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a b s t r a c t

Evidence of a multi-centennial scale dry period between w2800 and 1850 cal yr BP is documented by
pollen, mollusks, diatoms, and sediment in spring sediments from Stonehouse Meadow in Spring Valley,
eastern central Nevada, U.S. We refer to this period as the Late Holocene Dry Period. Based on sediment
recovered, Stonehouse Meadow was either absent or severely restricted in size at w8000 cal yr BP.
Beginning w7500 cal yr BP, the meadow became established and persisted to w3000 cal yr BP when it
began to dry. Comparison of the timing of this late Holocene drought record to multiple records
extending from the eastern Sierra Nevada across the central Great Basin to the Great Salt Lake support
the interpretation that this dry period was regional. The beginning and ending dates vary among sites,
but all sites record multiple centuries of dry climate between 2500 and 1900 cal yr BP. This duration
makes it the longest persistent dry period within the late Holocene. In contrast, sites in the northern
Great Basin record either no clear evidence of drought, or have wetter than average climate during this
period, suggesting that the northern boundary between wet and dry climates may have been between
about 40! and 42! N latitude. This dry in the southwest and wet in the northwest precipitation pattern
across the Great Basin is supported by large-scale spatial climate pattern hypotheses involving ENSO,
PDO, AMO, and the position of the Aleutian Low and North Pacific High, particularly during winter.

! 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Paleoclimate reconstructions of centennial to multi-centennial
long dry periods are important indicators of persistent Holocene
ocean/atmosphere circulation patterns. Two periods of severe and
persistent Holocene drought are well-documented in the Great
Basin of the western United States: the middle Holocene dry period
about 7500e5000 cal yr BP (Lindström, 1990; Grayson, 2000;
Benson et al., 2002; Grayson, 2011) and the Medieval Climate
Anomaly between w1200 and 750 cal yr BP (Stine, 1994; Kleppe
et al., 2011). Evidence for Middle Holocene aridity comes from a
number of independent proxies across the Great Basin region,
including lowered lake level and an increase in drought tolerant
vegetation at Pyramid Lake, Nevada (Benson et al., 2002; Mensing

et al., 2004), submerged tree stumps in Lake Tahoe, California
(Lindström, 1990), lowered water tables and reduction of marsh-
land in the Ruby Marshes, eastern Nevada (Thompson, 1992), and
Diamond Pond, southeastern Oregon (Wigand, 1987), decline in
small mammal diversity at Homestead cave in north-central Utah
(Grayson, 2000) and changes in treeline in the White Mountains,
eastern California (LaMarche, 1973). Middle Holocene aridity in
western North America has been attributed to expansion of the east
Pacific subtropical high-pressure system and increased summer
radiation in the northern hemisphere associated with variations in
Earth’s tilt and the timing of perihelion (Whitlock et al., 1995;
Whitlock and Bartlein, 1997; Milspaugh et al., 2000).

Severe and persistent drought is similarly well documented for
the Medieval Climate Anomaly, including submerged tree stumps
in Mono Lake, eastern California (Harding, 1965; Stine, 1990, 1994)
the Walker River, Tenaya Lake, Osgood Swamp, Nevada and Cali-
fornia (Stine, 1994), and Fallen Leaf Lake, California (Kleppe et al.,
2011), lowered lake level and an increase in drought tolerant
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vegetation at Pyramid Lake (Benson et al., 2002; Mensing et al.,
2004), lowered lake levels in Walker Lake (Yuan et al., 2004,
2006; Adams, 2007), increased temperature and decreased pre-
cipitation reconstructed from tree-rings along the eastern Sierra
Nevada (Graumlich, 1993), and reduced stream-flow in the Sacra-
mento River, California (Meko et al., 2001). The cause for extended
drought during this period is not well understood, although a
persistent ridge of high pressure over the western United States has
been proposed (Stine, 1994; Graham, 2004).

Much less attention has been paid to another potentially
persistent Late Holocene Dry Period between w2800 and
1850 cal yr BP. Tausch et al. (2004) described regional evidence for
what they termed the post-Neoglacial drought between 2600 and
1600 cal yr BP. Mensing et al. (2007) argued for a dry period be-
tween 2500 and 1800 cal yr BP and noted that evidence appeared
stronger in the western Great Basin than in the eastern portion. In a
recent review of Great Basin climate history, Grayson (2011) dis-
cussed a potential dry period between 2500 and 1900 years ago,
but indicated that the scope and magnitude have yet to be
determined.

The purpose of this paper is to refine our understanding of the
temporal and geographic extent of this drought. We present new

pollen, diatom and mollusk data from Stonehouse Meadow in
Spring Valley, eastern Nevada that provides evidence of a multi-
centennial scale dry period between w2800 and 1850 cal yr BP,
and compare these results with other Great Basin studies. Multi-
centennial dry periods provide an opportunity to describe the ef-
fects of long-term climate patterns on hydrologic and biotic sys-
tems. Extended droughts are also of concern to water managers
throughout the western United States tasked with providing reg-
ular water supplies to urban areas. Regional aridity and the paucity
of surface water in many states in the western U.S. make munici-
palities and agriculture increasingly reliant on groundwater. For
example, the city of Las Vegas purchased groundwater rights in
Spring Valley (w250miles north of the city) for potential export out
of the basin. It is critical to have an accurate reconstruction of the
magnitude and duration of past droughts and their effect on the
landscape to better understand and plan for future droughts.

2. Study area

The hydrogeology of Spring Valley (Fig. 1) is dominated by both
valley-fill and carbonate-rock aquifers. Valley-fill aquifers are un-
consolidated deposits composed of boulders, gravel, sand, silt, and

Fig. 1. Map of the Great Basin ecoregion, divided into the northern (brown), central (olive) and southern (green) ecotypes. Black rectangle defines the study area and inset map
provides a large scale map of Stonehouse Meadow. Sites referred to in the text are marked with yellow squares and acronyms as follows: BL (Blue Lake), BR (Bear Lake), CM
(Craddock Meadow), CP (Cirque Peak), DC (Danger Cave), DH (Dead Horse Lake), DP (Diamond Pond), FL (Fallen Leaf Lake), HC (Homestead Cave), KM (Kingston Meadow), LD (Lead
Lake), LL (Lily Lake), LV (Las Vegas Valley), MC (Mission Cross Bog), MH (Middle Humboldt River), ML (Mono Lake), PG (Palisade Glacier), PG (Lower Pahranagat Lake), PL (Pyramid
Lake), PT (Patterson Lake), RM (Ruby Marsh), SH (Stonehouse Meadow), SL (Stella Lake), TR (Toiyabe Range), VW (Valley Wells), WH (Wildhorse Lake), WL (Walker Lake), WM
(White Mountains).
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clay that have been eroded from the adjacent mountain blocks and
are thousands of feet thick near the center of the valley (Mankinen
et al., 2006). These valley-fill deposits form high permeability
aquifers in the valleys of eastern Nevada and western Utah (Plume,
1996; Welch et al., 2007). Carbonate-rock aquifers underlie most of
eastern Nevada, including the Spring Valley area, and often form
deep regional flow systems that encompass several valleys (Thomas
et al., 1986; Plume, 1996; Hershey et al., 2007; Welch et al., 2007).
The carbonate rock aquifers are thousands of feet thick and provide
a connection for groundwater flow from mountain block recharge
areas to valleys (Plume, 1996; Thomas et al., 1996; Mankinen et al.,
2006; Lundmark et al., 2007; Welch et al., 2007).

Melting winter snowpack supplies the majority of groundwater
recharge by infiltrating fractures in the consolidated rock in the
mountains as well as from infiltrating stream flow on alluvial fans
(Welch et al., 2007). Tritium/helium data show that it takes one-to-
four years for groundwater recharge to reach valley springs
(Hershey et al., 2007). Gates (2007) found a direct relationship
between precipitation amount and groundwater levels in the
adjacent Snake Valley. During five regional droughts (1930e1936,
1953e1965, 1974e1978, 1988e1993, and 1999e2004) less-than-
average precipitation lowered groundwater levels, whereas the
wet period of 1982e86 resulted in greater-than-average recharge
and raised the groundwater level.

Modern precipitation is characterized by a spring maximum
(31% of annual precipitation) and the remainder falls fairly equally
between the other three seasons: 21% in winter; 25% in summer;
23% in fall (Benson and Klieforth, 1989). Average January and July
maximum temperatures are 3.9 !C and 30.5 !C, respectively with
annual precipitation of 224.8 mm at McGill (1935 m elev.), the
closest climate station to the study area (WRCC, 2013). During
winter months, an increasingly larger fraction of the annual total
precipitation occurs at higher elevations (Thomas et al., 2012).

Stonehouse Meadow in Spring Valley (39! 470 800N, 114! 320

3400W) is a spring-fed sedge (Carex spp) meadow (w1740 m elev).
The spring supports populations of the aquatic mollusk Pyrgulopsis
kolobensis as well as other terrestrial and aquatic species.
P. kolobensis is an obligate spring-dwelling (crenobiontic) species
although it can survive being out of water for a few hours (McCabe,
1998; Sada and Herbst, 2006).

The vast majority of Spring Valley is dominated by native
vegetation communities representative of the Great Basin (Lowry
et al., 2005), including Artemisia tridentata (big sagebrush), Atri-
plex spp. (salt desert scrub) and scattered Ephedra sp. (Mormon
tea). The meadow is grazed by cattle during summer.

Pinus monophylla (pinyon pine) and Juniperus osteosperma (Utah
juniper) are the dominant trees in the nearby mountains with
Cercocarpus sp. (mountain mahogany) also present. The pinyone
juniper woodland lower elevational limit averages about 2400 m.
Subalpine conifers present in the adjacent Schell Creek Range
include Abies concolor (white fir) in pockets above 2600 m, and
scattered Pinus flexilis (limber pine), Pinus longaeva (bristlecone
pine) and Picea engelmannii (Engelmann spruce) above 3000 m
elevation (Charlet, 1996).

3. Methods

3.1. Sediment coring

Duplicate adjacent overlapping 7.0 m long sediment cores (STH-
10-2 and STH-10-3) were recovered in 2010 with a modified Liv-
ingstone corer. The surface sediments were composed of rooted
plants and undecomposed roots that make a nearly impenetrable
fibrous mat. The upper 30 cm of this material was removed with a
hand saw and bagged before coring. Some compaction of sediments

occurred during coring. The difference between the distance
pushed and length of sediments recovered was measured and
actual sediment depth was calculated by comparing the total re-
covery with the amount compacted assuming constant compac-
tion. Between 363 and 380 cm depth, 17 cm of core was lost from
STH-10-3. Cores were extruded into plastic tubes, and transported
to the University of Nevada, Reno (UNR).

3.2. Sediment analyses

All cores were described and photographed, then stored at 4 !C
in the UNR Geography Palynology Laboratory. Twelve samples
(bulk sediment, mollusk, and seeds) were selected for radiocarbon
dating. Percent total organic matter (%TOM) was measured using
loss on ignition analysis from samples taken from contiguous 1-cm
samples (1.25 cc) for the full length of STH-10-3. Samples were oven
dried at 100 !C for aminimum of 24 h, weighed and then placed in a
furnace at 550 !C for one hour to combust all organic matter (Dean,
1974). Samples were cooled, weighed and then placed in a 1000 !C
furnace for one hour to obtain percent total carbonate (%TC).
Sediment type (clay, silt and sand) was qualitatively described by
feel.

3.2.1. Pollen analyses
Twenty-six samples were removed for pollen analysis (0.625

cc). Samples were taken at w25 cm intervals, and more intensive
sampling was done where greater detail was desired. Pollen
preparation used standard chemical digestion methods following
Faegri and Iversen (1985). A known quantity of exotic tracers
(Lycopodium spores) was added to each sample for calculating ab-
solute pollen concentration (Stockmarr, 1971). Samples were sieved
with 180 mmesh following potassium hydroxide (KOH) digestion to
remove large organic fragments (generally peat and roots).

Pollen was counted using 400" magnification. The goal was to
count a minimum of 400 terrestrial pollen grains; however for
strata with very low accumulation rates this was impractical. In
such cases (n ¼ 13), we counted a minimum of 200 grains. Pollen
was counted by Mensing, Tunno and Smith. The investigators
recounted select samples of each other’s work to verify inter-
operator reliability, and were able to reproduce the same results.
Pollen was identified to the lowest possible taxonomic level using
reference material in the UNR Geography Palynology Lab and
published pollen keys (Moore and Webb, 1978; Kapp et al., 2000).
Pollen of the families Cupressaceae and Taxaceae was assumed to
be Juniperus (juniper), since no other genus of these families occurs
in the region.

Pollen percentages were calculated from the sum of terrestrial
pollen, excluding the wet meadow taxa Cyperaceae and Potamo-
geton. Accumulation rates (grains cm$2 yr$1) were calculated by
dividing concentration (grains cm$3) by the number of years per
sample (yr cm$1). Cyperaceae represented nearly 100% of the wet
meadow pollen, therefore we plotted this taxon by accumulation
rate rather than percentage so that changes in abundance would be
apparent. Zonation was interpreted from a constrained single-link
dendrogram created using a cluster analysis program modified
from Birks and Gordon (1985); data input included the twelve most
common taxa plus %TOM and %TC.

3.2.2. Mollusk analyses
For mollusks, 5 ml was removed from core STH-10-3 within a

1 cm-thick slice of the core every 5 cm. Samples were sieved with
deionized water through nested screens (smallest 250 microns)
and air dried. Samples containing primarily clay (666e620 cm,
540e510 cm, 255e235 cm) were placed in 600 ml deionized water
with 1.25 ml sodium hexametaphosphate and soaked for
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approximately 30min to disaggregate clays. Sediments were rinsed
in deionized water until a neutral pH was achieved. Mollusks were
picked from the sediment matrix using a Nikon microscope at 10"
or greater and identified. Identifications were made using the au-
thor’s (Sharpe) reference collection, Bequaert and Miller (1973),
Burch (1975), Clarke (1981), and Burch (1989). Some identifica-
tions were verified using the mollusk reference collection at the
Monte L. Bean Life Science Museum, Brigham Young University.
Taxonomy used here follows USDA Integrated Taxonomic Infor-
mation System (http://www.itis.gov).

3.2.3. Diatom analyses
Samples for diatom analysis were processed from twenty-seven

depths between 180 and 600 cm using hydrogen peroxide, hydro-
chloric acid, and nitric acid (Battarbee, 1986) to remove carbonate
and organicmatter, and sodium pyrophosphate to deflocculate clay.
Approximately 50 ml of the resulting suspension was dried on a
22 " 30 mm coverslip and permanently mounted using Naphrax.
Test counts indicated that the diversity of the diatom flora was
relatively low. Therefore, 300 frustules were counted following the
method of Schrader and Gersonde (1978) using a microscope with
Nomarski optics at magnifications of 630" and 1000". Diatom
identification was based on Lowe (1974), Gasse (1986), Krammer
and Lange-Bertalot (1986, 1988, 1991a, 1991b), Lange-Bertalot and
Krammer (1987, 1989), Cumming et al. (1995), Round and Bukh-
tiyarova (1996), Krammer (1997a, 1997b, 2000, 2002) and Lange-
Bertalot (2001).

4. Results and interpretation

4.1. Chronology

Twelve AMS radiocarbon dates were obtained on plant macro-
fossils, terrestrial mollusks (Vallonia), and bulk sediments. All 14C
dates (Table 1) were calibrated using Calib 6.0 using the INTCAL
2009 dataset (Reimer et al., 2009). An age of ‘modern’was obtained
on bulk organic sediment from the surface, and we assumed from
this that there were no carbon reservoir effects down core. This was
further tested with a set of duplicate dates, one on bulk sediment
and one on a plant macrofossil at 389 cm depth. These produced
statistically identical ages. The two basal dates did return different
ages, and for the age chronology we took the average of the two,
placing the base of the core section analyzed (660 cm) at 8000 cal
yr BP.

Our age model (Fig. 2) was constructed using a smoothed spline
in the Clam 2.1 program (Blaauw, 2010). The ‘best’ age assigned by
the program for each centimeter depth was used for plotting data,

and the 95% confidence interval was used to determine potential
age range. Age dates referenced from other studies were calibrated
using the median probability for the two sigma range calculated in
Calib 6.0 (Reimer et al., 2009). All ages are presented as cal yr BP.
Sediment accumulation rates are fairly consistent through most of
the core, averaging between 0.04 and 0.08 cm yr$1, but are higher
near the bottom and top of the core.

4.2. Sediments and zonation

The upper 50 cm consisted of a dense root mass. From 50 to
100 cm, sediments are composed of dark organic rich peats (Fig. 3)
with an average sedimentation rate of 0.15 cm yr$1 (w7 yr cm$1).
Peats continue to 175 cm depth, although the sedimentation rate
slows to 0.04 cm yr$1 (w23 yr cm$1). From 175 cm to 257 cm
depth, sediments become rich in silts and clays and the sedi-
mentation rate increases to 0.08 cm yr$1 (w12 yr cm$1). Below

Table 1
Stonehouse Meadow radiocarbon dates. Shaded cells represent paired discrete/bulk samples.

Stonehouse Sample depth Lab numbera 14C Age Cal yr B.P. d13C Material

yr % 2
P

min Median prob. 2
P

max

STH-10-3 66e67 cm AA91554 Modern Modern $28.7 Bulk organic
STH-10-3 115e116 cm Beta 300431 480 30 500 520 540 $25.5 Sedge seeds
STH-10-3 185e186 cm CAMS152711 2145 30 2010 2140 2300 e Mollusk: Vallonia
STH-10-3 235e236 cm CAMS152712 2740 30 2770 2830 2920 e Mollusk: Vallonia
STH-10-3 245e246 cm CAMS152713 2735 30 2760 2820 2920 e Mollusk: Vallonia
STH-10-3 261e262 cm AA91555 3169 40 3270 3400 3470 $26.9 Bulk organic
STH-10-3 388.5e391 cm AA91556 5085 43 5730 5820 5920 $28.2 Plant
STH-10-3 389e390 cm AA91557 5132 41 5750 5880 5990 $27.2 Bulk sediment
STH-10-3 490e491 cm AA91558 6377 46 7120 7310 7420 $25.9 Bulk sediment
STH-10-3 530e531 cm Beta 300434 6430 40 7280 7360 7420 $25.2 Sedge seeds
STH-10-3 626e627 cm AA91559 6703 50 7490 7570 7660 e Bulk sediment
STH-10-3 626e627 cm CAMS152714 7250 35 7980 8080 8170 $25.6 Mollusk: Vallonia

a AA ¼ NSF-Arizona AMS Laboratory, University of Arizona; Beta ¼ Beta Analytic Laboratory; CAMS ¼ Lawrence Livermore National Laboratory.
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Fig. 2. Age model for Stonehouse Meadow. Black line represents the best fit used for
plotting data. Blue bars represent calibrated radiocarbon ages with the two sigma
error. Gray band represents the 95% confidence interval calculated using clam 2.1
(Blaauw, 2010). Average sedimentation rate between radiocarbon ages is shown except
for short intervals with overlapping dates. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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this, peats resume with occasional silty or clay rich lenses and the
sedimentation rate varies between 0.04 and 0.07 cm yr$1. At
495 cm depth sediments abruptly change to inorganic clay, then
sand and gravel and sedimentation rates increase to 0.21 cm yr$1

(w5 yr cm$1).
Four zones were identified from the cluster analysis based on

changes in both pollen percentages and sediments (%TOM and %
TC): Zone 1 (8000e7300 cal yr BP; 690e496 cm), Zone 2 (7300e
3000 cal yr BP; 496e250 cm), Zone 3 divided into subzones 3a
(3000e2200 cal yr BP; 250e180 cm) and 3b (2200e1750 cal yr BP;
180e160 cm) and Zone 4 (1750 cal yr BP to present; 160e0 cm)
(Fig. 3). High resolution %TOM and %TC (continuous samples con-
taining between 5 and 30 years per sample) show a striking pattern
of change over time (Fig. 3). In Zone 1, %TOM is low (10%e15%) then
increases in Zone 2 (average>52%) before declining again in Zone 3
to <10%. Percent total carbonate increases from w10% in Zone 2 to
>30% in Zone 3. In Zone 4 sediments again become organic rich,
reaching >80% total organic matter near the surface with low %TC
(10e15%).

4.3. Mollusks

Modern mollusks recovered from surface samples in Stone-
house Meadow at the time of coring include the pea clam Pisidium
sp., and gastropods Gyraulus sp., Physa sp., and Euconulus fulvus.
Additional modern data are limited; however Spheriidae (clams),
Hydrobiidae (springsnails), and Physa (tadpole snails) are consid-
ered dominant taxa and P. kolobensis occurs in some locations
(Southern Nevada Water Authority, 2010). Five molluscan taxa
were recovered from core sediments: the aquatic Hydrobiid spring
snail, P. kolobensis, and four terrestrial taxa Vallonia albula, Euco-
nulus fulvus, Discus cronkhitei and Vertigo modesta (Table 2).

P. kolobensis is one of almost 100 species of obligatory, spring-
dwelling gastropods that occupy high quality, isolated Great Basin
wetlands (Hershler and Sada, 1987; Hershler, 1998, 1999). Pyrgu-
lopsis are most abundant near spring sources (density often
exceeding 10,000/m2) where physicochemical environments are
stable compared to downstream reaches of spring brooks where
seasonal and daily environmental variability is relatively high
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(Hershler, 1998). The presence of P. kolobensis requires consistent
high quality water and predictability and reliability of spring flow.
They do not occur in habitats that are dry or are scoured by floods
(Taylor, 1985). Genetic studies indicate the isolation of many
hydrobiid species in springs ranges from thousands to millions of
years (Hershler et al., 2007; Hershler and Liu, 2008).

The terrestrial mollusks recovered all require moist environ-
mental conditions. Common habitats for these taxa include under
leaves and stone (Chamberlin and Jones, 1929), grassland (Bequaert
and Miller, 1973), near springs (Henderson, 1936), grass stems and
dead leaves at the borders of ponds and marshes (Pilsbry, 1948).

Fig. 3 showsmollusks occur in two intervals, 660e580 cm depth
(8000e7600 cal yr BP) and 251e170 cm depth (2800e1850 cal yr
BP). Recovery of P. kolobensis at 581e580 cm depth indicates that
this species was present in Stonehouse Meadow w7600 years ago.
The co-occurrence of the aquatic P. kolobensis and the terrestrial V.
albula in the youngest mollusk interval suggests V. albula inhabited
a moist, above-water vegetation patch near the orifice. The three
terrestrial species E. fulvus, V. modesta, and D. cronkhitei, which
occur occasionally in the core, are also likely inhabitants of these
near-orifice above-water vegetation patches.

Mollusk occurrence in the Stonehouse cores represents drier
intervals. During prolonged drought periods, the spring was likely
restricted to a small pool near an orifice. Moist habitat required by
terrestrial mollusks would also be restricted during drought,
therefore terrestrial mollusks would concentrate in moist areas
near a spring orifice and along the banks of spring brooks. The
mollusk intervals are concurrent with low %TOM and high %TC and
compare well with the cluster analysis zonation of Zones 1 and 3.
These drier intervals represent evaporative, alkaline environments

favorable to the precipitation and preservation of carbonate
minerals.

Mollusks were likely present during other time periods, but a
number of indicators lead us to the conclusion that their aragonite
shells were not preserved because of acidification from vegetation
decay. First, the coring location had over 30 cm of vegetation mat
above sediment indicating that buildup of roots and plant mass is
common. Second, the two periods with mollusks present have low
percentages of organic matter and periods without mollusks pre-
sent have high percentages of organic matter. This suggests that
root mats may have contributed to increased organic matter (and
acidification from their decay) during moist periods. Third, dry
conditions are supported by our record of terrestrial molluscan
taxa. If the area at the coring location was wetland during these
times, few terrestrial taxa would be recovered.

4.4. Diatoms and testate amoebae

Twenty-seven samples were analyzed for diatoms and chryso-
phytes of which 26 contained siliceous microfossils (Fig. 4). The
lowest sample (665e666 cm) was barren. The diatom assemblage
throughout the length of the core is dominated by fresh to slightly
brackish, alkaliphilic species characteristic of the western desert
regions (Potapova and Charles, 2002). The abundance of planktonic
taxa (Aulacoseira spp., Cyclotella spp., Fragilaria spp.) is consistently
low. Small Fragilarioids (Pseudostaurosira spp., Staurosira spp.,
Staurosirella spp.) are not present in substantial numbers, except at
the top of the core. A large component of the assemblage is
comprised of taxa (Epithemia spp., Rhopalodia spp., Nitzschia spp.)
that contain nitrogen-fixing cyanobacterial endosymbionts in

Table 2
Molluscan taxa recovered from Stonehouse Meadow.

Begin End Fragments Juvenile Aquatic Terrestrial

Pisidium Pyrgulopsis
kolobensis

Gyraulus Physa Vallonia
albula

Euconulus
fulvus

Vertigo
odesta

Discus
cronkhitei

Modern X X X X X X
170 171 X
175 176 X X
180 181 X X X X X
185 186 X X X
190 191 X X
195 196 X X X
200 201 X X X
205 206 X X
210 211 X X X
215 216 X X
220 221 X X X X
225 226 X X X
230 231
235 236 X X X X
240 241 X X X X
245 246 X X X X
250 251 X
580 581 X X X
585 586
590 591 X
595 596 X
600 601 X
625 626 X X
626 627
630 631 X
635 636
640 641
645 646 X
650 651
655 656
660 661 X X
665 666
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modern environments. Low nitrate levels lead to an increase in the
endosymbiont levels. The endosymbiont levels are affected by
phosphorous levels, which suggest that the abundance of Epithemia
spp. and Rhopalodia spp. may indicate variations in the amount of
available phosphorous in spring water. These taxa are present at
Blue Lake warm springs located on the western margin of the
Bonneville basin (Kaczmarska and Rushforth, 1984). The sediments
from interval 281e282 cm contain several species (Euglypha spp.)
of testate amoebae.

The earliest part of Zone 1 (8000e7300 cal yr BP) is dominated
by species of Rhopalodia (R. accuminata, R. gibberula, R. musculus)
and Nitzschia (N. amphibia, N. frustulum) which can survive in en-
vironments with elevated levels of total dissolved solids (TDS) often
in NaeHCO3-dominated systems. This interval is followed by an
assemblage dominated by aerophilous taxa (Hantzschia amphioxys,
Luticola cohnii, L. mutica, L. nivalis, Pinnularia borealis) typically
found in the western US springs, wet walls, and soils (Johansen
et al., 1981, 1984; Flechtner et al., 1998, 2008). This group of spe-
cies does not appear in substantial numbers in the remainder of the
core, suggesting that water flowed from the spring system
throughout the Holocene, although the amount of water is variable.
Changes in the diatom assemblage (increased Caloneis spp., Ach-
nanthes spp., Pinnularia spp., Amphora spp.) in the upper part of
Zone 1 suggest an increase in moisture. The abundance of chryso-
phytes stomatocysts is low during this interval.

Facultative heterotrophic taxa (Epithemia spp.) reach maximum
abundance in Zone 2 (7300e3000 cal yr BP). Denticula spp. and
Nitzschia spp. also comprise a significant part of the assemblage in
this zone, with Denticula reaching its highest levels at a depth of
320 cm. This genus is dominant through the remainder of the core,
which suggests an increase in TDS. A single peak (48%) in Caloneis
bacillum occurs at a depth of 350 cm. Periphytic species, including
those capable of withstanding higher levels of TDS increase in
abundance in the upper part of this interval. Aerophilous species

account for less than 5% of the assemblage and continues at this
level of abundance up core.

Denticula spp. comprise between 40 and 50% of the assemblage
in Zone 3 (3000e1750 cal yr BP). Epithemia spp. and Rhopalodia spp.
decrease in abundance in Zone 3a (3000e2200 cal yr BP) but return
to previous abundance levels in Zone 3b (2200e1750 cal yr BP).
These taxa are replaced in Zone 3a by periphytic species (Nitzschia
spp., Navicula spp., Gomphonema spp.) capable of surviving at
higher levels of TDS. The increased abundance of Nitzschia spp.
(N. amphibia, N. frustulum) also indicates an increase in TDS. Ach-
nanthes spp. reach an isolated peak of 18% in the middle of Zone 3a,
indicating a possible short-term interval of higher moisture. There
is a slight increase in the abundance of epiphytic species in Zone 3b.

Zone 4 (1750 cal yr BP to present) is characterized by an increase
in Denticula spp. and freshwater species (Achnanthes spp., Pinnu-
laria spp.). Small fragilarioids comprise almost 20% of the assem-
blage at the top of the core, indicating higher water levels.

4.5. Pollen

Zone 1 (8000e7300 cal yr BP) is dominated by high percentages
of shrubs (Amaranthaceae and Rosaceae) and trees with maximum
percent Pinus w7300 cal yr BP (Fig. 5). Pollen accumulation rates
are highest in this zone. Pollen accumulation rates are low through
most of the core, but the pattern of variation is consistent with the
pollen percentage data.

Zone 2 (7300e3000 cal yr BP) is characterized by high per-
centages of trees (Pinus and Juniperus) and shrubs (Artemisia,
Amaranthaceae and Sarcobatus). Cyperaceae accumulation rate is
high, indicating the establishment and persistence of the wet
meadow.

In Zone 3 (3000e1750 cal yr BP), grass (Poaceae) increases from
w10% to 30%, members of the sunflower family (Asteraceae) in-
crease from 5% to 30% and sedge (Cyperaceae) accumulation rate
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decreases. Desert saltbush plants (Amaranthaceae) increase while
trees (Pinus and Juniperus) decline markedly. Changes are most
pronounced in Zone 3a (3000e2200 cal yr BP) with Zone 3b
(2200e1750 cal yr BP) being somewhat transitional with a decrease
in drought-tolerant grasses and herbs, an increase in trees,
increasing %TOM and decreasing %TC. An interesting feature of the
transition before and after Zone 3a is the presence of Ranuncula-
ceae, possibly Thalictrum (meadow rue), apparently invading the
meadow.

Zone 4 (1750 cal yr BP to present) marks a return of trees.
Poaceae and Asteraceae persist, although at lower percentages, and
Cyperaceae returns, although not in the abundance seen prior to
3000 cal yr BP.

5. Discussion

5.1. Early and middle Holocene climate in the eastern Great Basin

In the eastern Great Basin, Holocene climate shifted from cool
and moist to warmer and drier sometime between about 9500 and
9000 cal yr BP (Grayson, 2000; Schmitt et al., 2002). This shift is
interpreted from the decline or extinction of small mammals
adapted to cool and moist habitats, such as yellow bellied marmot,
western harvest mouse, and pygmy rabbit, and an increase in dry
adapted species such as kangaroo rat and ground squirrels, seen in
changes in the abundance of bones recovered from Homestead
Cave (Madsen et al., 2001), Camel Back Cave (Schmitt et al., 2002)
and the Bonneville Rockshelter (Schmitt and Lupo, 2012) in the
Bonneville Basin. Pollen and sedimentary evidence from Blue Lake
on the western margin of the Bonneville Basin show a decline in
marsh taxa and increase in playa-margin shrublands following
9800 cal yr BP, with the potential desiccation of Blue Lakes
w8000 cal yr BP (Louderback and Rhode, 2009).

Stonehouse Meadow was either absent or severely restricted in
size at 8000 cal yr BP. This is supported by high percentages of
saltbush, low %TOM, and high numbers of aerophilic diatom taxa
typical of subaerial environments. Beginning w7500 cal yr BP, the
meadow expanded, seen by the appearance of peaty sediments,
moisture dependent diatoms, and sedges. The decline in saltbush
indicates loss of shrubland, probably from the valley floor, as the
meadow grew. Once a wet meadow became established, by
7300 cal yr BP, it persisted. Emergence of the meadow suggests a
shift to wetter conditions following the period of early Holocene
aridity. The Great Salt Lake may have been almost completely dry
w7800 cal yr BP (Madsen et al., 2001) but had risen again by
w6700 cal yr BP suggesting increased effective moisture sometime
after 7000 cal yr BP. This is consistent with vegetation changes at
the eastern edge of the Great Basin that indicate wetter climate by
w6800 cal yr BP (Madsen and Currey,1979). Louderback and Rhode
(2009) record a decrease in Amaranthaceae pollen in relation to
Artemisia between 7000 and 6500 cal yr BP which they interpret as
a shift towards cooler temperatures and wetter climate. In contrast,
at Ruby Marsh, pollen evidence for an increase in Amaranthaceae
pollen w7800 cal yr BP is interpreted as a shift to warmer and/or
drier conditions (Thompson, 1992).

Pinyon pine migrated north during the early middle Holocene
from theMojave Desert Pleistocene refugium into the eastern Great
Basin (Grayson, 2011). The increase in pine pollen at Stonehouse
Meadow by 7800 cal yr BP and peak abundance at 7300 cal yr BP is
consistent with an increase in pine pollen w7500 cal yr BP at Blue
Lakes (Louderback and Rhode, 2009) and the first appearance of
pinyon pine in packrat middens at Danger Cave by 7580 cal yr BP
(Rhode and Madsen, 1998). It has been argued that humans may
have introduced pinyon pine nuts to the Danger Cave site (Cole
et al., 2012), but our pollen record indicates that pine was well
established in the region by this time.
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There are no large changes in vegetation evident in the Stone-
house Meadow pollen record in Zone 2 between w7300 and
3000 cal yr BP (Fig. 4). Pinyon/juniper woodland and sagebrush
steppe dominated the surrounding landscape, and sedge generally
persisted in the meadow. The presence of testate amoebae
(Euglypta) indicates the presence of wet conditions and possibly
standing water (Woodland et al., 2008). Several regional records
suggest a shift towards greater effective moisture in the eastern
Great Basin beginning sometime between 4800 and 4400 cal yr BP,
but not all of these records are well dated through this interval, and
the sampling resolution is low for some studies. Louderback and
Rhode (2009) suggest a shift to predominantly cooler and wetter
conditions between w4400 and 3400 cal yr BP based on increases
in pine and sagebrush at Blue Lakes. A shift towards greater effec-
tive moisture is also suggested at RubyMarsh afterw4800 cal yr BP
interpreted from a steady increase in pine pollen and decrease in
Amaranthaceae (Thompson, 1992). Mehringer (1985) identified a
shift to wetter conditions at Crescent Spring near the Great Salt
Lake beginning about 3800 cal yr BP, although the error associated
with this age date is very large and Mehringer notes that inter-
pretation of the record is complicated by rebound and flooding of
the Great Salt Desert.

5.2. Evidence for a Late Holocene Dry Period (w2800e1850 cal yr
BP)

We infer a period of prolonged drought at Stonehouse Meadow
in Zone 3, betweenw2800 and 1850 cal yr BP, interpreted from the
decline of sedge meadow, loss of organic material, decline in trees
and shrubs, increase in grasses and herbs, increase in total inor-
ganic carbon, changes in diatom species, and preservation of mol-
lusks (Fig. 6). Castelli et al. (2000) described four meadow types in
the riparian zones of central Nevada based on two criteria, the

presence of sedges or grass and depth to water table. Both sedge
and grass can occur in all four meadow types, but sedges require
standing water or a water table near the surface. As the water table
declines, sedges decline and grasses increase (Castelli et al., 2000).
We interpret the decline in sedge and increase in grass as a pro-
longed period (ca 1000 years) of lowered water table.

We argue that there is evidence from multiple different proxies
across the Great Basin for an extended period of persistent drought
between w2800 and 1850 cal yr BP. We refer to this period as the
Late Holocene Dry Period. Here we review the current evidence for
this dry period and begin to define its geographic extent, duration
and magnitude across the Great Basin (Fig. 7).

5.2.1. Eastern Great Basin and Bonneville Basin
The Bonneville Basin lies to the east of Stonehouse Meadow

(Fig.1) in the eastern Great Basinwithin the state of Utah. A number
of studies of the Great Salt Lake and its environment have examined
changes in lake level in the late Holocene. A careful review of these
studies is required to determine the timing of the initiation of
drought within the Bonneville Basin.

Madsen et al. (2001) stated that betweenw3100 and 2450 cal yr
BP the Bonneville Basin experienced one of the most dramatic
climatic cycles of the Holocene, with a major cooling event, a
decline in treeline in some areas, and expansion of the Great Salt
Lake to an elevation of w1287 m, flooding the Great Salt Desert as
far west as the Nevada border. They acknowledge that chronologies
for many of the studies during this period are poor, and cite the
Crescent Spring pollen study (Mehringer, 1977, 1985) for age con-
trol. Crescent Spring, Utah, is a playa-edge spring-fed salt marsh
along the western edge of the Great Salt Lake (Mundorf, 1971).
Mehringer (1977) noted that stratigraphy, fossil pollen and diatoms
led to an interpretation of probable flooding of the Great Salt desert
between w3800 and 2200 cal yr BP. Pollen evidence from Crescent

Fig. 6. Stonehouse Meadow summary diagram. Arboreal pollen includes Pinus, Juniperus and Abies. Shrub pollen includes Amaranthaceae, Artemisia, Sarcobatus, Ephedra, and
Rosaceae. Grass and herbs include Poaceae, Asteraceae and Ambrosia. Sedge (Cyperaceae) is plotted as pollen accumulation rate. The grass/sedge index is calculated using the
formula [(Poaceae þ Cyperaceae)/(Poaceae $ Cyperaceae)]. Gray shading represents the proposed Late Holocene Dry Period.
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Spring shows a shift beginning w3800 cal yr BP towards increased
abundance of Artemisia (sagebrush) in relation to Amaranthaceae
(halophytic salt desert shrubs) (Mehringer, 1985). The Crescent
Spring site has three radiocarbon ages on bulk sediment using
standard radiocarbonmethods (14C yr 4350% 120; 3490% 300; and
2200 % 50). To our knowledge, these are the only radiocarbon ages
that support an interpretation of higher lake levels for the Great
Salt Lake between 3800 and 2200 cal yr BP.

Currey (1990) found beach deposit evidence for a Great Salt Lake
highstand of 1286.7 m above sea level (w6.7 m above modern), but
the radiocarbon ages of shoreline features only constrained this
event between 7900 and 1300 cal yr BP. He suggested that the
highstand (also see Fig. 3 in Currey and James, 1982) occurred

between w3200 and 2000 cal yr BP based on earlier studies,
including Mehringer (1985) noted above, and the oxygen isotope
study of McKenzie and Eberli (1987). McKenzie and Eberli (1987)
presented oxygen isotope evidence to support the presence of a
late Holocene highstand, but their only age control was the
Mazama ash, dated to w7600 cal yr BP (Hallett et al., 1997). They
found Mazama ash and correlated mineralogic changes above the
ash with the pollen record presented in Mehringer (1985).

Grayson (2011) echoes the statement that the highest stand of
the Great Salt Lake in the Holocene occurred in the period between
w3600 and 2000 cal yr BP, but goes on to note that Madsen et al.
(2001) has evidence that the lake had fallen by w2450 cal yr BP.
Small animal remains from stratified owl deposits in Homestead

Fig. 7. Stacked data of sites across the central Great Basin from east to west that record an extended dry period between 2800 and 1850 cal yr BP. Light orange bands represent
established periods of extended dry climate, the Medieval Climate Anomaly (w1150e700 cal yr BP) described by Stine (1994) and others, and the Middle Holocene from about 7500
to 5000 cal yr BP (Grayson, 2011). Red band represents the Late Holocene Dry Period (w2800e1850 cal yr BP) described in this paper. Data include a) Number of fish bones (Gilia
atraria) deposited by owls in cave deposits (Broughton et al., 2000; Madsen et al., 2001; Terry, 2008); b) Percent total organic matter (%TOM) in Stonehouse Meadow (this study); c)
Grass/sedge index for Stonehouse Meadow calculated as [(Poaceae þ Cyperaceae)/(Poaceae $ Cyperaceae)] (this study); d) Timing of alluvial fan construction in the Toiyabe,
Toquima and Monitor Ranges (Miller et al., 2004); e) Percent total organic matter (%TOM) in Kingston Meadow (Smith, 2003; Mensing et al., 2007); f) Grass/sedge index for Kingston
Meadow calculated as [(Poaceae þ Cyperaceae)/(Poaceae $ Cyperaceae)] (Smith, 2003; Mensing et al., 2007); g) Sagebrush/saltbush index for Pyramid Lake calculated as
[(Artemisia þ Amaranthaceae)/(Artemisia $ Amaranthaceae)] (Mensing et al., 2004); h) Surface elevation of Walker Lake (Adams, 2007); i) Surface elevation of Mono Lake (Stine,
1990; Davis, 1999); j) age dates for submerged stumps in Fallen Leaf Lake (Kleppe et al., 2011); k) age dates for submerged stumps in Lake Tahoe (Lindström, 1990). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Cave, Utah, were analyzed as a proxy for climate change (Madsen
et al., 2001). Owls have a foraging range of w5 km and the num-
ber of fish bones from the native Utah chub (Gilia atraria) was used
as a proxy for expansion and contraction of the lake, with high
numbers of bones interpreted as evidence that lake level was
higher (within 5 km of the site) and absence of bones interpreted as
low lake levels (farther than 5 km from the site). The number of fish
bones peaked in stratum XII between w3700 and 3570 cal yr BP
(Broughton et al., 2000) then declined steadily, reaching a mini-
mum in stratum XV which had almost no fish bones (Fig. 7). Recent
age control on kangaroo rat (Dipodomys sp.) bones in stratum XV
found that 17 of 20 radiocarbon ages fell between 3250 and
1825 cal yr BP (Terry, 2008). Three ages were sufficiently different
to suggest some mixing of the sediments. The modal age for these
dates was 2575 cal yr BP. A date on artiodactyl pellets from stratum
XIV (below XV) had an age of 2970 cal yr BP (Broughton et al.,
2000).

All previous studies that cite high lake levels for the Great Salt
Lake until 2200 cal yr BP rely on one standard radiocarbon age
taken on bulk sediment from the Crescent Spring pollen study first
reported in Mehringer (1977). There have been no other indepen-
dent confirmations of this age for a Holocene Great Salt Lake
highstand. The multiple AMS radiocarbon ages recently obtained
on small mammal bones from stratum XV in Homestead Cave as
well as the age dates on the deeper stratum XIV suggest that
sometime after 2900 and probably by 2600 cal yr BP, the Great Salt
Lake had retreated from its Holocene highstand elevation of
1286.7 m. We argue that the well-dated Homestead cave site
supports an interpretation of low lake levels at the Great Salt Lake
beginning w2600 cal yr BP and possibly continuing until
1825 cal yr BP. Low lake levels between 2900 and 1600 cal yr BP
were inferred from diatom evidence at Bear Lake, in the eastern
Great Basin within the Great Salt Lake watershed (Moser and
Kimball, 2009). Similarity between the historic Bear Lake and
Great Salt Lake hydrographs suggest that the hydrology of Bear
Lake reflects regional precipitation.

Lake Sevier in the Sevier Basin, a sub-basin of the Bonneville
Basin, experienced a highstand to 1382.3 m about 2620 cal yr BP,
based on a 13C adjusted radiocarbon date of 2560% 75 on gastropod
shells found in beach deposits (Oviatt, 1988). No age is given for the
subsequent lake regression, however given no younger age for the
highstand, one can assume that the lake retreated following this
date, which is consistent with our interpretation of the Great Salt
Lake data.

Treeline evidence from Mount Washington in the Snake Range
recorded an expansion of bristlecone treeline at least 100 m higher
than modern between w4400 and 2200 cal yr BP (LaMarche and
Mooney, 1972). Today trees at the upper elevational extent are
stunted (krumholz) forms, but remnant wood suggests these late
Holocene trees were upright. Physiological studies suggest that one
of the triggers for cold-hardiness that allows upright forms to
persist through the winter is summer drought the previous year
(Alden and Hermann, 1971). Evidence of upright trees above the
modern treeline limit is inferred as a period of drier and warmer
climate between w4400 and 2200 cal yr BP (LaMarche and
Mooney, 1972).

5.2.2. Central Great Basin
Geomorphic evidence from the Toiyabe, Toquima and Monitor

Ranges also supports the interpretation of a dry period between
2600 and 1900 cal yr BP (Fig. 7). An episode of major alluvial fan
building occurred synchronously across multiple watersheds be-
tween w2600 and 1850 cal yr BP, suggesting that aggradation was
initiated by a regional change in the environment (Miller et al.,
2004). They infer that the period of intensive aggradation was

caused by a shift from wet to dry climate associated with a sig-
nificant change in the upland vegetation. Decreased density of
vegetation during extended dry climate resulted in increased
runoff and hillslope erosion during precipitation events initiating
an episode of side-valley alluvial fan building and valley bottom
aggradation.

KingstonMeadow in the Toiyabe Range of central Nevada shows
a similar pattern to Stonehouse Meadow (Fig. 7) being abruptly
transformed from a wet sedge meadow to a dry grassy meadow by
at least 2030 cal yr BP (209 cm depth) and persisting for a period
afterward (Mensing et al., 2007). Sediment at 242 cm depth age
dates to 3800 cal yr BP. An unconformity at 210 cm depth suggests
the possible loss of sediments between 2030 and 3800 cal yr BP,
preventing the determination of onset of drought from this record.
Data from woodrat middens adjacent to Kingston Meadow and
nearby riparian areas show a dramatic drop in number of plant taxa
w2500 cal yr BP, suggesting reduced stream flow and a potential
beginning age for the drought at this site (Tausch et al., 2004).

5.2.3. Western Great Basin
Extensive evidence for a persistent dry period between w2800

and 1850 cal yr BP comes from pollen, lake levels, and treeline data
in the western Great Basin. Pollen evidence from Pyramid Lake
showed that between 2500 and 2000 cal yr BP the ratio of sage-
brush to saltbush pollen (Fig. 7) was as low as during the middle
Holocene suggesting low lake levels associated with drought
(Mensing et al., 2004). Saltbush grows in drier habitats than sage-
brush and also tolerates saline playas, suggesting expansion of
saltbush onto exposed lake sediments during periods of low lake
levels. Minima in the pollen ratios correspond with oscillations in
the d18O record interpreted as droughts (Benson et al., 2002).

Multiple lines of evidence suggest a lowstand at Walker Lake
(Fig. 7) between w2800 and 2100 cal yr BP (Bradbury et al., 1989;
Benson et al., 1991). The presence of Ruppia pollen in sediment
cores suggests saline water with a depth of <1 m (Bradbury, 1987;
Bradbury et al., 1989). The absence of freshwater diatoms (Stepha-
nodiscus) and the presence of euryhaline Navicula spp. suggest that
Walker Lake was a shallow saline lake at this time. High percent-
ages of greasewood (Sarcobatus) pollen indicate expansion of
drought tolerant species in the landscape and probably onto newly
exposed playa surfaces. Very low lake levels between w2700 and
2400 cal yr BP are interpreted from d18O data in a sediment core
fromWalker Lake (Yuan et al., 2006). Dates on tufas at 1211e1212m
elevation date to between 2200 and 1740 cal yr BP, confirming that
the lake was still very low during this period (Adams, 2007). Recent
age control on organic materials collected from fluvial, deltaic, and
beach sediments in geomorphic settings around the lake placed the
beginning of the regression sometime after 3220 to 2950 cal yr BP
and the end of the lowstand sometime prior to 1550 to 1420 cal yr
BP (Adams, 2007).

At Mono Lake, the Marina Recession and Low Stand is provi-
sionally dated at 1810 cal yr BP (Stine, 1990). The increased abun-
dance of the diatom Anomoeneis sphaerophora indicates an increase
in salinity during this time (Zimmermann et al., 2012). The lake fell
to 1940.9 m elevation, as low as any level in the late Holocene
(Fig. 7). Although the timing of the initiation of the recession is
uncertain, sand lenses and increased Artemisia pollen from lake
sediment cores date to 2400 cal yr BP (Davis, 1999) indicating that
the lake was already low by then.

Submerged rooted tree stumps in Fallen Leaf Lake at the
southern edge of Lake Tahoe indicate a low lake between w2320
and 1620 cal yr BP (Kleppe et al., 2011). Upright stumps a full 35 m
below the present surface of the lake have been radiocarbon dated
to 2320e2060, 1990e1820 and 1860e1620 cal yr BP (Fig. 6). Kleppe
et al. (2011) argue that precipitationmust have dropped to or below
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60% of normal for at least 100 years to lower the lake 35 m. The
record of low lake levels across the western Great Basin coincident
with the timing of these submerged tree stumps suggests that this
was a period of sustained drought.

At Lead Lake in the Carson Sink higher values of Typha latifolia
(broadleaf cattail) and Typha angustifolia (narrowleaf cattail) be-
tween 2200 and 1850 cal yr BP indicate the presence of a shallow
marsh and influx of water (Wigand and Rhode, 2002). But, in-
creases in Potamogeton (pondweed) w1850 cal yr BP indicate
deeper water beginning at that time. Grayson (2011) suggested that
the Lead Lake record was potentially evidence for a wet climate in
the western Great Basin at the same time that deep closed basin
lakes were low. Lead Lake is a shallow system, and small changes in
temperature or inflow could have resulted in large ecologic
changes. The presence of a shallow marsh, but not water suffi-
ciently deep to support Potamogeton suggests only a modest influx
of water at this site between 2200 and 1850 cal yr BP.

5.2.4. Paleotemperature
Paleotemperature reconstructions for the Great Basin during the

late Holocene are limited. Late Holocene glacial advances have been
reconstructed for the Palisade Glacier in the eastern Sierra Nevada
by dating sediment cores with glacial outwash (Bowerman and
Clark, 2011). They identified a reinitiation of glacial advances
beginning w3200 cal yr BP with a possible glacial maximum
w2800 cal yr BP and a distinct glacial maximum atw2200 cal yr BP.
Cooling was estimated at 0.2e2 !C with potential increased mois-
ture of 3e26 cm snow water equivalent. A high elevation record of
foxtail pine at nearby Cirque Peak found that many trees died be-
tween 2500 and 2300 yr BP (absolutely dated dendrochronological
records) and timberline fell w25 m (Scuderi, 1987). Narrow ring
growth patterns suggest that the tree death and lowered timberline
were associated with colder temperatures.

Across the Great Basin at Stella Lake in the Snake Range,
Reinemann et al. (2009) reconstructed a paleotemperature record
using chironomids from lake sediments. The chironomid-inferred
mean July temperature reconstruction suggested a late Holocene
temperature minimum between 3000 and 2000 cal yr BP of
w1.5 !C below modern. In contrast, remnant bristlecone pine
treelines on Mount Washington, also in the Snake Range, grew
100 m above modern elevational limits between w4400 and
2200 cal yr BP (LaMarche and Mooney, 1972). Those authors
interpreted this period as warmer summer temperatures than
modern. Additional paleotemperature studies are needed to further
develop our understanding of temperatures during this period.

5.3. Geographic extent of the Late Holocene Dry Period

We have presented multiple lines of evidence from a diverse set
of proxy records extending from the eastern Sierra Nevada across
the central Great Basin to the Great Salt Lake that support extended
drought conditions that we term the Late Holocene Dry Period.
Some evidence suggests that this dry period began as early as
2800 cal yr BP, and nearly all records support a dry climate between
2600 and 1850 cal yr BP. In contrast, sites in the northern Great
Basin record either no clear evidence of drought, or have wetter
than average climate during this period, suggesting that the
northern boundary between wet and dry climates may have been
between about 40! and 42! N latitude.

5.3.1. Northern Great Basin
Diamond Pond and the Malheur Marshes of the Harney Basin in

southern Oregon had deeper water reflecting more effective
moisture between 2900 and 2000 cal yr BP (Wigand, 1987). Evi-
dence for wetter climate at this time is supported by increases in

aquatic plant seeds as well as increased Juniperus pollen, suggesting
the spread of woodland into shrub communities. Pollen evidence
from Wildhorse Lake in the Steens Mountains supports the Dia-
mond Pond record of increased effective moisture between 3000
and 2000 cal yr BP evidenced by increasing Poaceae in relation to
Artemisia pollen (Mehringer, 1985). Similarly, expansion of pine at
Craddock Meadow, Oregon, is interpreted as a period of moister
climate (Wigand, 1989) Wigand and Rhode (2002) argued that
winter precipitation increased relative to summer precipitation.

Patterson Lake, Lilly Lake and Dead Horse Lake in the north-
western Great Basin showno clear pattern of change frompollen and
charcoal data during the period from w3000 to 2000 cal yr BP
(Minckleyet al., 2007). Thepollen records are dominatedby Pinus and
Artemisia and show little variation. Fire histories show an extended
periodof lowfire episode frequencybetween3000 and2200 cal yrBP
at Lily Lake, and decreasing fire frequency between 2800 and
2000 cal yr BP at Patterson Lake. During this same period DeadHorse
Lakehas an increase infire episode frequency reachingamaximumat
2000 cal yr BP. Reconstructed annual precipitation anomalies also
show no clear trends. A low-resolution pollen study from Bicycle
Pond has very few data points during this period, but records an in-
crease inPseudotsuga (douglasfir)pollen, a species that requiresmore
precipitation than does pine (Wigand and Rhode, 2002).

A high resolution pollen study (samples interval w55 years)
from Mission Cross Bog (2424 m elev., 41.8! N lat.) in the Jarbidge
Mountains within the headwaters of the Humboldt River drainage
in northeastern Nevada shows variable climate between 2800 and
1800 cal yr BP (Mensing et al., 2007). Although named a bog, it is a
fen maintained throughout the year by groundwater. The fen is
located near the sagebrush/montane forest ecotone and the ratio of
conifer (Pinus and Abies) to sagebrush (Artemisia) pollen was used
as a measure of drought. Overall the period is wet, but also records
three dry periods of up to a century in duration centered on 2500,
2200 and 1900 cal yr BP. Further to the south, evidence from the
Ruby Marsh (40.2! N lat.) provides no clear evidence for either a
wetter or drier climate during this period (Thompson, 1992).

5.3.2. Southern Great Basin and Northern Mojave Desert
There is evidence from several different proxies for drier than

modern climate in the southern Great Basin between w2800 and
2300 cal yr BP, however after that date the records become more
variable. The Pahranagat Lake pollen record used the ratio between
conifers and saltbush to interpret periods of wetter and drier
climate than modern (Wigand, 1997; Wigand and Rhode, 2002).
The periods from 2700 to 2300 and 2200 to 2100 cal yr BP were
interpreted as drier than modern with a possible short wet period
between 2300 and 2200 cal yr BP. From w2100 to 1850 cal yr BP
wetter climate than modern was present.

North of Las Vegas, Nevada, black mats, organic rich layers in
desert alluvial deposits associated with spring discharge, were
essentially absent from the southern Great Basin between 7000 and
2350 cal yr BP (Quade et al., 1998). One radiocarbon age of
2350 cal yr BP was obtained from one mat at the Valley Wells site
(Quade et al., 1998) although there is no evidence for widespread
reactivation of springs across the southern Great Basin at this time.
The next subsequent black mat recorded from the Las Vegas Valley
dated to 1360 cal yr BP (Haynes, 1967). Due to bioturbation,
determining accurate dating for black mats is challenging and it is
not possible to determine the beginning or ending ages of blackmat
formation from an individual date. These dates simply represent
potential minima for the reinitiation of black mat formation. The
Pahranagat Lake study and blackmat study suggest that therewas a
return to wet conditions sometime after 2300 cal yr BP, however
the exact timing for this transition is not well constrained and the
greater influence of summer monsoonal precipitation in the
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southern Great Basin (Fig. 8) further complicates interpretation of
records from this region.

Treeline evidence from the southern Great Basin region shows
distinct declines in treeline between 2800 and 2300 cal yr BP, but
climatic interpretations for these changes differ. Bristlecone pine
treeline on Campito Mountain in the White Mountains moved
downslope about 30 m between 2800 and 2500 cal yr BP
(LaMarche, 1973). LaMarche (1973) argued that precipitation is a
limiting factor on Campito Mountain and treeline changed in
response to drier conditions. On nearby Sheep Mountain, treeline
did not change, but LaMarche (1973) argued that this site is largely
controlled by temperature. In the southern Sierra Nevada at Cirque
Peak, 60 km southwest of the White Mountains, foxtail pine died
and treeline declined between 2500 and 2300 years ago (Scuderi,
1987), but tree mortality was attributed to colder than modern
temperatures, not increased aridity.

5.4. Spatial climate patterns e western North America

Our evidence suggests a wide-scale and persistent dry period
across the central Great Basin occurred between w2800 and
1850 cal yr BP, supported by a wide range of proxy climate in-
dicators including pollen, macrofossils in packrat middens, faunal
remains, geomorphology, and lowered lake levels. Sites in the
northern Great Basin, however, either show no clear evidence of
drought during this period, or suggest wetter than modern
climate. Sites in the southern Great Basin confirm a period of dry
climate at least until w2300 cal yr BP, after which the signal be-
comes more variable. The evidence suggests a pattern with a dry
southwest and wet northwest during this time period. This dry in
the southwest and wet in the northwest precipitation record
across the Great Basin is supported by large-scale spatial climate
pattern reconstructions.

Fig. 8. Spatial distribution of sites recording dry climate (red squares), wet climate (blue squares) or no definite signal (white squares) across the Great Basin between 2800 and
1850 cal yr BP. Site names as in Fig. 1. Sites in the southern Great Basin return to a wetter climate w2300 to 2200 cal yr BP. The wide gray band (hatched lines) represents the
boundary defined by Mitchell (1976, Fig. 3) separating the northern Region II, characterized by frequent winter Pacific air masses and interior summer air masses, from southern
Region V, characterized by infrequent winter Pacific air masses and interior summer air masses. Narrow yellow band represents the approximate boundary separating those areas in
the southern Great Basin that receive >20% of the annual precipitation during the monsoon in July and August (data from WRCC http://www.wrcc.dri.edu/). Shading is a
generalization of dipole precipitation patterns associated with a positive SOI (adapted from Wise, 2010). Red shading: negative precipitation anomalies; blue shading: positive
precipitation anomalies; white shading: transition zone between w40 and 42! N latitude.
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First, Mitchell (1976, see Fig. 3) identified air mass boundaries in
the western United States based on equivalent potential tempera-
ture. Two winter patterns occur: a northwestesoutheast gradient
across eastern Montana and an eastewest gradient along the
northern borders of California, Nevada and Utah (Fig. 8). This
winter gradient is in the same 40e42! N latitude band as reported
by Wise (2010) noted below.

Second, analyses of El Niño-Southern Oscillation (ENSO) related
precipitation variability in the western United States identified a
north-south pattern of variation between the Pacific Northwest and
arid Southwest (Redmond and Koch, 1991; Dettinger et al., 1998).
During years with a positive Southern Oscillation Index (SOI), La-
Niña-like conditions, the storm track moves north, a weak Aleutian
low develops with lower pressure over the Western U.S. and the
southern region of the dipole experiences anomalously dry climate
and the northern region is anomalously wet (Cayan and Redmond,
1994). McCabe et al. (2008) analyzed positive and negative phases
of the Pacific Decadal Oscillation (PDO) and Atlantic Multidecadal
Oscillation (AMO) and compared them to drought frequency. A
negative phase of the PDO is characterized by a shallow Aleutian
low, warm western and central North Pacific, and cool eastern Pa-
cific coastal waters and anomalous cooling in the central and
eastern tropical Pacific (Gershunov and Barnett, 1998). During a
negative PDO, La Niña-like conditions, and positive AMO, high
drought frequency can occur in the southwestern U.S. (McCabe
et al., 2008). Drought frequency occurs to a lesser extent with
negative PDO and negative AMO regimes. More recently a persis-
tent narrow transitional boundary in the dipole has been identified
within the 40e42! N latitude band across northern California and

Nevada (Wise, 2010). This pattern is strengthened when either the
PDO or AMO are in a negative phase, although it also occurs during
the positive phase of the PDO and AMO (Wise, 2010). The dipole
pattern is not characteristic of neutral SOI years (Wise, 2010).

Third, Barron and Anderson (2011, Fig. 5) explored late Holocene
teleconnections among sites in the eastern Pacific Ocean and its
margins. Based on their conclusions, long-term central Great Basin
drought could occur with a weakened, westward-shifted Aleutian
low, a stronger, northward shifted North Pacific High, decreased
summer and fall coastal upwelling off California, and decreased fall
and winter sea surface temperatures (SST) along the California
(Kennett et al., 2007) and Oregon coasts, compared to modern day
conditions (Fig. 9).

Sites across the central Great Basin that record extended dry
climate between 2800 and 1850 cal yr BP are south of the dipole
transitional zone and spatially within those regions that receive
anomalously low winter precipitation during positive SOI years
(Fig. 8). Sites in the northern Great Basin fall within the region that
is along the transition zone or north, within the area that receives
anomalously high winter precipitation.

Miller et al. (2004) described seemingly contradictory data for
the Humboldt River that may support the suggestion of a persistent
dipole pattern with a dry southwest and wet northwest separated
by a transition zone between w40 and 42! N. They inferred dry
climate between 2600 and 1800 cal yr BP during a period of alluvial
fan construction in the Toiyabe Range (described above). The
western slope of the Toiyabe Range drains into the Reese River, the
southernmost tributary of the Humboldt River watershed (Fig. 1).
During nearly the same time period, between 3190 and 2080 cal yr

Fig. 9. Proposed late Holocene winter spatial climate patterns, adapted from Barron and Anderson (2011) showing general position of air masses, SST and upwelling for dry
conditions in the Great Basin and wet conditions in the Pacific Northwest.
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BP, they inferred a wetter climate for the middle Humboldt River
based on high runoff and sediment transport, extensive stream
migration and deposition of high-relief levees (Miller et al., 2004).
The period from w2600 to 2100 was one of the most intense pe-
riods of aggradation in the Middle Humboldt River during the late
Holocene. A look at the geographic extent of the Humboldt River
watershed (Figs. 1 and 8) reveals that it spans a region extending
from w39 to 42! N latitude. The northern headwaters of the
Humboldt River are between 41 and 42! N latitude, towards the
northern edge of the dipole transition zone. Paleoecologic re-
constructions from this latitude (e.g. Diamond Pond and Mission
Cross Bog) show evidence for wet climate between w2900 and
2000 cal yr BP, consistent with the findings of Miller et al. (2004) for
extensive flooding of the main branch of the Humboldt River. In
contrast, the headwaters of the Reese River tributary are in the
Toiyabe Range, south of 40! N latitude and within the region that
shows extensive evidence for drought. The river spans the dipole
transition zone and illustrates why Miller et al. (2004) found the
southern portion of the watershed to be in drought while the
northern portion was in flood.

Along the Colorado and Salt River systems in Arizona, major
floods were completely absent between 3900 and 2200 cal yr BP
(Ely et al., 1993). Modern floods of this type are associated with a
negative SOI and strong El Niño conditions. They argued that long-
term flood variability is associated with persistent changes in
regional climate and large scale atmospheric patterns. Thus, the
period of no floods may have been dominated by a positive SOI and
persistent La Niña type conditions. A persistent negative PDO
pattern was suggested by Kirby et al. (2010) to explain low lake
levels with no flood events in Lake Elsinore, southern California
between w3200 and 1960 cal yr BP. Low lake levels were also
recorded in nearby Lower Bear Lake during this time period (Kirby
et al., 2012).

We note that most of the sites in the southern Great Basin
appear to have had an increase in effective moisture beginning
w2300 to 2200 cal yr BP and that by 2000 cal yr BP at Diamond
Pond in the northern Great Basin had shifted to a drier climate
(Wigand, 1987). This may indicate that by this time the pattern
switched and the dipole had reversed. The Stonehouse Meadow
record also shows a transitional period (Zone 3b) beginning
w2200 cal yr BP. It is still possible that drier than normal conditions
continued for a while across the central Great Basin following a
switch in the dipole because sites near the transition zone between
40 and 42! N (Fig. 7) can also receive anomalously low winter
precipitation when under a negative SOI pattern (Wise, 2010).

The persistent regional pattern of dry and wet climate during
the late Holocene suggests a long-term shift in atmospheric cir-
culation across the region. It is likely that such persistent patterns
are associated with changes within the oceans, however the re-
lationships between ENSO, PDO, AMO, and dominant modes of
atmospheric circulation patterns are not completely understood
(McCabe et al., 2008). More Holocene records of ocean sea surface
temperatures are needed to resolve this.

6. Conclusions

The Stonehouse Meadow record contains sedimentary, mollusk,
diatom and pollen evidence for an extended dry period persisting
from w2800 to 1850 cal yr BP. Comparison of this record with
multiple proxy records across the central Great Basin from the
eastern Sierra Nevada to the Bonneville Basin suggests that this dry
period was regional in extent. The beginning and ending dates vary
among sites, but all sites record multiple centuries of dry climate
between 2500 and 1900 cal yr BP. This duration makes it the
longest persistent dry period within the late Holocene and suggests

long-term decreased average winter precipitation. In contrast, sites
within the northern Great Basin experienced a wetter climate
during this period.

The pattern of persistent wet and dry paleoclimate re-
constructions is similar to the dipole pattern of ENSO-related pre-
cipitation variability across the west, with a dry southwest and wet
northwest. The transition zone between wet and dry zones lies at
approximately 40e42! N latitude; sites south of 40! N had persis-
tent dry climate while those north of this transition had wetter
climate. The wet/dry pattern is consistent with aweak Aleutian low
shifted westward, the North Pacific high shifted north and
decreased fall-winter SSToff the California coast. The reconstructed
pattern of precipitation in the Great Basin appears consistent with
patterns associated with SST, high and low pressure systems, ENSO,
and La Niña-type conditions with a northerly storm track, and an
anomalously wet northwest and dry southwest.

Acknowledgments

We wish to thank the Southern Nevada Water Authority (Zane
Marshall and Brandon Humphries) for providing permits and
allowing access to core. Diatoms were processed by Holly Olson,
United States Geological Survey (USGS). Dr. John Bell made the
mollusk reference collection at the Monte L. Bean Life Science
Museum,BrighamYoungUniversity, available. SusanZimmermanat
the Center for Accelerator Mass Spectrometry provided assistance
with radiocarbon dates and interpretation of the chronology. Anna
Klimaszewski-Patterson helped develop the age model and pro-
vided the base map for Figs. 1 and 8. The manuscript was improved
through helpful reviews from John Barron of the USGS and two
anonymous reviewers. This material is based uponwork supported
by the National Science Foundation under grant EPS-0814372.

References

Adams, K.D., 2007. Late Holocene sedimentary environments and lake-level fluc-
tuations at Walker Lake, Nevada, USA. GSA Bull. 119, 126e139.

Alden, J., Hermann, R.K., 1971. Aspects of the cold-hardness mechanism in plants.
Bot. Rev. 37, 37e142.

Barron, J.A., Anderson, L., 2011. Enhanced Late Holocene ENSO/PDO expression
along the margins of the eastern North Pacific. Quat. Int. 235, 3e12.

Battarbee, R.A., 1986. Diatom analysis. In: Berglund, B.E. (Ed.), Handbook of Holo-
cene Palaeoecology and Palaeohydrology. John Wiley & Sons, New York,
pp. 527e570.

Benson, L.V., Meyers, P.A., Spencer, R.J., 1991. Change in the size of Walker Lake
during the past 5000 years. Palaeogeogr. Palaeoclimatol. Palaeoecol. 81, 189e
214.

Benson, L., Kashgarian, M., Rye, R., Lund, S., Paillet, F., Smoot, J., Kester, C.,
Mensing, S., Meko, D., Lindstrom, S., 2002. Holocene multidecadal and multi-
centennial droughts affecting Northern California and Nevada. Quat. Sci. Rev. 21,
659e682.

Benson, L., Klieforth, H., 1989. Stable isotopes in precipitation and ground water in
the Yucca Mountain region, southern Nevada: paleoclimatic implications. In:
Peterson, D.H. (Ed.), Aspects of Climate Variability in the Pacific and the
Western Americas, Geophysical Monograph, vol. 55. American Geophysical
Union, Washington, D.C., pp. 41e59.

Bequaert, J.C., Miller, W.B., 1973. The Mollusks of the Arid Southwest with an Ari-
zona Checklist. University of Arizona Press, Tucson, p. 271.

Birks, H.J.B., Gordon, A.D., 1985. Numerical Methods in Quaternary Pollen Analysis.
Academic Press, London.

Blaauw, M., 2010. Methods and code for ‘classical’ age-modelling of radiocarbon
sequences. Quat. Geochronol. 5, 512e518.

Bowerman, N.D., Clark, D.H., 2011. Holocene glaciation of the central Sierra Nevada,
California. Quat. Sci. Rev. 30, 1067e1085.

Bradbury, J.P., 1987. Late Holocene diatom paleolimnology of Walker Lake, Nevada.
Arch. Hydrobiol. 1, 1e27. Suppl. 79, Monographische Beitrage.

Bradbury, J.P., Forester, R.M., Thompson, R.S., 1989. Late Quaternary paleolimnology
of Walker Lake, Nevada. J. Paleolimnol. 1, 249e267.

Broughton, J.M., Madsen, D.B., Quade, J., 2000. Fish remains from Homestead Cave
and lake levels of the past 13,000 years in the Bonneville Basin. Quat. Res. 53,
392e401.

Burch, J.B., 1975. Freshwater Sphaeriacean Clams (Mollusca: Pelecypoda) of North
America. Museum and Department of Zoology, University of Michigan, Ann
Arbor, p. 96.

S.A. Mensing et al. / Quaternary Science Reviews 78 (2013) 266e282280



Burch, J.B., 1989. North American Freshwater Snails. Hamburg, Malacological Pub-
lications, Hamburg, MI, p. 365.

Castelli, R.M., Chambers, J.C., Tausch, R.J., 2000. Soil-plant relations along a soil-
water gradient in Great Basin riparian meadows. Wetlands 20, 251e266.

Cayan, D.R., Redmond, K.T., 1994. ENSO influences on atmospheric circulation and
precipitation in the western United States. In: Redmond, K.T., Tharp, V.L. (Eds.),
Proceedings of the Tenth Annual Pacific Climate (PACLIM) Workshop, Inter-
agency Ecological Studies Program for the Sacramento-San Joaquin Estuary,
Sacramento, CA, pp. 5e26.

Chamberlin, R.V., Jones, D.T., 1929. The Mollusca of Utah. Bulletin of the University
of Utah, 19(4). In: Biological Series, vol. 1 (1). University of Utah, Salt Lake City,
p. 203.

Charlet, D., 1996. Atlas of Nevada Conifers. University of Nevada Press, Reno, p. 320.
Clarke, A.H., 1981. The Freshwater Molluscs of Canada. Ottawa, National Museum of

Natural Sciences, Ottawa, Can, p. 446.
Cole, K.L., Fisher, J.F., Ironside, K., Mead, J.I., Koehler, P., 2012. The biogeographic

histories of Pinus edulis and Pinus monophylla over the last 50,000 years. Quat.
Int.. http://dx.doi.org/10.1016/j.quaint.2012.04.037.

Cumming, B.F., Wilson, S.E., Hall, R.J., Smol, J.P., 1995. Diatoms from British Columbia
(Canada) Lakes and Their Relationship to Salinity, Nutrients and Other Limno-
logical Variables. In: Bibliotheca Diatomologica, vol. 31, p. 207.

Currey, D.R., 1990. Quaternary paleolakes in the evolution of semidesert basins,
with special emphasis on Lake Bonneville and the Great Basin, U.S.A. Palae-
ogeogr. Palaeoclimatol. Palaeoecol. 76, 189e214.

Currey, D.R., James, S.R., 1982. Paleoenvironments of the Northeastern Great Basin
and Northeastern basin rim region: a review of geological and biological evi-
dence. In: Madsen, D.B., O’Connell, J.F. (Eds.), Man and Environment in the Great
Basin, Society of American Archaeological Papers, vol. 2, pp. 27e52.

Davis, O.K., 1999. Pollen analysis of a late-glacial and Holocene sediment core from
Mono Lake, Mono County, California. Quat. Res. 52, 243e249.

Dean Jr., W.E., 1974. Determination of carbonate and organic matter in calcareous
sediments by loss on ignition comparison to other methods. J. Sediment. Petrol.
44, 242e248.

Dettinger, M.D., Cayan, D.R., Diaz, H.F., Meko, D.M., 1998. North-south precipitation
patterns in western North America on interannual-to-decadal timescales.
J. Clim. 11, 3095e3111.

Ely, L.L., Enzel, Y., Baker, V.R., Cayan, D.R., 1993. A 5000-year record of extreme floods
and climate change in the Southwestern United States. Science 262, 410e412.

Faegri, K., Iversen, J., 1985. Textbook of Pollen Analysis, fourth ed. Hafner Press, New
York.

Flechtner, V.R., Johansen, J.R., Clark, W.H., 1998. Algal composition of microbiotic
crusts from the Central Desert of Baja California, Mexico. Great Basin Nat. 5,
295e311.

Flechtner, V.R., Johansen, J.R., Belknap, J., 2008. The biological soil crusts of the San
Nicolas Island: enigmatic algae from a geographically isolated ecosystem.
Western N. Am. Nat. 68, 405e436.

Gasse, F., 1986. East African Diatoms: Taxonomy, Ecological Distribution. In: Bib-
liotheca Diatomologica, vol. 11, pp. 1e201.

Gates, J.S., 2007. Effects of Climatic Extremes on Ground Water in Western Utah,
1930e2005. USGS, p. 10. Scientific Investigations Report 2007-5045.

Gershunov, A., Barnett, T.P., 1998. Interdecadal modulation of ENSO teleconnections.
Bull. Am. Meteorol. Soc. 79, 2715e2725.

Graham, N.E., 2004. Late-Holocene teleconnections between tropical Pacific cli-
matic variability and precipitation in the western USA: evidence from proxy
records. Holocene 14, 436e447.

Graumlich, L.J., 1993. A 1000-yr record of temperature and precipitation in the Si-
erra Nevada. Quat. Res. 39, 249e255.

Grayson, D.K., 2000. Mammalian responses to Middle Holocene climatic change in
the Great Basin of the western United States. J. Biogeogr. 27, 181e192.

Grayson, D.K., 2011. The Great Basin: a Natural Prehistory. University of California
Press, Berkeley, CA, p. 875.

Hallett, D.J., Hills, L.V., Clague, J.J., 1997. New accelerator mass spectrometry radio-
carbon ages for the Mazama tephra layer from Kootenay National Park, British
Columbia, Canada. Can. J. Earth Sci. 34, 1202e1209.

Harding, S.T., 1965. Recent Variations in the Water Supply of the Great Basin. In:
Archives Series Report, vol. 16. University of California, Berkeley.

Haynes Jr., C.V., 1967. Quaternary geology of the Tule springs area, Clark County,
Nevada. In: Wormington, H.M., Ellis, D. (Eds.), Pleistocene Studies in Southern
Nevada, Nevada State Museum Anthropological Papers, vol. 13, pp. 15e104.
Carson City, NV.

Henderson, J., Jan 1936. Mollusca of Colorado, Utah, Montana, Idaho, andWyoming-
Supplement, vol. 23 (2). The University of Colorado Studies, pp. 81e145.

Hershey, R.L., Lyles, B.F., Earman, S., Thomas, J.M., Lundmark, K.W., 2007. Ground-water
Chemistry Interpretations Supporting the Basin and Range Regional Carbonate-
rock Aquifer System (BARCAS) Study, Eastern Nevada and Western Utah. Univer-
sity of Nevada, Desert Research Institute Publication No. 41230, p. 106.

Hershler, R., 1998. A systematic review of the Hydrobiid Snails (Gastropoda: Ris-
sooidea) of the Great Basin, Western United States. Part 1. Genus Pyrgulopsis.
Veliger 41, 1e132.

Hershler, R., Sada, D.W., 1987. Springsnails (Gastropoda: Hydrobiidae) of ash
meadows, Amargosa basin, California-Nevada. Proc. Biol. Soc. Wash. 100,
776e843.

Hershler, R., 1999. A systematic review of the hydrobiid snails (Gastropoda: Ris-
sooidea) of the Great Basin, western United States. Part II. Genera Colligyrus,
Eremopygrus, Fluminicola, Prinstinicola, and Tryonia. Veliger 42, 306e337.

Hershler, R., Liu, H.-P., 2008. Ancient vicariance and recent dispersal of springsnails
(Hydrobiidae: Pyrgulopsis) in Death Valley system, California-Nevada. In:
Reheis, M.C., Hershler, R., Miller, D.M. (Eds.), Late Cenozoic Drainage History of
the Southwestern Great Basin and Lower Colorado River Region: Geologic and
Biotic Perspectives, Geological Society of America Special Paper, vol. 439,
pp. 91e102.

Hershler, R., Liu, H.-S., Sada, D.W., 2007. Origin and diversification of the Soldier
Meadow springsnails (Hydrobiidae: Pyrgulopsis), a species floc in the north-
western Great Basin, United States. J. Molluscan Stud, 73, 167e183.

Johansen, J.R., Rushforth, S.R., Brotherson, J.D., 1981. Sub-aerial Algae of Navajo
National Monument, Arizona. Great Basin Naturalist 41, 433e439.

Johansen, J.R., St. Clair, L.L., Webb, B.L., Nebeker, G.T., 1984. Recovery patterns of
cryptogamic crusts in desert rangelands following fire disturbance. Bryologist
87, 238e243.

Kaczmarska, I., Rushforth, S.R., 1984. Diatom associations in Blue Lake warm spring,
Tooele County, Utah, U.S.A. In: Mann, D.G. (Ed.), Proceedings of the Seventh
International Diatom Symposium. Otto Koeltz-Science Publishers, Koenigstein,
Germany, pp. 345e358.

Kapp, R.O., Davis, O.K., King, J.E., 2000. Ronald O. Kapp’s Pollen and Spores, second
ed. American Association of Stratigraphic Palynologists, College Station, TX.

Kennett, D.J., Kennett, J.P., Erlandson, J.M., Cannariato, K.G., 2007. Human responses
to Middle Holocene climate change on California’s Channel Islands. Quat. Sci.
Rev. 26, 351e367.

Kirby, M.E., Lund, S.P., Patterson, W.P., Anderson, M.A., Bird, B.W., Ivanovici, L.,
Monarrez, P., Nielsen, S., 2010. A Holocene record of Pacific Decadal Oscillation
(PDO)-related hydrologic variability in Southern California (Lake Elsinore, CA).
J. Paleolimnol. 44, 819e839.

Kirby, M.E., Zimmerman, S.R.H., Patterson, W.P., Rivera, J.J., 2012. A 9170-year
record of decadal-to-multi-centennial scale pluvial episodes from the
coastal Southwest United States: a role for atmospheric rivers? Quat. Sci. Rev.
46, 57e65.

Kleppe, J.A., Brothers, D.S., Kent, G.M., Biondi, F., Jensen, S., Driscoll, N.W., 2011.
Duration and severity of Medieval drought in the Lake Tahoe Basin. Quat. Sci.
Rev. 30, 3269e3279.

Krammer, K., 1997a. Die cymbelloiden Diatomeen. Eine Monographie der weltweit
bekannten Taxa. Teil 1. Allgemeines und Encyonema part. In: Bibliotheca Dia-
tomologica, vol. 36, pp. 1e382.

Krammer, K., 1997b. Die cymbelloiden Diatomeen. Eine Monographie der weltweit
bekannten Taxa. Teil 2. Encyonema part. In: Encyonopsis und Cymbellopsis.
Bibliotheca Diatomologica, vol. 37, pp. 1e469.

Krammer, K., 2000. Diatom of Europe. DIatoms of the European Inland Waters and
Comparable Habitats. In: The Genus Pinnularia, vol. 1. Koeltz Scientific Books,
Germany.

Krammer, K., 2002. Diatoms of Europe. Diatoms of the European Inland Waters and
Comparable Habitats. In: Cymbella, vol. 3. Gantner Verlag K.G, Ruggell.

Krammer, K., Lange-Bertalot, H., 1986. Bacillariophyceae. 1. Teil: Naviculaceae. In:
Ettl, H., Gerloff, J., Heynig, H., Mollenhauer, D. (Eds.), Süsswasser flora von
Mitteleuropa, Band 2/1. Gustav Fischer Verlag, Stuttgart, New York.

Krammer, K., Lange-Bertalot, H., 1988. Bacillariophyceae. 2. Teil: Bacillariaceae,
Epithemiaceae, Surirellaceae. In: Ettl, H., Gerloff, J., Heynig, H., Mollenhauer, D.
(Eds.), Süsswasserflora von Mitteleuropa, Band 2/2. Gustav Fischer Verlag, Jena.

Krammer, K., Lange-Bertalot, H., 1991a. Bacillariophyceae. 3. Teil: Centrales, Fra-
gilariaceae, Eunotiaceae. In: Ettl, H., Gerloff, Heynig, H., Mollenhauer, D.
(Eds.), Süsswasserflora von Mitteleuropa, Band 2/3. Gustav Fischer Verlag,
Stuttgart, Jena.

Krammer, K., Lange-Bertalot, H., 1991b. Bacillariophyceae. 4. Teil: Achnanthaceae,
Kritische Ergänzungen zu Navicula (Lineolatae) und Gomphonema, Gesamtli-
teraturverzeichnis Teil 1e4. In: Ettl, H., Gärtner, G., Gerloff, J., Heynig, H.,
Mollenhauer, D. (Eds.), Süsswasserflora von Mitteleuropa, Band 2/4. Gustav
Fischer Verlag, Stuttgart, Jena.

LaMarche Jr., V., 1973. Holocene climatic variations inferred from treeline fluctua-
tions in the White Mountains, California. Quat. Res. 3, 632e660.

LaMarche Jr., V., Mooney, H.A., 1972. Recent climatic change and development of the
Bristlecone Pine (P. longaeva Bailey) Krummholz Zone, Mt. Washington, Nevada.
Arct. Alpine Res. 4, 61e72.

Lange-Bertalot, H., 2001. Diatoms of Europe. Diatoms of the European InlandWaters
and Comparable Habitats. In: Navicula sensu stricto. 10 Genera Separated from
Navicula sensu lato. Frustulia, vol. 2. A.R.G. Gantner Verlag K.G, Ruggell.

Lange-Bertalot, H., Krammer, K., 1987. Bacillariaceae, Epithemiaceae, Surirellaceae.
In: Bibliotheca Diatomologica, vol. 15, pp. 1e289.

Lange-Bertalot, H., Krammer, K., 1989. Achnanthes eine Monographie der Gattungen.
In: Bibliotheca Diatomologica, vol. 18, pp. 1e393.

Lindström, S., 1990. Submerged tree stumps as indicators of mid-Holocene aridity in
the Lake Tahoe region. J. Calif. G. B. Anthropol. 12, 146e157.

Louderback, L.A., Rhode, D.E., 2009. 15,000 years of vegetation change in the Bon-
neville basin: the Blue Lake pollen record. Quat. Sci. Rev. 28, 308e326.

Lowe, R.L., 1974. Environmental Requirements and Pollution Tolerance of Fresh-
water Diatoms. National Environmental Research Center, Cincinnati, OH. U.S.
Environmental Protection Agency Report EPA-670/4-74-005.

Lowry Jr., J.H., Ramsey, R.D., Boykin, K., Bradford, D., Comer, P., Falzarano, S.,
Kepner, W., Kirby, J., Langs, L., Prior-Magee, J., Manis, G., O’Brien, L., Sajway, T.,
Thomas, K.A., Reith, W., Schrader, S., Schrupp, D., Schulz, K., Thompson, B.,
Velasquez, C., Wallace, C., Waller, E., Wolk, B., 2005. Southwest Regional Gap
Analysis Project: Final Report on Land Cover Mapping Methods. RS/GIS Labo-
ratory, Utah State University, Logan, Utah.

S.A. Mensing et al. / Quaternary Science Reviews 78 (2013) 266e282 281



Lundmark, K.W., Pohll, G.M., Carroll, R.W.H., 2007. A Steady-state Water Budget
Accounting Model for the Carbonate Aquifer System in White Pine County,
Nevada, and Adjacent Areas in Nevada and Utah. University of Nevada, Desert
Research Institute Publication 41235, p. 56.

Madsen, D., Rhode, D., Grayson, D., Broughton, J., Livingston, S., Hunt, J., Quade, J.,
Schmitt, D., Shaver III, M., 2001. Late Quaternary environmental change in the
Bonneville Basin western USA. Palaeogeogr. Palaeoclim. Palaeoecol. 167, 243e271.

Madsen, D.B., Currey, D.R., 1979. Late Quaternary glacial and vegetation changes,
Little Cottonwood Canyon are, WasatchMountains, Utah. Quat. Res. 12, 254e270.

Mankinen, E.A., Roberts, C.W., McKee, E.D., Chuchel, B.A., Moring, B.C., 2006.
Geophysical Data from the Spring and Snake Valleys Area, Nevada and Utah,
p. 36. U.S. Geological Survey Open-File Report 2006-1160.

McCabe, D.J., 1998. Biological communities in springbrooks. In: Botosaneau, L. (Ed.),
Studies in Crenobiology. The Biology of Springs and Springbrooks. Backhuys
Publishers, Leiden, The Netherlands, pp. 221e228.

McCabe, G.J., Betancourt, J.L., Gray, S.T., Palecki, M.A., Hidalgo, H.G., 2008. Associa-
tions of multi-decadal sea-surface temperature variability with US drought.
Quat. Int. 188, 31e40.

McKenzie, J.A., Eberli, G.P., 1987. Indications of abrupt Holocene climate change: Late
Holocene oxygen isotope stratigraphy of the Great Salt Lake, Utah. In: Berger,W.H.,
Labeyrie, L.D. (Eds.), Abrupt Climate Change. Riedel Publishing Co, pp. 127e136.

Meko, D., Therrel, M., Baisan, C., Hughes, M., 2001. Sacramento River flow recon-
structed to A.D. 869 from tree rings. J. Am. Water Res. Assoc. 37, 1029e1039.

Mehringer Jr., P.J., 1977. Great Basin late Quaternary environments and chronology.
In: Fowler, D.D. (Ed.), Models of Great Basin Prehistory. Desert Research Insti-
tute Publications in Social Science, University of Nevada, Reno 12, pp. 113e167.

Mehringer Jr., P.J., 1985. Late-Quaternary pollen records from the Interior Pacific
Northwest and Northern Great Basin of the United States. In: Bryant Jr., V.M.,
Holloway, R.G. (Eds.), Pollen Records of Late-Quaternary North American Sedi-
ments. American Association of Stratigraphic Palynologists, Dallas, pp. 167e189.

Mensing, S., Benson, L., Kashgarian, M., Lund, S., 2004. A Holocene pollen record of
persistent droughts from Pyramid Lake, Nevada, USA. Quat. Res. 62, 29e38.

Mensing, S.A., Smith, J., Allan, M., Norman, K.B., 2007. Extended drought in the
Great Basin western North America in the last two millennia reconstructed
from pollen records. Quat. Int. 188, 79e89.

Miller, J., House, K., Germanoski, D., Tausch, R., Chambers, J., 2004. Fluvial
geomorphic responses to Holocene climate change. In: Chambers, J.C.,
Miller, J.R. (Eds.), Great Basin Riparian Ecosystems: Ecology, Management and
Restoration. Island Press, Covelo, CA, pp. 49e87.

Milspaugh, S.H., Whitlock, S., Bartlein, P.J., 2000. Variations in fire frequency and
climate over the past 17 000 yr in central Yellowstone National Park. Geology
28, 211e214.

Minckley, T.A., Whitlock, C., Bartlein, P.J., 2007. Vegetation, fire and climate history
of the northwestern Great Basin during the last 14,000 years. Quat. Sci. Rev. 26,
2167e2184.

Mitchell, V.L., 1976. The regionalization of climate in the Western United States.
J. Appl. Meteorol. 15, 920e927.

Moore, P.D., Webb, J.A., 1978. An Illustrated Guide to Pollen Analysis. Wiley and
Sons, New York.

Moser, K.A., Kimball, J.P., 2009. 19,000-year Record of Hydrologic and Climatic
Change Inferred from Diatoms from Bear Lake, Utah and Idaho, pp. 229e246.
GSA Special Paper 450.

Mundorf, J.C., 1971. Nonthermal Springs of Utah. In: Utah Geological and Mineral-
ogical Survey Water Resources Bulletin, vol. 16, p. 70.

Oviatt, C.G., 1988. Late Pleistocene and Holocene fluctuations in the Sevier Lake
Basin, Utah, USA. J. Paleolimnol. 1, 9e21.

Pilsbry, H.A., 1948. Land Mollusca of North America (North of Mexico). In: The
Philadelphia Academy of Natural Sciences Monographs Number 3, Philadelphia,
vol. II (2), pp. 521e1113.

Plume, R.W., 1996. Hydrogeologic Framework of the Great Basin Region of Nevada,
Utah, andAdjacent States, p. 64. U.S. Geological Survey Professional Paper1409-B.

Potapova, M.G., Charles, D.F., 2002. Benthic diatoms in USA rivers: distribution
along spatial and environmental gradients. J. Biogeogr. 29, 167e187.

Quade, J., Forester, R.M., Pratt,W.L., Carter, C.,1998. Blackmats, spring-fed streams, and
Late-Glacial-Age recharge in the Southern Great Basin. Quat. Res. 49, 129e148.

Redmond, K.T., Koch, R.W., 1991. Surface climate and streamflow variability in the
western United States and their relationship to large-scale circulation indices.
Water Resour. Res. 27, 2381e2399.

Reimer, P.J., Baillie, M.G.L., Bard, E., Bayliss, A., Beck, J.W., Blackwel, P.G., Bronk
Ramsey, C., Buck, C.E., Burr, G.S., Edwards, R.L., Friedrich, M., Grootes, P.M.,
Guilderson, T.P., Hajdas, I., Heaton, T.J., Hogg, A.G., Hughen, K.A., Kaiser, K.F.,
Kromer, B., McCormac, F.G., Manning, S.W., Reimer, R.W., Richards, D.A.,
Southon, J.R., Talamo, S., Turney, C.S.M., van der Plicht, J., Weyhenmeyer, C.E.,
2009. INTCAL 2009 dataset. Radiocarbon 51, 1111e1150.

Reinemann, S.A., Porinchu, S.F., Bloom, A.M., Mark, B.G., Box, J.E., 2009. A multi-
proxy paleolimnological reconstruction of Holocene climate conditions in the
Great Basin, United States. Quat. Res. 72, 347e358.

Rhode, D., Madsen, D.B., 1998. Pine nut use in the early Holocene and beyond: the
Danger Cave archaeobotanical record. J. Archaeol. Sci. 25, 1199e1210.

Round, F., Bukhtiyarova, L., 1996. Four new genera based on Achnanthes (Achnanthi-
dium), together with a redefinition of Achnanthidium. Diatom Res.11 (2), 345e361.

Sada, D.W., Herbst, D.B., 2006. Ecology of Aquatic Macroinvertebrates in Travertine
and Nevares Springs, Death Valley National Park, California, with an Exami-
nation of Diversion Effects on Their Abundance and Community Structure
(Unpublished report to U.S. National Park Service, Death Valley National Park).

Schmitt, D.N., Madsen, D.B., Lupo, K.D., 2002. Small-mammal data on Early and
Middle Holocene climates and biotic communities in the Bonneville Basin, USA.
Quat. Res. 58, 255e260.

Schmitt, D.N., Lupo, K.D., 2012. The Bonneville Estates Rockshelter rodent fauna and
changes in Late Pleistocene-Middle Holocene climates and biogeography in the
Northern Bonneville Basin, USA. Quat. Res. 78, 95e102.

Schrader, H., Gersonde, R., 1978. Diatoms and silicoflagellates. Utrecht Micorpa-
leontol. Bull. 17, 129e176.

Scuderi, L.A., 1987. Late-Holocene upper timberline variation in the southern Sierra
Nevada. Nature 325, 242e244.

Smith, J.M., 2003. A 6,500 Year Pollen Record from a Wet Meadow Site in Central
Nevada. University of Nevada, Reno, p. 67 (MS thesis).

Southern Nevada Water Authority, 2010. Spring Valley Stipulation Biological
Monitoring Plan 2010 Annual Report. Southern Nevada Water Authority, Las
Vegas, Nevada.

Stine, S., 1990. Late Holocene fluctuations of Mono Lake, eastern California. Paleo-
geogr. Palaeoclim. Palaeoecol. 78, 333e381.

Stine, S., 1994. Extreme and persistent drought in California and Patagonia during
mediaeval time. Nature 369, 546e549.

Stockmarr, J., 1971. Tablets with spores used in absolute pollen analysis. Pollen
Spores 13, 615e621.

Tausch, R., Nowak, C., Mensing, S., 2004. Climate change and associated vegetation
dynamics during the Holocene: the paleoecological record. In: Chambers, J.C.,
Miller, J.R. (Eds.), Great Basin Riparian Ecosystems: Ecology, Management and
Restoration. Island Press, Covelo, CA, pp. 24e48.

Taylor, D.W., 1985. Evolution of freshwater drainages and mollusks in western North
America. In: Smiley, C.J., Leviton, A.J. (Eds.), Late Cenozoic History of the Pacific
Northwest. American Association for the Advancement of Science, San Fran-
cisco, pp. 265e321.

Terry, R.C., 2008. Raptors, Rodents and Paleoecology: Recovering Ecological Base-
lines from Great Basin Caves (Ph.D. dissertation). University of Chicago, Chicago.

Thomas, J.M., Mason, J.L., Crabtree, J.D., 1986. Ground-water Levels in the Great
Basin Region of Nevada, Utah, and Adjacent States. U.S. Geological Survey Hy-
drologic Investigations Atlas HA-694-B, 2 sheets.

Thomas, J., Redmond, K., Lutz, A., Abotzoglou, J., Stone, M., McCurdy, G., Earman, S.,
Leising, J., Donovan, D., 2012. Preliminary Evaluation of Climate Change Effects
on Water Resources in Eastern Nevada. Desert Research Institute Publication,
41252, p. 81.

Thomas, J.M., Welch, A.H., Dettinger, M.D., 1996. Geochemistry and Isotope Hy-
drology of Representative Aquifers in the Great Basin Region of Nevada, Utah,
and Adjacent States. U.S. Geological Survey Professional Paper 1409-C.

Thompson, R.S., 1992. Late Quaternary environments in Ruby Valley, Nevada. Quat.
Res. 37, 1e15.

Welch, A.H., Bright, D.J., Knochenmus, L.A. (Eds.), 2007. Water Resources of the
Basin and Range Carbonate-rock Aquifer System, White Pine County, Nevada,
and Adjacent Areas in Nevada and Utah, p. 96. U.S. Geological Survey Scientific
Investigations Report 2007-5261.

Whitlock, C., Bartlein, P.J., Van Norman, K.J., 1995. Stability of Holocene climate
regimes in the Yellowstone region. Quat. Res. 43, 433e436.

Whitlock, C., Bartlein, P.J., 1997. Vegetation and climate change in northwest
America during the past 125 kyr. Nature 388, 57e61.

Wigand, P.E., 1987. Diamond Pond, Harney County, Oregon: Vegetation History and
Water Table in the Eastern Oregon Desert. In: Great Basin Naturalist, vol. 47,
pp. 427e458.

Wigand, P.E., 1989. Vegetation history and stratigraphy. In: Reid, K.C., Draper, J.A.,
Wigand, P.E. (Eds.), Prehistory and Paleoenvironments of the Silvies Plateau,
Harney Basin, Southeastern Oregon. Project Report 8. Center for Northwest
Anthropology, Washington State University, Pullman, Washington, pp. 37e85.

Wigand, P.E., 1997. A Late-Holocene pollen record from Lower Pahranagat Lake,
Southern Nevada, USA: high resolution paleoclimatic records and analysis of
environmental responses to climate change. In: Isaacs, C.M., Tharp, V.L. (Eds.),
Proceedings of the Thirteenth Annual Pacific Climate (PACLIM) Workshop, April
15e18, 1996. Interagency Ecological Program Technical Report 53. California
Department of Water Resources, Sacramento, pp. 63e77.

Wigand, P.E., Rhode, D., 2002. Great Basin vegetation history and aquatic systems:
the last 150,000 years. In: Hershler, R., Madsen, D.B., Currey, D.R. (Eds.), Great
Basin Aquatic Systems History, Smithsonian Contributions to the Earth Sci-
ences, vol. 33. Smithsonian Institution Press, Washington, D.C., pp. 309e367.

Wise, E.K., 2010. Spatiotemporal variability of the precipitation dipole transition
zone in the western United States. Geophys. Res. Lett. 37. http://dx.doi.org/
10.1029/2009GL042193.

Woodland, W.A., Charman, D.J., Sims, P.C., 2008. Quantitative estimates of water tables
andsoilmoisture inHolocenepeatlands fromtestateamoebae.Holocene8,261e273.

WRCC. Western Regional Climate Center (last accessed 15.06.13.) http://www.wrcc.
dri.edu/.

Yuan, F., Linsley, B.K., Lund, S., McGeehin, J.P., 2004. A 1200 year record of hydro-
logic variability in the Sierra Nevada from sediments in Walker Lake, Nevada.
Geochem. Geophys. Geosys. 5, 1e13.

Yuan, F., Linsley, B.K., Howe, S.S., Lund, S.P., McGeehin, J.P., 2006. Late Holocene lake-
level fluctuations in Walker Lake, Nevada, USA. Palaeogeogr. Paleaeoclimatol.
Palaeoecol. 240, 497e507.

Zimmerman, S.R., Starratt, S.W., Hemming, S.R., 3e7 Dec 2012. Patterns of Volca-
nism, Weathering, and Climate History from High-resolution Geochemistry of
the BINGO Core, Mono Lake, California, USA. American Geophysical Union, San
Francisco, Calif.. Abstract PP11A-1993.

S.A. Mensing et al. / Quaternary Science Reviews 78 (2013) 266e282282


