
SMITHSONIAN CONTRIBUTIONS TO THE EARTH SCIENCES • N U M B E R 33

Great Basin Aquatic Systems History

Robert Her shier, DavidB. Madsen, and Donald R. Currey

EDITORS

fSS'JIH)
DEC 112002

SMRHSONIAN INSTITUTION

Smithsonian Institution Press
Washington, D.C.

2002



A B S T R A C T

Hershler, Robert, David B. Madsen, and Donald R. Currey, editors. Great Basin Aquatic Sys-
tems History. Smithsonian Contributions to the Earth Sciences, number 33,405 pages, 190 fig-
ures, 21 tables, 2002.—The 14 papers collected herein treat diverse aspects of the aquatic
history of the Great Basin of the western United States and collectively attempt to summarize
and integrate portions of the vast body of new information on this subject that has been
acquired since the last such compilation was published in 1948. In the first section, four papers
(Lowenstein, Negrini, Reheis et al., Sack) focus on physical aspects of Great Basin paleolake
histories, whereas a fifth paper (Oviatt) summarizes the contributions to the study of Bonne-
ville Basin lacustrine history made by two early giants of the field, Grove Karl Gilbert and
Ernst Antevs. In the second section, four papers synthesize perspectives on Great Basin aquatic
history provided by diatoms and ostracods (Bradbury and Forester), fishes (Smith et al.),
aquatic insects (Polhemus and Polhemus), and aquatic snails (Hershler and Sada), whereas a
fifth (Sada and Vinyard) summarizes the conservation status of the diverse aquatic biota that is
endemic to the region. In the final section, three papers integrate terrestrial biotic evidence per-
taining to Great Basin aquatic history derived from pollen from cores (Davis), floristics
(Wigand and Rhode), and the mammal record (Grayson), whereas a fourth (Madsen) examines
the relationship between Great Basin lakes and human inhabitants of the region. Although
diverse in scope and topic, the papers in this volume are nonetheless linked by an appreciation
that integration of geological, biological, and anthropological evidence is a necessary and fun-
damental key to a mature understanding of Great Basin aquatic systems history.

OFFICIAL PUBLICATION DATE is handstamped in a limited number of initial copies and is
recorded in the Institution's annual report, Annals of the Smithsonian Institution. SERIES COVER
DESIGN: Volcanic eruption at the island of Krakatau in 1883.

Library of Congress Cataloging-in-Publication Data

Great Basin aquatic systems history / Robert Hershler, David B. Madsen, and Donald R. Curry, editors.
p. cm. — (Smithsonian contributions to the earth sciences ; no. 33)

Includes bibliographical references.
1. Limnology—Great Basin. 2. Paleolimnology—Great Basin. I. Hershler, Robert. II.

Madsen, David B. III. Currey, Donald R. IV. Series.

QE1 .S227 no. 33
[QH104.5.G68]
550 s—dc21
[551.48'0979]

2002026685

© The paper used in this publication meets the minimum requirements of the American
National Standard for Permanence of Paper for Printed Library Materials Z39.48—1984.



Contents

Page

Introduction, by David B. Madsen, Robert Hershler, and Donald R. Currey 1

LAKE HISTORIES

Pluvial Lake Sizes in the Northwestern Great Basin throughout the Quaternary
Period, by Robert M. Negrini 11

Pliocene to Middle Pleistocene Lakes in the Western Great Basin: Ages and Connec-
tions, by Marith C. Reheis, Andrei M. Sarna-Wojcicki, Richard L. Reynolds,
Charles A. Repenning, and Martin D. Mifflin 53

Pleistocene Lakes and Paleoclimates (0 to 200 Ka) in Death Valley, California, by
Tim K. Lowenstein 109

Bonneville Basin Lacustrine History: The Contributions of G.K. Gilbert and Ernst
Antevs, by Charles G. Oviatt 121

Fluvial Linkages in Lake Bonneville Subbasin Integration, by Dorothy Sack 129

AQUATIC BIOTIC PERSPECTIVES

Environment and Paleolimnology of Owens Lake, California: A Record of Climate
and Hydrology for the Last 50,000 Years, by J. Platt Bradbury and R.M.
Forester 145

Biogeography and Timing of Evolutionary Events among Great Basin Fishes, by
G.R. Smith, T.E. Dowling, K.W. Gobalet, T. Lugaski, D.K. Shiozawa, and
R.P. Evans 175

Basins and Ranges: The Biogeography of Aquatic True Bugs (Insecta: Heteroptera)
in the Great Basin, by Dan A. Polhemus and John T. Polhemus 235

Biogeography of Great Basin Aquatic Snails of the Genus Pyrgulopsis, by Robert
Hershler and Donald W. Sada 255

Anthropogenic Changes in Biogeography of Great Basin Aquatic Biota, by Donald
W. Sada and Gary L. Vinyard 277

NON-AQUATIC BIOTIC AND HYDROCLIMATIC PERSPECTIVES

Late Neogene Environmental History of the Northern Bonneville Basin: A Review
of Palynological Studies, by Owen K. Davis 295

Great Basin Vegetation History and Aquatic Systems: The Last 150,000 Years, by
Peter E. Wigand and David Rhode 309

Great Basin Mammals and Late Quaternary Climate History, by Donald K. Gray-
son 369

Great Basin Peoples and Late Quaternary Aquatic History, by David B. Madsen . . . 387

m



Great Basin Vegetation History and Aquatic Systems:
The Last 150,000 Years

Peter E. Wigand and David Rhode

ABSTRACT

The Great Basin was seen by early settlers as a terrifying barrier
to be crossed on the way to the golden promise that was California.
Although the region was visited by fur trappers and mountain men
in the 1820s and 1830s, it was not until the 1840s that the Euro-
pean pathfinders and empire builders tarried to explore the wood-
land-covered mountains and playa-bottomed valleys of the Great
Basin. Mormon farmers and spirited miners settled this wild land,
uprooting the native people who had lived there for millennia. As
the region opened to European settlement, evidence of a long and
complex environmental history was discovered and explored. But
as recently as 50 years ago our knowledge of Late Quaternary lake
histories and climates was minimal, and our knowledge of the
dynamics of Pleistocene and Holocene vegetation was virtually
nonexistent. Our understanding has advanced dramatically in the
last half century, with advances in analyses of pollen, woodrat
middens, and tree rings. A substantial pollen and plant macrofossil
database has been assembled, spanning tens of thousands to hun-
dreds of thousands of years, such that our knowledge of Late Qua-
ternary vegetation history in the Great Basin rivals that of any
other region in the world. These data, coupled with the long-term
lake histories deduced from the basins of the Lahontan, Bonne-
ville, Chewaucan, and Owens-to-Death Valley lake systems, per-
mit detailed examination of late Pleistocene vegetation dynamics
in relation to aquatic system history. By examining proxy records
from the various subregions of the Great Basin and the northern
Mojave Desert, we have compiled a compelling picture of past cli-
mate and the vegetation and hydrologic responses during the last
50,000-150,000 years.

Peter E. Wigand, Quaternary Sciences Center, Desert Research Insti-
tute, 2215 Raggio Parkway, Reno, Nevada 89512, USA. David Rhode,
Earth and Ecosystem Sciences, Desert Research Institute, 2215 Rag-
gio Parkway, Reno, Nevada 89512, USA.

Reviewers: Owen K. Davis, Department of Geosciences, University of
Arizona, Tucson, Arizona 85721-0077, USA; DavidB. Madsen, Envi-
ronmental Sciences, Utah Geologial Survey, Salt Lake City, Utah
84114, USA; P. Peterson, Department of Botany, National Museum of
Natural History, Smithsonian Institution, Washington, D.C. 20560-
0166 USA; G. Spaulding, Dames and Moore, 7180 Pollock Drive,
Suite 200, Las Vegas, Nevada 89119, USA.

Introduction

Our understanding of Late Quaternary biological history in
the Great Basin, particularly its vegetation history, has ad-
vanced substantially in the half century since the publication of
works by Antevs (1948) and by Hubbs and Miller (1948). By
that time evidence derived from the interpretation of modern
biogeographic indicators such as disjunct taxa and isolated hy-
brid populations had led to the recognition that Pleistocene gla-
ciopluvial episodes and mid-Holocene warming wrought sub-
stantial shifts in vegetation zones, but even the barest outlines
of these shifts remained uncertain. In 1948 the number of Late
Quaternary fossil plant localities studied in the Great Basin was
negligible (Deevey, 1949). Laudermilk and Munz (1934, 1938)
had analyzed late Pleistocene pollen and plant fragments from
dung balls of the Shasta ground sloth {Nothrotheriops shaten-
sis), found in Gypsum and Rampart Caves along the lower Col-
orado River just outside the southern margins of the Great Ba-
sin. Plant remains had been recovered from other cave sites
(e.g., Smith Creek Cave; Thompson, 1984) but these were as
yet unstudied. Only two Late Quaternary pollen sequences
from within the Great Basin—Chewaucan and Warner marshes
in south-central Oregon—had been analyzed by Ernst Antevs'
colleague Henry Hansen (Hansen, 1947). These pollen records,
in combination with knowledge of the northern European cli-
matic sequence (Blytt-Sernander) (Iversen, 1973:13-14), were
instrumental in Antevs' formulation of his tripartite Neother-
mal climatic scheme (Antevs, 1948). Another early pollen lo-
cality, Tsegi Canyon in northeastern Arizona (Sears, 1937), lay
well beyond the Great Basin's southeastern edge. Use of tree
ring analysis to provide clues of the Holocene climates driving
vegetation changes was still in its descriptive stage, and chro-
nologies were still relatively limited in length (Hardman and
Reil, 1936; Antevs, 1938; Schulman, 1956). The revolution in
reconstruction of vegetation and climate history of arid areas,
brought about by the recognition of the potential of packrat
middens as a fossil record (Betancourt et al., 1990), was still
nearly a decade and a half in the future. Indeed, a half century
ago, we had more direct information about Tertiary floras in the

309



310 SMITHSONIAN CONTRIBUTIONS TO THE EARTH SCIENCES

Great Basin and adjacent regions than we did about Late Qua-
ternary vegetation history (La Motte, 1936; Axelrod, 1939,
1944, 1948; Brown, 1949).

Today our much-improved understanding of late Pleistocene
terrestrial vegetation history can be usefully compared with the
history of Great Basin aquatic and landscape systems, with de-
tailed human and faunal records, and, most fundamentally, with
global and regional climate reconstructions. The advances in
our understanding of Great Basin vegetation history come from
three main sources: (1) millennia-long tree ring records, (2)
pollen and plant macrofossils recovered from lake, marsh, and

dry cave settings, and (3) plant materials obtained from ancient
woodrat nests (Figure 1). In addition, studies of plant macro-
fossils and tree ring series provide information regarding plant
physiology through study of anatomical features (e.g., Van de
Water et al., 1994) and stable isotopic signatures (Siegal, 1983;
Feng and Epstein, 1994; Van de Water et al., 1994; Wigand,
1995; Jahren, 1996). The potential of future molecular and ge-
netic studies of these remains (e.g., Hamrick et al., 1994; Poi-
nar et al., 1998) will offer additional information regarding
phylogeography and the response of plant populations to
changes in past climate.

FIGURE 1.—Map of the western United States showing the Great Basin and
localities, as discussed in the text, from which tree ring records, pollen and
plant macrofossils, and plant materials from ancient woodrat nests were
obtained. 1, Wildcat Lake; 2, Craddock Meadow; 3, Summer Lake (Ana River,
Bed and Breakfast); 4, Alkali Lake Valley; 5, Chewaucan marsh; 6, Bicycle
Pond; 7, Diamond Pond; 8, Warner Lake; 9, Steens Mountain (Fish Lake,
Wildhorse Lake); 10, Lava Beds; 11, McCoy Flat; 12, Smoke Creek Desert; 13,
Jackson Range; 14, Pyramid Lake; 15, Painted Hills; 16, Lake Tahoe; 17, Little
Valley; 18, Lovelock Cave; 19, Carson Sink (Lead Lake); 20, Hidden Cave; 21,
Walker Lake; 22, White Mountains (Methusaleh Walk); 23, Alabama Hills; 24,
Owens Lake; 25, Little Lake; 26, Warm Sulphur Springs; 27, Searles Lake; 28,
Eureka Valley; 29, Cofer Spring; 30, Eleana Range; 31, Lower Pahranagat
Lake/Pahranagat Range; 32, Meadow Valley Wash; 33, Specter Range/Spotted
Range/Little Skull Mountain; 34, Pintwater Range (Pintwater Cave); 35,
Sheep Range; 36, Ash Meadows/Owl Canyon; 3-7, Tule Springs; 38, Gypsum

Cave; 39, Sandy Valley; 40, McCullough Range; 41, Owyhee River Valley; 42,
Jarbidge Mountains (Mission Cross Bog); 43, Grouse Creek Range (Swallow
Shelter); 44, Raft River Mountains (Curelom Cirque); 45, Grays Lake; 46,
Swan Lake; 47, Bear River (Cutler Dam formation); 48, Crescent Spring/
Hogup Cave; 49, Lakeside Range (Homestead Cave, Gillespie Hills); 50, Great
Salt Lake; 51, Snowbird Bog; 52, Onaqui Range (Devils Gate); 53, Knolls; 54,
Silver Island Canyon; 55, Wendover (Danger Cave, Leppy Overhang, Triple
Barrel); 56, Pilot Range (Raven Cave); 57, Pequop Range (Icicle Cave); 58,
Potato Canyon Bog; 59, Gatecliff Shelter; 60, Ruby Marsh; 61, Cherry Creek
Range; 62, Goshute/Toano Range (Top of the Terrace, Marblehead Mine); 63,
West Bonneville Basin (Bonneville Estates, Twin Peaks, Pristine Shelter); 64,
Indian Farm Canyon; 65, Granite Canyon; 66, Northern Snake Range (Council
Hall Cave, Smith Creek Cave, Arch Cave, Ladder Cave, Old Man Cave); 67,
Confusion Range; 68, Cricket Mountains; 69, Wah Wah Range; 70, Garrison;
71, Southern Snake Range.
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Our intention in this paper is not to summarize everything
that we currently know about vegetation history in the region,
but rather to highlight major vegetation patterns and changes
that reveal underlying climate trends and variability throughout
the Great Basin.

ENVIRONMENTAL SETTING

The Great Basin of western North America is a region of dra-
matic topographic relief and striking vegetation transitions
over short distances. Lying between the Sierra Nevada/Cas-
cade mountain chain on the west and the Wasatch Front on the
east, the Great Basin comprises a great mosaic of diverse habi-
tats. Great Basin climate reflects the effects of both the hetero-
geneous topography and the varying impact of three major air
mass systems that intersect over it (Houghton, 1969; Houghton
etal., 1975).
Pacific: a regime dominated by maritime polar air masses. These

moist cool air masses from the Pacific Ocean produce cool, wet
winters, and their absence in summer makes the growing sea-
son hot and dry. Plant species such as Sierran white fir {Abies
concolor van lowiana (Gordon) Lemmon) and whitebark pine
(Pinus albicaulis Engelm.) depend upon the reliable winter
rainfall that this air mass provides. These species extend into
the Great Basin from the west and northwest, dotting mountain
tops that lie in the path of the Pacific storm tracks.

Gulf: a regime dominated by maritime and continental tropical air
masses. These warm, moist air masses entering the southwest-
ern United States from either the Gulf of Mexico or the Gulf of
California produce hot, moist summers with midsummer tor-
rential rainfall (originating during convective storms) and
warm, dry winters. Plants, such as creosote bush (Larrea tri-
dentata (Sesse & Moc. ex DC.) Cov.), and perhaps singleleaf
piiion pine (Pinus monophylla Torn & Fremont), that favor
warmer winter temperatures and summer rainfall extend into
this area from the southern desert, except in places where win-
ter or summer temperatures are too harsh.

Polar: a regime dominated by continental polar and arctic air
masses. These cold, dry continental air masses from the North
American interior extend into the Great Basin from the north-
east during the winter. Such air mass system "outbreaks" re-
strict the plant species able to grow within the area of greatest
influence to those with physiological limits tolerant of cold, dry
winters coupled with periodic drought (e.g., limber pine, Pinus
flexilis James).
Movements of these air systems, and their effects on local

and regional climate, are reflected in changes in hydrology,
erosion/deposition processes, and vegetation. Displacement of
winter and summer storm tracks and the variations in penetra-
tion of the summer monsoon are all affected by the realignment
of these pressure systems through time. Because movements of
these three large air masses reflect changes in global circula-
tion and are potentially revealed in the climatic proxy data of
the Great Basin, changes in a large portion of the earth's cli-
mate system may be monitored through time.

In addition to the effects of these air masses, Great Basin cli-
mates and vegetation are further complicated by topography.
The effect of topographic diversity in the Great Basin on the
distribution of precipitation has resulted in the formation of a
multiplicity of habitats within close proximity, thus fostering
rich biotic diversity (Billings, 1951). Elevational changes in
plant distributions can be dramatic in response to the oro-
graphic effect of north-south-trending mountain chains that lie
across the paths of Pacific storms or, conversely, that funnel
summer monsoonal rainstorms northward. Finally, the overrid-
ing rain shadow effect of the Sierra Nevada mountains to the
west exerts a massive impact upon rainfall distribution in the
Great Basin. The rising of these mountains that began during
the Pliocene and accelerated during the course of the Pleis-
tocene accentuated this effect (Axelrod and Raven, 1985; Axel-
rod, 1990; Thompson, 1991).

\^GETATION RESPONSE TO CLIMATE CHANGE

During the Late Quaternary most changes in vegetation com-
munities occurred in response to climate change. Vegetation
changes observed in the Great Basin have included large-scale
latitudinal shifts of plant taxa that typically occurred in the
south and east as well as the primarily altitudinal shifts that
characterized the central and northwestern Great Basin.
Smaller scale shifts in abundance of major taxa within plant as-
sociations have characterized the entire region during both
low- and high-magnitude climate changes. Differences in the
response of vegetation to variation in climate result from sev-
eral factors. Primary among these factors are the magnitude
and duration of the new climatic regime to which individual
plant species are adjusting. Secondary are the variable effects
of topographic relief in the formation of microhabitats, each
with its own microclimate. Third in importance is the distance
to source areas from which plant species would have to expand
during climatic transitions.

The climatic sensitivity of vegetation in the Great Basin lies
in the physiological characteristics of its species. As a result of
millions of years of adaptation to arid and semiarid condi-
tions—even before the Great Basin was formed (Tidwell et al.,
1972)—many of the plants that grow in this region are opportu-
nistic. They have evolved to quickly take advantage of in-
creased precipitation. Many species respond to wetter condi-
tions through increased pollen and seed production and rapid
vegetative growth. Because the annual production of biomass is
linearly related to effective annual precipitation (Walter, 1954),
biomass production in arid and semiarid environments is a sen-
sitive indicator of changing climate. Such changes can be mea-
sured directly today through satellite imagery and historically
through repeat photography (Hastings and Turner, 1965). In-
creased productivity is evidenced in the fossil record by wider
tree and shrub growth rings, greater needle and leaf size, and
copious production of pollen. Therefore, even relatively brief
episodes of greater rainfall that resulted in increased pollen
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production may be evidenced in high-frequency pollen records
as sudden rises in pollen influx.

Plant adaptations favoring rapid migration are aided by Great
Basin topography. Many plants disperse their pollen and seeds
with the wind, favoring rapid dispersal of propagules. Seeds of
some plants are ingested or held in specialized organs by cer-
tain animals, then carried great distances to favorable locations
where they may germinate and grow (e.g., Clark's nutcracker
(Nucifraga columbiana) and whitebark pine). Because of the
steep relief of Great Basin mountain ranges, species can move
the equivalent of several degrees of latitude by moving verti-
cally only a few hundred meters. The north-south-aligned
mountain ranges of the Great Basin also serve as corridors (at
various elevations) that facilitate the north-south movement of
plant and animal species in response to the vagaries of climate.
(Intervening valleys may impede east-west movement between
mountain ranges, however.) As a consequence, the potential lag
time between climatic input and plant response to reach a new
equilibrium may be much less in the Great Basin than it is in
areas of reduced topographic relief, where plants must move
hundreds of kilometers latitudinally to reach a new environ-
mental equilibrium.

VEGETATION CHANGE, THE HYDROLOGIC RECORD,

AND CYCLES OF EROSION AND DEPOSITION

In the Great Basin, rates of erosion and deposition are usu-
ally closely tied to climate. The low rainfall and high evapora-
tion rates that characterize much of the Great Basin today sup-
port a relatively sparse vegetation cover that leaves much of the
ground surface exposed to the erosive effects of rainfall. Areas
with greater rainfall have relatively greater ground cover offer-
ing more protection against erosive processes. Great Basin
plant communities respond to increased rainfall through greater
foliage production by extant plants and through establishment
of extra local plant species. Eventually, increased biomass pro-
vides a better buffer to increases in rainfall and reduces the
amount of water reaching streams and lakes. Sudden increases
in rainfall (either during a single event or during the course of a
year) can overwhelm the ability of relatively sparse vegetation
cover to assimilate the excess. This is almost immediately re-
flected in increased runoff and accumulation of water in the
playa lakes, the sinks of Great Basin fluvial systems. If in-
creased effective precipitation continues, the increase in the
biomass of existing plants and the establishment of new plants
providing cover (or protection) for previously exposed ground
will eventually reduce the rate of sediment movement. A return
to sparser vegetation cover will mark the return to lower effec-
tive precipitation and greater erosion potential. Thus, monitor-
ing changes in sediment deposition rates in streams and lakes,
directly through historical records and prehistorically through
paleoecological studies, can provide excellent proxy data of
climate-induced vegetation change.

THE NATURE OF THE DATA

The natural distribution of paleobotanical data sets is con-
strained to a large degree by moisture differences within the
Great Basin. Low amounts of effective precipitation have fa-
vored the preservation of certain kinds of proxy data. Plant
macrofossils preserved in dry cave deposits and woodrat mid-
dens provide intermittent records of local vegetation spanning
tens of thousands of years. Wood from long-dead trees, pre-
served by the dry conditions that often characterize upper tree
lines in the Great Basin, provides continuous evidence of cli-
matic variation spanning the Holocene. A few lakes and desert
springs provide long and often complex sedimentary records
that can span thousands to hundreds of thousands of years.
High organic production in some of these areas has resulted in
rapid rates of deposition, and the records are particularly valu-
able for the examination of high-frequency pollen and the mac-
rofossils of local aquatic plants. These records can be com-
pared with tree ring data to generate longer, more detailed
records of regional climate and vegetation response.

In general, the number of well-preserved palynological
records decreases to the south (reflecting the greater rarity of
lakes and marshes), and the number of woodrat midden locali-
ties decreases to the north (reflecting increasingly wetter condi-
tions that favor dissolution of the protective urine coating of
the nests). Tree ring series are taken mainly from near the tree
line in the higher mountains of the margins of the Great Basin,
most commonly in the southern half of the Basin. Fortunately,
recent field studies are alleviating some of these problems of
data scarcity.

Integration of currently available paleobotanical proxy data
reveals Great Basin vegetation dynamics in great detail for the
last 4 Ka (thousand years ago) and more coarsely for the last 35
Ka. Earlier than 40 Ka, only a few pollen or midden records are
available (e.g., from the Summer Lake/Chewaucan Lake basin
in the northwest, Owens Lake in the west, Searles Lake in the
south, and the Bonneville Basin in the east). For the period af-
ter 40 Ka, data obtained from pollen records are supplemented
by evidence obtained from ancient radiocarbon-dated woodrat
middens. Several high-resolution pollen records in the north-
western Great Basin and the northern Mojave Desert provide
excellent coverage of both terrestrial and aquatic vegetation
history from 6 Ka to the present. Ostracodes and diatoms from
the northern Mojave Desert record are being used to recon-
struct regional groundwater histories as well. In the Lahontan
and Bonneville Basins, vegetation history inferred from mid-
dens and pollen records can be correlated with well-dated Late
Quaternary lake histories.

In general, evidence of the relocation of semiarid and subal-
pine woodlands is most obvious for the late Pleistocene/early
Holocene transition, especially in the woodrat midden record
of the Great Basin and northern Mojave Desert mountain
ranges (Van Devender et al., 1987). These records show that
during the Pleistocene, woodland species often grew as much
as 1000 m (and in a few instances >1000 m) below their
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present-day elevation. Substantial shifts in woodland species,
however, have occurred during the Holocene as well. During
the middle Holocene, some tree species were displaced by per-
haps as much as 500 m above where they are found today, es-
pecially in the western and northwestern Great Basin. Down-
ward displacement of semiarid woodland by as much as 150 m
appears to have occurred several times late Holocene.

Changes in the distribution of individual shrub species and
changes in the composition of shrub communities have also
been dramatic during the late Holocene. This is most obvious
in the southern Great Basin and the northern Mojave Desert but
also has occurred in the northern Great Basin. Changes are
most obvious in woodrat midden records of lowland and inter-
mediate elevations, but some less obvious changes in shrub
communities are also apparent in the few pollen records of the
Great Basin. Because the plant communities of the northern
and northwestern Great Basin are situated well away from ma-
jor vegetation formation boundaries, they do not appear to be
as dynamic as do those of southern Nevada that currently lie on
the boundary between the Great Basin and the Mojave Desert.
However, as the paleobotanical evidence described below will
show, this perception is more apparent than real.

These various factors have differentially shaped the vegeta-
tion history of three broad regions of the Great Basin: (1) the
northwest (Lahontan Basin and adjacent mountain ranges), (2)
the south (southern Great Basin and northern Mojave Desert),
and (3) the northeast (Bonneville Basin and adjacent mountain
ranges). Late Quaternary vegetation histories of these three re-
gions are discussed separately below. In these discussions,
chronological estimates are based on uncalibrated radiocarbon
years, unless otherwise noted. Chronological divisions (e.g.,
the Wisconsin/Holocene break) follow general vegetation and
geomorphic patterns within each separate region.

Northern and Western Great Basin

LATE PLEISTOCENE (-250 TO 12.5 KA)

Mifflin and Wheat (1979) indicated that the Great Basin ri-
valed the Minnesota of today as a land of lakes during the
Pleistocene. The Holocene remnants of these Pleistocene lakes
in the northern and western Great Basin were visited by Euro-
pean fur trappers, including Peter Skene Ogden, as early as the
1820s (Davies et al., 1961). Several lakes, including Pyramid
Lake, were described by J.C. Fremont during his explorations
of the West during the 1840s (Fremont, 1845). The first study
of pluvial Lake Lahontan was made by I.C. Russell (1885),
who described two lake phases indicated by lower and upper
lacustral clays. Morrison (1964, 1965, 1991) and Morrison and
Frye (1965) further defined the lake's history using such pictur-
esque formation names as the Eezta (early Wisconsin or ear-
lier), the Sehoo (late Wisconsin), and the Fallon (Holocene).
They correlated these lakes with stades of the Wisconsin glaci-
ation or other Late Quaternary episodes of cooler, wetter cli-
mate. Since then, Davis (1978) and Benson et al. (1987, 1990,

1992, 1997) have further narrowed the chronology and details
of lake history. These understandings serve as a backdrop for
reconstruction of the vegetation history of the region.

PRE-LATE WISCONSIN (>35 KA).—A growing body of re-
search in the northern and western Great Basin is clarifying the
relationships among past climate history, lake and marsh his-
tory, and vegetation change (Mehringer, 1985, 1986). Two long
pollen records that include more than just the Holocene—Sum-
mer and Owens Lakes (respectively: Cohen et al., 2000; Smith
and Bischoff, 1997)—are available from the region, not includ-
ing a series of pollen cores from the southern Cascades near
Klamath Lake (Adam et al., 1995). Although the proxy record
of past climate is far from complete, the general pattern sug-
gests that high lakes may be more closely linked to the onsets
and declines of glacial episodes in the region than to the glacial
maxima.

The Summer Lake basin of south-central Oregon currently
lies on the transition between the pine woodlands of the eastern
slope of the Cascades and the sagebrush (Artemisia spp.)
steppe of the northern Great Basin. Three pollen localities from
the Summer Lake basin span much of the last 250 Ka (Cohen et
al., 2000). The Summer Lake records include the lower two-
thirds of oxygen isotope stage (OIS) 6, all of OIS 4 and OIS 3,
and the lower portion of OIS 2 as defined by Pisias et al. (1984)
and Shackleton and Opdyke (1973). There also seem to be a
few samples from the top dating to OIS 1. Shifts in the domi-
nance of mixed montane conifers, cold steppe shrubs, and
desert scrub species record the varying effects of precipitation
and temperature and their changing seasonal influence. Greater
abundance of fir (Abies spp.) and spruce (Picea spp.) pollen in
a sediment column taken from the Ana River Canyon indicates
that climate in the northern Great Basin was more mesic during
the OIS 6 section (-170-220 Ka) than during OIS 4 and OIS 2
(Cohen et al., 2000). Unfortunately, an erosional episode (or
episodes) removed much of the sediment that accumulated dur-
ing the end of OIS 6 and much of OIS 5. Therefore, we do not
have a good indication of the nature of vegetation and lake his-
tory in the Summer Lake basin during the latter portion of OIS
6 or at the beginning of OIS 5. Indices of drought (based upon
a ratio of the pollen of dry- to that of wet-loving plant species)
and temperature (based upon spore abundance) reflect much
greater climatic variability during OIS 6 than in later stages
(Figure 2). After the relatively brief cool, wet episode of OIS 4
(about 70 Ka), OIS 3 climates were relatively cool and dry and
apparently comparably stable. The dominance of sagebrush
and saltbush (Atriplex spp.) shrub communities during this
stage suggests that plant communities on the valley floors were
not much different than they are today. The Summer Lake pale-
oenvironmental records (Ana River, Wetlands Levee, and Bed
and Breakfast localities; see Negrini et al., 2000; Negrini, 2002
(this volume)) are all truncated at about 22 Ka just as condi-
tions were becoming cooler and wetter (the beginning of OIS 2
conditions). The nature of effectively wetter climatic episodes
differs throughout the record.
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FIGURE 2.—Comparison of moisture and temperature indices from the Ana River in Summer Lake basin, south-
central Oregon (elevation, 1264 m), with the oceanic 18O curve (Martinson et al., 1987). The cool-moist index
(or rather, "drought" index) was generated by setting relative abundances of conifer pollen against those of salt-
bush and greasewood pollen; values represent a ratio of pollen from the dry-loving species to that of the wet-lov-
ing species (moister is to the right on the x-axis). The temperature index is a measurement of the relative abun-
dance of spike moss (Selaginella densa) spores (to the right is colder). A combination of radiocarbon and
paleomagnetic dating techniques was used to obtain ages (Ka = thousands of years ago).

Glacial maxima appear to have been characterized by ex-
tremely cold temperatures and relatively little rainfall. The max-
ima of the interstades seem to have been typified by warmer
temperatures and, in some cases, by substantial drought. The

transitions generally were typified by moister conditions and
varied only in whether they were warmer or cooler. Records for
both Summer Lake and Owens Lake indicate that cool, wet pe-
riods resulted in the regional expansion of conifers, but these
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expansions occurred during the initial and terminal (transitional)
stages of glacial stades. Once the glacial stage approached its
climax, temperature (extremely cold conditions) became more
important than moisture as a control for vegetation. Therefore,
the transitional periods between warm, dry climates and cool,
dry climates were the most amenable for the expansion of for-
ests and woodlands. Marsh expansion and algae productivity
also was greatest during these periods. When lake levels were
high, the extent of marsh area in the Summer Lake basin was
restricted by the steep gradients of the mountains on the north,
west, and south margins. Marsh expansion was most extensive
at the shallow north end of the basin during periods of inter-
mediate-depth lakes, when the water table would have been
close to the surface. Today the northern fringing marsh is artifi-
cially maintained by levees constructed by the U.S. Fish and
Wildlife Service. The levees result in high water table condi-
tions in the northern part of the Summer Lake basin—condi-
tions that mimic those of the intermediate-depth lakes found lo-
cally during the Pleistocene and the moist periods of the
Holocene. Marsh areas during shallow-lake periods would
have been severely restricted to areas immediately surrounding
stream entries at lake edges or around spring seeps.

This climatic pattern also appears to be reflected in the
Owens Lake pollen record (Woolfenden, 1993, 1997). A ratio
of juniper {Juniperus sp.) pollen to Ambrosia-type pollen re-
flects the effect of Late Quaternary climatic conditions on veg-
etation; this ration clearly indicates that periods of greater juni-
per pollen were warmer and periods of Ambrosia-type pollen
were cooler (Woolfenden, 1997, fig. 17). Although wetter than
those of today, Owens Lake climates >35 Ka were relatively
dry. More closely spaced samples at Owens Lake revealed
greater detail in the record, but major transitions to a warmer,
drier climate at 120 Ka, and to a cooler, wetter climate at 70 Ka
are clear in the records from Owens Lake and the Summer
Lake basin. Dugas (1998) recorded a highstand of pluvial Lake
Malheur northeast of Summer Lake between 80 and 70 Ka
based on the occurrence of water-deposited Pumice Castle
tephra. Gehr (1980) dated mollusk shells from a beach ridge in-
dicating a highstand of pluvial Lake Malheur at 32 Ka, and Du-
gas (1998) presented additional dates that Gehr obtained on
shells that confirm this age from other beach ridge positions. In
addition, the occurrences of indicator species reflect the warm
conditions of the interglacial and even, to some extent, the in-
terstades for the last 150 Ka. At Owens Lake, oak (Quercus
sp.) and walnut (Juglans sp.) pollen were more common during
the last interglacial and the interstades (Woolfenden, 1997, fig.
8). In the record from the Ana River, western hemlock (Tsuga
heterophylla (Raf.) Sarg.) is the indicator.

PRE-FULL GLACIAL (35 TO 26 KA).—Terrestrial conifer
pollen evidence from the Bed and Breakfast and Wetlands
Levee localities at Summer Lake (Figure 3) and from woodrat
midden strata west of Pyramid Lake indicates that cooler, wet-
ter conditions prevailed from 34 to 30 Ka. Haploxylon pines in
this area primarily prefer a cooler and/or wetter climate pines

whereas diploxylon pines generally prefer a warmer and/or
drier climate. This shift was heralded by an expansion of juni-
per (Figure 2) and sagebrush. Increased regional abundance of
grass together with retreat of saltbush and greasewood (Sarco-
batus sp.) are indicated (Figure 3). Slight differences between
the Wetlands Levee and the Bed and Breakfast records may re-
flect differences in both sample spacing and distance from
shore within the basin. Dramatically reduced productivity of
the eutrophically adapted algae Botryococcus at the Bed and
Breakfast locality, indicates colder water temperatures during
this period (Figure 3). A return to drier conditions at ca. 29.6
Ka is indicated by a decrease in fir and spruce and an increase
in saltbush (Cohen et al., 2000). A major drought from 28 to 26
Ka is flanked by regionally correlatable grass expansions in the
woodrat midden pollen record at Pyramid Lake as well as in
the sediments of Summer Lake (Figures 3, 4). This drought is
evidenced by saltbush expansion and is reflected in lowered
lake levels throughout the northwestern Great Basin (Negrini
and Davis, 1992).

In the north-central Great Basin, subalpine and/or tundra
species of juniper (prostrate or creeping juniper, Juniperus hor-
izontalis Moench, and common juniper, J. communis L.) ap-
pear in a woodrat midden from the Owyhee River Valley, dat-
ing from about 27 Ka (Wells, 1983). Their appearance in a
woodrat midden dating to this period of drought (Benson et al.,
1990; Negrini and Davis, 1992) suggests that the period may
have been not only dry but cold as well.

The pollen records from Summer Lake and McCoy Flat (a
valley floor site along Pine Creek, west of Eagle Lake on the
eastern fringe of northern California's Modoc Plateau), and the
woodrat midden records from around the pluvial Lake Lahon-
tan basin, indicate that juniper occasionally was locally abun-
dant between 50 and 12 Ka in the northwestern Great Basin
(Figures 5, 6). This occasional juniper pollen, which differs
somewhat in appearance from juniper pollen typically found in
the sediments of Summer Lake and McCoy Flat during most of
the Late Quaternary, might be that of common and/or prostrate
juniper. This might indicate colder, more tundra-like or alpine-
like conditions.

Woodlands dominated by Utah juniper (/. osteosperma
(Torr.) Little), as evidenced by the presence of Utah juniper
twiglets dating to ~34 Ka in woodrat middens, were growing at
least as far north as the shores of pluvial Lake Lahontan (Wi-
gand and Nowak, 1992; Nowak et al., 1994a, 1994b). Compar-
ison of juniper with other species in the pollen and macrofossil
records from the region indicates that juniper expansions oc-
curred during cool, moist periods of climate before and after
the glacial maxima.

LAST GLACIAL CYCLE (26 TO 12.5 KA).—Effectively

moister climate after 24.5 Ka, coincident with renewed growth
of pluvial Lake Lahontan, encouraged the spread of Utah juni-
per woodlands and allowed whitebark pine to intrude into scat-
tered localities as low as 1380 m in elevation (Wigand and No-
wak, 1992). Slopes currently dominated by saltbush scrub were
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FIGURE 3.—Ratios of the abundances (x-axis) of selected major pollen types from the Wetlands Levee and Bed
and Breakfast localities in the Summer Lake basin, south-central Oregon, by date (years before present, B.P.).
Increases in the ratio of (fir + spruce + haploxylon (Hap) pine)/diploxylon (Dip) pine indicates cooler, moister
conditions. Increases in the ratio of (juniper + sagebrush)/Dip pine herald the expansion of juniper woodland.
Increased regional moisture is indicated with increases in the ratio of grass/(sal tbush + greasewood). Dramati-
cally reduced productivity of the algae Botryococcus is revealed by plotting the inverse of its abundance, 1 IBot-
ryococcus. All ratios indicate moister conditions to the right and drier conditions to the left.

characterized then by sagebrush steppe and by occasional pe-
rennial seeps lush with fewflower spikerush (Eleocharis quin-
queflora (F.X. Hartmann) Schwarz) (Wigand and Nowak,
1992). Utah juniper macrofossils that were found in a woodrat
midden dating to 20,460 ± 990 years B.P. (before present; labo-
ratory no. Beta-41919), located just above the highest shoreline
of pluvial Lake Lahontan on the western margin of the Carson
Sink, reflect the peak of pre-glacial maximum expansion of ju-
niper well beyond its current limits (Wigand and Nowak, 1992).
This period corresponds to the rapid rise of pluvial Lake Lahon-

tan at the beginning of the last glacial cycle (Benson et al.,
1997, fig. 4). By 20 Ka the onset of much cooler, drier glacial
maximum conditions led to a decline in Utah juniper, disap-
pearance of whitebark pine from the midden record, and expan-
sion of mixed sagebrush and shadscale (Atriplex confertifolia
Torr. & Fremont) desert scrub communities (Nowak et al.,
1994a). Approximately 23 and 12 Ka, during the wetter periods
leading up to and following but not during the glacial maxi-
mum, whitebark pine occurred along the western margin of the
Lahontan Basin, more than 1000 m lower than its current eleva-
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Little Skull Mountain Painted Hills Bed and Breakfast Core

6.6 0 5 10 20 23.2

10

20

30

40

50

% of Total Terrestrial Pollen minus Pine

FIGURE 4.—Comparison of Late Quaternary relative abundances (as percentages) of grasses (Poaceae) in lacus-
trine core sediment from the Bed and Breakfast locality in Summer Lake basin, Oregon, with the relative grass
percentages from the woodrat midden pollen records obtained from Painted Hills west of Pyramid Lake, west-
central Nevada, and from Little Skull Mountain in the northern Mojave Desert, southern Nevada, by date (years
before present, B.P.). The pollen record from Pyramid Lake was obtained from a single stratified woodrat mid-
den, whereas the Little Skull Mountain record was from several adjacent woodrat middens.

tion (Wigand and Nowak, 1992; Nowak et al., 1994a, 1994b).
This provides an indication of just how cold the glacial maxi-
mum may have been in northwestern Nevada. Estimates of the
temperature difference for the onset and decline of the glacial
maximum, based upon the current temperature limits of white-
bark pine in the area today, indicate that the mean annual tem-
perature (MAT) was at least 7° C colder during the onset and
decline of the glacial maximum. Considering that woodland in
this region disappeared during the glacial maximum because
conditions were so cold, the MAT may have been l°-2° C
colder still.

The harsh (much colder and drier) conditions during the gla-
cial maximum around 18 Ka also may have severely restricted

semiarid woodland. Juniper even may have been locally or re-
gionally extinct in the northwestern Great Basin. Utah juniper
appears to have been present before and after the glacial maxi-
mum along the western shore of pluvial Lake Lahontan (Wi-
gand and Nowak, 1992; Nowak et al., 1994a, 1994b). After the
glacial maximum, woodrat midden data indicate that western
juniper (Juniperus occidentalis Hook.) was present in places
along the shores downwind of pluvial Lake Lahontan, where it
may benefitted from "lake effect" (Thompson et al., 1986).
Absence of woodrat midden strata and the scarcity of pollen
records dating to the glacial maximum preclude making defi-
nite inferences regarding the distribution of juniper on the
landscape. Greater shrub dominance, however, in both the
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pollen and macrofossil samples from woodrat midden strata
immediately before and after the glacial maximum suggests
that juniper may have been relatively scarce, probably occupy-
ing protected locations. On the other hand, shrub communities
dominated by sagebrush, and at times saltbush, characterized
extensive portions of the northwestern Great Basin (Wigand
and Nowak, 1992). These data suggest that it was either too
dry or too cold (or both) for juniper woodland to survive in the
northern Great Basin during the last glacial maximum.

Relatively warmer, wetter conditions after the glacial maxi-
mum led to dramatic increases in sagebrush-dominated commu-
nities, and limited reexpansion of whitebark pine as well (Wi-
gand and Nowak, 1992; Nowak et al., 1994a). Findings of Utah
juniper in woodrat middens dated to 12,260 ± 140 years B.P.
(Beta-47203) and 11,980 ±110 years B.P. (Beta-47204) at the
highest strandline on the eastern shore of the Carson Sink reflect
reexpansion of semiarid woodland after the glacial maximum.
By 12.5 Ka (concurrent with the final late-Pleistocene high-

stands of pluvial Lake Lahontan (Benson et al., 1990, 1992); see
Negrini, 2002) mesic plant communities, reflecting lake effect
and orographic forcing of rainfall along the eastern shore of plu-
vial Lake Lahontan, contrasted sharply with more xeric plant
communities to the west (Wigand and Nowak, 1992).

The pollen record from a large woodrat midden west of Pyra-
mid Lake that spans the last 34 Ky (thousand years) suggests
substantial differences between climates at the onset (~24 Ka)
and at the end (~12 Ka) of the last glacial cycle (Wigand and
Nowak, 1992; Figure 7). Despite the expansion of whitebark
pine during both periods (evidenced by the presence of macro-
fossils in the midden), the substantially greater abundance of
sagebrush pollen and the appearance of mountain mahogany
(Cercocarpus sp.) in the macrofossil record of the latter period
suggest cooler temperatures and less precipitation 12.5 Ka than
-24 Ka. In part this could also reflect greater variability in cli-
mate, as suggested by the deep-water tufa record from Pyramid
Lake (Pelican Point) (Benson et al., 1995; Benson et al., 1996).

Painted Hills woodrat midden (1380 m)

0 40 89.4 0 40 97.1 0 55.5 4.5 0 32.1 22.9 0 20 65.1 24.4 6.6 0 41.4 8.1

35000 \ I i n i r i i i i
0 40 89.4 0 40 97.1 0

i I
55.5 4.5 0 32.1

i i n
22.9 0 20 65.1 24.4 6.6 0 41.4 8.1

% terrestrial pollen sum
• = or < 2 %

% terrestrial pollen sum minus pine & juniper

FIGURE 7.—Relative percentage diagram of major pollen types from a single stratified woodrat midden near
Pyramid Lake, western Nevada (elevation, 1380 m). Dates are radiocarbon-based. A bullet (•) indicates a value
of<2%.
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LATEST PLEISTOCENE/EARLY HOLOCENE (12.5 TO 8 KA)

This period is characterized by often incredibly diverse plant
communities that contained species typical of the cooler condi-
tions of the glacial period along with pioneering plant species
that heralded the Holocene. Mehringer (1985) noted several
characteristics that tied many of these plant communities to-
gether during this time, especially at the higher elevations and
in the more xeric areas of the northern Great Basin. This in-
cludes (1) a treeless sagebrush steppe, often with abundant
grass; (2) common occurrence of russet buffaloberry (Shep-
herdia canadensis (L.) Nutt), occasionally juniper (probably
common juniper), and more rarely spruce and fir; (3) combina-
tions of pollen types such as Rumex-Oxyria, Bistorta, Polem-
onium, Eriogonum, and Koenegia that indicate subalpine or al-
pine plant communities; and (4) abundance of the spores of
cold-climate plants such as Selaginella densa, S. selaginoides,
Botrychium, and Lycopodium. For example, the pollen record
from 2250 m at Fish Lake near Steens Mountain, Oregon, re-
flects the substantially colder conditions of the transition from
the late Pleistocene to the early Holocene. The pollen record is
dominated by sagebrush {Artemisia) and grass (Poaceae),
which are representative of a cool, moist steppe (Mehringer,
1985). It also contains juniper pollen, which may signal the
movement of common juniper from its lower elevation distri-
bution during the Pleistocene to its new Holocene position high
atop the mountain (Mehringer, 1985). By 9.7 Ka the last glacial
ice remnants disappeared from the high, southeast-facing cir-
que basin near the top of Steens Mountain that became Wild-
horse Lake (2560 m). Common juniper was probably estab-
lished in the surrounding subalpine grassland that had replaced
the snow and ice of the Pleistocene (Mehringer, 1985, 1986).
The departure of ice from this basin and initiation of the lake
may record, in part, the impact of the early Holocene thermal
maximum.

The 9000-year-long pollen record from Bicycle Pond in the
Warner Valley, south-central Oregon, indicates that the current
lower limit of western juniper on the west-facing slope of Hart
Mountain was probably dominated by a grassy, sagebrush
steppe 9 Ka (Figure 8). Juniper, though present then, was less
abundant than today. Although scattered pine trees may have
occurred in nearby canyons, pine woodland probably lay where
it does today: around the tops of the mountains lying west of
the Warner Valley and in the west-facing canyons and on the
east slope of Hart Mountain. The aquatic pollen record sug-
gests that throughout the Pleistocene, Bicycle Pond was fed by
a seasonal stream and springs that flowed from the layered ba-
salts that composed the mountain above it. Bicycle Pond is cra-
dled by a steep-sided, Pleistocene landslide basin that restricts
littoral plant growth to a narrow margin. The well-drained
slopes behind the littoral margin support a grassy, sagebrush
steppe, which extends a couple of hundred meters to the floor
of the Warner Valley. Grass pollen values that were higher in
the early Holocene than today reflect a wetter environment
then; and abundant sedge pollen (Cyperaceae) from that period

indicates that the marsh around Bicycle Pond was much more
extensive then than it is today and reflects substantial early Ho-
locene spring activity.

At lower elevations, the early Holocene expansion of sage-
brush steppe vegetation is matched by expansion of saltbush-
dominated desert scrub vegetation before the fall of Mazama
ash (see Chenopodiineae values in Figure 8). The climax of
saltbush scrub vegetation before and after the fall of Mazama
ash is clearly evident in the pollen records from the Warner and
Chewaucan valleys analyzed by Hansen (1947). Analysis of
pollen from sediments in the Alkali Lake Valley in south-cen-
tral Oregon, undertaken by one of the authors (Wigand), indi-
cates that marshes (abundant sedge pollen) were present in the
valley floor until ~9.5 Ka but disappeared soon after to be re-
placed by saltbush-dominated shrub communities. Gehr (1980)
and Dugas (1998) recorded a series of radiocarbon dates be-
tween 9.6 and 7.4 Ka on mollusks from beach ridges and char-
coal that indicated multiple pluvial highstands of Lake Malheur
including some within five meters of its overflow into the
Snake River drainage at Malheur Gap. The latter of these lakes
may have been considerably lower. Mehringer and Cannon
(1994) recorded a wet episode in the Fort Rock Basin, dating to
around the fall of Mazama ash. In any case, generally drier
conditions resulted in the establishment of saltbush communi-
ties by the time that Mazama volcanic ash fell in the region.

The pollen record from Fish Lake indicates that sagebrush
steppe had expanded, becoming denser during the climatic
warming of the early Holocene on Steens Mountain (Meh-
ringer, 1985, 1986). This climaxed shortly before the fall of
Mazama volcanic ash.

Further south in northwestern Nevada, the persistence of
Utah juniper during the early Holocene at lower elevations (be-
low where it occurs today) ended ~9.5 Ka. Radiocarbon (14C)
dates for Utah juniper of 9640 ±110 years B.P. (Beta-46256)
and 9700 ± 90 years B.P. (Beta-46255) record the last time that
it appeared during the early Holocene beyond its current distri-
bution west of the Lahontan Basin. These dates correspond di-
rectly with the last dates on lithoid tufa that Benson et al.
(1995) obtained from Pyramid Lake (Pelican Point), suggesting
that retreat of juniper and dramatically lowered lake levels are
contemporaneous and coincide with high northern hemisphere
solar radiation during the early Holocene (Kutzbach and
Guetter, 1986; Kutzbach et al., 1993). In areas more distant
from the current margin of the semiarid woodland, juniper may
have disappeared as much as a thousand years earlier.

Radiocarbon dates for Utah juniper from woodrat middens
on the southwest margin of the Smoke Creek Desert, north-
western Lahontan Basin, suggest that it disappeared from that
area by 10.3 Ka. A cluster of these dates ranging from
10,830 ± 100 years B.P. (Beta-47200) to 10,340 ± 210 years
B.P. (Beta-35814) are the last from that area until a late-Ho-
locene reexpansion of juniper.

As juniper was disappearing from areas it occupied during the
Pleistocene, it was expanding northward into new areas. The
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presence of semiarid juniper woodland in the northwestern
Great Basin by ~8.5 Ka is evidenced by juniper pollen values in
pollen records from McCoy Flat in northern California and
from Bicycle Pond on the west slope of Hart Mountain in the
Warner Valley, south-central Oregon (Figures 6, 8). This is fur-
ther corroborated by directly dated Utah juniper twigs from
woodrat middens in the Jackson Range of northern Nevada with
a date of 8490 ± 90 14C years B.P. (Beta-64360). Although we
know from the pollen records mentioned above that juniper oc-
curred in south-central Oregon, no macrofossils have been re-
covered that indicate the species. This is the earliest species
identification for the area.

The pollen record from Hidden Cave in the Carson Sink also
reflects the early Holocene decline of woodland and expansion
of desert shrub vegetation at the expense of sagebrush steppe
(Wigand and Mehringer, 1985). Although the high lakes had
disappeared from the Lahontan Basin by 11.0 Ka, cattail
(Typha) pollen in Hidden Cave sediments indicates that exten-
sive marshes remained until about 9.6 Ka (Wigand and Meh-

ringer, 1985, fig. 36). The pollen record indicates that dramatic
regional decline in pine and sagebrush and equally dramatic in-
creases in greasewood characterized this period. The ongoing
effects of regional drought at low elevations are reflected in the
fourfold increase in Chenopodiineae (primarily saltbush) pollen
in Hidden Cave sediments by ~9.0-8.0 Ka, levels that would
characterize the remainder of the Holocene. Additional evi-
dence of desiccation of the lake basin is indicated in analysis of
the sediments from the cave.

Statistical parameters of grain size analysis of Hidden Cave
sediments conducted by P.J. Mehringer, Jr. (see Wigand and
Mehringer, 1985), in the late 1970s indicate that between 7.5
and 5.5 Ka the energy of colluvial processes was declining as the
energy of early Holocene storms was waning (Figure 9). How-
ever, eolian processes (indicated by more-positive skewness of
sediments) were increasingly more active during this period of
transition in the Lahontan Basin (Figure 9). Although the collu-
vial contribution to transportable sediment was declining during
this transitional period, the regional reduction in plant cover

Hidden Cave locality (1244 m)
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FIGURE 9.—Wet-to-dry index, (sagebrush + grass pollen)/(saltbush + greasewood pollen), generated with sedi-
ment pollen data from Hidden Cave in the Carson Sink, Nevada, compared with the skewness and sorting of Hid-
den Cave sediments; the latter two are statistical parameters derived from grain-size analysis and can be related
to understandings of erosional and depositional processes. Skewness is used as a measure of eolian activity, and
sorting is used as a measure of the amount of energy in the medium that moved sediment. "Up" on the drought
index indicates wetter climate, up on the skewness index indicates greater eolian activity, and up on the sorting
index indicates greater energy in the medium that was moving sediment. Sample dates were based on deposition
rates extrapolated from radiocarbon dates (Davis, 1985).
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density in response to drought was exposing large areas to eolian
erosion (Figure 9). The pollen record from Lovelock Cave (By-
rne et al., 1979) corroborates these trends. The general corre-
spondence between the Hidden Cave and Lovelock Cave pollen
records is close.

Preliminary pollen analyses of human fecal material, re-
moved from the 9400-year-old Spirit Cave burial site in the
Carson Sink of west-central Nevada, corroborate the environ-
mental reconstruction (Wigand, 1997a). (The cave contained
the partially mummified body of a man, the Spirit Cave Man,
5'2" tall and about 40-50 years old.) The fecal material was
composed almost entirely of the remains of small fish (Eiselt,
1997). However, a very low pollen background in the samples
may have mirrored the regional pollen rain. The pollen may
have found its way into the fecal material through residues
present on plants eaten by the early Nevadan or may have en-
tered through the stomachs of the fingerlings that were in-
gested. Fish may have eaten the pollen as it floated on the wa-

ter surface of the marsh during flowering time (suggested by
PJ. Mehringer, Jr.). This pollen record is statistically identical
to pollen of the same age recovered from nearby Hidden Cave
(Wigand, 1997a). It reflects a saltbush-dominated environment
with evidence for persistent marshes and eolian habitats. Com-
parison of the drought index from Hidden Cave with one pro-
duced from the Hogup Cave pollen record analyzed by Kelso
(1970) indicates that this was a regional pattern at low eleva-
tions across the northern Great Basin (Figure 10).

Today the McCoy Flat area comprises a mosaic of mixed-co-
nifer-forested, Late-Tertiary/early Pleistocene volcanic cones
that rise above a lattice of wide, low-grade stream valleys dom-
inated by sagebrush steppe. The pollen record from McCoy
Flat indicates that by the early Holocene a regional decline in
pine and juniper woodland corresponded to an increase in
steppe dominated by sagebrush and rabbitbrush (Chrysotham-
nus-type pollen) (Figure 6). An increase in grass values at this
time, corresponding to the increase seen at Bicycle Pond and in
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the midden pollen record from Pyramid Lake, may reflect a re-
gional response to increased rainfall in late spring or early sum-
mer, an increase also hinted at in vegetation records further
south and east in the Great Basin. Increased cattail pollen in the
record may simply reflect decreased competence of the local
stream, which was now filling the deep channel cut that had
characterized Pine Creek during the Pleistocene.

MIDDLE HOLOCENE (8 TO 5.5 KA)

The McCoy Flat and Bicycle Pond records indicate that by
the beginning of the middle Holocene the retreat of juniper
woodland and the expansion of sagebrush steppe had reached a
climax (Figures 6, 8). Both of these records also indicate that
saltbushes (Chenopodiineae pollen) were regionally more im-
portant than they had been before. The decline of grass in the
McCoy Flat record reflects the middle-Holocene drought.

At Steens Mountain, the Fish Lake pollen record indicates
that sagebrush steppe became the dominant vegetation at eleva-
tions lying above the juniper woodland zone (Mehringer,
1985). Sagebrush pollen to grass pollen ratios from Fish Lake
indicate that the climate that typified the period between 8.8
and 5.6 Ka was the driest to occur there during the Holocene
(Mehringer, 1986). The Wildhorse Lake record evidences the
arrival of sagebrush steppe by ~8 Ka (Mehringer, 1986). It was
to remain dominant at these elevations until about 3.8 Ka. In
southern Oregon, dry pluvial lake basins are indicated by dune
deposits dated to this period, including ones in the Catlow Val-
ley at Skull Creek (Mehringer and Wigand, 1986), Fort Rock
Valley (Mehringer and Cannon, 1994), and the Malheur Valley
(Dugas, 1998).

The all-pervasive drought of the middle Holocene is re-
flected in the dearth of paleobotanical records throughout the
northern Great Basin at low elevations and especially around
the Lahontan Basin. The almost continuous midden record that
exists in the Painted Hills on the west shore of Pyramid Lake is
interrupted for almost 4000 years, from ~8 to 4 Ka (Wigand
and Nowak, 1992). Juniper macrofossils disappear from wood-
rat middens lying 200 m above the early and late-Holocene
lower elevational limits of juniper evidenced in the woodrat
midden record. This suggests that juniper retreated upward in
elevation by at least 200 m or more above its current distribu-
tion during the middle Holocene.

The Hidden Cave pollen record indicates dominance of salt-
bush shrub communities in the margins of the Lahontan Basin
(Wigand and Mehringer, 1985). Statistical parameters gener-
ated from the grain size analysis of Hidden Cave sediments in-
dicate that transport of sediment through eolian (less positive
skewness) and colluvial (better sorting) processes in the Carson
Sink had declined substantially (Figure 9). The near absence of
evidence of high-energy colluvial transport may have resulted
from the rarity of high-energy storms in the Lahontan Basin.
Reduced colluvial transport despite the reduced vegetation
cover indicates that rainfall was at a minimum, especially dur-

ing the summer. The dramatic reduction in eolian activity may
be attributable to the depletion of transportable materials in the
basin. Because colluvial and fluvial activity was at a minimum,
there was a reduction in the material that would have been
available for eolian transport. A comparison of the Hidden
Cave drought index with one generated from the pollen record
of Kelso (1970) from Hogup Cave in northwestern Utah sug-
gests that widespread drought characterized much of the north-
ern Great Basin (Figure 10). Pyramid Lake may have reached
its lowest level at this time (Born, 1972).

Woodrat midden evidence from the White Mountains on the
California-Nevada border indicates that middle-Holocene
drought displaced semiarid woodlands upward in elevation by
as much as 300-500 m (Jennings and Elliot-Fisk, 1993). Taken
together with the evidence from the Lahontan Basin, it appears
that this displacement may have characterized large portions of
the western Great Basin (Wigand and Nowak, 1992).

Upward woodland displacement in this area coincides with
the age of drowned trees found 10-15 m below the modern sur-
face of Lake Tahoe. These trees became established in the
Tahoe Basin during periods of intense, long-duration drought
-6.5 Ka (Lindstrom, 1990). Throughout the northern Great Ba-
sin lakes and marshes desiccated and pollen of drought-tolerant
salt desert species increased substantially (Wigand, 1987; Meh-
ringer and Wigand, 1990). At Diamond Pond south of Lake
Malheur in south-central Oregon, greasewood pollen reached
levels of 80% of the terrestrial pollen, whereas currently it
makes up less than ~20% of the modern pollen record. These
changes coincided with dramatically reduced evidence of the
activities of Native American populations (Grayson, 1993).
This is consistent with a decline in foraging resources and cor-
roborates the severity of this drought (Aikens, 1986).

EARLY LATE HOLOCENE (5.5 TO 2 KA)

Beginning ~5.4 Ka, the extreme drought of the middle Ho-
locene came to an end. Temperatures remained warm, but pol-
len and macrofossil data indicate gradually increasing annual
precipitation punctuated by periodic increases in rainfall abun-
dance (Davis, 1982; Mehringer, 1986; Wigand, 1987). A brief,
extremely dramatic climatic event that can be correlated from
the Columbia Plateau of eastern Washington to the spring de-
posits of Ash Meadows in the northern Mojave Desert effec-
tively signals the end of the middle Holocene in the intermoun-
tain West.

Evidence for this panregional event begins in the north at
Wildcat Lake in eastern Washington. At 5.4 Ka, the deposition
of reworked Mazama ash in the lake sediments suddenly ended
(Peter J. Mehringer, Jr., pers. comm. to Wigand, 1978). This in-
dicates that vegetation density on the landscape became great
enough to prevent the resuspension of the volcanic ash either
by wind or water. This increase in vegetation density probably
directly reflects a dramatic shift toward greater rainfall.
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At Diamond Pond in south-central Oregon there was a shift
from dry-climate pollen assemblages to much more mesic as-
semblages (Wigand, 1987). Just after 5.4 Ka, pollen spectra
that previously had been dominated by as much as 80% grease-
wood pollen were instead characterized within a few decades
by as much as 40% sagebrush pollen. Although a shift back to-
ward drier climate occurred during the next 1400 years, the
conditions that characterized the period before 5.4 Ka never re-
occur.

This event is also noted in the Tahoe Basin on the west-cen-
tral margin of the Great Basin, where montane forests were so
rapidly submerged beneath the cold waters of Lake Tahoe at
5.5 Ka that they had no opportunity to decay (Martin Rose,
pers. comm. to Wigand, 1995). An 8000-year-long tree ring re-
cord of a bristlecone pine (Pinus longaeva D.K. Bailey) from
Methuselah Walk in the White Mountains reveals this same
rapid shift in climate that ended a period of drought that may
have lasted as long as 1500 years (Graybill et al., 1994). The
paleolimnological record from Walker Lake, the southernmost
subbasin of ancient pluvial Lake Lahontan, indicates that the
Walker Lake basin, which had been a dry playa, was refilled by
-4.7 Ka (Bradbury et al., 1989). This probably resulted from
wetter conditions at this time, but it also may have been caused
by a shift in the course of the Walker River from the Carson
Basin to the Walker Basin. This shift, however, also may have
resulted from changes in the Walker River alluvial process pre-
cipitated by a change in climate.

The shift to wetter conditions at ~5.5 Ka had other ramifica-
tions as well. It initiated the reexpansion of woodlands and
montane forests. The earliest evidence of western juniper re-
ported in its historic range of northeastern California and east-
ern Oregon are twigs from ancient woodrat middens at Lava
Beds, California (5.4 Ka), and Diamond Craters, Oregon (4
Ka) (Mehringer and Wigand, 1987, 1990).

Just east of the Tahoe Basin, a 3.5 meter core (unpublished)
recovered from a bog north of Little Valley, Nevada, revealed
responses of both local montane forest and regional semiarid
woodland and sagebrush steppe to climate change since ~6.3
Ka, when the pond formed (Figure 11). Little Valley is on the
east slope of the Sierra Nevada near the lower edge of the mon-
tane forest. Across the valley to the east lie the pinon- and juni-
per-dominated ranges of the Great Basin. Cluster analysis of
the Little Valley core pollen reflects the shift from dry middle-
Holocene conditions to more mesic late-Holocene conditions.
Local sagebrush predominance between 6.3 and 5.6 Ka (Zone
I) indicates relatively more xeric conditions than any of the
succeeding periods. A retreat of sagebrush and an increase in
pine and juniper initiated a period of more mesic climate be-
tween 5.6 and 4 Ka (Zone II) (Figure 11). Sedges probably
dominated the margins of the pond during both periods. Two
more mesic periods occurred between 5.6 and 4 Ka, when fir
may have first expanded into the valley from above. This pe-
riod corresponds with the drowning of low-lying trees in the
Tahoe Basin by rising lake levels. Between 4 and 1.9 Ka (Zone
III), major downward expansions of fir (both red fir, Abies

magnified A. Murr., and white fir, A. concolor (Gordon &
Glend.) Lindl. ex Hildebr.) into Little Valley occurred (Figure
11). Abundant sedge pollen at this time records filling of the
pond and generation of sedge peat. In addition, alder (Alnus),
birch (Betula), and willow (Salix) pollen evidences the estab-
lishment of these taxa in mesic communities in Little Valley.
This period was clearly cooler and more mesic than those that
preceded or followed it. Local fire severity seems to have in-
creased substantially between 5.6 and 4 Ka, perhaps in re-
sponse to the greater availability of fuel. After 3 Ka, fire sever-
ity appears to have declined substantially.

Expansions of juniper woodland into areas at elevations
lower than where it is currently found in the northern Great Ba-
sin are recorded in the Diamond Pond juniper pollen record and
by western juniper macrofossils from woodrat middens in Dia-
mond Craters east of Diamond Pond (Wigand, 1987; Meh-
ringer and Wigand, 1990). Expansion of western juniper wood-
land into the lower elevation sagebrush steppe began about 4.5
Ka (Wigand, 1987). The rate of juniper woodland expansion
increased dramatically -3.7 Ka and again 2.7 and 2.3 Ka. Ex-
cept for two lapses, western juniper woodland remained near
this lower elevational limit (~150 m below its current extent)
until about 1.9 Ka (Wigand, 1987; Mehringer and Wigand,
1990). Broad Neopluvial expansion of pine in the woodlands
on the northernmost boundary of the Great Basin is recorded in
the Craddock Meadow, Oregon, pollen record (Wigand, 1989).
Further south a pollen record from Potato Canyon Bog in Grass
Valley, central Nevada, also shows evidence of expansion of
semiarid woodland during this period (Madsen, 1985). Three
episodes (~3.7, 2.7, and ~2.3 Ka) of fir expansion at Little Val-
ley (Figure 11) mirror the episodes of moister climate revealed
at Diamond Pond as well. Together these data reflect a pattern
of forest and woodland expansion that occurred throughout the
entire northern and western Great Basin.

These episodes are characterized not only by the expansion
of both forests and woodlands, but also by a regional rise in the
water table and a reexpansion of lakes and marshes (Wigand,
1987; Grayson, 1993). Even the record from Walker Lake indi-
cates deep lake levels between 4 and 2.9 Ka (Bradbury et al.,
1989, fig. 11). Although lake levels had fallen by 2.2 Ka, the
absence of dated samples between 2.9 and 2.2 Ka leaves lake
level elevation during that period in question. In general, cli-
mates in the northern Great Basin during the Neoglacial or
Neopluvial from 4 to 2 Ka were cooler and substantially wetter,
with winter precipitation dramatically increased relative to
summer precipitation (Davis, 1982; Wigand, 1987).

Although macrofossils indicate the presence of western juni-
per at lower elevations than its current distribution, juniper pol-
len values from Diamond Pond indicate that juniper woodlands
at the lower elevations during this Neopluvial expansion were
less dense than those currently found in the area (Wigand,
1987). Recent analyses of 813C in western juniper twigs and
Utah juniper twigs from ancient woodrat middens indicated that
water stress—either as a result of drought or frequent freezing
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during the growing season—typically affected the condition of
juniper during the Neopluvial (Wigand, 1995).

Intermediate-elevation juniper woodland was at least as thick
or thicker than it is today (Davis, 1981). Based upon modern
studies, the more mesic conditions of the Neopluvial brought
on by a combination of increased rainfall and lowered summer
temperatures probably resulted in closer spacing of trees and
more foliage near the middle elevational distribution of juniper
(Fritts and Xiangdig, 1986; Miller and Wigand, 1994).

Juniper pollen values at Fish Lake on Steens Mountain indi-
cate that although a late middle-Holocene upward elevational
shift in juniper occurred when conditions were still warm but
increasingly wet, lower juniper pollen values during the suc-
ceeding Neopluvial period suggest that the upper tree line of
juniper dropped in elevation (Mehringer, 1985, 1987; Meh-
ringer and Wigand, 1987). The colder temperatures that seem
to have characterized this period probably limited juniper ex-
pansion at higher elevations.

Periodic increased abundance of grasses relative to sage-
brush and saltbushes during this period indicate that the broad
areas lying around Diamond Craters, which today are domi-
nated by desert scrub vegetation, may have been characterized
by a grassy, sagebrush steppe. A dramatic reduction in desert
shrub vegetation was also caused by marshland expansion into
areas previously dominated by greasewood and saltbushes
(Wigand, 1987; Mehringer and Wigand, 1990). This pattern
probably characterized much of the northern and western Great
Basin.

Increased abundance of grass pollen coincident with wood-
land expansion also mirrors the presence of a vigorous herba-
ceous understory and of occasional fire episodes. Three very
pronounced grass pollen increases at Diamond Pond are
closely tied to preceding charcoal events between 4 and 2 Ka
and are evidence of dramatic local grass expansion after fire
(Miller and Wigand, 1994). Although climatic conditions fa-
vored juniper growth at middle elevations and expansion at
lower elevations during this period, the charcoal recovered
from Diamond Pond cores evidences frequent drought-driven
local and regional fires. The fuels that accumulated from the
abundant herbaceous understory promoted fire and probably
helped maintain the low density of the lower elevational juni-
per woodlands—the point in its distribution where juniper
would be stressed the most when droughts occurred (Wigand,
1987; Miller and Wigand, 1994). Periodic, regional mega-
droughts resulted in extensive fires that characterized both the
lower and middle elevational distribution of juniper woodland
in the Great Basin during the Neopluvial (Wigand, 1987).

MIDDLE LATE HOLOCENE (2 TO ~1 KA)

After the Neoglacial ~ 1.9 Ka, the Great Basin climate gener-
ally became warmer and drier (Davis, 1982; Wigand, 1987;
Wigand and Rose, 1990; Wigand and Nowak, 1992). Juniper

pollen values in the northwestern Great Basin declined dramat-
ically relative to shrubs and grasses (Wigand, 1987). In addi-
tion, the shift in the ratio of coarse to fine charcoal when com-
pared with the changes in the dominant vegetation type at
Diamond Pond clearly reflect the change from juniper wood-
land to shrub steppe fuels (Wigand, 1987).

At Fish Lake an increase in big sagebrush pollen relative to
grass pollen reflects decreased grass in response to drier condi-
tions and was probably characteristic of the upper sagebrush
zones of the northern Great Basin (Mehringer, 1987). An in-
crease in desert scrub vegetation, indicated by increasing salt-
bush and greasewood pollen at Diamond Pond, provides addi-
tional evidence for increasing local and regional aridity,
particularly between 1.9 and 1 Ka (Wigand, 1987). Pollen and
macrofossils of aquatic plant species at Diamond Pond, Ore-
gon, indicate that water levels had dropped substantially since
the Neoglacial (Wigand, 1987).

At Little Valley, the pollen record from 1.9 Ka to the present
(Zone IV) exhibits local retreat of fir, alder, birch, and willow
indicating more xeric conditions (Figure 11). Increased grass
and retreat of juniper during this period may reflect the shift to
increased summer rainfall seen elsewhere in the northern Great
Basin and also in the southern Great Basin and northern Mo-
jave Desert (see below). Pine increases may relate to the re-
gional expansion of pinon pine evidenced in woodrat middens
between 1.5 and 1.1 Ka (and again after 0.4 Ka) (Wigand,
1997b; and see below).

An unpublished pollen record from Lead Lake in the Carson
Sink records terrestrial and aquatic vegetation dynamics for the
central Great Basin during the last 2200 years. The major trend
for the last two millennia has been the decline in greasewood
while marsh species became more dominant. The decline of
greasewood is matched by increases in pine, sagebrush, and
grass (Figure 12). Higher values of broadleaf cattail (Typha lat-
ifolia L.) and narrowleaf cattail {Typha angustifolia L.), indi-
cating shallow marsh conditions, occurred between ~2.2 and
1.5 Ka. The abundance of cattail (primarily broadleaf cattail)
relative to sedge between 2.2 and 1.9 Ka probably reflects in-
fluxes of fresher water than before into the marshes. These epi-
sodes correspond to wetter events indicated in the Diamond
Pond record as well (Wigand, 1987). Increasing pondweed
(Potamogeton sp.) pollen values beginning ~1.9 Ka and de-
creasing dramatically after -0.8 Ka reflect slightly deeper wa-
ter conditions. Renewed abundance of narrowleaf cattail after
0.8 Ka indicates renewed expansion of marsh in the Carson
Sink. Ratios of the more abundant pollen types reflect these
trends more clearly (Figure 13). The decline of juniper relative
to sagebrush probably reflects warmer, drier conditions follow-
ing the end of the Neopluvial. Increasing sagebrush relative to
saltbush is the result of marsh expansion into areas previously
occupied by saltbush communities. The predominance of emer-
gent aquatic plants relative to littoral plant species indicates
slightly deeper water conditions in the marsh between 1.9 and
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FIGURE 13.—Abundance ratios of major pollen types from Lead Lake, Carson Sink, Nevada. Samples were
dated based on a deposition rate curve generated from a polynomial fit on three radiocarbon-based dates.

0.8 Ka (Figure 13). Deeper water at this time does not mean
that climate was wetter. Other evidence (see below) suggests
that, although annual precipitation remained relatively un-
changed, a shift toward more rainfall in summer resulted in the
persistence of deeper water conditions into the warm season,
when high evaporation rates would normally have shrunken the
marsh or dried it out. Increased abundance of pine relative to
juniper between 1.4 and 0.9 Ka indicate that pifion pine became
an important part of the semiarid woodland in the northwestern
Great Basin at this time. Although pifion pine may have en-
tered the area earlier, the woodrat midden evidence indicates
that it became much more abundant upon the landscape. Mac-
rofossils of pifion pine from woodrat middens throughout the
Lahontan Basin indicate that it expanded both northward in lat-
itude and downward in elevation (Wigand et al., 1995) (Figure
14).

This rapid change in pifion pine distribution was primarily
triggered by increased rainfall throughout the summer, which

FIGURE 14.—Ratios of pine to juniper pollen (tree symbols) from Lead Lake
plotted against (top) the latitudinal distribution and (bottom) the elevational
distribution of directly dated juniper twigs (solid lines) from woodrat middens
in the Reno, Nevada, area of the Lahontan Basin. Northward expansion of
pifion pine during the last 1500 years is evident; and lower elevational distribu-
tion of juniper during the last 1500 years also is indicated. Samples were dated
based on a deposition rate curve generated from a polynomial fit on three
radiocarbon-based dates.
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encouraged seedling establishment. However, this expansion
probably would not have been possible without the milder
winters that followed the end of the Neopluvial after 1.9 Ka.
The pollen record from Lead Lake indicates that a contraction
in semiarid woodland occurred in the area after ~ 1 Ka (Figure
13). This is borne out by the reduced numbers of woodrat
middens in the area containing pinon pine and juniper (Figure
14).

At Diamond Pond in the Harney Basin of south-central Ore-
gon, an early post-Neoglacial expansion of grass between 1.9
and 1.0 Ka overlaps with the pinon pine expansions seen at
Lead Lake (Wigand, 1987; Wigand, 1997b). Western juniper,
which during most of the record from Diamond Pond had var-
ied in concert with grass, did not increase in abundance with
grass during this period, indicating the occurrence of summer-
shifted rainfall as well. That this expansion of grass was re-
gional in nature is demonstrated by the dramatic increase of bi-
son (Bison spp.) remains in archaeological sites of the northern
intermountain West. Radiocarbon dates plotted with standard
deviations on bison remains from archaeological sites in the
northern Great Basin (Marwitt, 1973) and the plateau of eastern
Washington (Schroedl, 1973) show remarkable coincidence
with this period of grass expansion (Wigand, 1997b, fig. 10).

A substantial increase in juniper pollen values ~ 1 Ka in the
northern Great Basin at Diamond Pond, coincident with local
increased abundance of woodrat middens containing western
juniper macrofossils, evidences a renewed expansion of wood-
land in the north and the end of grass abundance (Wigand,
1987; Mehringer and Wigand, 1990). This corresponds to in-
creased large versus small charcoal values, indicating both a
change in fuel type as well as more frequent fires as fuels accu-
mulated in response to wetter climate (Wigand, 1987; Wigand
et al., 1995). Dugas (1998) indicated that higher lake stands
may have occurred in the Malheur Basin ~1 and ~0.8 Ka.

THE LAST MILLENNIUM IN THE NORTHERN

AND WESTERN GREAT BASIN (< 1 KA)

Evidence of severe drought and resultant fire in the northern,
central, and southern Great Basin between -0.9 and 0.5 Ka,
confirmed by Sierran and Great Basin tree ring studies, co-
incide with a decline of the woodland (Holmes et al., 1986;
Wigand, 1987; Wigand and Rose, 1990). The drought of the
middle of the millennium is recorded in the expansion of salt-
bushes in the northern Great Basin and in evidence that Dia-
mond Pond reached some of its lowest levels since the middle
Holocene (Wigand, 1987). Reexpansion of marsh at Lead Lake
evidences regional drying of the western Great Basin after 0.8
Ka (Figures 12, 13). Charcoal evidence from the cores at Little
Valley indicates that fire frequency increased considerably af-
ter about 0.6 Ka (Figure 11). Destruction of the lower margin
of the woodland appears as a sudden gap in the woodrat mid-
den evidence of northern Nevada for this period (Wigand and
Nowak, 1992; Figure 14). Stine (1990) reported that extended

droughts were terminated about 0.9, 0.6, and 0.35 Ka by brief
wet events.

The "Little Ice Age," a pattern of stronger winter precipita-
tion and cooler temperatures beginning 300 to 400 years ago,
terminated the droughts of the middle portion of the millen-
nium and initiated a gradual reexpansion of juniper woodland
in the northern Great Basin (Mehringer and Wigand, 1990).
Further south in the central and southern Great Basin, increas-
ing pine pollen values relative to juniper pollen values indi-
cated that pinon pine benefited more from the shift toward
mesic climate conditions (Wigand and Nowak, 1992; Wigand,
1997b). By the time Europeans first entered the area, climate-
initiated reexpansion of Great Basin woodlands was well un-
derway. In the northern Great Basin, increased occurrence of
pine in the pollen record at Lead Lake during the last 0.15 Ka
corresponds to the 2.5-fold increase in areal coverage of pinon
pine after the Little Ice Age, as recorded in stand establishment
records (Tausch et al., 1981).

The pollen record at Diamond Pond indicates increasing
aridity since the end of the Little Ice Age. Juniper woodland re-
treated and sagebrush steppe advanced (Wigand, 1987).
Grasses seem to have become less abundant throughout the re-
gion. A decrease in water depth in Diamond Pond reflects a re-
gional drop in the water table in the Harney Basin (Wigand,
1987; Mehringer and Wigand, 1990). Lower frequency fluctua-
tion of juniper pollen values in the early 1800s contrasts with
the recent sharp increases since the middle 1900s (Mehringer,
1987; Mehringer and Wigand, 1990). Increased variability, in
part, reflects a real expansion in woodland, but also it may re-
flect reduced sediment compaction. Fewer years are repre-
sented in each of the one-centimeter-high samples at the top of
the core than in samples from lower down in the cores. As a re-
sult, interannual variability of pollen production in response to
weather variation from year to year is not being averaged as
much as it was lower in the record. This gives the impression
of greater climatic variability when compared with earlier peri-
ods.

The post-Little Ice Age trend toward lower effective precipi-
tation brought on by warmer mean annual temperatures com-
bined with the spread of woodlands should have increased the
potential for fire in the Great Basin. Despite increased drought
stress on the trees in this semiarid region, the occurrence of fire
decreased. This contradicts the prehistoric pattern of massive
fires that typified periods when Great Basin woodlands were
subjected to drought conditions—i.e., the end of the Neoglacial
(Wigand, 1987).

Decreased fire frequency may have occurred, in part, be-
cause conditions were dry enough to keep the production of
light fuels (i.e., grasses and forbs and even shrubs) low. On the
other hand, Peter Skene Ogden noted abundant evidence of
fires set by Native Americans in the Harney and Malheur lakes
region during the middle 1820s (Davies et al., 1961). A decline
in fire frequency as Native American populations declined and
were displaced may have enabled the expansion of semiarid
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woodlands at the time of European settlement. Livestock graz-
ing may also have played a role in decreased fire frequency
through the reduction of fine fuels (see discussion in Miller and
Wigand, 1994). Grazing may also have played a role in juniper
expansion through seed dissemination and encouragement of
shrubs that provided nursery areas for juniper seedling estab-
lishment.

Prehistorically, climate change was the primary factor affect-
ing the expansion of semiarid woodlands. Droughts and result-
ant disturbance phenomena such as insect infestations, disease,
and fire all contributed to periodic retreat of these woodlands.
Since the arrival of Europeans, both climate change and human
action have substantially affected woodland distribution. Drier
climates during this century have resulted in increased physio-
logical stress on plant communities. Fire suppression practices
and the use of insecticides have disrupted normal cycles of dis-
turbance phenomena such as fire, insect infestation, and dis-
ease. The resulting fuel build-up has increased the potential for
intense, widespread fires.

Periods of wetter climate around 1910, the early 1940s, the
late 1960s to early 1970s, and the early 1980s have served to
briefly revitalize juniper woodlands in the northern Great Basin
(Mehringer and Wigand, 1990). However, if droughts similar
to those of the early 1990s are near the climatic norm for the
last millennium, as Graumlich (1993) suggested from Sierran
tree ring records, we can expect continued retrenchment of
semiarid woodlands to higher elevations, with a reduction in
perennial grasses and expansion of sagebrush and annual
grasses.

Southern Great Basin and Northern Mojave Desert

Paleobotanical records from the southern Great Basin and
the northern Mojave Desert consist primarily of data obtained
from plant macrofossils collected from ancient woodrat mid-
dens. The Tule Springs pollen record (Mehringer, 1967), how-
ever, and a record from Death Valley (undergoing analysis)
promise to extend length to our record of vegetation history
and to cover gaps in the Late Quaternary record not covered by
woodrat midden evidence. Other sources of climatic evidence,
such as the stable isotope records from Devils Hole (Winograd
et al., 1988, 1992, 1997) and Death Valley (Li et al., 1996; Ku
et al., 1998), provide evidence of past climates but tell us noth-
ing of Late Quaternary vegetation dynamics. Thus far, only the
record from Browns Room at Devils Hole (Szabo et al., 1994)
can successfully be compared with vegetation dynamics in the
northern Mojave Desert.

If pollen preservation is adequate in the Death Valley core,
that record promises to extend our paleobotanical history of the
northern Mojave Desert by at least 190 Ky (Li et al., 1996; Ku
et al., 1998). Currently, however, a few woodrat middens and
perhaps some pollen samples from Tule Springs provide our
only indication of vegetation in the area from before about 35
Ka.

PRE-LATE WISCONSIN (>35 KA)

Profile I at Tule Springs apparently contains pollen spectra
dating to before 35 Ka (Mehringer, 1967, fig. 31). The profile
documents a cool, wet event dating to more than 37 Ka. This
may actually be one of the two periods of wetter climate indi-
cated in the Browns Room record dating to either ~40 or ~45
Ka, or it may be an earlier event (Szabo et al., 1994, fig. 4). The
episode is characterized by both pine and fir expansion. Neither
the age nor the duration of this event can be determined, but it
seems to document the same kind of vegetation pattern that is
seen in later pluvial episodes. The pollen record indicates that
desert shrub communities dominated by saltbushes character-
ized low elevations. Juniper and sagebrush pollen suggests that
juniper woodland, possibly mixed with pine, was also com-
mon. As cooling progressed, the contribution of pine pollen to
the record became overwhelming. This resulted, in part, from
the increased area that was available for pine to expand into as
its habitat was displaced down the mountainsides (see Meh-
ringer's (1967) discussion of the impact upon pollen abun-
dance by the displacement of species along the area elevation
curve). Fir pollen became more abundant than that of juniper.
This may have resulted from poor preservation of juniper pol-
len, but values of about seven percent suggest a substantial in-
crease in fir regionally. Pollen from juniper and sagebrush indi-
cates that juniper woodland was still widespread. The decrease
in pine and fir values and the disappearance of juniper near the
top of the profile seem to signal a return to a drier climate. This
pattern is repeated throughout the late Pleistocene in the north-
ern Mojave Desert.

Unfortunately, most woodrat middens dated to before 35 Ka
have multiple dates and reflect substantial mixing of materials
of many ages. Typical of this problem are middens from the
Eleana Range (Spaulding, 1985). This mixing may be an indi-
cation that climatic conditions since the initial formation of
these woodrat middens have been wet enough to cause re-solu-
tion of the crystallized urine cementing them.

LATE PLEISTOCENE (-35 TO 12.5 KA)

Woodrat midden studies during the last 30 years have en-
abled identification to the species level of the likely contribu-
tors of both pine and fir pollen from the Tule Springs pollen re-
cord. It is clear that in the southern Great Basin and the
northern Mojave Desert, expansions and contractions of limber
pine and white fir (possibly Rocky Mountain white fir, Abies
concolor var. concolor) record periods of wetter climate during
the cooler, drier spans of the late Pleistocene (Figures 15, 16).
Originally recorded in the pollen record obtained from Tule
Springs (Mehringer, 1967), they have been corroborated and
refined by the substantial woodrat midden record that has been
accumulated (Mehringer and Ferguson, 1969; Spaulding, 1977,
1981, 1985, 1994; Forester et al., 1996).

The woodrat midden record indicates that during much of the
last glacial cycle between 33 and 11 Ka, limber pine formed a
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FIGURE 15.—Elevational distribution of limber pine, as ascertained with macrofossils from ancient woodrat mid-
dens in the northern Mohave Desert, by radiocarbon age. (Top) Our own and previously published data from
middens containing limber pine (tree symbols) in a 200 km radius around Yucca Mountain; the dashed line is the
approximate lower elevational distribution limit of limber pine in the Sheep Range today. (Middle, Bottom)
Radiocarbon dates on limber pine for this study (middle) and for other studies (bottom) plotted as a normal distri-
bution at three standard deviations around the mean. For these kurtosis plots, the normal distributions are a mea-
sure of radiocarbon date precision—i.e., the more pointed the distribution curve, the more precise the date is; and
the flatter the curve, the less precise the date is.

subalpine woodland that occasionally extended down to at least
1600 m in elevation, ~1000 m below where it grows today in
the Sheep and Spring Ranges of southern Nevada (Table 1;
Figure 15). This is roughly equivalent to the period of highest
water table in Browns Room at Devils Hole (Szabo et al.,
1994). Limber pine macrofossils appear in the midden record
of-33-30 Ka, 26.5-23 Ka, 21-14 Ka, and 13-11 Ka. White fir
occasionally appeared in this woodland also. At those times it
certainly grew along the bases of cliffs and in canyons (where
woodrat middens are preserved), but whether conditions were
moist enough for it to grow on exposed slopes is uncertain. Pe-
riods of downward translocation of white fir are centered at
-35-32 Ka, 26.5-21 Ka, 16-14 Ka, and 13-12 Ka (Table 2;
Figure 16). Limber pine disappears from the midden record be-
tween 35 and 33 Ka and between 23 and 21 Ka, leaving white
fir as the only tree species present.

Late Pleistocene climates can be extrapolated by using mod-
ern analogue temperature and precipitation requirements for
limber pine and white fir. Limber pine favors cool, dry conti-
nental conditions with rainfall distributed relatively evenly dur-
ing the year; it is drought tolerant. White fir favors cool, moist
conditions with a winter peak in rainfall, but it often survives in
canyons where shallow groundwater is available to it. In either
case, white fir expansion indicates moister conditions. Rocky
Mountain white fir appears to survive under cooler and drier
conditions than does Sierran white fir. The seasonal distribu-
tion of rainfall appears to vary considerably as well where
Rocky Mountain white fir grows. The modern analogue cli-
mates of these two species suggest the following climatic sce-
nario for the late Pleistocene.

The wettest periods were those when limber pine disap-
peared from the woodland record. These appear to coincide
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FIGURE 16.—Elevational distribution of white fir, as ascertained with macrofossils from ancient woodrat mid-
dens in the northern Mohave Desert, by radiocarbon age. (Top) Our own and previously published data from
middens containing white fir (tree symbols) in a 200 km radius around Yucca Mountain; the dashed line is the
approximate lower elevational distribution limit of white fir in the Sheep Range today. (Middle, Bottom) Radio-
carbon dates on white fir for this study (middle) and for other studies (bottom) plotted as a normal distribution at
three standard deviations around the mean. See Figure 15 caption for explanation of these kurtosis plots.

with the onset (23-21 Ka) and demise (16-14 Ka and 13-12
Ka), but not the climax, of the late glacial maximum. An earlier
cold/wet period centered between -35 and 33 Ka apparently
corresponds to one noted in the pollen records from the Sum-
mer Lake basin and from the Pyramid Lake midden (see mid-
dle Holocene above in "Northern and Western Great Basin").
The pollen record from Profile II at Tule Springs records in-
creased pine and fir corresponding with the pre-glacial maxi-
mum episodes (Mehringer, 1967, fig. 32). Such episodes sug-
gest that Pacific air masses played a greater role in the climates
of southern Nevada at that time. Conversely, periods of cold,
dry continental climates (continental polar and Arctic air mass
predominance) occurred from 16 to 21 Ka and from 29 to 32

Ka based on the absence of white fir in communities with
abundant limber pine.

Our knowledge of the modern mean annual precipitation
(MAP) requirements of key plant species together with
changes in their distribution during the Pleistocene—as re-
vealed in the plant macrofossil data from woodrat middens in
southern Nevada (and northern Nevada)—indicate rapid shifts
toward wetter winter precipitation patterns lasting from about
one century to as long as one to two millennia. The MAP
ranges for modern analogue plant species suggest a Pleistocene
MAP range between 380 and 635 mm at elevations between
1500 and 2000 m (Forester et al., 1996). This is roughly an in-
crease of 50%-90% above the current range of 200-250 mm.
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TABLE 1 .—Lower elevational occurrences of limber pine (Pinus flexilis) within a 200 km radius of Yucca Moun-
tain, Nevada, as revealed in the current study (in bold), from lowest to highest elevation. Midden data analyzed
by other investigators are Fortymile Canyon (Spaulding, 1994), Sheep Range (Spaulding, 1981), Eleana Range
(Spaulding, 1985), Potosi Mountain (Mead et al., 1978), and Clark Mountain (Mehringer and Ferguson, 1969).
All sites are in Nevada unless noted otherwise (NTS = Nevada Test Site).

Locality; midden no.

Fortymile Canyon, NTS; FMC-11A (1)
Sheep Range; Penthouse 2(1)
Sheep Range; Willow Wash 4C(1)
Sheep Range; Willow Wash 4C(2)
Sheep Range; Basin Canyon 1

Pahranagat Range; PR23O594ARM1(1)
Pahranagat Range; PR23O594ARM1(1)SSIDE
Pahranagat Range; PR110688PEW3(2)
Pahranagat Range; PR230594ARMl(2)
Pahranagat Range; PR110688PEW3(3)
Double Cave, Pahroc Range; DC18O595JPB1(1)
Double Cave, Pahroc Range; DC18O595JPB1(2)

Sheep Range; Flaherty Mesa 1
Sheep Range; Wagon Canyon 2
Eleana Range, NTS; ER-3(14)
Eleana Range, NTS; ER-2(4)
Eleana Range, NTS; ER-2(4)
Eleana Range, NTS; ER-2(5)
Eleana Range, NTS; ER-2(6)
Eleana Range, NTS; ER-2(10)

Ribbon Cliffs, Nellis Air Force Base; RC250588LCP11
Ribbon Cliffs, Nellis AFB; RC060795PEW41A
Ribbon Cliffs, Nellis AFB; RC060795PEW41B
Ribbon Cliffs, Nellis AFB; RC060795PEW41C

Potosi Mountain, Spring Range; Potosi Mtn 2C2
Sheep Range; Eyrie 3(1)
Sheep Range; Eyrie 1(3)1
Sheep Range; Eyrie 1(3)2
Sheep Range; Eyrie 5(2)
Sheep Range; Eyrie 5(3)
Clark Mountain, California; CM-1
Clark Mountain, California; CM-2

Stockade Wash, NTS; STW220594ARM113
Stockade Wash, NTS; STW220594ARM114
Stockade Wash, NTS; STW220594ARM111
Stockade Wash, NTS; STW220594ARM112U
Stockade Wash, NTS; STW220594ARM112

Sheep Range; Deadman 1(1)
Sheep Range; Deadman 1(2)
Sheep Range; Deadman 1 (4)
Sheep Range; South Crest 1(4)2
Sheep Range; South Crest 1(3)
Sheep Range; Spires 2(1)
Sheep Range; Spires 2(2)

Cliff Springs, Belted Range, NTS; CS0909900GHH11

Clark Mountain, California; CM-2
Sheep Range; Hidden Forest 3A
Sheep Range; Hidden Forest 3B
Sheep Range; Hidden Forest 3C(1)
Sheep Range; Hidden Forest 3C(2)
Sheep Range; Hidden Forest 3C(3)
Sheep Range; Hidden Forest 1

Radiocarbon age
(years)

15,870 ±70
28,960 ± 2,000
24,400 ± 760
19,020 + 750
15,610 ±260

16,010 ±80
18,160 ±80
18,765 ± 180
23,890 ± 160
25,250 ± 140
32,070 ± 230
30,000 ± 240

20,390 ± 340
25,000 ±710
14,200 ±100
14,090 ±320
15,300±130
14,260±110
14,500±110
17,100±90

18,075 ± 180
24,330 ± 110
26,210 ± 130
25,850 ± 140

14,430 ±150
16,490 ±220
23,380 ±490

9,370 ±120
30,470 ± 740
19,750 + 450
23,600 ± 980
28,720 ±1,800

11,400 ± 60
12,040 ± 60
12,290 ± 70
12,340 ±60
12,550 ±70

17,420 ±250
16,800 ±250
18,680 ±280
21,700 ±500
25,140 ±900
18,800 ±130
16,200 ±350

30,270 ±360

19,900 ±1,500
1,600 ±120

820 ±100
10,060 ±130
11,940 ±140
11,860 ±160
11,570 ±120

Laboratory
no.

QL-4223
A-1773
A-1751

UCR-729
WSU-1856

BETA-74775
BETA-86066
BETA-32405
BETA-74772
BETA-86063
BETA-86031
BETA-86105

WSU-1864
A-1656

USGS-1266
A-2927

USGS-875
USGS-874
USGS-885

USGS-1069

BETA-32407
BETA-86080
BETA-86082
BETA-86084

LJ-4005
WSU-1853
WSU-1864
WSU-1863

WK-168
WK-167
1-3557
1-3648

BETA-86123
BETA-86088
BETA-74777
BETA-86121
BETA-74779

LJ-3707
WSU-1860
WSU-1857

LJ-2840
A-1669

USGS-199
A-1875

BETA-64355

GAK-1987
A-1742

WSU-2046
LJ-3729
LJ-3730
LJ-3728
LJ-4046

Material dated

Fecal pellets
Utah juniper
Utah juniper
Utah juniper
Utah juniper

Limber pine
Limber pine
Limber pine
Limber pine
Limber pine
Limber pine
Limber pine

Utah juniper
Utah juniper
Limber pine
Limber pine
Limber pine
Limber pine
Limber pine
Limber pine

Limber pine
Limber pine
Limber pine
Limber pine

Limber pine
Utah juniper
Utah juniper
Utah juniper
Utah juniper
Fecal pellets

Twigs
Twigs

Limber pine
Limber pine
Limber pine
Limber pine
Limber pine

Limber pine/bristlecone pine
Utah juniper
Utah juniper

Limber pine/bristlecone pine
Utah juniper
Fecal pellets

Limber pine/bristlecone pine

Limber pine

Limber pine/bristlecone pine
Utah juniper

Rocky Mountain juniper
Limber pine/bristlecone pine
Limber pine/bristlecone pine
Limber pine/bristlecone pine
Limber pine/bristlecone pine

Elevation
(m)

1310
1580
1585
1585
1635

1695
1695
1695
1695
1695
1743
1743

1770
1790
1800
1810
1810
1810
1810
1810

1829
1829
1829
1829

1830
1855
1860
1860
1860
1860
1910
1910

1950
1950
1950
1950
1950

1970
1970
1970
1990
1990
2040
2040

2133

2140
2380
2380
2380
2380
2380
2400
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TABLE 2.—Lower elevational occurrences of white fir (Abies concolor) within a 200 km radius of Yucca Moun-
tain, Nevada, as revealed in the current study (in bold), from lowest to highest elevation. Midden data analyzed
by other investigators are from Fortymile Canyon (Spaulding, 1994), Sheep Range (Spaulding, 1981), Potosi
Mountain (Mead et al., 1978), and Clark Mountain (Mehringer and Ferguson, 1969). All sites are in Nevada un-
less noted otherwise.

Locality; midden no.

Fortymile Canyon, Nevada Test Site; FMC-11A (1)
Sheep Range; Willow Wash 4A
Sheep Range; Willow Wash 4C(1)
Pahranagat Range; PR23O594ARM1(1)
Pahranagat Range; PR110688PEW3(2)
Pahranagat Range; PR230594ARMl(2)
Pahranagat Range; PR110688PEW3(3)
Double Cave, Pahroc Range; DC18O595JPB1,1
Double Cave, Pahroc Range; DC18O595JPB1(2)
Potosi Mountain, Spring Range; Potosi 2C L
Potosi Mountain, Spring Range; Potosi 2A (2)
Clark Mountain, California; CM-3
Clark Mountain, California; CM-1
Clark Mountain, California; CM-2
Stockade Wash, Nevada Test Site; STW220594ARM111
Sheep Range; South Crest 1(4)2

Sheep Range; South Crest 1(3)
Sheep Range; Hidden Forest 3B

Sheep Range; Hidden Forest 3A
Sheep Range; Hidden Forest 3C(1)

Radiocarbon age
(years)

15,870 ±70
21,3501420
24,400 ± 760
12,280 ± 60
23,150 ±270
23,820 ± 170
25,200 ± 140
32,790 ± 260
34,260 ±410
14,450 ±250
14,900 ±180
12,460 ±190
23,600 ± 980
28,720 ±1,800
11,890 ± 70
21,700 ±500

25,140 ±900
820 ±100

1,600 ±120
10,060 ±130

Laboratory
no.

QL-4223
WSU-1858

A-1751
BETA-74776
BETA-32404
BETA-74773
BETA-86064
BETA-86032
BETA-86106

A-1778
LJ-4004
1-3690
1-3557
1-3648

BETA-74778
LJ-2840

A-1669
WSU-2046

A-1742
LJ-3729

Material
dated

Fecal pellets
Utah juniper
Utah juniper

White fir
White fir
White fir
White fir
White fir
White fir
White fir

Miscellaneous
Piiion pine

Twigs
Twigs

White fir
Limber pine/

bristlecone pine
Utah juniper

Rocky Mountain
juniper

Utah juniper
Limber pine/

bristlecone pine

Elevation
(m)

1310
1585
1585
1695
1695
1695
1695
1743
1743
1830
1880
1910
1910
1910
1950
1990

1990
2380

2380
2380

Shifts from the dominance of xeric climate shrub species to
Utah juniper during the Pleistocene at elevations from ~700 to
1500 m record precipitation increases ranging between 33%
and 66%, a gain of 50-100 mm above current values (Forester
et al., 1996). Whereas today's MAP is only 150 mm, the Pleis-
tocene MAP was at least 200 mm or as high as 255 mm at ele-
vations between ~700 and 1500 m.

Other evidence for these wetter episodes is provided by the
accumulating database of radiocarbon dates on spring deposits
in the northern Mojave Desert. Dates from the Las Vegas Val-
ley, Corn Creek Dunes, Three Lakes Valley, and Indian Springs
Valley indicate several episodes of late Pleistocene and early
Holocene spring activity (Quade et al., 1995, 1998). Quade et
al. (1995) suggest that based upon the radiocarbon dates at
Corn Creek Dunes there may be three distinct phases of dis-
charge: an early set centered around or prior to 31 Ka, a second
set from ca. 25 to 14 Ka, and a third set from 14 to 8 Ka. As
more dates accumulate, these episodes may become more con-
strained and may match the vegetation data more closely. To
the southeast in the Lake Mojave basin, a series of lakes—
some lasting for as many as 2000 years and others lasting only
a few hundred—span the period between -22 and —11.5 Ka
(Brown et al., 1990, fig. 8). These may, in part, correspond to
the precipitation events seen in the record from southern Ne-
vada; however, these lakes reflect climatic conditions in trans-
verse ranges, which may have experienced a quite different se-

quence of rainfall history because of their proximity to the
Pacific Ocean.

These occasional wet episodes are set against the major por-
tion of the Pleistocene between 35 and 12 Ka, which was dom-
inated by more continental conditions characterized by cold-
dry climate about 1.33 times wetter than today (Forester et al.,
1996). Based upon a comparison of the temperature require-
ments of Rocky Mountain and Sierran white firs versus limber
pine, the onset and decline of the late glacial maximum may
have been 2°-6° C warmer than its climax.

Precipitation gradients increased substantially during the
Pleistocene. The MAP was approximately 133% of what it is
today at ~750 m in elevation, based upon the displacement of
Utah juniper (Wells and Jorgensen, 1964; Wells and Berger,
1967; Forester et al., 1996). Limber pine displacement indi-
cates that MAP was approximately 190% of what it is today at
~1500 m (Forester et al., 1996). If the increase in regional
MAP had been regular, the percent of increase should be the
same at all elevations. However, the difference in MAP be-
tween these two elevations during the Pleistocene reveals that
precipitation was ~50% greater at 1500 m than it was at 750 m.
Lack of woodrat midden data above 2000 m for the Pleistocene
prevents extrapolation of precipitation values to higher eleva-
tions. This reconstructed rainfall gradient indicates a dramati-
cally enhanced orographic precipitation effect during the late
Pleistocene in southern Nevada.
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TABLE 3.—A general sequence of climate and mean annual precipitation
(MAP) for southern Nevada from ca. 35 to 12 Ka.

Radiocarbon date
(Ky B.P.)

-35-33
33-26.5

26.5-23
23-21
21-16
16-14
14-13
13-12

Relative climate

Very wet, cool
Dry, cooler
Wet, cool

Very wet, cool
Dry, cold
Wet, cool

Dry, cooler
Wet, cool

Estimated MAP
(mm)

560-635
406-457
457-560
560-635
406-457
457-560
406-457
457-560

By using the MAPs derived from the vegetation data summa-
rized above, a general sequence of climate is generated for the
period from ~35 to 12 Ka for southern Nevada (Table 3). This
applies only for elevations around 1500 m. At elevations
around 750 m, estimates should be about 50% of those at 1500
m. Above 2000 m, absence of data prevents estimation. Cli-
mate designations in Table 3 are only relative.

At lower elevations, desert shrub communities dominated by
saltbushes, rabbitbrush (Chrysothamnus spp.), mormon tea
{Ephedra spp.), and other shrubs appear to have prevailed
through much of the late Pleistocene (Spaulding, 1985, 1990,
1994; Wells and Woodcock, 1985). Investigations in the Pint-
water Cave area, north of the Spring Range in southern Ne-
vada, revealed shrub community dominance with intermittent
incursions of Utah juniper for most of the last 34 Ky. A brief
appearance of Rocky Mountain juniper (Juniperus scopulorum
Sarg.) in the area of the cave after ~34 Ka (numerous seeds in
the cave sediments) suggests cooler, wetter climates at that
time than later in the Pleistocene. Similar climatic conditions
seem to have allowed Rocky Mountain juniper to exist on the
east shore of pluvial Owens Lake between 23 and 17.5 Ka
(Koehler and Anderson, 1994). The cool temperatures gener-
ated in the Owens Valley by the nearby Tioga glacial advance
may have provided conditions suitable for the survival of
Rocky Mountain juniper far from its current upper-elevation
distributions.

EARLY HOLOCENE (12.5 TO 8 KA)

In southern Nevada, replacement of subalpine woodland
dominated by limber pine with juniper-dominated semiarid
woodland at intermediate elevations preceded the disappear-
ance of low-elevation juniper woodland by desert scrub
(Spaulding, 1977, 1981; Wigand et al., 1995). Although
woodrat midden records indicate that pinon pine appeared in
several areas around southern Nevada including the Pahrana-
gat Range well before 8.5 Ka, it seems to have been a much
less important component of early Holocene semiarid wood-
lands than was juniper (Spaulding, 1985, 1990; Thompson,
1990; Wigand et al., 1995). However, records from the north-
central and eastern Great Basin (Thompson and Hattori, 1983;
Thompson and Kautz, 1983; Wells, 1983; Madsen and Rhode,

1990; Thompson, 1990) confirm pinon pine's rapid northward
expansion.

Despite evidence of warming climates in the southern Great
Basin, the persistence of juniper woodland outliers after 9.5 Ka
may reflect occasional wetter and/or cooler periods of climate
that aided their persistence. At Little Skull Mountain on the
southern edge of the Nevada Test Site, juniper persisted until
10.5 Ka but disappeared from the record by 10 Ka (Wigand,
unpublished data). By 9.5 Ka, however, it reappeared in the
woodrat midden macrofossil record at Little Skull Mountain.
Organic mats (residues) dating primarily from 10.2 to 8.6 Ka
also reflect these episodes of moister climate (Quade et al.,
1998, especially fig. 5). Based upon the vegetation during this
span of time, the rainfall from two different climatic regimes
may have been responsible for formation of the black mats.
Climates may have been considerably cooler from 11.2 to 10.2
Ka than from 12 to 11.5 Ka, resulting in reduced evaporation
rates and greater effective precipitation. Climates were warmer
from 10.2 to 8.6 Ka, and from 9.5 to 8.6 Ka the summer rainfall
may have increased considerably.

Evidence of a shift to summer seasonal rainfall during the
warm portion of the latter early Holocene between 9.5 and 9
Ka is provided by the appearance of netleaf hackbeiry {Celtis
laevigata var. reticulata (Torn) L. Benson) seeds in the paleo-
botanical record of southern Nevada. Hackberry seeds (en-
docarps) have been recovered from woodrat middens located
on the xeric southeast slope of Little Skull Mountain (Wigand
et al., 1994), from middens in the Sheep Range north of Las
Vegas (Spaulding, 1990), and from the Sandy Valley (Spauld-
ing, 1994), and several hundred seeds were recovered from the
sediments of Pintwater Cave (Jahren et al., 2001). Today it oc-
curs in canyons, seeps, and washes at elevations of 500-1700
m. Hackberry ranges from the southern Sierra Nevada foot-
hills and the San Bernardino Mountains in the southwestern
United States and northern Mexico into the southern plains to
Kansas, with outliers in Washington (Benson and Darrow,
1981; Krajicek and Williams, 1990). In southern Nevada it is
found associated with a spring near Pahroc Spring in the Pah-
roc Range, in one locality in Fortymile Canyon on the Nevada
Test Site, and in canyons at the southern end of the Spring
Range. The appearance of hackberry remains in middens sug-
gests it grew at the bases of cliff faces or in arroyo bottoms,
areas that are currently too dry to support it, and reveals a pat-
tern of greater regional abundance of the tree between 9.5 and
9Ka.

These reconstructed climatic conditions compare well with
evidence of increased spring discharge found by Quade et al.
(1998) that apparently may correspond to incursions of mon-
soon rains during the thermal maximum (Spaulding, 1985;
Spaulding and Graumlich, 1986). In particular, well-developed
black mats, which Quade et al. (1998) describe from the val-
leys surrounding the Spring Range, dating to between 9.5 and
8.6 Ka probably reflect the period of increased summer mon-
soon activity. Additional evidence of episodes of the incursion



338 SMITHSONIAN CONTRIBUTIONS TO THE EARTH SCIENCES

of moisture during this period are the intermittent lakes that ap-
pear in the Lake Mojave basin (Silver and Soda Lake playas) at
this time (Brown et al., 1990). The evidence indicates that as
many as six lakes (with intervening drying) occupied the Lake
Mojave basin between 11.5 and ~8.5 Ka (Brown et al., 1990,
fig. 8). Therefore, during a period when other climate proxies
indicate that conditions were much warmer and that mean an-
nual rainfall was decreasing, a shift of rainfall toward the sum-
mer season coinciding with the early Holocene thermal maxi-
mum would explain the presence of perennial seeps, as
evidenced by the latter period of black mat formation, the ma-
jority of which Quade et al. (1998) have dated to between 10.2
and 8.6 Ka.

In the Alabama Hills north of the Owens Lake basin, the ter-
mination of Pleistocene woodland occurred 9.5 Ka (Koehler
and Anderson, 1995). This coincides with the disappearance of
juniper woodland from outlier positions in the Lahontan Basin,
as noted above, and also with the termination of lithoid tufa
formation around the Lake Lahontan shoreline. This is also, as
just noted, the beginning of the period of greater penetration of
monsoon rainfall into southern Nevada. Together these data
suggest a major northward displacement of regional climatic
regimes at this time.

MIDDLE HOLOCENE (8 TO 5.5 KA)

As Spaulding (1990) indicated, the early Holocene vegetation
assemblages of the northern Mojave Desert were, in most cases,
unique and did not survive the middle Holocene. Pollen sam-
ples from Profile V in the Tule Springs record indicate a dra-
matic increase in low-spine (Ambrosia-type) pollen shortly after
8.5 Ka (Mehringer, 1967). This probably corresponds to the ap-
pearance of white burrobush (Ambrosia dumosa (Gray) Payne),
one of the two codominants of the typical Mojave Desert creo-
sote bush-white burrobush vegetation assemblage (Spaulding,
1990, fig. 9.13). According to the woodrat midden macrofossil
record, creosote bush appears slightly later in the area (but see
Grayson's (1993:200) discussion). Further west the appearance
of these two species is even later (Spaulding, 1980). Unfortu-
nately, pollen can not be used to document the presence or ap-
pearance of creosote bush because of its rarity in the pollen re-
cord. Both these species arrived as migrants from further south,
but the climatic impetus for their arrival is unclear.

Truncation of the pollen record in Profile IV at Tule Springs
sometime after 7.5 Ka corresponds with the beginning of a gen-
eral absence of paleobotanic data spanning the next 2 Ka in the
southern Great Basin and northern Mojave Desert (Mehringer,
1967). The dearth of vegetation data is probably a direct reflec-
tion of the impact of severe drought in the region. Springs and
marshes dried and woodrats may have retreated into more fa-
vorable areas. Severe eolian erosion may have characterized
parts of this period, because late-Holocene spring and marsh
deposits in the northern Mojave Desert generally lie upon ero-

sion surfaces that were formed during the middle Holocene
(Mehringer and Warren, 1976; Mehringer and Sheppard, 1978;
Wigand, 1997b). This suggests that vegetation cover may have
been very sparse.

Only a few middens are dated to this period. One collection of
middens from the McCullough Range southwest of Las Vegas is
dominated by thermophilic (warm-temperature) plant species
(Spaulding, 1991). These reflect the warm, dry conditions of the
middle Holocene. Spaulding also suggested that no evidence
exists for summer seasonality of rainfall between 6.8 and 5 Ka.

LaMarche (1974) suggested that upper tree line temperatures
were considerably warmer during this period and that upper
tree lines extended upward. Graybill et al. (1994) indicated ex-
tended periods of drought as well. These data suggest that the
middle Holocene in the Great Basin was characterized by con-
siderable warmer and drier conditions than currently exist in
the Great Basin.

EARLY LATE HOLOCENE (5.5 TO 2 KA)

In the northern Mojave Desert there is a dramatic change in
climate at this time. It is most clearly manifested in the sudden
formation of peats that overlie erosional unconformities. Peats
occurred at the base of the Little Lake record in the Owens
River valley (Mehringer and Sheppard, 1978), in Ash Mead-
ows south of the Nevada Test Site (Mehringer and Warren,
1976), and at the base of the Lower Pahranagat Lake cores in
the White River valley northeast of Las Vegas (Wigand,
1997b). These peats attest to the sudden rejuvenation of springs
in the region. Mesophilic plant abundance in woodrat middens
of the McCullough Range began in strata dating to 5.5 Ka
(Spaulding, 1991). A woodrat midden stratum in the southern
Pahranagat Range dated to 5.6 Ka reveals a brief lowering in
elevation of Utah juniper below its current elevational distribu-
tion (Wigand et al., 1995).

In southern Nevada, increased abundance of woodrat mid-
dens containing Utah juniper and pifion pine macrofossils evi-
dence a major Neoglacial reexpansion and/or increase in den-
sity of pinon-juniper woodland beginning ~3.8 Ka (Wigand et
al., 1995, fig. 4). This early phase of semiarid woodland expan-
sion culminated about 2.3 Ka.

At Lower Pahranagat Lake, a pollen record analyzed back to
3.8 Ka with a resolution of a sample every 14 or so years pro-
vides a clear record of drought cycles for the northern Mojave
Desert and the southern Great Basin (Figure 17; Wigand,
1997b). This record is correctable with the White Mountain
tree ring record of Graybill et al. (1994) (Figure 18). It provides
an indication not only of relative increases in precipitation but
also of shifts in seasonal distribution as well.

Wetter climate events of the Neoglacial are reflected in the
record from Lower Pahranagat Lake, but two differences from
the Neoglacial wet events in the Diamond Pond record of the
Great Basin are evident. First, only two of the three major wet
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FIGURE 18.—Index of effective precipitation in the southern Great Basin and
northern Mohave Desert for the last 4000 years, based on pollen, tree ring,
and marsh peat proxy climate data. The conifer/saltbush pollen record of
Lower Pahranagat Lake in the southern Great Basin (bottom), by radiocarbon
date, is compared with the bristlecone pine tree ring record from the White
Mountains (top), by calendar date (years A.D./B.C.) (Graybill et al., 1994).
Straight lines between the two graphs indicate correlations in the records.
Growth of peat strata in Ash Meadows, reported by Mehringer and Warren

(1976), is also correlated with pollen ratios by radiocarbon date. The pol-
len ratio, (juniper + pine)/all Chenopodiineae, reflects regional precipita-
tion. Increases in the ratio indicate wetter periods, primarily winter precip-
itation; decreases indicate reduced winter precipitation. The tree ring
index also reflects regional precipitation, although temperature may also
play a role. Wider ring widths (in millimeters) (up) correspond with
greater precipitation; narrower widths (down) correspond with reduced
precipitation.

periods (~3.7 and 2.7 Ka) seen in the Diamond Pond record ap-
pear in the Lower Pahranagat Lake record (Figure 17). Second,
their magnitudes (Figure 18) are considerably lesser at Lower
Pahranagat Lake than at Diamond Pond (Wigand, 1987). This
may indicate that it was Pacific storm systems that were pri-
marily responsible for these periods of wetter climate and that
their impact was focused primarily upon the northern Great Ba-
sin and the Pacific Northwest, not the southern Great Basin or
southwestern United States. Ely et al. (1993) indicated that, be-
tween 3.6 and 2.2 Ka, large floods are completely absent from
their record of floods for the Southwest. As mentioned above,
the winter-dominated storm pattern may not have been very
strong in the southwestern United States, and therefore the pat-
tern of winter storms and cyclones currently associated with
heavy flooding may not have been important in the Southwest.
Reduced heavy flooding episodes may also reflect the impact

of a denser vegetation cover that grew in response to heavier,
winter rainfall throughout the West during the Neoglacial from
4 to 2 Ka. On the other hand, the lack of large floods could re-
flect a southward displacement of monsoonal systems and the
resulting reduction in torrential episodes that would cause
heavy floods.

Enzel et al. (1989, 1992) indicated that a shallow lake stood
for a brief period in the Soda and Silver Lake basins ~3.6 Ka.
This corresponds to the strongest of the wet events proposed
for Diamond Pond in the northern Great Basin (Wigand, 1987).
This event may have initiated late-Holocene vegetation recov-
ery that served to buffer runoff between 4 and 2 Ka in the
southwestern United States.

A terminal Neoglacial increase in pollen of juniper and sev-
eral shrub species in Lower Pahranagat Lake records a brief,
though unparalleled, episode of more mesic climate (Figure
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17). Because it is juniper and sagebrush that responded most
dramatically, an interval of cooler, wetter climate with winter-
dominated rainfall pattern seems to have occurred ~2 Ka that
lasted about 150-200 years (Figure 17; Wigand, 1997b).

Reconstructed deposition rates of the Lower Pahranagat
Lake record together with dramatic changes in relative pollen
values indicate that, at times, the transition to wetter, or con-
versely drier, conditions often took less than a decade or two
(see the event 2 Ka in Figure 17). The local increase in effec-
tive precipitation needed to accomplish the observed changes
in juniper abundance, based upon the difference in the minimal
annual rainfall requirements between sagebrush (Mozingo,
1987) and Utah juniper (Leonard et al., 1987), must have been
at least 10-20 millimeters per year at elevations around 1500
m. Reduced evaporation rates caused by reduced mean annual
temperature probably played a substantial role in increasing ef-
fective precipitation.

LATE LATE HOLOCENE (2 KA TO PRESENT)

Severe drought marked by the expansion of saltbushes and
greasewood signaled the end of the Neoglacial in southern Ne-
vada (Figure 17). LaMarche (1974) sees a dramatic rise in tree
lines at this time that lasted for the next 300 years. Increased
grass abundance during this period suggests that summer-
shifted rainfall characterized this episode of dry climate (Fig-
ure 17).

At Lower Pahranagat Lake, additional increases in juniper
pollen, indicating greater effective precipitation resulting from
increased winter precipitation and/or reduced evaporation rates
from cooler temperatures, occurred ~1.5, 0.9, 0.7, and after 0.5
Ka (Figure 17; Wigand, 1997b). In fact juniper pollen values
had their last climax about 0.3 Ka (during the Little Ice Age)
and have since declined.

These periods roughly coincide to times when trees were
drowned in the lake basins and stream valleys in the Mono
Lake area, as indicated by Stine (1990). These episodes are
mirrored in the marsh pollen records from Cofer Spring north
of Beatty, Nevada (Wigand and Rose, 1990), and at Warm Sul-
phur Springs in the Panamint Valley (Smiley and Mehringer,
n.d.). They coincide more roughly with the growth of peat lay-
ers in the latest dunes from Ash Meadows (Mehringer and
Warren, 1976).

Episodic peat growth in Ash Meadows is probably promoted
in part by increased surface discharge from the spring mounds
that dot the area (Mehringer and Warren, 1976). The movement
of local sand dunes, however, could also effect the growth of
peat. Dunes occasionally divert watercourses that originate at
the various spring mounds and that form ponds, which serve as
the areas of peat formation. Peat formation corresponding with
the wet event 5.5 Ka (which Quade et al., 1998, do not report)
strongly suggests that the peats occurring at Ash Meadows cor-
relate with higher spring discharge. Additional evidence for
late-Holocene spring activity is provided by a few dates that

Quade et al. (1998) reported for the Las Vegas Valley centered
around 2.3, 1.4, and 0.6-0.5 Ka, periods that do not appear in
the peat record at Ash Meadows.

There have been at least three substantial expansions of
pinon pine as reflected in increases in pine pollen values in the
Lower Pahranagat Lake record during the last 2 Ky (Figure 17;
Wigand, 1997b, fig. 3). These pollen increases and the expan-
sions of pinon pine reflect climatic conditions of a slightly dif-
ferent nature than those that occurred when juniper was ex-
panding in southern Nevada. The most revealing of these
expansions occurred between ~ 1.6 and 1.2 Ka (Wigand, 1997b,
fig. 3). This period was characterized by minimal increases in
juniper pollen values and began after a distinct period of in-
creased grass pollen values. Analysis of woodrat midden data
from the Pahranagat Range indicates that pinon pine expansion
was regional. Contrasting the ecologies of juniper, pinon pine,
and grass suggests that this climatic episode may have been a
period of summer-shifted rainfall. Juniper, which favors winter
precipitation, responded little during this period. Sagebrush,
another plant favoring winter precipitation, did not respond
during this period (Figure 17; Wigand, 1997b, fig. 4). The grass
expansion evident just before the beginning of this period, at a
time when saltbush (Chenopodiineae) and greasewood pollen
values signal that a drier climate was prevalent, suggested the
initiation of summer-shifted rainfall (Figure 17; Wigand,
1997b, figs. 4, 5). This pattern continued into the subsequent
period of increased rainfall, which would have favored the es-
tablishment of pinon pine seedlings through the more reliable
supply of moisture during hot summer months. LaMarche
(1974) suggested that temperatures may have been slightly
cooler during this period than in the periods after the Neogla-
cial.

Expansion of pinon pine in the Great Basin was further fa-
vored by the reduction in harshness of winter conditions after
the Neoglacial ended about 2 Ka. Pinon pine is readily suscepti-
ble to winterkill during episodes of extreme cold. Even today
its distribution in the northern Great Basin is characterized by
stands on lower mountain ranges sheltered behind larger chains
that effectively block the direct impact of winter storms. The re-
gional nature of the climate changes reflected in the Lower Pah-
ranagat Lake record is clearly documented by similar changes
in contemporaneous records elsewhere in the Great Basin (see
"Middle Late Holocene ..." and "The Last Millenium ..." sec-
tions, above in "Northern and Western Great Basin").

In southern Nevada, increases in saltbushes and greasewood
in the pollen record of Lower Pahranagat Lake clearly reflect
the strong drought conditions of this period (Wigand, 1997b).
The transition from shallow lake to marsh conditions in Lower
Pahranagat Lake about 1.2 Ka also may be linked in part to in-
creasing drought. Three brief wet episodes ~0.9, 0.6, and 0.35
Ka correspond with those identified by Stine (1990). Pollen
from the Lower Pahranagat record indicates that woodland
may have retreated in some areas (Wigand, 1997b).
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The pollen record from Lower Pahranagat Lake indicates
that juniper woodland reexpanded ~0.35 Ka (corresponding to
the beginning of the European "Little Ice Age") (Figure 17;
Wigand, 1997b). Some marsh expansion occurred, and there
was an increase in the algae Botryococcus, an indicator of
eutrophic conditions (Figure 17). Together these suggest that
southern Nevada climates were increasingly wet. However,
pine values did not increase until near the end of this period af-
ter ~0.2 Ka. This may suggest that, although the period was
characterized by wetter climates, winters may have been
harsher, even in southern Nevada, thereby discouraging the es-
tablishment of piflon pine until temperatures began warming
near the end of the period. Enzel et al. (1989) and Enzel et al.
(1992) indicated that a shallow lake stood for a brief period in
the Soda and Silver Lake basins ~0.39 Ka. This corresponds to
the record for wetter climate from Lower Pahranagat Lake
(Figure 17; Wigand, 1997b).

After the Little Ice Age, the prominence of pine in the
woodlands of the southern Great Basin and northern Mojave
Desert continued to grow as juniper seems to have declined
(Figure 17; Wigand, 1997b, fig. 2). Saltbushes (Chenopodi-
ineae in Figure 17; Wigand, 1997b, fig. 2) expanded dramati-
cally with respect to sagebrush as well. This was followed by
evidence that the creosote bush/white burrobush community
(represented by Ambrosia-type pollen) expanded as saltbush
communities contracted slightly. Although it appears that no
major changes occurred in the abundance of sedges, a dra-
matic decline in Botryococcus suggests that the marshes were
not as eutrophic, and instead, increased salinity may have ef-
fected marsh productivity. These changes reflected the drier
conditions that developed after the end of the Little Ice Age.
Most recently, wetter conditions have resulted in a regional re-
surgence of pine and renewed activity in the marsh, signaled
by renewed Botryococcus abundance.

Bonneville Basin and Eastern Great Basin

The emerging picture of Late Quaternary vegetation change
in the Bonneville Basin complements the well-known record
of lake level fluctuations of Pleistocene Lake Bonneville and
precursors (McCoy, 1981; Scott et al., 1983; Currey and
Oviatt, 1985; Oviatt et al., 1987; Currey, 1990; Benson et al.,
1992; Oviatt et al., 1992; Oviatt, 1997), the lesser-known Ho-
locene history of Great Salt Lake (Currey et al., 1984), glacial
records from the Wasatch Front (e.g., Richmond, 1964, 1986;
Madsen and Currey, 1979; Scott, 1988), and nearby pollen lo-
calities (e.g., Bright, 1966; Beiswenger, 1991; Thompson,
1992). The Bonneville Basin provides a nearly ideal setting to
examine long-term correlation between terrestrial vegetation
patterns and regional aquatic history and to assess how these
two systems both responded to climatic drivers. As Oviatt et
al. (1992:239) sum up the situation, "by comparing chronolo-
gies from different proxy records, which show how different
environmental systems responded to the same climatic factors,

we can learn a great deal about the nature of late Pleistocene
climates." We can also learn much about the strengths and
weaknesses of the different proxy records.

The chronological framework used in this section generally
follows the Lake Bonneville sequence outlined in Oviatt et al.
(1992). The interglacial Holocene is herein assumed to follow
the demise of Lake Gilbert at about 10 Ka (Benson et al.,
1992). Temporal divisions within the Holocene follow the ven-
erable tripartite scheme first outlined by Antevs (1948); these
divisions are made as a matter of organizational convenience
of a constantly fluctuating continuum and not to characterize
distinctive or unified climatic or vegetational modes.

THE ILLINOIAN-SANGAMON GLACIAL-INTERGLACIAL CYCLE

(150 TO 50 KA)

Several cores and pollen samples taken from lake sediments
in the Bonneville Basin provide evidence of regional vegeta-
tion change prior to ca. 50 Ka (Eardley and Gvosdetsky, 1960;
Martin and Mehringer, 1965; Eardley et al., 1973; Thompson
et al., 1994; Davis, 2002 (this volume)). This period is beyond
the limits of radiocarbon dating of organic materials, so dating
uncertainties have prevented development of a detailed history
of vegetation change. However, other dating methods (e.g.,
tephrochronology, paleomagnetism) allow general correlation
of paleovegetation patterns with reconstructions of late Pleis-
tocene lake history in the Bonneville Basin.

The last major deep-lake event before Lake Bonneville
formed was the Little Valley lake cycle (Scott et al., 1983).
Known deposits of this lake reach a maximum elevation of
1490 m, —75—120 m below the maximum level of Lake
Bonneville. The Little Valley cycle is broadly dated between
150 and 90 Ka, but it correlates with stage 6 of the marine ox-
ygen isotope record (Shackleton and Opdyke, 1973; Pisias et
al., 1984) as well as with the Illinoian glacial period, and it
probably dates to between ca. 150 and 130 Ka (Scott et al.,
1983). This lake cycle was followed by a long interglacial pe-
riod during which lake levels were generally quite low. It was
terminated by the Cutler Dam lake cycle, a relatively shallow
lake (~ 1340 m in maximum elevation) that formed sediments
called the Cutler Dam alloformation (Oviatt et al., 1987). Ra-
diocarbon dates constrain the Cutler Dam lake to be older than
36 Ky (Oviatt et al., 1987), whereas luminescence dating
places it at 59 ± 5 Ka (Kaufman et al., 2001), the latter being
correlative with OIS 4.

Against this backdrop, the pollen evidence for this time pe-
riod (Davis, 2002) suggests that, during the Little Valley lake
cycle, vegetation on the margins of the Bonneville Basin con-
sisted of sagebrush steppe and cold-dry-adapted pine wood-
land generally lacking junipers. Pine and montane conifers
such as spruce and fir are suggested to have occurred some
500-1500 m lower in elevation in a mosaic of open woodland
and shrub steppe rather than in closed-canopy forest.
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During the subsequent interglacial period, the lake basin was
filled approximately to the Gilbert level, covering the Great
Salt Lake Desert at least to the vicinity of Wendover (Davis,
2002). High amounts of sagebrush and moderate quantities of
chenopods indicate domination of sagebrush-saltbush steppe.
The continued presence of moderate quantities of pine pollen
and small amounts of pollen from other montane conifers sug-
gests that climatic conditions remained fairly cool relative to
today. Littoral marsh vegetation, including sedge and cattail, is
represented in modest quantities, which suggests it occurred in
favorable locations. A period of lake decline is estimated to
have occurred about 70 Ka, based on the absence of pollen
from the Wendover core. A short but distinctive episode corre-
sponding to the Cutler Dam lake episode may be represented
by high amounts of pine, sedge, and cattail pollen and low
abundance of sagebrush and ChenopodiaceaQ-Amaranthus
(Cheno-^ms) pollen at 1100 cm deep in the Knolls core and
~1200 cm deep in the Wendover core, estimated by Davis to
have occurred approximately 80-70 Ka.

PRE-BONNEVILLE CYCLE,

EARLY AND MIDDLE WISCONSIN (-50 TO 28 KA)

During this interval, the Bonneville Basin was characterized
by generally low lake levels, at or below the level of the Gilbert
shoreline (Scott et al , 1983; Oviatt et al., 1992; Davis, 2002).
Paleovegetation records dating to the middle-Wisconsin inter-
stadial period are still relatively sparse, restricted to a handful
of very ancient packrat middens (Wells, 1983; Thompson,
1984), to pollen from a few lake cores and from cave sites
(Martin and Mehringer, 1965; Mehringer, 1977; Spencer et al.,
1984; Thompson, 1984; Davis, 2002), and to occasional iso-
lated montane peat deposits or plant fragments in lacustrine
sediments (e.g., Scott et al., 1983; Oviatt et al., 1987).

Packrat middens from the southern Bonneville Basin that date
between 40 and 28 Ka indicate that montane settings supported
coniferous woodlands dominated by bristlecone pine, with asso-
ciates including sagebrush, rabbitbrush, snowberry (Symphori-
carpos sp.), Utah juniper, and other mesophilic shrubs (Wells,
1983; Thompson, 1984). To the north, packrat middens dating
to this interval are very scarce, but one locality, Top of the Ter-
race (Goshute Range), yields a series of midden samples that
provide evidence of changing vegetation in upland settings be-
fore 28 Ka (Rhode, 2000a; Madsen et al., 2001; see Figure 19).
Samples dating from older than about 50 Ka (infinite radiocar-
bon dates) show evidence of abundant Utah juniper, which is
gone from the record by ca. 46 Ka and does not reappear until
the late Holocene. By 46 Ka, upland meadow shrubs including
sagebrush, currant (Ribes sp.), and shrubby cinquefoil {Poten-
tilla fruticosa L.) replaced juniper woodland. Limber pine be-
gan to appear by ca. 41 Ka, and it became the dominant conifer
through ca. 28 Ka (with one apparent decline ca. 30 Ka). Fern-
bush (Chamaebatiaria millefolium (Torr.) Maxim.), a montane
woodland shrub of drier habitats, first appeared in large quanti-
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FIGURE 19.—Abundances of major plant constituents from selected radiocar-
bon-dated strata in the Top of the Terrace packrat midden, Goshute Range,
eastern Nevada (Rhode, 1998). Radiocarbon dates are corrected for 13C/12C
but are not calibrated. Abundance values follow an ordinal scale ranging from
0 (none) to 5 (abundant), as described by Rhode and Madsen (1995).

ties by 36 Ka, similar to the distribution of limber pine. More
mesophilic shrubs, however, declined in representation: cinque-
foil disappeared from the record after 40 Ka, and currant was
gone by about 34 Ka. In broad terms, the dominance of subal-
pine conifers (bristlecone pine in the south, limber pine in the
north) and abundance of relatively dry upland shrubs at the ex-
pense of mesophiles suggests cold but dry conditions from 40 to
30 Ka. The midden record hints at substantial millennial-scale
variation in vegetation content along dimensions of latitude and
elevation, but the existing record and available dating tech-
niques are insufficient to document these with clarity.
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Pollen records from localities in and near the Bonneville Ba-
sin help to fill out this reconstruction of middle-Wisconsin-age
vegetation. Pollen in Council Hall Cave (northern Snake
Range) dating from ca. 40-30 Ka reflects montane vegetation
dominated by pine and steppe shrubs including sagebrush, with
conifers such as juniper, spruce, and fir represented in very
small quantities. The presence of pollen of xerophytic shrubs
such as chenopods and greasewood {Sarcobatus vermiculatus
(Hook.) Torr.) may indicate that these taxa dominated valley
floors at the time (Thompson, 1984). Pollen from the sediment
cores taken from near Wendover and Knolls contain high pro-
portions of sagebrush, moderately high proportions of Cheno-
Ams, and relatively low values of pine pollen prior to ca. 30 Ka
(Davis, 2002). A basal date of the pollen record from Crescent
Spring (Mehringer, 1977) is not available, but the sediments
probably postdate ca. 28 Ka. Sediments from the Great Salt
Lake Core C of Spencer et al. (1984) also postdate 30 Ka
(Thompson et al., 1990). The basal units, which probably rep-
resent playa/playa edge deposits, are dominated by pollen of
sagebrush and halophytic chenopods; pine pollen is lacking, al-
though spruce, fir, and juniper pollen are present at low to mod-
erate levels (Figure 20).

Further afield, the pollen sequence from Ruby Marsh, ap-
proximately 100 km west of the Bonneville Basin, indicates the
presence of a shallow saline marsh/playa surrounded by sage-
brush steppe (Thompson, 1984, 1992) from 40 to 28 Ka. Sam-
ples older than 30 Ka have the highest proportion of pine pol-
len of any in the 40,000-year record, but pine pollen is not
abundant, indicating that pines were "probably present region-
ally, though not at the edge of the lake, and perhaps not in the
southern Ruby Mountains" (Thompson, 1992:11). The very
small amount of juniper pollen indicates that these conifers
also were absent or rare.

Sagebrush steppe was the dominant lowland community on
the Snake River Plain during this period, as indeed it was
throughout the period from ca. 70 to 10 Ka (Bright and Davis,
1982; Mehringer, 1985; Davis et al., 1986; Beiswenger, 1991).
Conifers were apparently limited to foothills and rocky terrain.
Conifer pollen (mainly pine and spruce) increased slightly after
30 Ka, suggesting a slight increase in winter-spring moisture in
a cold environment.

Together, these records point to cold but dry conditions be-
fore ca. 28 Ka in the eastern Great Basin. The climatic recon-
struction based on vegetation data is consistent with the low
lake levels that apparently characterized the Bonneville Basin
prior to 28 Ka (Oviatt et al., 1992).

EARLY BONNEVILLE CYCLE,

PRE-FULL GLACIAL (28 TO 20 KA)

Lake Bonneville began to rise about 30 Ka, slowly at first
and rapidly after ca. 28 Ka; by 26 Ka the lake was roughly 100
m deep. The period from 26 to 20 Ka is marked first by con-
tinuing rise in lake level and subsequently by the Stansbury os-
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FIGURE 20.—Pollen ratios of xeric desert scrub/conifers for the last 30,000
years from Great Salt Lake Core C samples (Madsen and Kay, 1982; Spencer
et al., 1984), with temporal controls in the right margin provided by Thompson
et al. (1990). The curve shows relative percentages of Chenopodiaceae-
Amaranthus+Sarcobatus+Ambrosia-type Asteraceae (scale at top) versus
Abies+Picea+Pinus+Pseudotsuga (scale at bottom) and is smoothed by a
weighted three-level moving average. (Modified from Madsen, 2000, fig. 4.)

di la t ion and development of the Stansbury Shoreline (Oviatt et
al., 1990). According to Oviatt et al. (1990, 1992), the Stans-
bury oscillation represented a major change in hydrologic bud-
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get, though the climatic implications are still uncertain. Oviatt
(1997) correlated this event with the termination of an ice-raft-
ing (Heinrich) event in the northern Atlantic Ocean, suggesting
a global-scale climatic cause.

The vegetation record dating to the millennia after 28 Ka
shows continued dominance of bristlecone pine (without
spruce or Utah juniper) in the southern Bonneville Basin, based
on Council Hall Cave pollen (Thompson, 1984) and a couple
of packrat midden samples (Wells, 1983). However, the inter-
val between 28 and 18 Ka is poorly represented in the existing
packrat midden record in the southern Bonneville Basin.
Northward, at Top of the Terrace (Figure 19), several samples
document that spruce increased in abundance while limber pine
declined to low amounts (Rhode, 2000a; Madsen et al., 2001).
Upper montane meadow plants such as currant and cinquefoil
reappeared and expanded in abundance at the expense of fern-
bush; sagebrush maintained fairly consistent representation
throughout. These vegetation changes suggest increasingly
moist and cool conditions by ca. 22 Ka; however, the midden
record for the period is more gap than record.

Fortunately, pollen and macrofossils in sediments and sedi-
ment cores provide more continuous, long-term records of veg-
etation change in the Bonneville Basin. The record from Cres-
cent Spring (Mehringer, 1977) shows relatively low to
moderate values of pine and spruce prior to ca. 24 Ka and rela-
tively large values for sagebrush and Chenopodiineae, presum-
ably shadscale and greasewood, reflecting widespread sage-
brush-shadscale associations in valley bottoms, with pine and
some spruce in uplands. A transition to deep, freshwater lake
conditions occurred at ca. 24 Ka (Mehringer, 1985), with large
increases in pine pollen, the appearance of spruce, and the de-
cline of chenopods. Davis (2002) shows a very similar record
for pollen taken from Wendover and Knolls. Pines may not
have increased much in overall abundance on the landscape,
but their pollen may have been concentrated and overrepre-
sented by large lake effects. Chenopods, on the other hand,
probably lost substantial habitat as rising levels of Lake Bonne-
ville flooded valley bottoms and margins.

The Great Salt Lake Core C (Spencer et al., 1984; Thompson
et al., 1990) indicates a similar transition to a fresh, deepwater
lake by ca. 22.5 Ka, with greatly increased conifer pollen at the
expense of sagebrush and xerophytic chenopods (Figure 20). A
similar increase in lake level after 23 Ka is indicated in the
lacustrine record from Ruby Marsh (Thompson, 1992), though
pollen values suggest that sagebrush steppe continued to domi-
nate the local landscape. Pollen from Grays Lake, in the up-
lands adjacent to the Snake River Plain (Beiswenger, 1991)
shows that a pine/spruce woodland increased in abundance by
ca. 30 to 26 Ka, intruding into what had been sagebrush steppe,
and suggesting increasing moisture as well as continued cold
temperatures. Finally, scattered occurrences of spruce and fir
wood dating between 26 and 20 Ka are found in lake deposits
on the east side of the Bonneville Basin (Scott et al., 1983),

presumably indicating spruce/fir forests in the Wasatch Front.
Wetter and cold conditions are indicated.

MIDDLE BONNEVILLE CYCLE, FULL GLACIAL (20 TO 14 KA)

During this interval Lake Bonneville rose abruptly from the
Stansbury level—rapidly for the first 2000 years, then more
slowly after 18 Ka—reaching the Bonneville highstand by ca.
15 Ka (Oviatt et al., 1992). Age estimates of glaciation in the
Wasatch Range suggest the maximum extent of glaciation was
between 20 and 18 Ka (Richmond, 1964, 1986; Madsen and
Currey, 1979; Scott, 1988), at about the time Lake Bonneville
was rising rapidly but a couple thousand years before the lake
reached its highstand. The difference in timing between the
age of the maximum extent of glaciation and the highstand of
Lake Bonneville has been accounted for by the southward
movement of the polar jet stream (Antevs, 1948; Benson and
Thompson, 1987; COHMAP Members, 1988; Oviatt et al.,
1990; Thompson et al., 1993). The rise of the lake was inter-
rupted several times by substantial millennial-scale lake level
declines (on the order of 50-100 m in depth). Oviatt
(1997:155) has identified six "falling-lake events" ranging in
age from 21 to 10 Ka that appear to be correlated with termina-
tions of iceberg-rafting events in the northern Atlantic Ocean
(Heinrich, 1988; Bond and Lotti, 1995). These events also ap-
pear to be correlated with glacial extent and climate changes in
western North America (Allen and Anderson, 1993; Phillips et
al., 1994; Clark and Bartlein, 1995). Oviatt (1997) suggested
that these events may be related to latitudinal shifts in the polar
jet stream that occurred several times during the late-Wiscon-
sin interval in response to the topography of the continental ice
sheet.

Vegetation records dating from the full glacial are somewhat
more abundant than from the previous period. In the southern
Bonneville Basin, packrat middens reveal that bristlecone pine
continued to dominate, with additional representation of subal-
pine conifers including spruce, common juniper, Rocky Moun-
tain juniper, and (rarely) limber pine; and shrubs including
snowberry, spiny greasebush (Glossopetalon spinescens Gray),
sagebrush, and (rarely) shadscale (Wells, 1983; Thompson,
1984). Pollen from Council Hall Cave contains large propor-
tions of pine pollen with increasing spruce and decreasing
abundance of juniper-type pollens and relatively stable
amounts of sagebrush pollen. To the north, a midden sample
dating to ca. 17 Ka at Top of the Terrace (Figure 19) shows an
impoverished local flora, suggesting a tundra steppe domi-
nated by sagebrush, some grass, and sparse cinquefoil, with
rare occurrences of limber pine and spruce. This sample also
contains several wetland plants, including bulrush (Scirpus sp.)
and pondweed {Potamogeton sp.), as well as fish bones. It is
highly unlikely that pondweed grew within the foraging radius
of woodrats living at the midden locality. More likely is the
possibility that seeds of aquatic plants were ingested by fish
or waterfowl, which then became part of the diet of raptors,
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regurgitated in the shelter, and subsequently collected by
woodrats. The seeds imply a nearby permanent body of water,
probably Lake Waring in the valley below, but possibly also
Lake Bonneville, east of the Goshute Mountains. Slightly
younger samples from this midden locality document the reap-
pearance of currant and an absence of limber pine.

Pollen from the Great Salt Lake Core C (Spencer et al.,
1984) shows a continued dominance of spruce and pine during
this period; the relative abundance of sagebrush and especially
chenopod shrubs dropped substantially after ca. 22 Ka (Figure
20). In Ruby Valley, the large, freshwater Lake Franklin deep-
ened to ~30 m from ca. 18 Ka until after 15 Ka, drowning what
had been marshland (Thompson, 1992). Pollen from these sed-
iments, however, shows relatively little change in the composi-
tion or abundance of sagebrush steppe vegetation surrounding
the lake. It is likely that the lake resulted from reduced evapo-
ration rate in a cold but relatively dry continental climate; in-
creased precipitation likely would have resulted in more meso-
philic shrubs and conifers in the region, which is not indicated
in the pollen record.

In all, increasingly cold conditions are indicated after ca. 20
Ka; whether precipitation was substantially greater is less cer-
tain. Thompson and Mead (1982) noted that a steep vegetation
gradient existed between the northern and southern Bonneville
Basin (above the tree line in the north, below the tree line to the
south), probably reflecting the distribution of growing-season
temperatures and possibly also growing-season precipitation
(dry in the north, more mesic in the south). The vegetation re-
cord is not yet sufficiently detailed or well dated to distinguish
vegetation changes during the several falling-lake events re-
ported by Oviatt (1997). Rapid fluctuations of pollen values in
the Great Salt Lake Core C samples (Spencer et al., 1984) sug-
gest that certain taxa (conifers and sagebrush) varied in abun-
dance or that tree lines may have shifted in elevation in re-
sponse to global-scale climatic changes during the full glacial
(Figure 20).

LATE BONNEVILLE CYCLE, TERMINAL WISCONSIN

(14 TO IOKA)

Dating evidence summarized by Oviatt et al. (1992) and Ben-
son et al. (1992) suggests that, after Lake Bonneville stabilized
at the Provo level after the Bonneville Flood, the lake receded
precipitously after 14 Ka, falling possibly to below modern lev-
els by ca. 12 Ka, and marking the end of the Bonneville cycle.
Subsequently, a large but much shallower lake rose to the Gil-
bert shoreline by around 10.9 Ka (possibly as early as 12 Ka),
receding again by ca. 10 Ka. As Oviatt et al. (1992) noted, how-
ever, the timing of the recession from the Provo level is one of
the least-known parts of the Bonneville lake cycle; dating of the
Gilbert lake phase is little better (but see Oviatt et al., 2001).
Recent dating efforts (Light, 1996; D.B. Madsen and C.G.
Oviatt, pers. comm. to Rhode, 1996), as well as climate recon-
structions from terrestrial vegetation data (Rhode and Madsen,

1995; see below), suggest that details of both the timing and
magnitude of the post-Provo recession may need to be revised.
Timing of the recession of Lake Bonneville also contrasts with
the pluvial Lake Lahontan record, which indicates a deepening
lake between 14.5 and 12.5 Ka (Benson et al., 1992), and with
the evidence from the vegetation records in the northwestern
Great Basin and the northern Mojave Desert, which suggests
that this period was wetter than the glacial maximum (see "Last
Glacial Cycle ..." above in "Northern and Western Great Basin"
and see "Late Pleistocene ..." above in "Southern Great Basin
and Northern Mohave Desert").

In contrast to the poorly dated recessional lake record, the
terminal Wisconsin period is one of the best represented in the
entire paleovegetation record, with many packrat middens and
a couple of pollen sequences available (Madsen and Currey,
1979; Wells, 1983; Thompson, 1984; Rhode and Madsen,
1995). Several substantial vegetation changes occurred after 14
Ka. In the southern Bonneville Basin (Thompson, 1990), meso-
philic shrubs tended to decline in abundance, and xerophytes or
thermophilous shrubs took their place. Bristlecone pine re-
mained common until shortly before 10 Ka. Spruce is no
longer found in the record of this period, and several montane
shrubs also drop out at particular localities. Limber pine in-
creased substantially in frequency, especially after 11 Ka. Utah
juniper and douglas fir (Pseudotsuga menziesii (Mirbel)
Franco) also began to appear in the south near the end of this
period.

In the northern Bonneville Basin, numerous middens (Rhode
and Madsen, 1995; Rhode, 2000a) document the presence of
montane meadow vegetation comprising snowberry, currant,
cinquefoil, sagebrush, and grass dating from ca. 14 to 13 Ka
(Figure 21). From 13 to ca. 11 Ka, middens from relatively low
elevations in the Bonneville Basin are dominated by limber
pine, prostrate juniper, and sagebrush, and often contain re-
mains of other montane shrubs. This evidence suggests that an
extensive limber pine woodland (or mosaic of woodland and
sagebrush steppe) dominated upper valley margins, while lim-
ber pine forest mixed with small numbers of spruce or fir ap-
parently grew at higher elevations. Pollen data from Swan
Lake, in the old Lake Bonneville overflow channel in southern
Idaho, also show high values of limber pine and probably
lodgepole pine (Pinus contorta Dougl. ex Loud.), along with
spruce and fir, between 12 and 11 Ka (Bright, 1966). Pollen
data from the Great Salt Lake Core C (Spencer et al., 1984;
Thompson et al., 1990) show high relative abundance of pine
and spruce until after 12.4 Ka, when sagebrush, grease wood,
and Chenopodiineae rapidly increase. Pollen from Grays Lake
(Beiswenger, 1991) documents a shift by ca. 12 Ka from a
pine-sagebrush parkland reflecting cold, dry glacial conditions
to a woodland/steppe mosaic, including spruce, pine, and sage-
brush, suggesting cool but moister conditions. Subsequent
postglacial warming resulted in the upslope retreat of spruce
and pine and the expansion of sagebrush and xerophytic cheno-
pods in the Grays Lake basin.
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Terminal Wisconsin-Age Packrat

Middens, Northeast Great Basin
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FIGURE 21.—Abundances of major plant constituents from selected radiocar-
bon-dated strata in packrat middens dating between 14 and 10 Ky B.P. in the
northern Bonneville Basin (Rhode and Madsen, 1995). Radiocarbon dates are
corrected for I3C/12C but are not calibrated. Abundance values follow an ordi-
nal scale ranging from 0 (none) to 5 (abundant), as described by Rhode and
Madsen (1995).

Together these records indicate warmer and possibly moister
conditions ca. 14-12 Ka than during the full glacial, supporting
montane meadows and woodlands in the north and more ther-
mophilic woodland plants in the southern part of the Bonne-
ville Basin. However, the climatic amelioration that occurred
between 14 and 12 Ka was not so great as to prevent presently
subalpine conifers from colonizing large areas at low eleva-
tions along the Bonneville highstand shoreline. Rhode and
Madsen (1995) used the evidence that limber pine woodlands

expanded substantially to the margins of the Bonneville Basin
to suggest that growing season temperatures were -6° C cooler
than today. Insect assemblages from some of these middens
also indicate substantially increased effective moisture relative
to today (Scott Elias, pers. comm. to Rhode, 1998). In addition,
the presence offish bones in middens adjacent to the Great Salt
Lake Desert and in Homestead Cave, in the Lakeside Range
near Great Salt Lake, suggests relatively high lake levels per-
haps as late as 11.5 Ka. Together, these biological data conflict
with models of the decline of Lake Bonneville to below-mod-
ern levels at ca. 13-12 Ka (Benson et al., 1992; Oviatt et al.,
1992).

By 12 Ka, the trend to drier conditions apparently strength-
ened. Pollen from Swan Lake indicates that spruce/pine wood-
lands were replaced by sagebrush steppe vegetation sometime
between 11 and 10 Ka (Bright, 1966), possibly signaling cool
but drier conditions during the Younger Dryas. The paleovege-
tation record from 11 to 10 Ka in the Bonneville Basin, how-
ever, is quite sparse at present. Middens dating to this interval
are extremely scarce (Figure 21), and the Great Salt Lake C
core (Spencer et al., 1984) is marked by a substantial temporal
gap dating between ca. 12 and 9.6 Ka (Thompson et al., 1990)
(Figure 20). What little data there are suggest a substantial re-
duction in pine woodlands and an increase in sagebrush-grass
and shadscale associations, probably by 11 Ka and certainly by
10 Ka, reflecting the general trend of warming and drying.
There is presently not enough evidence in the Bonneville Basin
to show that vegetation changes occurring during the Gilbert
lake cycle reflected enhanced moisture conditions, through ei-
ther postulated Younger Dryas cooling (Benson et al., 1992) or
increased summer monsoon precipitation (Currey, 1990; Oviatt
etal., 1990).

EARLY HOLOCENE (10 TO 7 KA)

Early Holocene midden records are scarce by comparison
with the terminal Wisconsin. The reason for the relative dearth
of middens dating to the early Holocene remains unknown
(Thompson, 1990), but it is possible that a continued warming
and drying trend restricted Neotoma cinerea (bushy-tailed
woodrat) habitat and population size. Fortunately, several pol-
len records from lacustrine settings exist for the Bonneville Pa-
sin and vicinity.

Comparison of vegetation patterns with the Holocene aquatic
history of the Bonneville Basin also is hampered by lack of a
well-known Holocene lake record for this Basin (Madsen et al.,
2001). With the waning of Lake Bonneville after recession
from the Provo level, lake level fluctuations became much
smaller in scale. These smaller fluctuations are not as well
dated as the lake events of the late Pleistocene (but see Currey
and Madsen, 1974; Oviatt and McCoy, 1986), and some of the
crucial evidence (for very low lake levels) is now under water
and mostly inaccessible. It is known that lakes substantially
larger than the present Great Salt Lake existed at several times
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during the Holocene (Currey et al., 1984). Evidence for an un-
dated but probably early Holocene lake with a level somewhat
below the Gilbert shoreline suggests a mesic interval (relative
to today) some time between 10 and 7 Ka. Marsh deposits
dated 10-9 Ka were identified recently in the vicinity of Wen-
dover and near the Old River Bed channel (D.B. Madsen, pers.
comm. to Rhode, 1998). Both marshes indicate greater surface
water and a higher regional water table than what prevails to-
day.

Woodrat midden records in the southern Bonneville Basin
suggest that woodlands were dominated by newly immigrant
Utah juniper and Rocky Mountain juniper, at least toward the
end of the early Holocene; bristlecone pine, limber pine, and
common juniper persisted in protected montane settings such
as north-facing slopes (Thompson, 1990). The Council Hall
Cave pollen record suggests that conifers were relatively
scarce, whereas trees such as quaking aspen (Populus tremu-
loides Michx.), mountain mahogany, and chokecherry (Prunus
virginiana L.) increased in abundance, and sagebrush and grass
were common (Thompson, 1984). Cooler temperatures in the
early Holocene apparently allowed mesophilic plants to grow
at lower elevations than today (Thompson, 1990).

In the northern Bonneville Basin, the Great Salt Lake Core C
pollen record (Spencer et al., 1984) shows that the abundance
of pollen from xerophytic shrub communities relative to coni-
fer woodlands was about the same 9.5 Ka as it was about 12
Ka, bridging the 2500-year-long unconformity in the core (Fig-
ure 20). Soon after 9 Ka, however, xeric desert scrub increased
strongly at the expense of conifer woodlands.

Packrat middens (Rhode, 2000b; Madsen et al., 2001) also
indicate that limber pine woodlands were replaced by more xe-
rophytic sagebrush and shadscale scrub in lowlands by at least
9.5 Ka and probably a millennium earlier, as shadscale steppe
continued to expand into the valley bottoms vacated by Lake
Bonneville and Lake Gilbert (Figure 22). At the Leppy Over-
hang locality, a midden sample dating to 9.3 Ka contains re-
mains of shadscale, horsebrush (Tetradymia sp.), and other arid
desert shrubs, with no conifers represented. A sample dating to
ca. 7.5 Ka at the same site is dominated by shadscale, with
sagebrush, greasebush, rabbitbrush, Stansbury cliffrose (Pur-
shia stansburiana (Torr.) Henrickson), desert snowberry (Sym-
phoricarpos longiflorus Gray), and thornberry (Lycium sp.)
also present. This locality had harbored limber pine woodlands
at approximately 11.8-10.8 Ka (see "Late Bonneville Cycle ..."
section above in "Bonneville Basin and Eastern Great Basin").
At the Twin Peaks locality, a midden sample that dates to 9.3
Ka is dominated by sagebrush, with shadscale as a relatively
minor component. Limber pine, in association with common
juniper, sagebrush, and buffaloberry, had occurred at the same
locality some 3000 years before. The same contrast can be
found in the modern vegetation at the two localities: sagebrush
dominates at the Twin Peak locality, whereas the Leppy Over-
hang site is dominated by shadscale.

Holocene Packrat Middens, Northeastern Great Basin
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FIGURE 22.—Major plant constituents from selected radiocarbon-dated strata
in packrat middens dating younger than 10 Ky B.P. in the northern Bonneville
Basin (Rhode and Madsen, 1995; Rhode, 1998, and unpublished data). Radio-
carbon dates are corrected for 13C/12C but are not calibrated. Abundance val-
ues follow an ordinal scale ranging from 0 (none) to 5 (abundant), as described
by Rhode and Madsen (1995).

Several records suggest that climatic conditions during the
early Holocene were cooler and/or moister than at present, at
least before ca. 8.5 Ka. Thompson's (1984) midden data indi-
cating a cooler, mesic early Holocene have been noted previ-
ously. Further north, a midden from the Cherry Creek Range
dating to ca. 7.7 Ka shows that limber pine survived in sheltered
upland settings below its present altitude. Limber pine nut hulls
in Danger Cave, directly dating between 8 and 7 Ka, also sug-
gest that populations of this now subalpine conifer grew at rela-
tively lower elevations nearby (Rhode and Madsen, 1998). Lim-
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ber pine retreated upslope to its scattered subalpine stations
during the middle Holocene, as climates continued to warm and
as thermophilous competitors migrated into the region. To the
west, woodrat middens from near Gatecliff Shelter in the To-
quima Range, central Nevada, are dominated by mesophilic
trees and shrubs such as quaking aspen, serviceberry (Amelan-
chier utahensis Koehne), willow (Salix spp.), and Woods' rose
(Rosa woodsii Lindl.), with sagebrush and rabbitbrush also
present; conifers are rare or absent (Thompson and Hattori,
1983).

At Homestead Cave and the Lakeside Range in Utah, small
mammal remains also indicate that the early Holocene was rel-
atively cool and moist compared with conditions today (Gray-
son, 1998). Hackberry apparently was common in the outcrops
around the cave and at lower elevations in the Lakeside Range
from about 10 to 7 Ka (Hunt et al., 2000; Rhode, 2000b; Mad-
sen et al., 2001). The climate today is too dry to support hack-
berry around Homestead Cave although it still occurs in the
Lakeside Range (Albee et al., 1988) and is commonly found in
the more massive and better-watered Oquirrh and Stansbury
Mountains not far away. Hackberry prefers rocky substrates
where it can absorb water trapped in cracks in outcrops (De-
Bolt and McCune, 1995). The presence of hackberry in the
Lakeside Range during the early Holocene could have resulted
from the more mesic conditions (perhaps summer precipita-
tion) of the time, but it also could have resulted from a higher
water table and more-saturated rock outcrops remaining from
the Bonneville pluvial episode. The early Holocene hackberry
in the Lakeside Range coincides with a similar increase in re-
gional abundance of hackberry in southern Nevada, as noted
above in the early Holocene section in "Southern Great Basin
and Northern Mojave Desert."

Other regional vegetation records indicate substantial warm-
ing during the early Holocene, perhaps to temperatures warmer
than today. The pollen record from Swan Lake (Bright, 1966)
reveals a transition from sagebrush steppe to sagebrush/shad-
scale steppe ca. 9-8.5 Ka, reflecting increasing xericity through
the early Holocene. A similar sequence occurred at Grays Lake
(Beiswenger, 1991), where the transition is dated to ca. 8.5 Ka,
and Ruby Marsh (Thompson, 1992), where the transition dates
from 8.5 to 8 Ka. A decrease in the ratio of conifer pollen to all
other pollen from Snowbird Bog (Madsen and Currey, 1979)
also indicates an early Holocene warming prior to ca. 8 Ka
(Figure 23). These records are consistent with general circula-
tion models, suggesting increased solar insolation and warming
of continental interiors during the early Holocene (COHMAP
Members, 1988).

It is notable that early Holocene records indicating relatively
cooler, moister conditions than today are typically (1) derived
from packrat middens, (2) montane in distribution, and (3)
more southerly in distribution; whereas those records empha-
sizing the early Holocene warming trend tend to be (1) pollen
based, (2) from lowland or valley bottom settings, and (3) more
northerly in distribution. The differing interpretations might
have resulted from the different kinds of data sets being inter-
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FIGURE 23.—Estimate of Holocene temperature change in the Wasatch Range,
illustrated by curve showing changes in the relative abundance ratio of conifer
pollen (Abies + Picea + Pinus + Pseudotsuga) to all other pollen in Snowbird
Bog, Little Cottonwood Canyon (Madsen and Currey, 1979), with the average
ratio (dashed line) and selected temporal controls indicated. Cooler tempera-
tures are indicated by relatively greater abundances of conifer pollen. The
curve is smoothed by a weighted three-level moving average. (Modified from
Madsen, 2000, fig. 5.)

preted, or geographical climate gradients, or the differential re-
sponse of plants to early Holocene climate in lowland versus
montane habitats. Enhanced seasonality resulting from orbital
forcing during the early Holocene (Thompson et al., 1993) may
have affected montane woodlands in a different way than low-
land shrub communities. Vegetational inertia (Cole, 1985;
Davis, 1986) may also play a role here. It seems likely that, be-
cause of a warmer and drier early Holocene climatic regime,
mesophilic plants had already been eliminated from valley
floors; and although they had not yet disappeared from uplands
they may have been growing there under stress. New tech-
niques for assessing plant physiological stress from macrofos-
sil remains may address this issue.
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Beginning in the latest Wisconsin period and continuing
through the early Holocene and into the middle Holocene, a va-
riety of plant taxa underwent substantial range shifts, apart
from simple changes in local abundance or upslope retreat.
These range shifts are best attested by the evidence from pack-
rat middens. One example is Rocky Mountain juniper, a tem-
perate mesophilic conifer. First known in the region during the
terminal Wisconsin, Rocky Mountain juniper became common
in upland settings in the early Holocene and through the middle
Holocene as well.

Singleleaf pifion pine also began to expand northward during
the early Holocene. Its distribution apparently remained south
of Meadow Valley Wash (37°30'N) until at least 8.5 Ka (Mad-
sen, 1973), but by 7 Ka, pinon pine had reached the vicinity of
Danger Cave (41°N). Expansion of pinon pine woodlands is
typically facilitated by corvid birds, which can carry the heavy
pine nuts for distances of up to 22 km (Lanner, 1983). The rapid
initial northward expansion is faster, however, than current esti-
mates allow for pinon pine migration via corvid birds (Lanner,
1983; Wells, 1983). The initial spread of pinon pine northward
may also have been aided by people who brought pine nuts with
them on their journeys (Mehringer, 1986; Madsen and Rhode,
1990; Rhode and Madsen, 1998). The chronology of pinon pine
migration is complicated by the Danger Cave remains, which
are older than all other pifion pine records north of ~37°N in the
central or eastern Great Basin. How it happened to arrive in the
vicinity of Danger Cave by 7 Ka is difficult to trace in the ab-
sence of any intervening records of earlier age.

Utah juniper was common in the southern Bonneville Basin
by the beginning of the Holocene, and it reached the Onaqui
and Stansbury Mountains by about 6.6 Ka (Rhode and Madsen,
1995), but it was apparently a rather late arrival elsewhere in
the northern Bonneville Basin. Because Utah juniper and pinon
pine are rather closely associated today, why do they have dis-
tinctly different Holocene migration histories? West et al.
(1978) noted that the two taxa have somewhat different cli-
matic requirements and tolerances, and perhaps these climatic
factors account for the differences in timing and range.

MIDDLE HOLOCENE (7 TO 4 KA)

Vegetation records dating from the middle Holocene are rela-
tively sparse but come from a variety of sources, including
woodrat middens, archaeological sites, and pollen cores. These
provide limited, but nevertheless useful, information on the
timing of migration of certain taxa into the region, on the na-
ture of vegetation community composition, and on climatic
conditions during this interval. The general size and level of
Great Salt Lake during the period is not known, but it is likely
to have been low (Currey, 1980).

As the middle Holocene began in the southern Bonneville
Basin, conifers such as limber pine, bristlecone pine, and
Rocky Mountain juniper, as well as mesophilic shrubs, had de-
clined substantially in abundance or were restricted to higher

elevations (Thompson, 1984). Pinon pine, Utah juniper, ponde-
rosa pine (Pinus ponderosa P. Lawson & C. Lawson) and white
fir became increasingly abundant. Thompson (1984, 1990) sug-
gested that increased abundance of some of these taxa may re-
flect increased amounts of summer precipitation from subtropi-
cal sources, as well as warmer growing-season temperatures.

Further west, at Gatecliff Shelter, singleleaf pinon pine ap-
pears in the region by about 5.3 Ka (Rhode and Thomas, 1983)
in a conifer woodland containing both Rocky Mountain juniper
and Utah juniper (Thompson and Hattori, 1983). Using sedi-
mentary evidence from Gatecliff Shelter and nearby Triple T
Shelter, and closely following the arguments of Van Devender
and Spaulding (1979), Davis (1983) proposed that the interval
prior to 6300 years B.P. was relatively cool and winter-wet with
relatively abundant snowfall but deficient in summer moisture.
Davis thought that after this time until about 5000 years B.P.,
annual temperatures were somewhat warmer and summer pre-
cipitation increased with often intense storms, leading him to
support the "moist Altithermal" of Martin (1963). It is not cer-
tain how far northward from central Nevada the enhanced
stormy summer precipitation regime may have occurred. It is
notable that pollen samples from Gatecliff and Triple T Shel-
ters show a marked increase in representation of juniper and
pine between 6 and 5 Ka (Thompson and Kautz, 1983). After
5000 years ago, according to Davis (1983), temperatures ap-
parently cooled slightly and summer rainfall decreased in
amount.

Several middens dating to the middle Holocene are known
from the northern Bonneville Basin and vicinity (Rhode,
2000b; see Figure 22). Upland areas in this region appear to
have contained woodlands dominated by Rocky Mountain ju-
niper, with a secondary component of pinon pine. Rocky
Mountain juniper grew with pinon pine in the Toano Range, in
the northern Pequop Range, and in the Cherry Creek Range; it
is the only conifer known from the Silver Island Range. Sage-
brush and rabbitbrush were the most common understory
shrubs. In a few protected settings, such as the north-facing Ici-
cle Cave in the Pequop Range, limber pine and common juni-
per were also minor components of the vegetation, growing at
relatively low elevations compared with today. Utah juniper
was quite scarce in the northern Bonneville Basin. One record
from the Toano Range contains Utah juniper remains dating
from the middle Holocene, and it is also known from a midden
in the Onaqui Range, east of the Bonneville Basin, dating to
6.6 Ka. The dominance of Rocky Mountain juniper, rather than
the more thermophilic Utah juniper, may indicate that middle-
Holocene climate in the uplands was not so warm and dry as is
sometimes thought. Alternatively, it may suggest that growing-
season precipitation derived from summer convective storms
was more common in the Bonneville Basin than elsewhere in
the Great Basin.

Lowland vegetation patterns are better shown in pollen
records. At Great Salt Lake, high ratios of shadscale and other
chenopod shrubs relative to sagebrush and conifers prevailed
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from 7 Ka until about 5.5 Ka, suggesting that the early part of
the middle Holocene was warmer and drier than today (Meh-
ringer, 1977, 1985). Between 5.5 and 4 Ka, relative pollen ra-
tios approached modern values, suggesting that climatic condi-
tions were generally cooler and/or wetter in the latter part of
the middle Holocene than in the first part. At Snowbird Bog in
the Wasatch Range, Madsen and Currey (1979) found pollen
evidence indicating that the period from 8 to 6 Ka was rela-
tively warm and dry, whereas the following period until 5.2 Ka
was warm but wetter (Figure 23). The Ruby Marsh sediment
record documents lower-than-modern water levels and an ex-
pansion of shadscale at the expense of sagebrush steppe vege-
tation from ca. 7.4 to 5 Ka. Mission Cross Bog, in the Jarbidge
Mountains, shows evidence of an increase in juniper woodland
and shadscale steppe and a decline in subalpine woodlands
from about 8 to 5 Ka (Thompson, 1984).

LATE HOLOCENE (<4 KA)

Great Salt Lake rose in elevation and expanded substantially
in area at least twice during the late Holocene (Currey et al.,
1984). The lake rose to an elevation of 1284 m, then receded,
then advanced again to an elevation of 1287 m, flooding most
of the Great Salt Lake Desert and forming a broad shallow lake
that extended to the Utah-Nevada border.

The midden record representing the late Holocene is more
abundant than that representing the previous several thousand
years (Figure 22), possibly because of better preservation of the
younger middens, but also perhaps because woodrats may have
been more abundant during the late Holocene than earlier. Mid-
den records indicate that the flora of the region was largely
modern by this time and that plant taxa were for the most part
close to their modern distribution. Many of the midden samples
have contents that are quite similar to the vegetation that grows
around them today.

Thompson (1984) found only rather modest vegetation
changes in the Snake Range and southern Bonneville region,
suggesting that late-Holocene climates were relatively stable,
at least on the scale recorded in midden plant records (Thomp-
son, 1984). The midden record from the northern Bonneville
Basin (Rhode, 2000b) indicates that although modern vegeta-
tion associations were largely in place by the late Holocene, the
abundance of certain plant taxa within those vegetation associ-
ations varied substantially through time (Figure 22). Some taxa
only achieved their present importance in plant communities
within the last 2000 years. The distribution of some taxa
shifted in elevation in response to climatic variation.

A prominent late-Holocene vegetation shift concerns the dis-
tribution of Utah juniper and Rocky Mountain juniper. Utah ju-
niper apparently arrived in northeastern Nevada, as noted pre-
viously, during the middle to late Holocene. In some areas Utah
juniper was a minor component in woodlands dominated by
Rocky Mountain juniper (e.g., Cherry Creeks, Silver Island
Range); but in other nearby areas, midden contents show it was

the dominant woodland conifer (e.g., Goshute Range). These
differences are probably related to differences in elevation or
topographic position of the midden sites, as well as to other
factors. Utah juniper is the most common juniper today in all of
these areas, and Rocky Mountain juniper has become much
less common in the last 2000 years. A similar pattern is shown
in middens from Gatecliff Shelter, central Nevada, where
Rocky Mountain juniper disappears from the midden record
between 2.3 and 1.7 Ka (Thompson and Hattori, 1983).

Several midden records from Antelope Island and the Prom-
ontory Mountains, near Great Salt Lake, indicate that Utah ju-
niper grew 50-100 m lower during the Neoglacial interval be-
tween ca. 3.5 and 2.9 Ka than it occurs today (Rhode, 2000b).
Lower-than-modern elevations of Utah juniper are also re-
corded in middens dating to 2.3 and 1.0 Ka from the Cricket
Mountains in the southernmost Bonneville Basin (Madsen,
1984). It is likely that Utah juniper retreated upslope from
these relatively low elevations toward elevations where we see
it today as the late-Holocene climate warmed and dried after
the Neoglacial. Presumably the lower tree line of Utah juniper
has migrated up- and downslope several times in response to
climatic variation during the past few thousand years.

Another example of late-Holocene range changes may be
green mormon tea {Ephedra viridis Cov.). Green mormon tea is
a common shrub in uplands throughout the region, including
the vegetation surrounding midden localities on the western
slope of the Goshute Range today, and it is found in modern
midden samples in the region; but midden samples dating to
3.8-3.1 Ka lack green mormon tea. Other paleoecological
records also indicate that green mormon tea was a late entry
into the vegetation of the northern and central Great Basin,
within the past 3000 years (e.g., Thompson and Kautz, 1983).
It should be noted, however, that mormon tea is generally un-
common in late-Holocene midden samples, suggesting that the
lack of mormon tea in middens may be partly related to collec-
tion habits of woodrats rather than abundance in the landscape.

Additional late-Holocene vegetation changes of importance
are shown in pollen records from the region. A pollen record
from Crescent Spring (Mehringer, 1977, 1985) shows that
sagebrush and conifer pollen became increasingly important
after 4 Ka, suggesting overall greater effective moisture than
during the middle Holocene, albeit with several warmer and/or
drier intervals during the period since then. These warmer/
drier excursions occurred approximately 3.2, 2.5, and 1.8 Ka;
substantial cool/wet episodes centered on 3.6, 2.7, 2.2, and 1.5
Ka (Mehringer, 1985). As noted in previous sections, these pe-
riods correspond to drier and wetter periods indicated in the
pollen record of the northern Great Basin (Wigand, 1987) and
the northern Mojave Desert (Wigand, 1997b).

The pollen record at Ruby Marsh indicates that, after ca. 4.5
Ka, "shadscale declined in importance in the valley bottom and
marsh waters deepened, in turn reflecting cooler temperatures
and/or greater precipitation" (Thompson, 1992:13). In addi-
tion, an increase in sagebrush pollen and higher water levels at
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Ruby Marsh during the last 500 years indicate that "the coolest
and/or moistest conditions since the early Holocene" presum-
ably correlated with the Little Ice Age (Thompson, 1992:13).
The late-Holocene record from Mission Cross Bog in the Jar-
bidge Mountains shows an increase in pollen from spruce, fir,
and pine after 5.0^4.3 Ka, with a peak around 3.6 Ka, suggest-
ing this was the most mesic episode in the last 8000 years
(Thompson, 1984). At Swan Lake (Bright, 1966), warm, dry
middle-Holocene conditions became cooler by 3.1 Ka, with a
lowering of the forest tree line and a decrease in sagebrush
steppe. Wanner conditions apparently returned by 1.7 Ka, with
increased sagebrush and less limber pine. Cooler late-Holocene
climate from ca. 5.0 Ka onward is also reflected in the pollen
from Snowbird Bog in the Wasatch Range (Figure 23; Madsen
andCurrey, 1979).

At Gatecliff Shelter, central Nevada, packrat midden and
sedimentary evidence (Davis, 1983; Thompson and Hattori,
1983) indicate that a cool, winter-wet interval began rather sud-
denly about 3400 years ago, during which time mormon tea be-
came established in the region. The period between 3400 and
2800 years B.P. may have been cooler and moister than any
time in the last 6000 years. These records also suggest that
summer-dominant rainfall may have appeared between 1500
and 800 years ago.

Pollen and plant macrofossil evidence from archaeological
sites (Aikens, 1970; Harper and Alder, 1970, 1972; Kelso,
1970; Dalley, 1976) also document late-Holocene vegetation
changes (see Currey and James, 1982). At Swallow Shelter and
Hogup Cave, grass pollen began to increase ca. 1.5 Ka, again
suggesting an increase in effective growing-season moisture.
This increase in summer precipitation may have helped to sup-
port the spread and success of the Fremont peoples' maize-
based horticultural systems in the Bonneville Basin from ca.
1.5 to 0.9 Ka. Harper and Alder (1970, 1972) used the record of
plant remains from Hogup Cave and Danger Cave to suggest
that the last 1000-600 years have been among the driest and
warmest of the entire Holocene.

DISCUSSION: VEGETATION AND AQUATIC HISTORY

IN THE BONNEVILLE BASIN

In general outline, vegetation history, as represented by
widespread pollen and macrofossil records, and aquatic history,
as represented by the lake chronology and other records, appear
to be mostly but not entirely concordant. Shallow saline lakes
during the middle Wisconsin are matched with cold but dry
limber pine woodlands. As Lake Bonneville began to rise from
28 to 20 Ka, evidence for more mesophilic montane plants be-
came increasingly common. By the time of the Bonneville
highstand ca. 16-15 Ka, very cold conditions are reflected in
now subalpine conifers in the southern Bonneville Basin and in
cold sagebrush steppe tundra in the north. The recession of
Lake Bonneville from the Provo shoreline coincides with con-
siderable evidence of expansion of plants requiring warmer and

drier conditions than prevailed during the full glacial. How-
ever, as noted above (see discussion of late Bonneville cycle in
"Bonneville Basin and Eastern Great Basin"), the terrestrial
vegetation record from the northern Bonneville Basin is not
consistent with the timing and magnitude of certain models of
Lake Bonneville recession (e.g., Oviatt et al., 1992). The postu-
lated Younger Dryas rise of Lake Gilbert is also not strongly re-
flected in the vegetation records, although available vegetation
records are quite rare. Holocene fluctuations in vegetation ap-
pear to coincide with lacustrine history of Great Salt Lake, al-
though comparison is limited by the state of knowledge of Ho-
locene lake history and by lags in response of vegetation to
climate change.

A number of reasons may account for discordance between
lake history and vegetation history:
1. Differential sensitivity or rapidity of response of different

systems to the same climatic factors (e.g., inertia of vegeta-
tion to climate change).

2. Responses of different systems to different parameters
within "climate space" (e.g., temperature versus precipita-
tion; growing-season precipitation versus winter precipita-
tion).

3. The presence of local or regional factors that affect one sys-
tem but not the other (e.g., downcutting that lowered Lake
Bonneville in the absence of climatic change; tectonics or
isostatic rebound that altered the configuration of the lake
basin; or altered growth tolerances of certain plants in rela-
tion to atmospheric chemistry or competitive relationships
with other plants).

4. Data gaps in one or both proxy records causing difficulties of
correlation.

5. Uncertainties in how one or both proxy records are related to
underlying climatic factors.

Causes for some of the discordance between vegetation and
aquatic history in the Bonneville Basin (e.g., vegetation change
during the post-Provo recession and Gilbert Lake interval) re-
main to be worked out in detail.

The packrat midden record suggests a substantial north-to-
south gradient in both floristic and vegetation representation
existed through the most of the record. For one example, bris-
tlecone pine was abundant in the south and nearly absent in the
north, replaced by limber pine; for another, during the full gla-
cial the southern area bore conifer forests while a cold sage-
brush steppe prevailed in the north. How and why this gradient
might have varied through time, and the location of substantial
biotic discontinuities, are subjects for future biogeographic re-
search.

Summary

The foregoing regional discussions highlight the wealth of
empirical evidence now available to reconstruct the history of
vegetation in the Great Basin. The combined and complemen-
tary evidence found in pollen profiles, packrat middens, ar-
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chaeological sites, and other localities present a detailed record
of broad regional trends and local variability of vegetation
through time.

The existing paleoenvironmental record for the last 35 Ka re-
veals periods when vegetation changes occurred simulta-
neously and in the same relative direction throughout the Great
Basin. At other times, each of the subregions seems to have re-
sponded quite differently. These differences directly reflect the
relative influence of monsoonal versus Pacific storm systems
during the Holocene and earlier interglacials, and the relative
strength of polar air masses during glacials.

Although the vegetation history of the Great Basin is marked
by numerous high-frequency changes in climate, there are eas-
ily recognizable crosscutting events that can be tracked in each
subregion by tracing the response of indicator species. These
species are characterized by wide spatial distribution and rela-
tively rapid response to changes in climatic input. In addition,
these species are easily identified and can be tracked in one or
more of the most commonly used paleoenvironmental data sets
mentioned above.

To summarize some of the trends from a basinwide perspec-
tive and to get a broader view of Great Basin vegetation history
during the last 40,000 years, we compare what was happening
in the three regions considered above during a dozen separate
snapshot "moments" in the past.

40 KA

The limited empirical record available from this time sug-
gests that vegetation in much of the Great Basin and on the
Snake River Plain was dominated by sagebrush or saltbush
steppe, with a mosaic of sagebrush, montane brush, and
patches of conifers in upland areas. Pollen records from the
northeastern Great Basin suggest that conifers were not very
abundant in the region (Beiswenger, 1991; Thompson, 1992),
although they may have been more common further south
(Thompson, 1984). The conifers consisted of limber pine and
bristlecone pine at relatively low elevations in the eastern ba-
sin, with mesophilic shrubs as understory or shrub layer asso-
ciates. A cold and somewhat mesic interval is indicated. In the
southern Great Basin, woodlands dominated by Utah juniper
and mountain mahogany were present in upland areas, where
present vegetation appears broadly similar, as well as in lower
elevation areas now dominated by desert scrub species (Spaul-
ding, 1985). According to Spaulding, the presence of certain
desert plant species in these middens indicate that "winter
minimum temperatures were within 2° to 3°C of today's val-
ues" (Spaulding, 1985:30). The pollen record from the Bed
and Breakfast locality in the Summer Lake basin indicates that
sagebrush steppe was widespread. Juniper woodland was
present as well but not as abundant as it was to be during the
succeeding period. Lower grass pollen values than before 40
Ka and after 34 Ka indicate that conditions were drier during
this period than either before or after. Sedge-dominated

marshes together with abundant eutrophic algae {Botryococ-
cus sp.) indicate that pluvial Summer Lake was low. The same
may have been true of pluvial Lake Lahontan during this pe-
riod.

32 KA

In the northwestern Great Basin the onset of a series of cool,
moist cycles from ~34 to 30 Ka resulted in the extension of
patches of mixed-conifer woodland—comprising pines (prob-
ably whitebark pine, western white pine {Pinus monticola Dou-
glas ex D. Don), and lodgepole pine), fir, and occasional
spruce—into relatively low elevations in mountainous terrain.
More-continuous woodlands dominated by Utah juniper with
an understory of sagebrush grew over much of the area, with a
lower elevational range greater than at present. This expansion
appears to have climaxed around 32-30 Ka and was followed
by a dramatic return to drier conditions. In the southern Great
Basin and northern Mojave Desert, subalpine conifers also
grew at relatively low elevations in the mountains. Whereas
white fir had been a substantial part of this woodland between
34 and 32 Ka, it declined in abundance after 32 Ka, leaving
limber pine alone at these lower elevations, which suggests that
climate was cool but becoming increasingly arid. Utah juniper
was abundant or common from as low as ~ 750 m in elevation,
growing in association with shadscale and rabbitbrush, to ele-
vations as high as 1860 m (Spaulding, 1985). In the northeast-
ern Great Basin, limber pine dominated the patchy mountain
woodlands, accompanied by montane shrubs that indicate drier
conditions than had occurred at 40 Ka. Sagebrush steppe con-
tinued to prevail in valley floors and on the Snake River Plain.
In the southern Bonneville Basin, bristlecone pine woodlands
dominated the mountains, while sagebrush and shadscale occu-
pied valley bottoms.

28 KA

In the northwestern Great Basin, this time marks the begin-
ning of a major drought stretching from ~28 to 26 Ka. It is im-
mediately preceded and followed by regionally correlatable
grass expansions in the woodrat midden pollen record at Pyra-
mid Lake as well as in the sediments of Summer Lake. The
drought is characterized by saltbush expansion and is reflected
in lowered lake levels throughout the northwestern Great Ba-
sin. In the southern Great Basin, Utah juniper continued to
grow fairly abundantly at lower elevations, below about 1300
m; piiion pine is virtually unreported the region (Spaulding,
1985). Limber pine and white fir disappeared from the record
of the area but may have retreated to widely scattered settings
above about 2000 m in elevation. In the eastern Great Basin,
sagebrush and shadscale steppe continued to dominate valley
settings, but Lake Bonneville was beginning to rise, flooding
portions of the valley habitat in that large basin. In montane
settings, limber pine was declining in abundance and spruce
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increased; montane mesophilic shrubs also increased in abun-
dance. The climate appears to have become wetter and colder
than previously.

22 KA

Increasingly moister conditions beginning ~24 Ka were
reaching a pre-glacial maximum climax by 22 Ka. A transition
toward much colder temperatures, however, was continuing
and affecting vegetation in all parts of the Great Basin and the
northern Mojave Desert. In the northwest Great Basin, the ex-
pansion of patchy woodlands, including subalpine whitebark
pine, to elevations below 1380 m reflected moister conditions
with a reliable wet season. Lake Lahontan was apparently ris-
ing rapidly and was probably at the level of the Astor Pass sill
(1222 m), but it had not yet reached the Darwin Pass sill (1265
m) to spill into the Carson Basin (Benson et al., 1995). Accord-
ing to Benson et al. (1995), this rapid rise probably coincided
with passage of the jet stream over the Lahontan Basin. In the
southern Great Basin and northern Mojave Desert, cooler, wet-
ter conditions are also indicated for this period, as subalpine
conifer woodlands dominated by limber pine with some bristle-
cone pine, and also containing white fir, descended to eleva-
tions below 1600 m (Spaulding, 1985; Forester et al., 1996). In
the eastern Great Basin, Lake Bonneville had also risen rapidly,
and patchy, subalpine conifer woodlands dominated by spruce
(in the north) and bristlecone pine (in the south) were present in
upland environments. Cold but moister conditions are indicated
in the Bonneville Basin and also in the Snake River Plain dur-
ing that time (Beiswenger, 1991).

18KA

At the height of the full glacial, vegetation throughout the
Great Basin records cold and fairly dry climatic conditions. In
the northwest Great Basin, these cold, dry glacial conditions
fostered a mixed-shrub steppe comprising primarily sagebrush,
saltbushes, and rabbitbrush with rare clumps of juniper in scat-
tered sheltered areas. Whitebark pine, which had appeared be-
tween 24 and 22 Ka, disappeared. To the south, cold and fairly
dry conditions are also indicated by the widespread presence of
limber pine and bristlecone pine, without white fir, in the re-
gion's mountains, to elevations as low as 1600 m. Juniper
woodlands retreated upward almost 450 m to elevations around
1200 m. Pinon pine was rare to absent in most of these wood-
lands. In the northeastern Great Basin, a sagebrush steppe-tun-
dra apparently existed in montane settings, with very limited
patches of conifers including spruce and occasional limber
pine. Southward, bristlecone woodlands prevailed in uplands.
Sagebrush steppe dominated in lowland settings, while deepen-
ing lakes existed in many of the valley basins. The vegetation
is consistent with expectations drawn from global circulation
models (COHMAP Members, 1988; Thompson et al., 1993)
that suggest atmospheric circulation in the region at the time
was dominated by cold, dry air moving southwestward from
the continental glacial sheet.

12.5 KA

This period marks the transition from the Pleistocene to the
Holocene in the northwestern Great Basin. Whitebark pine re-
appeared briefly at elevations around 1380 m on the west
shore of pluvial Lake Lahontan around 12.5 Ka but disap-
peared shortly thereafter. Although Utah juniper woodland re-
expanded after the glacial maximum, it was sagebrush that ex-
perienced its most dramatic expansion of the last 35 Ky
during this period. By 11.5 Ka, however, severe drought had
not only driven whitebark pine from the area but also had
brought an end to the sagebrush expansion and encouraged the
regional expansion of saltbushes as well. Pluvial Lake Lahon-
tan dropped dramatically from its late-Pleistocene high at this
time. The so-called "Younger Dryas," centered around 10.6
Ka, is evidenced by a renewed abundance of juniper wood-
land and by an apparent still-stand of pluvial Lake Lahontan.
The same pattern of change was occurring in the southern
Great Basin and northern Mojave Desert. Limber pine re-
treated up the mountainsides while juniper retreated from the
valley floors. By 10 Ka, limber pine no longer grew below
about 2300 m in elevation (Spaulding, 1985), and juniper was
approaching its modern elevational distribution. In the north-
eastern Great Basin, limber pine had expanded widely into
lower montane settings. It also occurred at fairly low eleva-
tions around the northwest side of the Bonneville Basin in a
mosaic with sagebrush, prostrate juniper, and mesophilic
shrubs. To the south, woodlands were dominated by bristle-
cone pine. Thermophilous shrubs such as Atriplex spp. were
just beginning to appear in the region, and these would expand
after ca. 11 Ka as climate grew warmer and drier. It is at this
time that plant communities were undergoing major restruc-
turing as they moved into new areas on the landscape. What
probably had been a mosaic of highly variable plant commu-
nity patches occupying discrete microhabitats regulated by
slope, aspect, and soils, as well as effective moisture, began
the transformation into the more familiar vegetation zones of
the Holocene.

9KA

In the northwestern Great Basin, the early Holocene thermal
maximum was characterized by major expansion of desert
scrub vegetation around the margins of still-drying pluvial
lake basins. In the Carson Sink, a subbasin of pluvial Lake
Lahontan, extensive marshes were exploited by Native Ameri-
cans for food and raw materials to make basketry, matting, and
other items. Expansion and density of sagebrush steppe in the
uplands reached its Holocene climax at this time. Low-eleva-
tion outliers of Utah juniper woodland that had survived early
Holocene droughts or had reexpanded during the Younger Dr-
yas finally disappeared. Evidence of monsoonal penetration,
which is weak in the northern Great Basin, is strong in the
southern Great Basin and northern Mojave Desert during this
period. The expansion of grasses without a corresponding ex-
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pansion of winter-rainfall-dependent plants suggests that sum-
mer rainfall had increased. The appearance of hackberry in lo-
cations indicating a proliferation of seeps along cliff-faces
suggests the presence then of year-round water where it is not
found today. Summer monsoons provided the additional rain-
fall nurturing these springs. Black mat formation, whether it
was related to increased spring discharge or soil formation (or
perhaps to the increase in grasses), certainly reflects greater or-
ganic production, which may have been stimulated by in-
creased summer precipitation in combination with warm tem-
peratures. In the eastern Great Basin, the early Holocene was
marked by warmer and drier conditions than the terminal Wis-
consin, but the degree of warming is not certain. Some records
indicate substantial warming by ca. 9 Ka to levels as warm or
warmer than today, whereas other records indicate that early
Holocene climate was cooler and wetter than today, though
warmer than the terminal Wisconsin. The limited vegetation
record indicates that shadscale and xerophytic shrub associa-
tions were well established in valley bottoms and around the
margins of the Bonneville Basin, alongside sagebrush steppe.
In montane settings, limber pine (in the north) and bristlecone
pine (in the south) declined in abundance, and more-temperate
conifers, such as Rocky Mountain juniper, began to dominate.
Mesophilic mountain shrubs were declining in abundance and
were being replaced by more thermophilous plants.

7 K A

Although the thermal maximum had passed, climatic condi-
tions were still harsh, and severe regional drought character-
ized the northwestern Great Basin. Desert scrub communities
dominated the slopes surrounding dry playas. Eolian activity
generated extensive, and very active, dune fields downwind of
valley bottom playas (Mehringer and Wigand, 1986). Absence
of vegetation cover prevented stabilization of these dunes for
the next 3 Ka. In the southern Great Basin, little information
exists from this period. However, the few woodrat middens and
pollen records that do exist indicate periodic, severe drought.
True Mojave Desert plant species, such as creosote bush and
white burrobush, became dominant during this period. Their
appearance reflects not only warmer temperatures but also es-
tablishment of the current pattern of convective summer
storms. On the western fringe of the Great Basin, pinon-juni-
per woodland was forced to retreat into areas occupied by lim-
ber pine and bristlecone pine near the top of the White Moun-
tains. In the eastern Great Basin, warm and relatively dry
conditions also prevailed, but a possible increase in growing-
season precipitation from summer monsoons may have en-
hanced the northward migration of pinon pine, ponderosa pine,
douglas fir, and other temperate conifers. Rocky Mountain ju-
niper was a major element of woodland forests in the northeast-
ern Great Basin, while limber pine still persisted in protected
localities at relatively low elevations. Utah juniper was com-
mon in the southern Bonneville Basin.

5.5 KA

This marks the termination of the long middle-Holocene
drought in the northern Great Basin as a result of a dramatic in-
crease in winter rainfall. Areas that had been dominated by
greasewood just decades earlier were replaced by sagebrush
steppe. Ephemeral ponds began to retain water year-round. Pe-
riodic droughts still punctuated the next 1.5 Ka, but there was
never a return to the conditions that had characterized the mid-
dle Holocene. In the southern Great Basin and northern Mojave
Desert, renewed growth of peat in the White River Valley, at
Ash Meadows, and at Little Lake indicates a rejuvenation of
springs in response to the sudden increase in rainfall. Juniper
woodland seems also to have begun moving downslope again.
Pollen records indicate that the eastern Great Basin at about
this time underwent a similar change to relatively cooler and
perhaps more winter-wet conditions, as sagebrush and conifers
increased slightly at the expense of shadscale and saltbush. A
number of middens dating to this moment suggest that montane
woodlands in the northeastern Great Basin were dominated by
Rocky Mountain juniper and pinon pine, with a small amount
of newly immigrant Utah juniper present as well. A similar sit-
uation apparently prevailed in the southern Bonneville Basin
and into central Nevada, although Utah juniper was more com-
mon in these latter areas.

3.5 KA

The climax of the so-called "Neoglacial" or "Neopluvial" in
the northwestern Great Basin occurred at this time. Juniper
woodland expansion in south-central Oregon, which began dra-
matically 500 years earlier, reached the first of its three greatest
late-Holocene limits. Fostered by major increases in winter
precipitation, regional water tables probably reached their late-
Holocene maximum ~3.7 Ka. (Two additional expansions of
woodland ~2.7 and 2.1 Ka occurred during what remained of
the Neoglacial.) In the west-central Great Basin on the east
slope of the Sierra Nevada, fir lowered its elevational distribu-
tion and previously grassy meadows became sedge-dominated
bogs that were soon invaded by birch {Betula sp.), and willow.
The increase in winter precipitation was not as marked in the
southern Great Basin or the northern Mojave Desert. Although
each of the three major wet episodes of the Neoglacial are evi-
denced in the south, they are much less pronounced there than
in the north. This period is marked by the increased abundance
of pinon pine on the landscape. It clearly becomes a codomi-
nant in the semiarid woodland of the southern Great Basin and
northern Mojave Desert. In the eastern Great Basin, the Neo-
pluvial episode resulted in increased lake levels; greater abun-
dance of sagebrush, grass, and conifers relative to chenopod
shrubs; and Utah juniper occurring at elevations more than 100
m below its current distribution. Climatic conditions substan-
tially cooler and more winter-wet than today are suggested.
Rocky Mountain juniper still persisted in some montane set-
tings, but Utah juniper and pinon pine were increasingly the
dominant lower-montane conifers represented.
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1.5 KA

This period marks the climax of late-Holocene warm, wet
conditions. Beginning about 1.8 Ka, annual rainfall decreased
substantially. At the same time, however, the peak of its annual
distribution slipped later into the year, into summer. Grass
abundance in sagebrush steppe increased greatly in the north-
ern Great Basin at the same time that juniper woodland con-
tracted. Ponds indicate very shallow eutrophic conditions,
though they do not seem to dry seasonally. Although the cli-
matic variability of this period was great, there was an overall
increase in precipitation that peaked around 1.5 Ka. Bison fol-
lowed the expansion of grasses into the sagebrush steppe. Fur-
ther south in the west-central Great Basin, pifion pine expanded
dramatically northward and downward in elevation, finally be-
coming a major component of the semiarid woodland. In south-
ern Nevada, pifion pine increased in abundance in the wood-
land as well. Summer-shifted rainfall enabled shallow lakes to
survive year-round despite a general decline in annual rainfall.
In the eastern Great Basin, an increase in growing-season pre-
cipitation at this moment is suggested by increases in grass pol-
len in some records. Modern plant communities are fairly well
established by now, including the presence of mormon tea
through most of the region. The increase in summer precipita-
tion may have also facilitated the success and spread of agricul-
tural societies, known as the Fremont cultures, through much
of the eastern Great Basin.

0.5 KA

Drought beginning around 1 Ka continued with brief inter-
ruptions until about 0.35 Ka. Retrenchment of juniper wood-
land in the northern Great Basin and of pinon-juniper wood-
land in the west-central Great Basin characterized this period.
Increased fire activity marked the retreat of the forests. Ponds
that had been wet for almost 5000 years occasionally dried dur-
ing this period. This drought ended about 0.35 Ka with the Lit-
tle Ice Age. Renewed expansion of juniper woodland in the
northern and western Great Basin marked this period. It was
only after the end of the Little Ice Age that pinon pine began its
reexpansion in the northern and western Great Basin. Drought
also characterized this period in the southern Great Basin and
northern Mojave Desert. Saltbush expansion characterized
many areas. Lakes became marshes until the wetter conditions
of the Little Ice Age led to groundwater recharge and the return
of shallow lakes. Expansion of woodland also characterized the
Little Ice Age in southern Nevada with pifion pine expansion
first occurring at the end of the period. In the eastern Great Ba-
sin, the record from 500 years ago is somewhat mixed, possibly
reflecting natural variability and the finer resolution that comes
with recency. In some areas such as Ruby Marsh, this moment
marked the beginning of the coolest and moistest period since
the early Holocene, with increases in marsh level and expan-
sion of sagebrush steppe at the expense of saltbush and shad-
scale. On the other hand, some researchers (e.g. Harper and Al-
der, 1972) find the last 1000 years to have been among the

warmest and driest of the Holocene. Clearly, the climatic vari-
ability inherent in the late Holocene should not be underesti-
mated.

Retrospective and Future Directions

One of the landmark findings in plant ecology of the last 50
years is the widespread documentation that plants respond in
highly individualistic fashion to both long- and short-term
changes in climate and other ecological forcing mechanisms.
This has led to the understanding that vegetation associations
are rather loosely knit assemblages of plant taxa brought to-
gether by historical contingency and individual response to en-
vironmental factors, instead of strongly coevolved communi-
ties held together in a dynamic equilibrium. In the first part of
the twentieth century, such a position had been favored by plant
ecologists such as Shreve and Hinckley (1937) and Gleason
(1939), but it was countered by the prevailing climax commu-
nity viewpoint of Clements (1916, 1936) and others (e.g.,
Weaver and Clements, 1938). However, improved understand-
ing of the Late Quaternary paleovegetation record within the
last 50 years has provided strong evidence supporting the indi-
vidualistic, nonequilibrium model (Davis, 1986; Huntley, 1991).
In response to climatic amelioration since the last glacial pe-
riod, plant taxa did not respond as communities or vegetation
formations, but singly and uniquely, with different tempos of
migration. The rapid rates and directions of the shifts taken by
various species may be explained in part by the concepts of
thresholds, steady states, and multiple successional pathways
described by Tausch et al. (1993). Some taxa responded by
large-scale range shifts, others by more spatially restricted
shifts in elevation (Thompson, 1988). Such migrations and
range expansions did not commence with the Holocene. In the
northern Bonneville Basin, for example, substantial expansion
of shadscale began about 12 Ka, limber pine began at 13 Ka,
and expansion of montane shrubs such as currant occurred be-
fore that. Nor did substantial range shifts end in the early or
middle Holocene, as the examples of western juniper, Utah ju-
niper, and mormon tea demonstrate. In fact, some major range
changes were not completed until the last few hundred years:
e.g., singleleaf pifion pine in northwestern Nevada. An addi-
tional finding is that plants that now do not occur together very
frequently were often associated in the past, when climatic con-
ditions were quite different than anything found today. In west-
ern North America, the evidence of this was revealed by nu-
merous packrat midden studies conducted in the 1970s and
1980s (e.g., Van Devender and Spaulding, 1979; Spaulding,
1981, 1985; Thompson, 1984; Cole, 1985; Betancourt, 1990;
Van Devender, 1990a, 1990b).

These insights set the modern baseline of understanding for a
variety of approaches that seek to explain why changing plant
distributions took the form that they did. As the above sum-
mary indicates, changing climate has played the major role dur-
ing the Late Quaternary (Whitlock and Bartlein, 1997) but not
the only role. Paleoecologists quickly realized that it was not
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simply different tolerances to climate that affected how rapidly
plant taxa changed their distributions through time. Available
mechanisms for dispersal of disseminules and how well the
plant is able to compete with existing vegetation are also im-
portant components that figure into the concept of vegetation
"inertia," or the occasional apparent lag of biogeographic range
response after a climatic change (Cole, 1985; Markgraf, 1986;
Thompson, 1990:232-233). In addition, some plants are rela-
tively tolerant to climatic variation and, therefore, did not ex-
hibit substantial range changes through widely variable condi-
tions, whereas other taxa showed extensive range alterations
(Barnosky, 1987; Thompson, 1988). Furthermore, the biogeo-
graphic patterns of different taxa are also related to the high to-
pographic variability in parts of western North America, espe-
cially in the Great Basin, which can create a mosaic of
microhabitats that may serve as suitable refugia for dispersed
relict populations throughout a region (Whitlock and Bartlein,
1993). Chance may play an important role here too, for not all
small, relict populations may survive in all the same microhab-
itats, simply through stochastic processes. Nonclimatic factors
such as atmospheric CO2 concentration and fire frequency
(though these may correlate with climatic parameters) also play
major roles in the fitness of plant taxa and their ability to sur-
vive and spread.

The population genetics of certain taxa in these settings may
be critical to understanding biogeographic patterns (Hamrick et
al., 1994). Nowak et al. (1994b) asserted that in the northwest-
ern Great Basin, Utah juniper was present through much of the
late Wisconsin and that it probably remained in the region be-
cause its interbreeding populations were sufficiently variable
genetically to enable the species to adapt via genetic heteroge-
neity. Following example of Barnosky (1987), these research-
ers called species with this conservative mode of geographic
range movement "orthoselective," and they contrasted Utah ju-
niper with pinon pine, which they considered to be a migratory
species, one that expanded its range when climatic conditions
are right. It should be noted, however, that the interpretation of
Nowak et al. (1994b) regarding the sensitivity of juniper to cli-
mate change was based upon a single 35,000-year-long wood-
rat midden record of juniper from northwestern Nevada. It is
clear even from that record that juniper may have been absent
from the locality during periods of the most extreme climate
conditions, including the glacial maximum and the middle-Ho-
locene drought (Wigand and Nowak, 1992; see discussion of
middle Holocene above in "Northern and Western Great Ba-
sin"). The pollen record from this midden also suggests sub-
stantial variation in the abundance of juniper during the last
35,000 years. For these reasons we disagree with the interpreta-
tion of Nowak et al. (1994b) that Utah juniper was as compla-
cent or unchanging as they suggest. We find the distinction
drawn by Barnosky (1987), however, to be potentially useful in
accounting for differential responses of taxa to climate change
(see also Thompson, 1988).

Recall, however, that Utah juniper had a very different his-
tory in the northeastern Great Basin, where it was absent since
before 50,000 years B.P. until approximately 6600 years B.P. In
this region, Utah juniper must be considered migratory rather
than orthoselective. Why should this be? Does it relate to the
severe continentality of climate in the eastern Great Basin dur-
ing the late Wisconsin? Is it a function of a possible lack of ge-
netic variability in the eastern Great Basin compared with the
western Great Basin (perhaps a lack of introgression with west-
ern juniper)? Determining why different plant taxa respond dif-
ferently to climatic changes is an important challenge for ecol-
ogy in the twenty-first century, particularly as the global
climate and atmospheric composition are undergoing rapid hu-
man-induced change, with dramatic ecophysiological response.
Fortunately, new genetic techniques are rapidly being devel-
oped to allow studies of these issues on fossil materials, pro-
viding a longer-term perspective of similar changes in the past.

The view that Great Basin plant communities are, in large
measure, products of historical circumstance (a corollary to the
recognition that plant taxa have individualistic histories) is
partly supported by the fossil record but is also tempered by it.
Certain combinations of plants often appear to recur and persist
in dynamic equilibria through long periods of time, as appro-
priate environmental conditions allow. The composition of
sagebrush steppe, for example, appears largely unchanged
since the terminal Wisconsin and possibly since the middle
Wisconsin. Indeed, some researchers see marked long-term sta-
bility in many steppe and woodland communities in the eastern
Great Basin (Thompson, 1988, 1992; Thompson et al., 1994;
Moutoux and Davis, 1995; Davis, 2002). Again, this is not to
say that the sagebrush steppe formation did not respond to past
climate change; it clearly has, primarily through major shifts in
its geographical distribution. In any event, the interplay of indi-
vidual histories and tolerances that led to long-term associa-
tions or recurrence of associated taxa remains to be explored
more fully.

Certain plants may have altered their climatic tolerances dur-
ing the last 30,000 years, affecting their utility as proxy records
for climatic change. Limber pine may have substantially in-
creased its water use efficiency after the late Wisconsin in re-
sponse to rising concentrations of atmospheric CO2 (Van de
Water et al., 1994). If so, it suggests that late-Pleistocene popu-
lations were more susceptible to water stress from warm, dry
(or cold, dry) growing seasons than are modern populations. If
not taken into account, this factor could result in substantial un-
derestimation of the true rainfall and temperature values for the
southern Great Basin and the northern Mojave Desert during
the late Pleistocene, as projected by Forester et al. (1996). Vari-
ous species of saltbush also may have altered their tolerances,
as the genus apparently went through substantial genetic reas-
sortment during the latest Pleistocene and Holocene when it re-
colonized valley bottoms vacated by Lakes Bonneville and
Lahontan (Stutz, 1978). The effects of genetic variability upon
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the climatic tolerances of Atriplex species are currently un-
known.

In the last few years, some studies of past environments and
climates have begun to move beyond documentation of the his-
torical sequence of change in vegetation and climate toward the
relationships among climatic input, vegetation response, land-
scape change, and feedbacks into vegetation change. Indeed, the
requirements of current paleoenvironmental studies are leading
the field in establishing the climatic limits of many plant species
(e.g., Bartlein et al., 1998; Thompson et al., 2000). One recent
model that relates climate and plant distributions (Thompson et
al., 2000; cf. also Bartlein et al., 1998) uses a geographic grid
of current climatic parameters and overlays it onto the current
distribution of some of the more common plant species. The
model then derives the climatic tolerances of individual plant
species through the correspondence of plant species with the
modern analogue climate. Once these parameters have been de-
rived they are used to estimate past climates from dated assem-
blages of plant macrofossils at specific points on the landscape.
Contemporaneous, spatially distributed assemblages of macro-
fossils (e.g., dated woodrat midden strata) can then be used to
generate isobars of past rainfall and temperature or other cli-
matic parameters as modeled.

Care should be taken in interpreting the results of such mod-
els, however. Bartlein et al. (1998) point out several possible
discrepancies between model predictions and actual plant dis-
tributions. One potential problem is that plant distributions may
be constrained not by climatic forces but by competition with
associated or neighboring taxa. For example, Thompson (1990)
suggested that the lower limit of limber pine in the mountains
of the eastern Great Basin often may be constrained more by
competition from pinon pine than by climatic factors. This
would not have been the case before the arrival of pinon pine
toward the end of the early Holocene. Consequently the forces
constraining a plant species' distribution may vary through
time—and, indeed, through the range of the plant—in ways
that may not be related directly to climate.

Another potential problem is the use of modern plant distri-
butions to establish climatic limits: climatic limits of what?
Seedling establishment? Survival of mature individuals? Re-
generating plant associations? A modern plant community is
not unlike a medieval manuscript that has been reused numer-
ous times; each successive use of the palimpsest manuscript is
visible. Likewise, modern species distributions combine cur-
rently reproducing populations, relict stands established during
previous climatic regimes, and effects of disturbance factors
(e.g., insect infestations, fire, pollutants). For example, the old-
growth forests of the Sierra Nevada contain large white fir and
red fir that were established during cooler, wetter conditions
200-300 years ago. Beneath this canopy lie ponderosa pine
and/or Jeffrey pine (Pinus Jeffreyi Grev. & Balf.) established
during warmer, drier conditions 100 years ago. Finally, there
are saplings of red fir and white fir that were established during
the wetter conditions of the late 1970s and early 1980s. A simi-

lar pattern can be seen in the semiarid woodlands of the north-
ern Great Basin where stands of Utah juniper, established as far
back as 700-800 years ago, now stand side by side with pinon
pines less than 150 years old (Tausch et al., 1981). Testing of
the model by predicting the geographic distribution of a partic-
ular species based upon current climates would not reveal the
problem. Because the data used to generate the model include
modern plant distributions affected by both modern and past
climates, the model will predict the current distribution of both
regenerating and relict plant populations on the current land-
scape. Therefore the model does not predict the distribution of
currently active, regenerating forests.

As noted above, a third problem that may affect use of such
models for reconstruction of Pleistocene and early Holocene
climates is the uniformitarian assumption that plant taxa have
the same response to present-day climate as they did in the
past. Anatomical evidence has shown that plants may not have
had a stable response to climatic factors—e.g., the change in
stomatal density of limber pine from the Pleistocene to Ho-
locene and its relationship to atmospheric CO2 and water use
efficiency (Van de Water et al., 1994). Decreased water use ef-
ficiency during the late Wisconsin could have resulted in sub-
stantially greater plant sensitivity to climatic conditions of that
time. Therefore, estimates of Pleistocene climates obtained by
using modern analogue climates that were derived from mod-
ern limber pine distribution might be in error (cf. Rhode and
Madsen, 1995). In the future, the use of other corroborating
proxy data sets and refinement of our understanding of the
physiology of the more important indicator plant species will
allow us to resolve some of these problems.

Discussion of Late Quaternary vegetation history would not
be complete without reference to the effects of human popula-
tions upon the distributions of individual plant species and the
composition and structure of modern and past plant communi-
ties. Two areas of potential effect are especially germane: (1)
the role of human land management practices in fire histories,
and (2) humans as agents of substantial range expansion of cer-
tain taxa. During the last 50 years, Federal land managers have
continually discussed the influences of grazings by sheep and
cattle and of fire suppression in forming today's rangeland and
woodland plant communities (Miller and Wigand, 1994). In-
deed, some recognition has even been made of the role of Na-
tive Americans' use of fire in shaping the environment as well
(Barrett and Arno, 1982). The roles played by Native American
populations (if any) in shaping Great Basin vegetation history,
however, remain to be much more fully explored.

With respect to fire history, the paleoenvironmental record
indicates that climate is still a prime mover (perhaps the prime
mover) in effecting the frequency and magnitude of fire (e.g.,
Wigand, 1987; Swetnam, 1990; Swetnam and Betancourt,
1990). A strong deterministic link is clear between climate,
fuel build-up, cycles of drought, and the resulting occurrence
of fire. That human land use practices are important in this dy-
namic is also obvious, as amply demonstrated by the historic
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record, but the importance of fire in prehistoric Native Ameri-
can "range management" in the Great Basin is, as yet, rather
poorly understood (Stewart, 1954, 1955a, 1955b, 1956, 1963,
1982; Downs, 1966; Mellars, 1976; Lewis, 1977, 1982, 1985;
Barrett and Arno, 1982; Hemphill, 1983; Fowler, 1996). Pre-
historic peoples may have substantially affected fire histories
on a local scale. Effects by humans may have been important
under certain threshold conditions of population, fuel buildup,
and drought, but at present we do not know what thresholds (if
any) may have existed or whether the effects were substantial.
Interregional correlation among the histories of climate, vege-
tation, and fire may serve to show that climate is the driving
force in regional fire histories in the prehistoric and possibly
historic periods and that prehistoric human activities were a
relatively minor element in regional fire histories (e.g., Swet-
nam and Baisan, 1996). A great deal of additional research is
needed to determine how the dramatic changes in land use
practices (including fire suppression) that occurred during the
last 1000 years may have affected plant community distribu-
tion and structure in the context of changing climates.

The role of people as disseminators of plant species during
the historic period is also clear with regard to cheatgrass (Bro-
mus tectorum L.) and other range weeds as well as exotic tree
and shrub species. The role of Native Americans in the spread
of native plants is less clear. The ethnographic record shows
that economically valuable plants were often managed and
pruned, collecting areas were cleared or burned or irrigated,
and in some cases plants may have been artificially trans-
planted or sown to increase their range (Steward, 1930, 1938;
Downs, 1966; Fowler, 1986, 1996). The magnitude and antiq-
uity of these practices is not known, however (Winter, 1976;
Winter and Hogan, 1986). As noted above, people may have
had a role in the rapid early Holocene expansion of pifion pine
(Mehringer, 1986; Madsen and Rhode, 1990; Rhode and Mad-
sen, 1998). This speculation is based in part upon the rapid rate
of pifion pine expansion as indicated by the paleobotanical re-
cord compared with the presumed speed of its expansion based
on an avian dispersal model, which seems too slow to account
for the rate of postglacial reexpansion into the Great Basin. The
available archaeological record indicates that early Holocene
people consumed and transported pifion pine nuts (Rhode and
Madsen, 1998), and mobile human groups could be a much

faster agent of seed dispersal than corvids. But it is not certain
whether the avian dispersal model is accurate, nor is the early
Holocene pifion pine distribution or its rate of expansion
known with enough certainty to completely rule out the avian
model. In addition, for any attempt at dissemination of such
species to be successful, climatic conditions would have to be
favorable. The paleoenvironmental record indicates that pinon
pine expansion can be quite rapid, and it is not necessary for
human intervention to be involved (Tausch et al , 1981; and see
above). The rapid spread of pifion pine during the last 150
years presumably did not have, nor did it need, the benefit of
human intervention. It is likewise probable that pifion pine's
expansion in the northwestern Great Basin 1.6 Ka was a re-
sponse to natural processes (i.e., climate) because many other
plant species including grasses, juniper, saltbush, and sage-
brush responded as well (Wigand, 1997b). The evidence pre-
sented in the discussion above suggests that pifion pine has re-
sponded as rapidly to stressful climates as it apparently did to
favorable climates. Retreat of pifion pine woodland after 0.9
Ka was as rapid as its expansion around 1.6 Ka in the northern
Great Basin. The historic expansion of western juniper in the
northern Great Basin via animal vectors of seed dispersal has
been as dramatic as any prehistoric expansion of plant species.
These cases confirm the premise that if conditions are favor-
able, and appropriate agents of dispersal are available, the plant
species will spread. Native Americans may have been appro-
priate agents of dispersal for some plant species, substantially
affecting their ranges, but the role of native peoples in the dis-
tribution of pifion pine or other plants in the Great Basin re-
mains uncertain and, indeed, may have been quite limited.

In any case, and as Whitlock and Bartlein (1997) and Pren-
tice et al. (1991) have previously observed in other areas, most
of the dramatic changes in plant distributions and community
structure observable in the Great Basin during the Late Quater-
nary were ultimately constrained by climatic causes—although
mediated by a host of more local, proximate factors. As our un-
derstanding of plant responses to past climates, landscape
change, and the role of disturbance phenomena (including fire,
plant diseases, insect infestations, and human manipulation) is
refined, the lines between paleoecology, modern plant ecology,
plant physiology, and genetics will become ever more blurred.
These are directions for the next half century of study.
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