperatures in the higher
San Juans probably were at least 0.5 to 0.9° higher than at present.

The upward movement of timberlines in the western North American Cordillera could eventually result
in smaller and less continuous "islands” that would decrease the opportunities for migrations of the alpine
biota either north or south. In colder climates of the past, these Cordilleran routes were open and
available to many cold-tolerant species of plants, a situation that has already been reduced in the past
two or three centuries. Some species will become extinct, locally at least, but others migrating up from
below may take their places.

Hofer (1992) has tabulated lists of vascular plant species on 14 peaks in the Bernina region of the Swiss
Alps between 1905 and 1985. On 12 of the 14 peaks, in the subnival and nival zones, significant
immigration of species.from below has occurred in that period. All the adventive species now present
at the end of those 80 years are typically alpine or arctic taxa with seeds mostly distributed by wind. The
average number of species per peak has increased from 16 to 28. Hofer attributes this increase to the
rise in temperature on these mountains in this century and the retreat of glacial and firn ice. The rise in
temperatures between 1911 and 1990 in the higher zones of the Alps is ¢. 0.6° to 0.8°C. Rubel (1912),
reporting on his 1905 survey that is the initial basis of Hofer's comparison, listed 70 species of vascular
plants above timberline on 20 Bernina peaks. Hofer, using only 14 of these 20 peaks, now has found
108 species. Only one peak, Piz Languard at 3,261 m, has fewer species now (36) than found by Rubel
in his 1905 census. Apparently, in the Bernina Alps, immigration from below has dominated considerably
over extinction during this century. As Billings (1992) has suggested, however, global and mountain
warming may proceed much faster latitudinally than various vectors (birds, mammals, wind) can carry
seeds and other plant propagules to these new and distant habitats.

Through time, "surprises" occur episodically, cumulatively, and evolutionarily, in both the physical and
biological parts of the mountain ecosystem, and at any ecosystemic level. Examples of such surprises
are fire, volcanic activity, carbon dioxide increase, drought, and glaciation. In view of such surprises and
the rapid changes in environments during the past two or three centuries in global atmospheric
components and carbon balance of the whole earth, is it possible to predict what the earth and its
mountains and polar regions will be like a century from now? Unfortunately, there are no easy answers
to these environmental, ecologic, and economic problems.
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The Submersed Plant Community in Jackson Lake,
Wyoming: Dynamics of a Disturbed System
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Introduction

Submergent macrophyte distribution in lakes is usually related to depth. At lower depths — downslope
on the littoral lake bed (figure 1) — macrophyte distribution and growth have been related to light
(Spence 1982), substrate texture (Pearsall 1920), nutrient status (Carpenter and Adams 1977), and lake
morphometry (Duarte and Kalff 1986). Factors limiting distribution and growth at shallower depths —
upsiope on the littoral shore — are not as well understood.

Meaningful descriptions of plant distributions in reservoirs are problematic because water levels vary
throughout the course of a year (Brewer and Rersiett 1987). Water level fluctuations are a challenge to
plant growth (figure 1). A plant that begins the growing season at a depth of 3 m may be under 6 m of
water after spring runoff fills the reservoir. Later in the summer the same plant may be left at a depth of
only 1 m as water is removed from the reservoir during summer drawdown. In reservoirs, where lake
levels fluctuate substantially during the growing season, the physical environment is characterized by
increased spatial and temporal heterogeneity. Disturbances associated with changing water levels
include ice scour during winter drawdown, abrasion caused by increased erosion along the lake shore
and wave action. Recent work suggests that the magnitude and timing of water level fluctuations may
be the most important factor regulating macrophyte community processes at shaliower depths in
reservoirs (Brewer and Parker 1990; Gasith and Gafny 1990; Rerslett 1984, 1985, 1988, 1989).

The status of the aquatic plant community in Jackson Lake was evaluated from 1983 through 1985.
During this time, we compiled a species list, mapped the distribution of macrophyte species, and
evaluated the effect of changing water levels on the macrophyte community. Later, because of impacts
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Figure 1. The vertical gradient in a reservoir with a fluctuating water level consists of both the lake bed
and adjacent shoreline. The depth gradient is only the portion of the vertical gradient below the water
surface. Instantaneous depths are designated as "v"; positions along the vertical gradient are designated
as "z." As the surface elevation (lake level) varies through time, the position of a macrophyte along the
vertical gradient changes (redrawn after Rarslett 1984, Brewer and Rarslett 1987).

on the littoral plant community caused by restoration of a dam at the Snake River outlet from 1986 to
1988, the status of the aquatic plant community was reevaluated from 1989 to 1991.

Study Area

Physical and Chemical Features

Jackson Lake, located at roughly lat. 44°N/long. 110°42’W, is contained within the boundaries of Grand
Teton National Park, Wyoming (figure 2). At maximum capacity the surface of the lake is at an elevation
of 2,065 m. Lake morphometry data are summarized in table 1. Immediately west of the lake is the Teton
Mountain Range; the Jackson Hole valley is located to the east and southeast of the lake. Overturn —
the period of water mixing and circulation before thermal stratification occurs — is in June and again in
late October or early November. By July the lake is thermally stratified to a depth of 8 - 9 m.

During the Pinedale glaciation (between 6,000 and 9,000 years before the present), the south and north
basins of what is now Jackson Lake were carved by the Pinedale ice sheet (Clark 1981). In 1916 an
earthen dam was constructed at the Snake River outflow to provide irrigation water and to control runoff.
Impoundment increased the depth of the lake by 12 m and the length of the shoreline by about 60 km.
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Figure 2. Location of Jackson Lake within Grand Teton National Park.

Inflow to the lake now comes from the Snake River to the north as well as from many small streams
flowing out of the Teton Mountain Range. Outflow into the Snake River occurs through the dam at the

southeast shore of the lake.

Lake Level Regulation Scheme

Prior to 1975 water levels in Jackson Lake were controlled to be lowest in April or May (2,060 m) before
runoff began. By July the maximum surface elevation of 2,065 m was usually reached. Toward the end
of the growing season for aquatic plants in late September, subsequent drawdown reduced the surface

elevation by as much as 5 m.

Beginning in 1976 the water level of Jackson Lake was lowered from 2,065 m to about 2,061 m, and then
in 1985 to 2,054 m. These drawdowns were to facilitate repair and modification of the Jackson Lake dam.
In 1989, after four years of low water levels, repair was completed and the reservoir was allowed to fill
back to 2,065 m. From 1989 to August 1991 the lake surface elevation varied 2 - 3 m annually from

about 2,061 - 2,064 m.
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Table 1. Morphological features of Jackson Lake

Morphometry

Surface elevation 2,065 m
Surface area 10,366 ha
Volume 4x10° m?
Maximum length 26 km
Maximum width 13 km
Shoreline length 140 km
Maximum depth 136 m
Average depth 38 m
lce-covered period 150 days
Average vertical extent of regulation 4 m
Position of thermocline in midsummer 8-9m

Methods
\
] Physical Environment

To characterize the physical environment in Jackson Lake, water samples were collected from various
sites in the lake in the summers of 1983 and 1984. Sites were chosen to represent the different habitat
types in Jackson Lake (figure 3). Results for each parameter were averaged over the two summers.
Conductivity and pH were measured electrometrically. Total alkalinity, dissolved oxygen, calcium, and
total hardness were determined by titration (Lund 1979). Light penetration was measured with a Secchi
disc. The bottom of the photic zone was calculated according to Cole (1979) as approximately three
times the Secchi Depth.

The lake shore was divided into habitat types using several kinds of data. Maximum fetch was measured
using U.S. Geological Survey (USGS) topographic maps. Littoral slope was calculated by measuring the
perpendicular distance from the shore to a depth of 10 m. These data, along with field observations
(e.g., visual classification of substrate texture as boulders, rock, gravel, silt), were used to assign habitat
categories.

Plant Community Composition and Distribution

Macrophyte community composition and plant distribution data were gathered from 1983 to 1985 and
. again from 1989 to 1991. At various times during the growing seasons (June through September)
macrophytes were collected from around the periphery of the lake by either wading, scuba diving,
dredging, or using a plant hook. The use of several plant collection methods increased the likelihood
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