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day the hottest hyperarid area in the western Hemisphere with temperatures of
57 °C (134 °F) recorded. During the late Quaternary, pluvial Lake Manly covered much of the Valley and
contributed to a much more moderate climate. The abrupt draining of Lake Manly in the mid-Holocene and
coincident dramatic shifts in temperature and aridity exerted substantial selection pressure on organisms
living in this area. Our research investigates the adaptive response of Neotoma (woodrats) to temperature
change over the late Quaternary along a steep elevational and environmental gradient. By combining
fieldwork, examination of museum specimens, and collection of paleomiddens, our project reconstructs the
divergent evolutionary histories of animals from the valley floor and nearby mountain gradients (−84 to
N3400m). We report on recent paleomiddenwork investigating a transition zone in the GrapevineMountains
(Amargosa Range) for two species of woodrats differing significantly in size and habitat preferences: N. lepida,
the desert woodrat, and N. cinerea, the bushy-tailed woodrat. Here, at the limits of these species' thermal and
ecological thresholds, we demonstrate dramatic fluctuations in the range boundaries over the Holocene as
climate shifted. Moreover, we find fundamental differences in the adaptive response of these two species
related to the elevation of the site and localmicroclimate. Results indicate that althoughN. cinerea are currently
extirpated in this area, they were ubiquitous throughout the late Pleistocene and into the middle Holocene.
They adapted to climate shifts over this period by phenotypic changes in bodymass, as has been demonstrated
for other areas within their range; during colder episodes they were larger, and during warmer intervals,
animals were smaller. Their presence may have been tied into a much morewidespread historical distribution
of juniper (Juniperus sp.); we document a downward displacement of approximately 1000 m relative to
juniper's modern extent in the Amargosa Range. These results suggest a cooler and more mesic habitat
association persisting for longer and at lower elevations than previously reported.

© 2008 Elsevier B.V. All rights reserved.
“It was the best of times, it was the worst of times
….

In short, the period was so far like the present period, that some of
its noisiest authorities insisted on its being received, for good or

for evil, in the superlative degree of comparison only.”

—C. Dickens. 1859. A tale of two cities.
); fax: +1 505 277 0304.
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1. Introduction

One of the principal aims of biogeography is to understand the
factors underlying the distribution and abundance of species. Much of
current research examines the complex roles of climate and biotic
interactions in setting past and current distributional limits. These
efforts take on new importance in the face of ongoing and future
anthropogenic alterations of climate. In recent years, as finer scale
paleoclimate data has resulted in a newappreciation for the rapidity and
frequency of shifts in the earth climate system (e.g., Allen and Anderson,
1993; Alley and Agustsdottir, 2005; Dansgaard et al., 1993; Bond and
Lotti, 1995; Alley et al., 1997; Dahl-Jensen et al., 1998; Bond et al., 1997;
Alley, 2000), biogeographers have increasingly turned to the paleonto-
logical record. The historical record not only allows the examination of
shifts in the distributional patterns of organisms, but also provides
information about the evolutionary adaptability of organisms when
confronted with environmental perturbations. Paleoecological studies
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have documented the entire gamut of changes possible, including
tolerance, local extirpation, and range shifts, aswell as adaptive changes
in genetics and/or morphology (e.g., Graham, 1986; Barnosky et al.,
2003; Smith et al., 1995; FAUNMAP, 1996; Hadly et al., 1998; Smith and
Betancourt, 1998, 2003, 2006; Kaustuv et al., 2001; Lyons, 2003, 2005;
Chan et al., 2005; MacPhee et al., 2005; Hunt and Roy, 2006).

The current focus by climate change scientists on the late Quaternary
is driven by two factors. First, the historical record of the Quaternary is
extensive for many plant and animal groups. Moreover, most of these
organisms are extant, allowing amalgamation of paleohistory with
modern studies of physiology, life history and ecology. Second, the
climate record for the past 20,000 yr is also quite good. By integrating
pollen, cross-dated long-term tree ring chronologies, ice cores, and other
abiotic and biotic indicators, paleoclimate can be reconstructed with
reasonable detail. Further, as reconstructionshave becomemore detailed
in their stratigraphy and resolution, it has become clear that late
Quaternary climate was more complex than previously recognized, with
large (ca. 4–8 °C), rapid and synchronous shifts (Allen and Anderson,
1993; Graham et al., 1996; Alley et al., 1997; Alley, 2000; Alley and
Agustsdottir, 2005). One of the best-studied examples is the Younger
Dryas from 12.9 to 11.5 ka. As Earth's climate was transitioning from a
glacial to interglacial state, temperatures in most of the Northern
Hemisphere rapidly returned to near-glacial conditions within a period
of 100 yr. After sustained cold for ∼1300 yr, there was a particularly
abrupt warming with temperature increasing ∼8 °C within a decade.
Climate shifts of this rapidity and magnitude clearly posed considerable
environmental challenges on organisms. For these reasons, the past
10,000–20,000yr are arguably thebestproxywehave forpredictingand/
or modeling the likely consequences of anthropogenic climate change.

Organisms can respond to environmental challenges in a variety of
ways, including extirpation, migration and adaptation (Holt, 1990;
Huntley et al., 2006). How they respond, and the severity of the response,
is likely to bemost pronounced at the range boundaries of species, where
ecological and/or thermal tolerances are already strained. Abiotic factors
are often considered important in determining poleward boundaries,
while biotic interactions may be largely responsible for setting equatorial
distributions (e.g., MacArthur, 1972). Hence, for species in the northern
Fig. 1. Schematic of the distribution of N. cinerea and N. lepida within Death Valley. No othe
Amargosa Range on the east side of the valley is composed of three distinct sections: the G
elevation 2043 m) and the Black Mountains (maximum elevation 1946 m). In contrast, the P
Both pinyon pine (Pinus monophylla) and Utah juniper (Juniperus osteosperma) are reportedl
flexilis) is sparse and confined to the upper reaches of the range (Miller, 1946).
hemisphere, greater shifts in the northern range edges and/or migration
up elevational gradients are expected as climate warms (Allen and
Breshears, 1998; Hughes, 2000; Mueller et al., 2005). A recent meta-
analysis supports these predictions; significant northern latitudinal shifts
(averaging6.1km/decade)were foundamongavarietyof taxa in response
to ongoing global warming in the Northern Hemisphere (Parmesan and
Yohe, 2003). Thus, range edges are particularly interesting areas to study,
since even small shifts in temperature regimes can have major
ramifications. This is especially true if topographical relief is present, as
organisms can readily retreat up (or down) an elevational gradient.

Here we report on studies investigating the influence of late
Quaternary climate change on two rodent species along steep
elevational and environmental gradients in Death Valley, California
(Fig. 1). Today, Death Valley is the hottest and driest area in the
Western Hemisphere with temperatures of 57 °C (134 °F) recorded in
the shade; operative ground temperatures are much warmer. During
the late Quaternary, however, pluvial Lake Manly covered much of the
valley and contributed to a more moderate climate. Paleoclimate
reconstructions suggest that temperatures may have been as much as
6–10 °C cooler (Van Devender and Spaulding, 1979; Thompson et al.,
1999; Mensing, 2001; Koehler et al., 2005). The onset of warming and
draining of Lake Manly in the Holocene led to dramatic shifts in
temperature and aridity and exerted substantial selection pressure on
organisms living in this area. Today, the two rodents (N. lepida, desert
woodrat and N. cinerea, bushy-tailed woodrat) reach either the upper
or lower elevational limit, respectively, of their distributions in this
area. Areas of sympatry are restricted because of marked differences in
body mass and habitat requirements and today are confined to a
narrow band at ∼2000 m elevation on the west side of Death Valley
(Fig. 1). Moreover, the larger species (N. cinerea) is completely absent
from the east side of the valley today despite the presence of what
appears to be suitable habitat at upper elevations.

We were interested in how the distribution of these species
changed over the late Quaternary, and in particular, whether N.
cinerea ever occupied the Amargosa Range on the east side of Death
Valley. If so, how did elevational extent, zone of sympatry, and plant
associations change over the late Pleistocene and Holocene as
r woodrat species is found within this region today or during the late Pleistocene. The
rapevine Mountains (maximum elevation 2663 m), the Funeral Mountains (maximum
anamint Range on the west side of the valley reaches a maximum elevation of 3369 m.
y common in the Grapevine Mountains at elevations above 1828 m; limber pine (Pinus
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temperature shifted? What temperature thresholds led to adaptation
and which exceeded the evolutionary capability of the animals
resulting in movement along the elevational gradient and/or extirpa-
tion? Further, could our results be extrapolated to future warming
scenarios to predict adaptive and distributional changes over the next
century? To address these questions, we analyzed a series of 74
“paleomiddens”—fossilized plant fragments, fecal pellets and other
materials gathered by woodrats and held together in a conglomerate
of evaporated urine—which can be preserved in caves under the arid
conditions of the Southwestern United States. Our sequence was
collected along a 1300 m elevational transect through the Grapevine
Mountains within the Amargosa Range. The materials recovered
allowed us to identify the species responsible for constructing the
midden, estimate the average body mass of populations, determine
the deposition date through radiocarbon dating, and quantify the
abundance and type of vegetation present.

2. Regional setting

Death Valley has been called “a vast geological museum” because it
has been profoundly and visibly shaped by its geology, because of the
presence of rocks corresponding to most geological eras, and because of
anabundance of fossilmaterials. Physically, it is a∼250kmlong, north to
south trending trough located east of the Sierra Nevadamountain range
in California with a small extension into Nevada. The valley is located
between two major block-faulted mountain ranges, the Amargosa on
Fig. 2. Geographic setting of study site. A) Location of Death Valley National Park (region deli
transect within Titus Canyon in the Amargosa Range (image downloaded from NASA web
C) photograph of Titus Canyon region; note the massive limestone and dolomite beds in the
indurated midden in a rock shelter with (somewhat younger) Paul Martin shown for scale.
the east side, and the Panamint on the west side (Fig. 2). Death Valley
contains the highest physiographic relief of any mountain in the
contiguous United States: 3479mwithin a 24 km transect. This gradient
from Badwater (−87m) to Telescope Peak (3392m) includes a diversity
of vegetation types, including alpine tundra, subalpine forest, montane
forest, conifer woodland, Great Basin steppe andMojave hot desert. The
low relief results in extreme temperatures during the summer on the
valley floor; meanmaximum July temperature exceeds 46 °C. Precipita-
tion is quite variable both spatially and temporally,with annual averages
ranging from ∼48 mm below sea level to N380 mm in the mountains
that surround the valley (http://www.wrcc.dri.edu). The limited and
highly variable precipitation, coupled with high evaporation rates, has
left much of the valley floor covered with saline pan evaporites and
mudflat deposits (Li et al., 1996).

Titus Canyon (36°27′N 116°53′W) is a deep, narrow gorge cut into
the steep face of the Grapevine Mountains (Amargosa Range) on the
east side of Death Valley (Fig. 2B, C). Much of lower Titus Canyon is
composed of Cambrian limestone that was deposited when Death
Valley was submerged beneath tropical seas. The canyon is quite
narrow, with folds, faults and steeply dipping strata. There aremassive
cliffs of olive-colored conglomerate and tuffaceous sandstone near the
ghost town of Leadville, but much of the lower canyon is composed of
massive beds of dolomite and limestone with some tightly cemented
limestone/dolomite breccia. Most paleomiddens were recovered
within dolomite or limestone caves or crevices; many had visible
juniper on the surface indicating in the field probable early Holocene
neated by rectangle) within the state of California, USA; B) satellite image of elevational
site http://www.nasa.gov/images/content/154247main_image_feature_630_ys_full.jp);
background and the xeric vegetation characteristic of this area today; D) photograph of
Photography courtesy of J.L. Betancourt.

http://www.wrcc.dri.edu
http://www.nasa.gov/images/content/154247main_image_feature_630_ys_full.jp
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or late Pleistocene age. Modern vegetation in this area consists of
Mormon tea (Ephedra viridis), creosote (Larrea tridentata), blackbrush
(Coleogyne ramosissima) and other arid adapted plants. Many of these
plants migrated north into Death Valley following deglaciation in the
early Holocene; themodern ecosystemwas not established until 2.5 to
4.0 kyr (Woodcock, 1986; Spaulding, 1990). Utah Juniper (Juniperus
osteosperma) is reportedly found in the area today, but confined to
elevations of ∼1900 m or above (Miller, 1946; Koehler et al., 2005).

3. Materials and methods

3.1. Background

3.1.1. Distributional history of Neotoma
We focus on two disparate rodent species, Neotoma lepida and N.

cinerea, whose distributions overlap in Death Valley, CA. Neotoma
lepida (the desert woodrat) is much smaller (∼85–240 g) and found in
low elevation xeric sites from extreme southeast Oregon and southern
Idaho, through Nevada, California, and Baja California and surround-
ing islands in Mexico (Hall, 1981). In contrast, N. cinerea (the busy-
tailed woodrat) is a large animal (∼200–600 g) ranging across 31°
latitude, from the Yukon and Northwest Territories south to Arizona
and New Mexico, and from California east to the Badlands of South
Dakota and Nebraska (Hall, 1981). Within this broad area the
distribution is very patchy and largely restricted to boulder or talus
slopes and caves within forested and/or boreal habitat. The availability
of rock shelters is likely a much more limiting resource than the plant
community present (Smith, 1997). Because of thermal constraints, N.
cinerea is restricted to progressively higher elevations in the southern
portions of its range.

N. lepida and N. cinerea are found in evident sympatry in areas of
Utah, California and southern Idaho, although considerable spatial and
ecological separation is evident. Neotoma cinerea is found at higher
elevation, cooler, andmoremesic sites;N. lepida is largely restricted to
xeric environments. Even if environmental conditions are moderate,
the two species are rarely found together within the same local
habitat. The much larger body mass and highly aggressive nature of N.
cinerea largely excludes N. lepida. Within Death Valley, N. lepida is
ubiquitous across the valley floor and along the lower elevations of the
surrounding mountains, but N. cinerea currently is found only above
∼1900–2000 m in the Panamint Range (Fig. 1). Interestingly, because
of the extremely broad environmental gradient found in Death Valley,
N. cinerea may be limited in both its upper and lower elevational
extent by abiotic factors. The upper elevation of N. lepida is likely
limited by the presence of N. cinerea.

The ranges of both woodrat species were considerably different
during the Pleistocene. The cooler conditions and presence of the
Laurentide glacier shifted the range of N. cinerea considerably to the
south and to lower elevations. Fossil evidence suggests N. cinereawas
found as far south as the mountains of northern Mexico (Harris, 1984,
1985; www.museum.state.il.us/research/faunmap). Distributional
shifts for N. lepida are not well characterized, although recent genetic
analysis suggests that the species arose in coastal California and only
expanded into the interior western deserts during the late Pleistocene
(Patton and Alvarez-Castaneda, 2004).

3.1.2. Woodrats and temperature
Woodrats are extremely sensitive to environmental temperature.

The average body mass of individuals, populations and species is
significantly inversely related to the temperature of their habitat; this
holds true for all species studied (Lee, 1963; Brown, 1968; Brown and
Lee, 1969; Smith et al., 1995; Smith and Betancourt, 1998; Smith and
Charnov, 2001; Smith et al., 1998). This likely has a physiological basis.
Lab studies have demonstrated that lethal upper temperature is
inversely related to individual body mass, with smaller-bodied
individuals tolerating higher ambient temperatures than larger-
bodied individuals (Brown, 1968; Smith et al., 1995). Such relation-
ships are also robust across time. Phenotypic shifts in average
population body mass have been observed over decadal, century
and millennial scales in response to temperature change (Smith et al.,
1995, 1998; Smith and Betancourt, 1998, 2003, 2006). Because body
mass is highly heritable in this genus, these changes likely have a
substantial genetic component (Smith and Betancourt, 2006). Indeed,
woodrats commonly adapt to shifting climate through phenotypic
shifts in body mass (Smith et al., 1998; Smith and Betancourt, 2006).

Although allwoodrat species are sensitive to temperature, the abiotic
envelope for each species differs significantly. Previously we examined
the maximum and minimum thresholds for species persistence and
concluded that N. lepida could not tolerate winter temperatures less
than −5 °C, and N. cinerea could not tolerate summer temperatures
muchabove 25 °C (Smith andBetancourt, 2003). To quantify this further,
hereweobtainedmodern temperatures for a rangeof habitats across the
geographic range for both species. Presence data was derived from
examination of ∼3300 museum specimens housed at the National
Museum of Natural History (Smithsonian), Museum of Vertebrate
Zoology (University of California Berkeley), San Diego Natural History
Museum, Burke Museum of Natural History and Culture (University of
Washington), Museum of Southwestern Biology and United States
Biological Survey Collection (both housed at the University of New
Mexico) and from field notes (FA Smith, unpublished). The modern
average, maximum, and minimum January and July temperatures
(representing the coldest and warmest months in the Northern
Hemisphere, respectively) were computed from the Historical Climatic
Record (HCN;http://www.wrcc.dri.edu/). Recordsgenerally represented
a 50–100 yr average. Temperature records were adjusted for elevational
differences as necessary, usingwarm and coldmonth lapse rates for the
appropriate region following Meyer (1992).

3.1.3. Woodrats and paleomiddens
Allwoodrats construct dens orhouses,which typically containdebris

piles (or middens). Middens consist largely of plant fragments, copious
quantities of fecal pellets, and other materials the animals encounter.
Over time theycanbecomeconsolidated into ahard asphalt-likeblock as
the components becomecemented togetherwith “amberat” (desiccated
urine; Fig. 2D). If protected from water, middens can persist for
thousands of years and their age readily determined by radiocarbon
dating. The documentary quality is high because the amberat leads to
long-term preservation of organic materials, including DNA. Examina-
tion of plant macrofossils recovered from paleomiddens has allowed
reconstruction of the vegetation history of the southwestern United
States over the late Quaternary (e.g., Wells and Jorgensen, 1964; Wells,
1966, 1976; Wells and Berger, 1967; Van Devender, 1977, 1987;
Betancourt and Van Devender, 1981; Betancourt et al., 2001; Van
Devender et al., 1985; Betancourt et al., 1990). However, the fossilized
pellets containedwithin themiddens also yield valuable information. In
earlier work based on contemporary species, we demonstrated a robust
relationship between pellet width and woodrat body mass, which
allowed examination of morphological changes over time and also
permitted the identification of differently sized species (Smith et al.,
1995; Smith and Betancourt, 2006). Thus, woodrats are ideal for
addressing the influence of temperature on mammalian body mass
not only because of their strong response to temperature, but also
because their middens provide a unique historical record for examina-
tion of ecological and evolutionary changes over time.

3.2. Midden collection and processing

A total of 74 paleomiddens were collected in January and March
2006 from 30 individual caves or crevices along an elevational
transect that spanned the mouth of Titus Canyon (∼200 m) to just
below the ghost town of Leadville (∼1700 m; Fig. 2). Many sites
yielded multiple samples; these were processed separately unless

http://www.museum.state.il.us/research/faunmap
http://www.wrcc.dri.edu/


Fig. 3. Histograms of characteristic body mass of N. cinerea and N. lepida. Data are
derived from ∼3300 museum specimens housed at a number of institutions around the
United States and include juveniles, subadult and adult individuals. Body mass is
generally normally distributed; the “hump” to the left of the mean on each panel
represents the contribution of subadults and juveniles to the overall distribution. Note
that no individuals of N. lepida exceeded 300 g, and that maximum size of N. cinereawas
considerably greater than this value. Here we use a conservative estimate of 300 g to
distinguish between the maximum body mass of populations of the two species. Please
see text for further methodological details.
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pellet or radiocarbon measurements indicated they represented the
same temporal span. We finished with 66 cohesive discrete samples.
Most paleomiddens were foundwithinmassive dolomite or limestone
caves or crevices and many had visible juniper on the surface despite
the current lack of it below ∼1900 to 2000 m, indicating probable
early Holocene or late Pleistocene origin. Only indurated (cemented;
Fig. 2D) middens were collected tominimize stratigraphic mixing, and
the amberat was carefully examined prior to removal for evidence of
rehydration. Middens were carefully cleaned in the field to remove
surface contamination and to ensure that they represented a cohesive
temporal sample. Sites were geo-referenced, permanently identified
with a numbered metal tag affixed to the site, and records made of
topography, aspect ratio, relief and modern vegetation in the local
vicinity. Samples of loosemodernmiddenswere also collected atmost
localities for comparative purposes.

In the lab, sampleswere cleaned further as necessary, weighed, and
vouchers removed for pollen analyses and archival purposes. In
general, processing followed the well-established methods of Spauld-
ing et al. (1990). The bulk samplewas disassociated by soaking in 15 qt
lidded buckets for 5–14 days, and then power washed and wet-sieved
to remove non-organic debris. The remaining damp organic matter
was dried at ∼60 °C in a forced-draft oven for 1–2 days and then dry
sieved through a series of standard 1 mm (No. 10) and 2 mm (No. 18)
stainless steel mesh geological sieves. Each fraction was subsequently
hand-sorted to remove fossil pellets from plant macrofossils and other
matrix materials.

Typically, plant macrofossils are identified under a stereomicro-
scope by comparison with a reference herbarium collection estab-
lished for the area. Relative frequencies of each plant type are recorded
on a scale of 1–5 as described by Spaulding et al. (1990). The use of
relative frequencies allows comparison across localities and standar-
dizes for differences in the size of recovered paleomiddens and/or
dietary plant preferences by different Neotoma species (Spaulding
et al., 1990). Abundances classified as “none” or “trace” (= ‘1’) are
considered to be absent; values of N2 are considered present. For the
present analysis we report only abundances of Juniperus (juniper)
since its presence in a paleomidden indicates much cooler and more
mesic environmental conditions than today and it is foraged on heavily
by bushy-tailed woodrats. Consequently, it is likely to be an indicator
species for N. cinerea (Smith,1997). Previous researchers identified the
species found in paleomiddens within the Death Valley region as Utah
juniper (J. osteosperma, e.g., Miller, 1946; Spaulding, 1985, 1990, 1991;
Woodcock, 1986; Spaulding, 1990; Koehler and Anderson, 1994;
Koehler et al., 2005), but recent work suggests a more compli-
cated pattern of vegetation overlap and distribution. Three different
species of juniper (J. grandis, J. californica and J. osteosperma) were
recently identified from middens collected in Joshua Tree Monument
(Holmgren et al., in prep). These authors suggest that juniper species
discrimination from plant fragments is much more difficult than
previously thought and may require the use of a scanning electron
microscope to examine the shape of the stem and leaf, visibility of
stomata and various epidermal surface traits (Holmgren et al., in prep).
Their work also calls into question the validity of the identifications of
earlier work. Because the actual species of juniper was not particularly
crucial to our study, here we report it simply as Juniperus sp.

3.3. Radiocarbon dating

Of the 66 cohesive paleomidden samples collected in 2006, a series
of 23 were selected for radiocarbon dating based on their integrity,
size, elevation and visible surface macrofossils. Eventually we plan to
date a further 12–24 as funds become available. Samples were not
pretreated; rather, a ∼10 g ground aliquot of measured fecal pellets
was sent directly to the University of Arizona National Science
Foundation Accelerator Facility. Dates were determined using a
tandem accelerator mass spectrometer (TAMS). Radiocarbon ages
were converted to calendar years (years before 1950 AD) using the
CalPal2007_ HULU calibration curve from the online Cal-Pal 2007
program, which yields the same results as CalPal-Beyond the Ghost
(Weninger et al., 2007). We report dates in both radiocarbon and
calendar years.

Please note that an underlying assumption in our (and other) studies
is that the deposition interval for each paleomidden represents con-
tributions from multiple generations (∼20–100). We have tested this
assumption in a number of validation studies of modern midden com-
position and distribution and it appears robust (Smith and Betancourt,
2006). Unfortunately, it is difficult to more precisely determine the
duration of the depositional episode even with multiple dates on
individual fragments from the same midden (Betancourt et al., 1990).

3.4. Pellet measurements

After processing, the pellets were sorted on the basis of size. We
measured the width of all fossil pellets greater than 4 mm (∼90 g) to
the nearest 0.1 mm using digital calipers. The mean of the largest 20
pellets was computed and body mass estimated from this value.
Previous work indicated that pellet width is significantly related to
body mass (y=0.005x+3.559; r2=0.69; pb0.0001; Smith et al., 1995;
Smith and Betancourt, 2006). Maximum size was used to characterize
the population responsible for each sample because the mean value is
sensitive to ontogeny (e.g., the contribution of juvenile animals),
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sample size (larger samples were more likely to have a long right tail
reflecting a greater probability of juveniles being present), and because
neitherwoodrat species overlaps inmaximumbodymass (Fig. 3). Note
Table 1
Characteristics of paleomiddens recovered in January and March 2006 from Titus Canyon, G

Midden ID N Elev. Juniper
present?

14C age
(±95% CI)

Calendar age
(ybp) (±95% CI)

UTiC3a (piece 1) 1295 1583 0 1942±35 1895±38
UTiC3b (piece 2) 222 1583 0
UTiC2a 656 1576 1 8543±49 9522±22
UTiC2b 905 1576 1 7976±47 8849±104
UTiC11b 1740 1559 1 8749±49 9751±106
UTiC11a 1767 1559 1 8642±65 9628±67
UTiC12a 988 1528 0 4529±39 5187±95
UTiC12&3 modern 409 1528 0 0
UTiC12c 1528 ?
UTiC4 941 1523 1
UTiC6 1180 1513 ? 7626±55 8447±51
UTiC5a 150 1513 0
UTiC5b 686 1513 0
UTiC5c 1047 1513 0
UTiC7 303 1459 0
UTiC9 820 1447 0 731±34 685±15
UTiC8 modern 677 1443 0 0
UTiC8 549 1443 1
UTiC10 561 1400 1
UTiC1 front 120 1345 1
UTiC1 back 121 1345 1
TiC4c 435 1250 1 15,331±84 18,413±301
TiC4a 1308 1250 1 15,056±84 18,274±242
TiC4b 575 1250 1
TiC4d 561 1250 0
TiC12 bottomA 889 1249 1
TiC12 bottomB 185 1249 1
TiC12 bottomC 178 1249 1
TiC12 topD 198 1249 1
TiC12 topE 179 1249 1
TiC8 bottomB 1205 1220 0 4116±39 4677±102
TiC8a top2 817 1220 0 3433±37 3713±64
TiC8a top 315 1220 0
TiC8 middle 761 1220 0
TiC13b 501 1216 1 8692±49 9655±71
TiC13a 181 1216 1
TiC6 1542 1200 1 18,380±140 22,018±333
TiC1 modern 504 1200 0 0
TiC1 1412 1200 0
TiC10a 560 1200 1
TiC10b-1 577 1200 1
TiC10c 783 1200 1
TiC10c-1 745 1200 1
TiC10d 198 1200 1
TiC2 1094 1190 1
TiC9c-1 1105 1156 1 7253±45 8084±59
TiC9c-2 195 1156 1
TiC9c-3 245 1156 1
TiC11c-2 385 1154 1 11,191±56 13,092±115
TiC11a-1 1259 1154 1 7987±47 8861±98
TiC11b 1035 1154 1 5434±46 6246±37
TiC11a-2 703 1154 1
TiC11c-3 434 1154 1
TiC7 modern 944 1137 0 0
TiC7 475 1137 1
TiC18a 535 1114 1
TiC18b 612 1114 1
TiC18c 652 1114 1
TiC17a&b 456 1030 1 16,768±96 19,991±298
TiC17 take2 339 1030 1 14,013±76 17,261±218
TIC16 470 1015 0
TiC15a 375 582 0 10,720±66 12,697±54
TiC15b 1190 582 0 2427±37 2523±130
TiC14 1774 298 0 2782±37 2883±49

a Pellet widths reported here represent maximum body mass computed from the largest
whether the largest pellet, or the largest 10, 20 or 50 pellets were used. Note that several cav
similarity in size and radiocarbon dates suggested they represented a single sample. For exam
Tic 8a top and Tic 8 middle.

b Widths were converted to estimates of body mass for ease of comparison using the rel
that estimates using other metrics (e.g., single largest pellet, top 10, 20
or 50 pellets) yield the same relative size estimates (Smith and
Betancourt, 2006).
rapevine Mountains (Amargosa Range), Death Valley National Park, CA

Pellet width
(mm)a

Pellet width
std

Pellet width
95% CI

Est. body mass
(g) b

Body mass
95% CI

4.82 0.09 0.04 258.8 8.2
4.86 0.10 0.05 266.0 9.2
5.39 0.15 0.07 376.2 13.7
5.34 0.18 0.08 365.9 16.1
5.31 0.12 0.05 358.4 10.9
5.25 0.12 0.08 346.6 15.8
5.01 0.13 0.06 296.8 11.8
4.92 0.15 0.07 280.3 13.5

5.17 0.12 0.05 329.9 10.8
5.01 0.16 0.10 297.9 20.8
5.09 0.12 0.05 313.3 10.8
5.27 0.11 0.05 351.3 10.2
5.17 0.17 0.08 331.4 15.5
4.60 0.20 0.09 213.5 18.2
4.97 0.13 0.08 290.2 16.7
4.79 0.12 0.08 252.6 15.7
4.95 0.19 0.08 286.4 17.1
5.21 0.22 0.10 337.9 19.9
5.80 0.15 0.07 458.8 13.5
5.91 0.16 0.10 483.1 20.6
5.66 0.10 0.06 431.9 13.2
5.79 0.07 0.03 458.1 6.4
5.41 0.22 0.14 379.4 28.2
5.21 0.14 0.08 338.2 17.3
5.74 0.10 0.05 446.0 9.4
5.65 0.13 0.06 429.0 11.2
5.65 0.13 0.06 428.9 11.9
6.07 0.18 0.08 514.8 16.0
5.68 0.10 0.06 434.2 13.2
5.16 0.13 0.08 329.1 16.9
5.31 0.12 0.07 359.9 14.7
5.26 0.09 0.04 348.1 8.9
5.27 0.10 0.06 350.1 12.9
5.04 0.07 0.03 304.9 6.1
4.95 0.16 0.10 284.7 19.7
6.33 0.14 0.06 568.1 12.7
4.87 0.08 0.05 269.6 10.8
5.03 0.09 0.05 301.7 11.0
5.68 0.09 0.04 434.2 8.2
5.60 0.12 0.07 417.4 15.1
5.67 0.10 0.05 432.3 9.5
5.94 0.10 0.04 488.3 9.0
5.33 0.14 0.06 362.8 12.3
5.78 0.10 0.06 456.6 13.0
5.02 0.13 0.06 299.9 11.8
4.67 0.10 0.05 227.5 9.2
4.42 0.08 0.04 176.5 7.3
4.84 0.11 0.07 263.2 13.4
5.36 0.11 0.07 369.5 14.1
4.92 0.09 0.04 279.1 7.9
5.12 0.09 0.04 319.5 8.5
5.17 0.07 0.03 331.3 6.3
4.88 0.10 0.06 272.1 12.9
4.90 0.16 0.07 275.9 14.1
4.91 0.17 0.07 277.7 14.9
5.05 0.14 0.09 305.0 17.4
5.01 0.21 0.09 297.1 19.2
6.05 0.18 0.11 510.0 23.2
5.39 0.20 0.09 376.1 17.6
5.46 0.13 0.08 389.9 17.1
5.13 0.20 0.09 321.9 18.0
5.06 0.09 0.05 308.5 11.1
4.85 0.11 0.05 264.1 9.7

20 pellets measured from each midden. Results were qualitatively similar regardless of
es yielded multiple samples; some of these were eventually pooled for analysis because
ple, note the very similar estimates for Tic12 Bottom B and Tic 12 Bottom C, or those for

ationship y=0.005x+3.559; r2=0.69; pb0.0001 from Smith et al. (1995).



Fig. 4. Frequency of variously aged paleomiddens recovered from Titus Canyon,
Grapevine Mountains, Amargosa Range, Death Valley National Park, CA. The time axis is
in radiocarbon years before present. Note that all time intervals were well represented,
although more middens of early Holocene age were recovered than any other interval.
There were elevational differences in the ages of the middens recovered (Table 1), as
well as in their juniper content (Table 2).

Table 2
Elevational displacement of Juniper (Juniperus sp.) during the late Quaternary in Titus
Canyon, Grapevine Mountains (Amargosa Range), Death Valley National Park, CA

Elevational
band
(m)

N⁎ N dated Number of
paleomiddens
with Juniper
present
(dated/total)

Number of
paleomiddens
without Juniper
(dated/total)

Age range where
Juniper no longer
found (last
appearance–first
nonappearance)

N1600 Juniper present today above 2000 m;
collections ongoing from 1600–2000 m

1400–1600 20 10 4/7 6/13 7976 to 4529
1200–1400 26 7 4/18 3/8 8692 to 4116
1000–1200 17 7 6/15 1/2 5434 to ?
800–1000 No paleomiddens found at this elevational band
600–800 No paleomiddens found at this elevational band
400–600 2 2 0/0 2/2 Never found
200–400 1 1 0/0 1/1 Never found

⁎ Total includes modern middens recovered; several caves yielded multiple samples,
some of these were eventually pooled because measurements indicated they
represented a single sample.
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We have examined the possible confounding effects of diet, habitat
quality and other environmental influences on the pellet width–body
mass relationship in a number of validation studies (Smith and
Betancourt, 2006). For example, independent blind tests of the
relationship suggested the percent predicted error (%PE; difference
between predicted and actual mass divided by predicted) was ∼21%
for pellets larger than 4mm (Smith and Betancourt, 2006), a value less
than that derived from most fossil bone or molar measures in the
paleoliterature (Van Valkenburgh, 1990). Likewise, the coefficient of
variation of mass as estimated by repeated sampling of pellets was
approximately equal to that obtained byweighing extant animals over
their lifetime (Smith and Betancourt, 2006), again suggesting that
pellet width was an excellent proxy for mass. To examine the
influence of time averaging and other taphonomic issues, histograms
were plotted for each sample to examine the overall shape of the
pellet width distributions. If two distinct climatic regimes, a species
replacement, or temporal averaging were captured within a single
midden, pellet histograms would be expected to exhibit a skewed or
bimodal shape. As expected, histograms generally approximated a left
truncated normal distribution; no Titus Canyon paleomiddens
demonstrated a strikingly skewed or bimodal distribution. Thus, we
concluded that the deposition interval for each represented an
environmentally homogenous period of relatively short duration.

An integrated chronosequence for all Titus Canyon middens was
compiled using mean20 and both uncalibrated radiocarbon and
calendar years. Data were also stratified by elevational bands to
examine body mass and vegetational patterns across the 1300 m
vertical transect. We anticipated that patterns would be consistent
with earlier studies demonstrating that woodrats respond to late
Quaternary climate change as predicted by Bergmann's rule: larger
body mass during cold episodes, smaller body mass during warmer
intervals. In addition to the overall response of animals to temperature
shifts, we were also interested in whether we could detect the
presence of N. cinerea during the cooler conditions of the late
Pleistocene and early Holocene. We anticipated the presence of N.
cinerea might be correlated with the presence of juniper so mean20

size was compared in the absence and presence of juniper macro-
fossils. The chronosequence was also examined to determine if body
mass changes preceded, succeeded or occurred simultaneously with
juniper disappearance or appearance from the fossil record.

3.5. Species identification from fossil materials

Body mass is generally considered to be a poor diagnostic charac-
teristic for species identification. Not only may substantial ontological
and/or geographic variation be present, but heritability of size varies
from taxa to taxa (Sumner, 1932; Falconer, 1973; Smith and Zach, 1979;
Peters, 1983; Wiggins, 1989). For the two species of woodrat discussed
here, however, size is a reasonable metric for several reasons. First,
Neotoma body size has a large heritable component, with a broad sense
estimate of N0.8 (Smith and Betancourt, 2006). Second, even given large
geographic clines in variation, the two have virtually non-overlapping
bodymass distributions (Fig. 3). Further, there is nooverlap in the largest
size classes. Although the largest N. lepida can approach the size of the
smallest N. cinerea, the environmental conditions selecting for these
population body masses are completely divergent. The geographic
variation in body mass for N. lepida is west to east, with the largest
animals found in cool coastal climates (Smith and Charnov, 2001). In
contrast, the cline inN. cinerea is largely north to south, with the largest
bodied populations in the cool regions of the Yukon Territories and the
smallest in the arid conditions of southern Colorado and northern New
Mexico. Thus, body mass estimates computed from fossil fecal pellets
readily distinguish between the two species. Here we consider
population means above 300 g to be representative of N. cinerea, and
those below to represent N. lepida. This threshold is likely to be
conservative and to underestimate the actual prevalence of N. cinerea
(Fig. 3).

4. Results

4.1. Radiocarbon-dating and sample composition

Radiocarbon dating yielded values ranging from 731 to 18,380 14C
yr (0.685 to 22.018 kyr) for the 23 submitted paleomiddens from Titus
Canyon (Table 1). The entire Holocene and late Pleistocene were
represented fairly equitably (Fig. 4) providing a comprehensive view
of the response of woodrats to temperature change over this interval.
Despite reports that middens dating to the middle Holocene (∼5 to
7.5 kyr) are scarce (e.g., Woodcock, 1986), two of our middens fell
within this interval. There were clear differences in the abundance of
paleomiddens at different elevational bands. Despite repeated efforts,
for example, we were only able to recover 3 middens below 600 m,
and none from 600 to 1000m (Table 2). In contrast, 63 were recovered
from caves located between 1000 and 1600 m. To some extent this
reflects the greater availability of substrate at higher elevations.
However, we did find limestone crevices and other features that
should have promoted the preservation of middens at lower
elevations. Interestingly, a recent collecting trip in March 2007 also
failed to find paleomiddens at elevations above 2000 m on the east
side of the GrapevineMountains, despite their widespread abundance
at slightly lower elevations (∼1800–1900 m). Perhaps the lack of
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middens in the region represents limited abundance of woodrats at
specific elevations.

4.2. Juniper migration over the late Quaternary

We find overwhelming evidence that juniper was widespread in
Titus Canyon during the Pleistocene and early Holocene (Table 2).
Almost half the recovered middens (25/66) yielded juniper macro-
fossils, although their abundance and other plant associates varied
with location and age. Juniper was commonly found in middens as
low as 1030 m; this represents a 900–1000 m displacement relative to
the modern distribution in the Grapevine Mountains (Miller, 1946;
Koehler et al., 2005). Although juniper was absent from all middens
collected below 1000 m, we were unable to definitively resolve the
lower threshold. Recall that no middens were recovered between 600
and 1000 m and only a limited number below 600 m (Table 2).
Interestingly, the retreat of juniper upslope is consistent with the
warmer conditions of the middle Holocene, roughly 5 to 7.5 kyr.
Juniper was last found in the 1000–1200 m interval at 5434 14C yr
(6.246 kyr), and was absent from the 1200–1400 m and 1400–1600 m
elevational bands by 4116 14C yr (4.677 kyr) and 4529 14C yr
(5.187 kyr), respectively (Table 2).

4.3. The history of Neotoma in the Amargosa Range

4.3.1. The presence of Neotoma cinerea in the Amargosa Range
Body mass estimates clearly indicated that N. cinereawere present

in Titus Canyon during the Pleistocene and early to middle Holocene
(Fig. 5; Table 1). Our results were unequivocal; in several instances we
obtained body mass estimates of well over 500 g, equivalent to the
maximum sizes seen in the extreme north of themodern range (Fig. 3;
Smith, 1997). Not only were N. cinerea found in the Grapevine
Mountains of the Amargosa Range, but they apparently ranged at least
as far down as 1015 m (Table 1), suggesting that they were probably
widespread across the region. They appear to have persisted at higher
elevations into the late Holocene ∼3433 14C yr (3.713 kyr). More
precise timing of their extirpation may become possible when addi-
Fig. 5. Chronosequences for paleomiddens recovered from Titus Canyon, Grapevine
Mountains, Amargosa Range, Death Valley National Park, CA. Legend: filled squares,
N. cinerea; dots within squares, N. lepida. Time is shown in calibrated calendar years
before present (1950). Body mass is estimated from the mean of the 20 largest fossil
fecal pellets measured (see text for details). Bars in both directions represent 95%
confidence intervals. If no bar is visible, the error is less than the size of the datum.
Based on these results, desert woodrats were not commonly found within Titus Canyon
until the onset of the Holocene. The two species were found in sympatry for most of the
Holocene (although elevationally stratified) until the extirpation of N. cinerea in the late
Holocene. In general, woodrats responded to late Quaternary climate change as has
been seen in other parts of their range. The populations were smaller during warmer
episodes (e.g., the middle Holocene and Medieval Warm Period), and larger during cold
episodes (the Little Ice Age, the Younger Dryas). In particular note the extremely large
body mass of the population during the Last Glacial Maximum (21 kyr).
tional paleomiddens are radiocarbon-dated; inspection of undated,
but measured middens suggests that some may prove informative
(Table 1).

4.3.2. Evolutionary response to climate change
The integrated chronosequence from Titus Canyon is one of the

most comprehensive obtained to date for a region (Fig. 5). The
recovered middens not only spanned the entire Pleistocene/Holocene
(e.g., Fig. 4), but also corresponded to many of the well-known
climatic features of this period. In general, woodrats responded to late
Quaternary climate change as observed in other parts of their range;
smaller body mass was selected for during warmer periods, and larger
body mass was selected for during cooler intervals (Fig. 5). In
particular, note the extremely large body mass estimates during
the Last Glacial Maximum (∼18,000 14C yr), when climate was at least
4–7 °C cooler (Jansen et al., 2007), as well as the much smaller size
during the warmer conditions of the middle Holocene. In fact, several
paleomiddens yielded smaller body mass estimates during themiddle
and late Holocene than were computed for modern sites (Table 1).
When data were plotted separately for different elevational bands, we
found no difference in the response between the two highest (e.g.,
1000 m and above). Indeed body mass estimates were identical when
radiocarbon dates overlapped, suggesting a panmictic population
(Fig. 5). This suggests that animals generally did not adapt to shifting
climate by retreating up and downslope, but rather, by phenotypic
alterations of body mass. The lowest elevational band always yielded
smaller body mass estimates than the others (Table 1), which could
indicate warmer conditions at elevations of 200–600 m, but probably
simply reflected the restricted range of samples.

4.3.3. Species overlap and range alterations
We also found clear evidence of sympatry between N. lepida and

N. cinerea over the late Quaternary (Figs. 3, 5). Among the 66 samples
measured, about a third yielded estimates of 300 g or less (Table 1).
Among the dated middens, at least six were attributed to N. lepida
(Fig. 5). In some cases we were able to estimate the disparity between
the ranges of the two species; higher elevation middens dating to the
same interval yielded much larger body mass estimates, suggesting
elevational stratification as is seen today. The confidence intervals for
the radiocarbon date on TiC13b, for example, overlapped with that of
UTiC11b and UTiC11a, yet the body mass estimates were significantly
different (Fig. 5). While both UTiC11 samples yielded overlapping
values of ∼350 g, the mass estimated for TiC13b was 302.4 g±8.1,
within the range of N. lepida (Table 1; Fig. 3). Thus, we concluded that
at this time there was at most a 350 m elevational difference between
the range of N. lepida and N. cinerea. Clearly, however, the range edges
of both species of woodrat were extremely dynamic over the late
Pleistocene and Holocene. Our results suggested that desert woodrats
were not commonly found within Titus Canyon until the onset of the
Holocene at roughly 10,000 14C yr (11.5 kyr). The two species
remained in sympatry for most of the Holocene, although elevation-
ally stratified. As N. cinerea retreated and were ultimately extirpated
from the Amargosa Range, N. lepida migrated up the elevational
gradient (Fig. 5). Today N. lepida are found throughout the canyon
and reach their modern limit at approximately 1900 m (F. A. Smith,
personal observation).

4.3.4. Environmental separation among modern Neotoma
Bioclimatic modeling and/or envelopes are commonly used to

document the environmental niche space of species, including their
response to temperature, precipitation and other factors such as light
regimes and length of the growing season. This approach probably
underestimates the actual tolerances of species since it focuses on the
realized niche space, which includes restrictions imposed by biotic
interactions as well. Laboratory studies documenting lethal thermal
thresholds yield more direct evidence but are difficult and unwieldy



Fig. 6. Abiotic separation between two species of woodrat. Shown is the relationship
between mean maximum July temperature, mean minimum January temperature, and
mean annual precipitation. Symbols represent the different species of Neotoma: filled
green circles, N. cinerea (N=83 populations), filled blue circles, N. lepida (N=56
populations). Data derived frommuseum specimens housed at a number of institutions
around the United States. Please see text for details. This figure represents the modern
abiotic niche space characteristic of each species. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Elevational range of juniper over the late Quaternary. Paleomiddens containing
juniper are filled, those without are represented by the open squares with dot. Time is
shown in calibrated calendar years before present (1950). Today, juniper (reputedly
Utah juniper) is present at ∼1900–2000 m elevations and above; it was found
considerably lower during much of the Pleistocene and Holocene. However, it rapidly
retreated upslope by ∼4500 14C yr (roughly 5.1 kyr).
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to conduct. For Neotoma, we have information on upper critical
temperatures (e.g., Brown, 1968; Brown and Lee, 1969), which are
concordant with results from bioclimatic modeling. Neotoma respond
to abiotic variables characterizing the thermal extent of the environ-
ment, although precipitation is also important for some species
(Fig. 6). Although the body mass of all Neotoma examined to date
scales inversely with temperature, slopes differ significantly among
species (Smith and Betancourt, 2003). Thus, some species of woodrat
respond more intensely to summer versus winter temperature
extremes (Smith and Betancourt, 2003). For example, there is clear
environmental separation in the abiotic characteristics of the habitats
where N. lepida and N cinerea are typically found (Fig. 6). Regardless of
Fig. 7. Body mass estimated from fossil fecal pellets for middens containing or lacking
juniper macrofossils (Juniperus sp.). The larger body mass in the presence of juniper is
reflective of the presence of N. cinerea (see text for details). Means and 95% confidence
intervals are as follows: with juniper, 377.5 g±38.67; without juniper, 292.5 g±25.5.
These means are significantly different (Students t-test performed on pellet widths,
df=37, pb0.001).
size, N. lepida do not occupy habitats with average January tem-
peratures below freezing. In contrast, N cinerea appear able to tolerate
extremely cold winter temperatures, but are unable to tolerate warm
summer temperatures (Fig. 6).

4.3.5. Juniper as a diagnostic metric for detecting presence of N. cinerea
The body mass of Neotoma populations differed significantly

with the presence or absence of juniper in the midden (Fig. 7;
Student's t-test; pb0.001). Estimated maximum body mass when
juniper macrofossils were found was 377.5 g±38.67; when they were
absent, body mass averaged 292.5 g±25.56. These values correspond
to middens constructed by N. cinerea and N. lepida, respectively,
confirming our earlier prediction that the presence of juniper
macrofossils within a sample would prove generally diagnostic. We
did find several exceptions—although no midden samples with
juniper were attributed to N. lepida, several samples without juniper
appeared to be constructed by N. cinerea. For example, two samples
(TiC8 and TiC8a Top 2) recovered from 1220 m and dating to the late
Holocene contained little to no juniper (Table 1). Both yielded high
estimates of body mass, apparently indicating that N. cinerea could
persist in the absence of juniper. In general, however, there was a high
correspondence between the presence of juniper macrofossils and N.
cinerea. It appeared that the larger-bodied woodrat closely followed
the upslope retreat of juniper as environmental conditions warmed in
the middle to late Holocene (Fig. 8).

5. Discussion

Our study clearly demonstrates the significant effect of late
Pleistocene and Holocene warming on organisms. In addition to
documenting remarkable evolutionary adaptations to climate change
(e.g., morphological changes in population body mass of more than
50%; Fig. 5), we also demonstrate major elevational shifts in a key
plant species (juniper; Fig. 8; Tables 1 and 2), and the complete
extirpation of a mammal on the east side of Death Valley (Fig. 5).
Remarkably, within this single elevational transect in Death Valley, we
observed the entire spectrum of predicted possible responses to
climate change (Hughes, 2000; Davis and Shaw, 2001; Millien et al.,
2006). We attribute the observed body mass fluctuations to
temperature and not other factors for a number of reasons. First,
although we do not illustrate this here, body mass fluctuations at



Fig. 9. January and July temperatures estimated for Titus Canyon over the late
Quaternary. Temperatures are estimated from fossil woodrat (Neotoma) body mass
(Table 1), based on modern spatial relationships between ambient temperature and
average maximum population body mass (see Smith and Betancourt, 2006 for details).
Legend: open squares, average July temperature; squares with dots, average January
temperature. Bars represent 95% confidence intervals in both directions; if not seen the
error in the estimate is less than the size of the datum. A) January and July temperatures
since the Last Glacial Maximum to present in calendar years before present; B) July
temperature over the Holocene; C) January temperature over the Holocene.

131F.A. Smith et al. / Global and Planetary Change 65 (2009) 122–133
other sites are highly correlated with a number of historical and
paleotemperature proxies, including deuterium isotope ratios, tree
ring chronologies and results from general circulation models and
pollen analysis (Smith et al., 1995; Smith and Betancourt, 2003).
Second, we have demonstrated in earlier work robust relationships
between body mass and both ambient and lethal temperature,
suggesting a strong underlying physiological mechanism. Finally, we
note that the response of woodrat body mass to temperature is so
predictable across time and space that we have used the fluctuations
to reconstruct temperature at local to regional sites (e.g., Smith and
Betancourt, 2003).

Recentwork has questionedwhether evolutionary adaptation can be
of any real importance in the face of future climate changes because of a
lack of suitable variation for selection to act upon (e.g., Bradshaw and
McNeilly, 1991; Huntley, 2007). Yet, for mammals at least large
geographic clines in body mass often exist. Moreover, for the majority
ofmammalian species (∼71%) there is a significant relationship between
environmental temperature and body mass, suggesting morphological
shifts as a possible mode of species adaptation (Ashton et al., 2000;
Barnosky et al., 2003). The extent of the morphological adaptation we
observed over the late Quaternary in Titus Canyon (Fig. 5) fell within
the range of the variation seen today across the entire geographic range
(Fig. 3). Because of the large geographic clines that exist in size among
species of Neotoma (Brown, 1968; Brown and Lee, 1969), the range of
variation for selection to act upon is naturally large. This may augment
the evolutionary capacity to deal with changing environmental
conditions. It should be noted, however, that the size fluctuations
observed in Titus Canyon from the Last Glacial Maximum to the present
are the largest we have observed in any paleomidden sequence (e.g.,
Smith and Betancourt, 1998, 2003, 2006). We suspect that these shifts
approach the limits of adaptation possible for Neotoma, a conclusion
supported by the extirpation of N. cinerea in the late Holocene at this
site. Temperature shifts over the next century are likely to be con-
siderably more rapid than those we document here (IPCC, 2007) and
may well exceed the evolutionary capability of organisms.

Our results underscore the evolutionary resilience of both species of
woodrat. For most of the climate shifts of the late Quaternary, woodrats
appear to have adapted in situ. Insufficient physiographic relief exists in
the Amargosa Range (max elevation 2663 m) for migration up or
downslope to have been the main mode of adaptation. In addition, we
did not find a geographic cline in size along the 1300 m transect. The
relationship between the direction and magnitude of the change and
the corresponding shift in population body mass was robust and
mirrors patterns seen elsewhere in their range (e.g., Smith and
Betancourt, 1998, 2003, 2006). That the eventual extirpation of N.
cinerea was tied to thermal constraints and not lack of suitable
vegetation is suggested by its persistence after juniper was absent
from the area (Table 1; Fig. 8) and the clear limitations to its abiotic
niche dimensions (Fig. 6). Modern analogue techniques suggest that
Utah juniper is typically resident in regions with mean July tempera-
tures of 17 to 25 °C, January mean temperatures of approximately −8 to
3 °C, and between 200 and 500 mm of annual precipitation (Thompson
et al., 1999). These are all values well within the thermal niche
dimensions of N. cinerea (Fig. 6).

Over the past few decades, the Mojave Desert has been an active
area for midden researchers (e.g., Wells and Berger, 1967; Spaulding,
1985, 1990, 1991; Woodcock, 1986; Spaulding, 1990; Koehler and
Anderson, 1994; Koehler et al., 2005). Despite this, only a very limited
number (∼3) of paleomiddens have previously been recovered from
within Death Valley (Wells and Woodcock, 1985; Woodcock, 1986).
Moreover, studies have tended to focus on a larger geographic area
with limited numbers ofmiddens collected from eachmountain range.
In contrast, our synoptic chronosequence from Titus Canyon is one of
the most comprehensive and detailed obtained to date, spanning the
entire Pleistocene/Holocene and many of the well-known climatic
features of this period.
Middens recovered from the Mojave and Great Basin Deserts have
consistently documented plant macrofossil assemblages during the late
Pleistocene characteristic of higher elevations and more northerly
latitudes (e.g., Spaulding, 1985; Thompson et al., 1999; Koehler et al.,
2005). In particular, the late Pleistocene occurrences of limber pine
(Pinusflexilis), juniper (Juniperus osteosperma) and othermontane plants
in modern desert environments suggest cooler than modern tempera-
tures as well as greater moisture availability (Spaulding, 1985;
Thompson et al., 1999; Koehler and Anderson, 1994; Koehler et al.,
2005). Previous paleomidden evidence for the Mojave region records
Utah juniper present at 1535mas late as 8.7 kyr, but absent at 1460mby
7.85 kyr (Koehler and Anderson,1995). Our findings of juniper as low as
1015msubstantiallyextend theelevational displacementduring the late
Quaternary, and the abundance of juniper plantmacrofossils within our
middens suggests a much longer persistence than previously reported
(Fig. 8). Indeed our results suggest juniper may have been present for
much of the middle Holocene (Table 2; Fig. 8).

Much of the focus of middenwork has been in generating estimates
of paleotemperature (see Betancourt et al.,1990 and references therein).
For example, comparison of entire plant assemblages from fossil
midden sites with temperature calibrated modern plant distributions
(using Jaccard matching coefficients to compare similarities) indicates
the LGM (∼21 kyr) was ∼8 °C colder than today with precipitation of
∼2.4 times the modern level (Thompson et al., 1999). The terminal
Pleistocene and early Holocenewere probably∼5.5 °C cooler than today
and much more mesic with precipitation 2.6 times the modern level.
Here, we have computed similar paleotemperatures from fossil woodrat
pellet size using spatial relationships with modern animals (Fig. 9). We
find similar differences in temperature from the late Quaternary to
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present as other researchers do, although we plot January and July
temperatures separately; most researchers present results as annual
averages. Note the considerable fluctuations in both January and July
temperature estimates over the Holocene (Fig. 9B, C). The middle
Holocene, for example, demonstrates a warming of ∼2 °C for July
(Fig. 9B) and ∼3 °C for January temperature (Fig. 9C). Our emphasis on
examiningminimum andmaximum temperatures is in linewith recent
work suggesting that differences in seasonality, rather than the overall
increase in annual temperature, may drive much of animal adaptation
(Bradshaw and Holzapfel, 2006).

We have documented here how Neotoma came to be confined to
their present range within Death Valley and the role of climate and
biotic interactions in setting these distributional limits. In general, we
find the distribution of Neotoma appears to be closely tied to climatic
conditions, and in the case of N. lepida, to the absence of larger
dominant species. For the most part, the presence of N. cinerea
appears to be correlated with the presence of juniper (Fig. 7), probably
reflecting both its importance as a food source (Smith, 1997) and as a
proxy for favorable climatic conditions. Our results also demonstrate
the dynamic nature of distributional boundaries (Fig. 5), which are
clearly responsive to small-scale climate fluctuations. We find no
evidence that N. lepidawas found within Titus Canyon during the late
Pleistocene, for example, yet by the end of the Holocene this species
occupied the entire elevational transect (Fig. 5). Without the insights
the paleorecord provided, we would be unaware of the widespread
distribution N. cinerea had in this region over the Pleistocene, and
unaware that the present distribution of N. lepida in the Amarogosa
Range represents a range expansion during the middle to late
Holocene (Figs. 1, 5).

Warming over the past few decades has already led to perceptible
changes in a number of temperature and climatic measures on every
continent, including the annual number of frost days, average
minimumandmaximum temperatures and other indicators of climate
extremes and variability (Bradshaw and Holzapfel, 2006; Hegerl et al.,
2007). For example, the length of the frost-free period in the western
United States shows a significant increase over the period 1948–1999,
with the last spring freeze occurring significantly earlier in the season
(Cayan et al., 2001; Easterling, 2002). That organisms are already
responding to ongoing climate change was elegantly demonstrated by
a recent meta-analysis by Parmesan and Yohe (2003). Yet the changes
that have already occurred (∼1 °C) will be dwarfed by what is
expected over the next century (up to 5.8 °C; IPCC, 2007). Better
predictions of how organisms will respond to climatic fluctuations are
urgently needed (Bradshaw and Holzapfel, 2006).

For the first time, the Intergovernmental Panel on Climate Change
(IPCC) included in their recent assessment a chapter on paleoclimatic
reconstructions, highlighting the importance of the historical record in
understanding the biotic impact of anthropogenic shifts (Jansen et al.,
2007). The authors conclude that “Palaeoenvironmental data indicate
that regional vegetation composition and structure are very likely
sensitive to climate change, and in some cases can respond to climate
change within decades” (Jansen et al., 2007, pp. 437). They go on to note
that increased integration of paleoclimatic data with coupled climate
models has led to more finely resolved simulations of past climate and
increased confidence in the ability to predict future changes. Studying
the responses of organisms to climatefluctuations over evolutionaryor
even geological time yields a deeper and more long-term perspective,
which often encompasses a greater range and magnitude of change,
and consequently a greater range of selection pressures.

Our work here and elsewhere focuses on a synoptic examination of
the response of one mammalian genus to late Quaternary climate
change, with the aim of achieving a better understanding of how
anthropogenic warming may influence organisms in general. Our
work on Neotoma is possible in part because of their robust and well-
documented physiological response to temperature over space and
time, but also because of the unique and incomparable historical
record they inadvertently archive in their middens. Studies employing
woodrat middens and other historical and paleontological records are
likely to become increasingly important in coming decades as we
attempt to assess the evolutionary response of organisms to anthro-
pogenic climate change.
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