
Late Quaternary vertebrates from the Upper Gunnison Basin,
Colorado, and small-mammal community resilience to climate change
since the last glacial maximum

Steven D. Emsliea*, David J. Meltzerb
aDepartment of Biology and Marine Biology, University of North Carolina, 601 S. College Road, Wilmington, North Carolina 28403, USA
bDepartment of Anthropology, Southern Methodist University, Dallas, Texas 75275, USA
*Corresponding author E-mail address: emslies@uncw.edu (S.D. Emslie).

(RECEIVED September 12, 2018; ACCEPTED April 19, 2019)

Abstract

The Upper Gunnison Basin (UGB), Colorado, is a montane region characterized by unusual physiography and topographic
isolation. Excavations of three caves in the UGB provide one of the most diverse records of high-elevation late Quaternary
vertebrates in North America. The localities, Haystack Cave (2450 m above sea level [m asl]), Cement Creek Cave (2860 m
asl), and Signature Cave (3055 m asl), together provide a near-continuous record of vertebrate communities that extends from
before the last glacial maximum to the present. These communities largely represent a sagebrush (Artemisia spp.) steppe-tun-
dra environment that prevailed throughout the UGB in the late Pleistocene. At least five taxa of extinct large mammals dis-
appear from the UGB by the Early Holocene; one small mammal (the short-faced skunk Brachyprotoma cf. B. brevimala)
also became extinct. The fossil record further indicates that only four small extant mammals (Sorex preblei, Dicrostonyx sp.,
Lemmiscus curtatus, andUrocitellus elegans) were extirpated from the UGB by the Early Holocene, in part because of com-
munity restructuring and loss of open habitats with expansion of forests to higher elevations. An analysis of taxonomic rich-
ness and evenness at Cement Creek Cave indicates high resilience in the small mammal community despite major climate
shifts over the past 40,000+ yr.

Keywords: Haystack Cave; Cement Creek Cave; Signature Cave; High-elevation vertebrates; Community reorganization;
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INTRODUCTION

The Pleistocene record of subalpine and alpine vertebrate
communities is generally poorly known in North America,
and especially in the southern Rocky Mountains, owing to
a paucity of sites with well-preserved faunas, with the rare
exceptions of Porcupine Cave (Barnosky, 2004; Barnosky
et al., 2004) and the Ziegler Reservoir site (Snowmastodon;
Pigati and Miller, 2014). The cold and wet conditions that
characterize high elevations in this region are rarely condu-
cive to the preservation of vertebrate remains, even when
sedimentary deposits of the requisite age are present. Yet, ver-
tebrates in such settings, especially small mammals, can be
particularly sensitive to environmental perturbations (Rowe
and Terry, 2014). A record of their history can potentially

yield important insight into how individual taxa and broader
communities responded over time to changing climates of the
Pleistocene and Holocene, an understanding that also has the
potential to provide information on the possible conse-
quences of global warming and other human transformations
of the landscape (Barnosky et al., 2004; Rowe and Terry,
2014).
To develop a record of these vertebrate communities, we

investigated three fossil-rich caves in the Upper Gunnison
Basin (UGB) of southwestern Colorado (Fig. 1). These pale-
ontological localities span a horizontal distance of 60 km and
form an elevation transect from 2450 m above sea level
(m asl) on the lower, presently xeric basin floor at Haystack
Cave, to 2860 m asl at Cement Creek Cave and 3055 m asl
at Signature Cave, both in the upper, cooler and wetter,
reaches of the UGB. The remains recovered from these
caves collectively span the period from the late Pleistocene
to the Late Holocene and provide a more or less continuous
∼40,000 yr record of vertebrate history—including of the
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communities that existed before and after the last glacial max-
imum (LGM).
Portions of the faunas from Haystack and Cement Creek

Caves have been previously published. The fossil material
from the initial excavation of Haystack Cave in 1978 was
reported by Emslie (1986), with selected taxa from subse-
quent excavations discussed by Nash (1987). Cement Creek
Cave was first excavated in 1998, and the fossil shrews
(Sorex spp.) from this site and Haystack Cave are reported
in Emslie (2002). Subsequent, more extensive excavations
in Cement Creek Cave took place in 2007; isotopic analyses
of its fossil yellow-bellied marmots (Marmota flaviventris)
and bushy-tailed woodrats (Neotoma cinerea) are presented
by McLean and Emslie (2012), McLean et al. (2014), and
Reynard et al. (2015). Signature Cave, excavated in 2008
and 2011, is reported here for the first time, along with a sum-
mary of vertebrate remains, including newly identified mate-
rial, from all three caves.
These localities, supplemented by evidence from archaeo-

logical sites in the UGB (Stiger, 2001, 2006), have together
yielded a diverse assemblage of almost 60 species of large
and small mammals, including a variety of extinct and locally
extirpated forms. Here, we use this evidence to examine spe-
cies occurrence and abundance, turnover, community rich-
ness and evenness, and vertebrate resilience through time
and at different elevations in the UGB.
The vertebrate history of the UGB is principally, but not

solely, a result of changes in climate and vegetation; topo-
graphic isolation also plays a significant role. A crescent-
shaped range of high mountains nearly surrounds the UGB,
and most passes through those mountains are at elevations
of more than 3000 m asl. The only lower-elevation access
to the UGB from adjacent regions is through the narrow

gorge of the Black Canyon of the Gunnison, which includes
a 20 km section that at its narrowest is more than 700 m deep
and just 400 m across. As a consequence of its formidable
topographic barriers, conspecifics of numerous plants and
animals extirpated within the UGB since the Pleistocene
have been unable to recolonize the basin (Table 1; Armstrong,
1972; Stiger, 2001; Emslie et al., 2015).

THE STUDY AREA

The physiography and ecology of the UGB have been
described in detail elsewhere (Barrell, 1969; Stiger, 2001,
2006; Emslie et al., 2015; Reynard et al., 2015; Andrews
et al., in press) and need only be summarized here. The
UGB is a large (∼11,000 km2), high-elevation basin that
slopes westward from the western flank of the Continental
Divide to the eastern edge of the Colorado Plateau (Fig. 1).
Over that span, its elevation drops from ∼4300 to ∼2200 m
asl. Owing to its elevation and surrounding mountains, the
UGB has a cold, continental climate with an average annual
temperature basin-wide of ∼3.1°C, with temperatures declin-
ing steeply with increasing elevation (Fall, 1997b; Andrews
et al., in press). Yet, the floor of the UGB often experiences
bitter winter temperatures as cold air sinks into the basin
and is blocked from outflow by mountain barriers. In addi-
tion, and partly because of rain shadow effects, the UGB is
drier than other Rocky Mountain regions at this elevation,
with an annual average precipitation of ∼25 cm on the
basin floor, but which increases to twice that at higher eleva-
tions (Stiger, 2006; Andrews et al., in press). The region is
within the North American monsoon system and receives
approximately one-third of its precipitation in the late sum-
mer months (July to September); winter precipitation falls

Figure 1. Elevational map of Colorado (modified from https://geology.com) showing the location of the Upper Gunnison Basin where the city
of Gunnison is located. The Black Canyon of the Gunnison is the only low-elevation exit from the basin on the west side. The detail to right
shows the boundaries of the basin (bold white outline) and the locations of Haystack (elevation 2450 m), Cement Creek (2860 m), and
Signature (3055 m) Caves.
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as snow, with both the absolute amount of snowfall and its
relative proportion to overall annual precipitation increasing
at higher elevations (Andrews et al., in press).
Gradients of temperature, moisture, and topography are

responsible for the composition of modern UGB plant com-
munities, which are bracketed by dual tree lines: a higher
one (above ∼3450 m asl), in which tree growth is limited
by cold, and a lower tree line (∼2750 m asl), in which the
lack of moisture is the limiting factor (Fall, 1997b). The mod-
ern vegetation gradient comprises alpine tundra at the highest
elevations and steps down through a succession of forested
zones, with considerable mixing among them depending on
local microclimates. The modern mammalian fauna is com-
posed of many species typical of southern Rocky Mountain
environments, but likewise quite diverse as a result of the ele-
vation gradient and the variety of forested and open habitats,
wetlands, and streams that characterize the region.
Barrell (1969) noted that tree species in the UGB follow

predictable elevation gradients as in other Rocky Mountain
regions, but the herbaceous vegetation do not: he observed
numerous species considered to be more restricted to alpine
tundra at lower elevations in the basin mixed with sagebrush
(Artemisia spp.) steppe. He attributed this “floristic unity” to
Pleistocene climates that caused species contractions and
expansions from a core refuge zone in the center of the
basin and hypothesized that remnants of this zone survive
today, allowing alpine species to exist in the lower basin
with sagebrush grassland habitat and vice versa. An alternate
possibility is that these are relict patches of sagebrush steppe-
tundra from when it was the dominant community in the late

Pleistocene. These patches may still exist because of the rel-
ative lack of disturbance to basin habitats since historic times
(see Supplementary Materials for description of UGB com-
munities). Thus, the unique geography of the basin with its
diversity of microclimates facilitates and maintains “unusual”
plant associations (e.g., high- and low-elevation species).
Both of these hypotheses remain to be tested in the basin
with detailed botanical surveys that could be combined
with microclimatic data to provide insight on these unusual
plant associations. The vertebrate record presented here pro-
vides some support for these hypotheses.

THE LATE QUATERNARY IN THE UPPER
GUNNISON BASIN

During the late Pleistocene, alpine glacial complexes were
present on the northern (Elks and Sawatch Mountains) and
southern margins (San Juan Mountains) of the UGB (Pierce,
2003). In places, glacial ice reached thicknesses of >350 m
(Brugger, 2006) and extended from >4000 m to near the
basin floor (∼2500 m) (Brugger, 2010). Glaciers reached
their maximum extent ∼21,000 cal yr BP, with recession
beginning after ∼17,000 cal yr BP (Brugger, 2006, 2007;
Leonard et al., 2017).
Estimates of the local LGM temperature from the position

and chronology of glacial ice under different models ranges
from 5°C to 8°C cooler than present (Brugger, 2006, 2010;
Leonard et al., 2017). The rate of post-LGM warming like-
wise varies, but based on patterns of ice retreat, it is estimated
that the most rapid period of warming—perhaps by as much
as 2.5°C—was in the ∼2000 yr after ∼16,000 cal yr BP (Leo-
nard et al., 2017). Comparable temperature ranges are indicated
in palynological analyses (Fall, 1997b; Briles et al., 2012),
which also provide evidence of a downward shift in the eleva-
tion of the upper tree line by as much as 700 m (Markgraf and
Scott, 1981; Fall, 1997b; Briles et al., 2012).
During the subsequent Bølling-Allerød period (14,700–

12,900 cal yr BP), summer insolation rose steadily (Berger
and Loutre, 1991; data for 40°N latitude), and there was a
sharp rise in the pollen of arboreal species, such as those of
Picea, Abies, and especially Pinus, as well as a steady decline
in Artemisia (Briles et al., 2012). After 14,700 cal yr BP, the
upper tree line in the form of subalpine forest moved upslope
and replaced tundra and parkland (Fall, 1997b; Jimenez-
Moreno et al., 2008; Briles et al., 2012).
There was a return to cooler climate during the Younger

Dryas chronozone (YDC), marked by an annual temperature
decrease of as much 4–5°C (Fall, 1997b). There is no evi-
dence of glacial readvance during the YDC (Brugger, K.A.,
personal communication, 2010), but there was significant
change in vegetation, indicated by a decrease in pine and an
increase (and subsequent decline) in Picea and Abies (Briles
et al., 2012). The rise in Abies suggests cooler temperatures
year-round, but also increased winter precipitation in the
form of snow, as Abies requires a deep winter snow pack
(Fall, 1997b). Evidence from high-elevation localities

Table 1. Plant and animal taxa that should occur in the Upper
Gunnison Basin, based on current environmental conditions, but are
absent. An asterisk (*) denotes species that have been identified in
either the fossil or archaeological record in the basin verifying their
presence there in the past.

Taxon

Plants

*Colorado Piñon (Pinus edulis)
*Ash (Fraxinus spp.)
*Ground Cherry (Physalis spp.)

Vertebrates

Woodhouse’s Toad (Bufo woodhousii)
Greater Short-horned Lizard (Phrynosoma hernandesi)
Collared Lizard (Crotaphytus collaris)
*Western Rattlesnake (Crotalus viridis)
*Sagebrush Vole (Lemmiscus curtatus)
Piñon Mouse (Peromyscus truei)
Thirteen-lined Ground Squirrel (Ictidomys tridecemlineatus)
*Preble’s Shrew (Sorex preblei)

*Black-footed Ferret (Mustela nigripes)
Pinyon Jay (Gymnorhinus cyanocephalus)
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shows a return of tundra vegetation and a downslope expan-
sion of subalpine forest, indicating a lowering of the upper
and lower tree lines (Fall, 1997b; Briles et al., 2012).
Ultimately, however, the most significant changes in cli-

mate and biota in the UGB occurred in the Early to Middle
Holocene, when incoming solar radiation peaked, summer
temperature increased, and effective precipitation decreased.
As a result, biotic communities changed: the upper tree line
shifted upslope to perhaps 270 m higher than today (Fall,
1997b), the forest composition changed to include more tem-
perate taxa, and fire activity increased from previous levels
(Fall, 1997a; Jimenez-Moreno et al., 2008; Briles et al.,
2012). By inference, on the floor of the UGB there was an
increase in xerophytic species, but unusual mixtures of alpine
species in the lower basin have been noted (Barrell, 1969).
Beginning ∼4500 cal yr BP, a cooling period caused a lower-
ing of upper timberline by 100–200 m and a gradual drop in
effective moisture (Markgraf and Scott, 1981; Fall, 1985,
1997b; Short, S.K., unpublished report, 1986). Late Holo-
cene woodrat middens indicate a forested environment in
the lower elevations of the UGB, where open sagebrush
grassland predominates today (Emslie et al., 2005). After
2000 cal yr BP, modern climatic conditions and vegetation
communities became established in the UGB and have
remained essentially unchanged since that time.
At present, Haystack Cave is situated in sagebrush shrub

below the tree line; Cement Creek Cave and Signature Cave
are at higher elevations within relatively open subalpine
woodlands. The excavation history, stratigraphy, and taphon-
omy of these caves and their fossil assemblages are described
below. These faunas supplement previous work on high-
elevation middle Pleistocene faunas from montane regions
surrounding the UGB (Barnosky, 2004; Sertich et al., 2014).

CAVE DESCRIPTIONS

Detailed information on the history and methods of excava-
tions for each of the three caves is provided in the Supplemen-
tary Materials. Here, we focus on general descriptive
information for each, as well as data on their stratigraphy,
age, and taphonomy. All radiocarbon ages (14C yr BP)
from the caves were calibrated using OxCal v4.3 (Bronk
Ramsey, 2009) and the IntCal13 calibration curve (Reimer
et al., 2013). This calibration generated 2σ ranges and a
mean (μ) in cal yr BP for all radiocarbon ages that have
been completed on the three caves discussed below (see
Tables 2–4). We refer only to mean ages in cal yr BP.

Haystack Cave

Haystack Cave (2450 m asl) is located in the dry lower, cen-
tral part of the UGB, ∼150 m above the Gunnison River. This
rich late Pleistocene vertebrate locality has been excavated on
three separate occasions since 1978. The cave is situated on
the rimrock of Sapinero Mesa, inset in Fish Canyon welded
ash-flow tuff (Cenozoic, Oligocene) that formed approxi-
mately 30 Ma (Prather, 1982). The cave is tube shaped,

approximately 2.3 m in diameter and 12 m long. The back
of the cave tapers to a diameter of only about 1 m, where it
then angles downward into a small crawlway for another 8–
10 m before ending. Although the cave has been referred to
as a lava tube that formed quickly in a molten rock stream,
it is instead likely a result of weathering and erosion in the
welded tuff—and perhaps the only known cave of this type
in Colorado (Medville, 1998). Because welded tuff is largely
impermeable to water, the interior of the cave has remained
dry for thousands of years, allowing for the excellent preser-
vation of vertebrate fossils, plant remains, and archaeological
materials.

The present environment surrounding Haystack Cave is a
typical dry, interior basin habitat with sagebrush (Artemisia
tridentata) as the dominant plant species. Gambel’s oak
(Quercus gambellii) and juniper (Juniperus scopulorum)
occur in isolated pockets near the cave. Various other shrubs,
grasses, and cactus (Opuntia spp.) also occur in the area
(Emslie, 2002). This community typifies the lower portion
of the UGB at elevations between approximately 2200 and
2600 m asl (Barrell, 1969).

Stratigraphy and age

Euler and Stiger (1981) first published a stratigraphic section
of the cave. This section, taken from their two 1 x 1 m exca-
vation pits, indicated that most of the deposits consisted of
unstratified light brown sediments and roof spalls to a depth
of 1.5 m. The top 30 cm contained darker sediments and
rodent fecal deposits that were considered modern in age.
These initial excavations also revealed that most of the depos-
its are dry, uncompacted sediments and dust with thousands
of rock spalls (which easily collapsed into the test pit and hin-
dered excavations).

Excavations in 1986/1987 were more extensive, and,
although the sediments continued to be dominated by loose
dust and rock spall, additional stratigraphic zones were iden-
tified. Nash’s (1987) sediment analysis determined that the
deposits are composed of organics, weathered material from
the surrounding bedrock, and windblown sediment. He also
identified five stratigraphic units, designated strata I–V from
the bottom to the top of the cave sediments. These strata
occurred within 1.8 m of deposits, differentiated primarily
by the amount of organics found within them as well as
rock debris and bioturbation. Stratum II was the most exten-
sive, up to 112 cm thick and composed of fine reddish-brown
sandy loam (Nash, 2000).

Altogether, there are 29 radiocarbon ages (Table 2) on
vertebrates from the cave, along with half a dozen radiocar-
bon ages on charcoal (most of the charcoal is from upper
levels and is Holocene in age ranging from modern to
3160 ± 60 14C yr BP; Nash, 2000). All of the vertebrate
ages are younger than ∼25,000 cal yr BP, except for two
ages on the same specimen of Centrocercus sp. (Table 2).
Most of the vertebrate ages fall within the time range of
∼24,780–15,165 cal yr BP, except for one on an Equus pha-
lange that was considered invalid by Nash (2000) because
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of use of a pretreatment method (NaOH extraction) that did
not remove all humate contaminants. This period of time
may be one of increased accessibility and use of the cave
by a variety of vertebrate species. This depositional activity
correlates with the LGM and the warming trend that fol-
lowed over the next several millennia. Only one bone, iden-
tified as sage grouse (Centrocercus sp.), produced an older
age at 37,181 cal yr BP (Table 2). Because the age on this
specimen was much older than all other specimens from the
cave, a second age was obtained on this bone using a

different radiocarbon lab but produced a similar result
(33,821 cal yr BP; Table 2). Thus, the age of this bone sug-
gests that older, pre-LGM deposits remain in the cave but
apparently are very limited or relict.

Taphonomy

The radiocarbon evidence suggests that the period of greatest
mammalian activity within Haystack Cave took place during
the LGM, at a timewhen sediments were accumulating within

Table 2. Radiocarbon ages (n = 29) completed on fossil vertebrates from Haystack Cave with lab number, stratum and/or level, taxon, and
material dated. The first two ages were reported by Emslie (1986) from levels excavated by Euler and Stiger (1981); the ages from stratum II
were reported by Nash (2000) and include one of Equus sp. (AA 5258) mistakenly referred to Bootherium in that report. Two other ages are
from the same bone (first phalange) of Bootherium. All other specimens are sited from the grid system established by Nash (2000; Fig. 3);
specimens from grid K3/4 are from levels excavated by Emslie in 1998 (Supplementary Materials). The two ages onCentrocercus sp. are from
the same specimen. All ages on marmot (Marmota flaviventris) teeth were completed by McLean et al. (2014). Radiocarbon ages calibrated
with OxCal v. 4.3 using IntCal13 calibration curve (Reimer et al., 2013).

Lab no. Stratum/level Taxon Element 14C yr BP

Calibrated age
95.4%

confidence
(cal yr BP)

Cal yr
BP

mean, μ

TX 3632 3–4 Unidentifiable mammal Shaft fragments 14,935 ± 610 19,659–16,604 18,161
TX 3633 5–6 Unidentifiable mammal Shaft fragments 12,154 ± 1700 20,246–10,412 15,165
Beta 22944 Stratum II Equus sp. Second phalange 7240 ± 560 9495–7019 8213
AA 5258 Stratum II Equus sp.a First phalange 18,955 ± 170 23,302–22,454 22,846
AA 4940 Stratum II Bootherium bombifrons First phalange 19,620 ± 170 24,054–23,149 23,630
CAMS 1558 Stratum II Bootherium bombifrons First phalange 18,970 ± 90 23,105–22,545 22,834
Beta 124331 J1b-1-22 Antilocapra americana Second phalange 17,440 ± 70 21,323–20,815 21,060
Beta 124332 I3b-18-29 Bootherium bombifrons Left radial carpal 17,160 ± 90 20,970–20,456 20,704
Beta 124333 I3d-1-55 Marmota flaviventris Left innominate 17,240 ± 90 21,063–20,541 20,796
UGAMS 10623 H3b, level 5 Centrocercus sp. Right tarsometatarus

missing ends
29,660 ± 80 34,024–33,618 33,821

Beta 333097 H3b, level 5 Centrocercus sp. Right tarsometatarus
missing ends

33,000 ± 290 38,152–36,336 37,181

Beta 296147 M1b, level 6 Marmota flaviventris Rm3 18,820 ± 120 22,981–22,430 22,695
UCIAMS 87759 I3b, level 9 Marmota flaviventris Rm3 17,620 ± 100 21,640–20,970 21,304
UCIAMS 87760 I3c, level 12 Marmota flaviventris Lp4 20,570 ± 160 25,250–24,328 24,781
UGAMS 18966 I3c, level 12 Euceratherium colinum Right calcaneum 20,330 ± 45 24,592–24,194 24,405
UGAMS 11272 N2c, level 12 Marmota flaviventris Lp4 20,220 ± 50 24,490–24,083 24,287
Beta 297900 J2d, level 14 Marmota flaviventris Lp4 15,770 ± 280 19,760–18,479 19,099
Beta 333113 N2d, level 22 Marmota flaviventris RP4 15,970 ± 60 19,494–19,052 19,274
UGAMS 11271 N2d, level 22 Marmota flaviventris Lp4 13,390 ± 45 16,280–15,922 16,110
Beta 125786 K3/4, level 3 Lepus townsendii Right calcaneum 12,910 ± 50 15,649–15,217 15,426
Beta 125787 K3/4, level 4 Urocitellus elegans Left maxilla with P4-M1 14,050 ± 50 17,336–16,845 17,076
Beta 125788 K3/4, level 5 Urocitellus elegans Right maxilla with

P4-M3
14,080 ± 50 17,378–16,910 17,125

Beta 125789 K3/4, level 6 Urocitellus elegans Right mandible with
p4-m3

16,730 ± 50 20,381–19,991 20,181

Beta 125790 K3/4, level 7 Urocitellus elegans Right mandible with
m1-m3

14,440 ± 50 17,830–17,423 17,605

Beta 125791 K3/4, level 9 Thomomys talpoides Cranium with RI1, LI1 17,760 ± 50 21,753–21,289 21,513
Beta 120100 K3/4, level 10 Lepus sp. Partial right innominate 16,420 ± 70 20,034–19,590 19,813
Beta 120101 K3/4, level 16 Equus sp. Partial third phalange 19,990 ± 100 24,334–23,770 24,051
Beta 120102 K3/4, level 20 Urocitellus or

Callospermophilus
Partial right mandible 16,330 ± 70 19,955–19,515 19,723

Beta 120104 K3/4, level 27 Marmota flaviventris Left i1 17,850 ± 80 21,874–21,368 21,627

aThis specimen was incorrectly referred to Bootherium by Nash (2000).
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Table 3.Radiocarbon ages (n = 62) completed on fossil vertebrates fromCement Creek Cavewith lab number, stratum and/or level, taxon, and
material dated. Lab number refers to ages completed by the University of California, Irvine, Accelerator Mass Spectrometer (UCIAMS), Beta
Analytic Inc. (Beta), and the University of Georgia Accelerator Mass Spectrometer (UGAMS). Fourteen ages from TP1 (test pit 1) excavated
in 1998 are indicated by an asterisk (*); 16 TP2 (test pit 2) ages are indicated with a pound sign (#). All other ages are from TP2 NE (test pit 2,
northeast). For each age excavation level is given, and, in the case of TP1 and TP2, the corresponding level with TP2 NE is given with the
original level from those pits in parentheses. For elements, teeth are indicated by L or R for left or right, and lower or upper case m (molar), p
(premolar), or i (incisor) for lower or upper teeth, respectively. Radiocarbon ages calibrated with OxCal v. 4.3 using IntCal13 calibration curve
(Reimer et al., 2013).

Lab no. Level Taxon Element

Radiocarbon
age

(14C yr BP)

Calibrated age
95.4%

confidence
(cal yr BP)

Mean
calibrated

age
(cal yr BP)

#UCIAMS 137890 1 (3) Marmota flaviventris Left radius missing distal end 14,210 ± 60 17,512–17,092 17,303
UCIAMS 53285 2 Marmota flaviventris Lm3 1300 ± 15 1285–1183 1240
#UCIAMS 137891 3 (5) Marmota flaviventris Right mandible with p4-m1 1995 ± 20 1992–1896 1944
#UCIAMS 139603 3 (5) Marmota flaviventris Left humerus 38,400 ± 1300 45,254–40,599 42,818
UCIAMS 53286 7 Marmota flaviventris RM1 or 2 4105 ± 15 4801–4528 4641
Beta 318497 7 Lemmiscus curtatus Right mandible with m1-2 9640 ± 30 11,179–10,793 11,005
*Beta 128214 8 (4) Marmota flaviventris Li1 1120 ± 40 1174–938 1033
#UCIAMS 126398 9 (11) Marmota flaviventris Distal half left tibia 47,700 ± 3200 49,723
#UCIAMS 137892 9 (11) Marmota flaviventris Left femur ( juv.) 33,860 ± 620 39,755–36,565 38,205
*Beta 125777 10 (5) Marmota flaviventris LI1 8070 ± 50 9130–8768 8965
UCIAMS 53287 10 Marmota flaviventris LM1 or 2 3120 ± 15 3383–3260 3338
#UCIAMS 126399 10 (12) Marmota flaviventris Right maxilla with no teeth 2935 ± 25 3168–2998 3088
#UCIAMS 137893 10 (12) Marmota flaviventris Right mandible with i1 and m1 1345 ± 20 1305–1192 1282
#UCIAMS 139604 10 (12) Marmota flaviventris Left radius 45,100 ± 3000 44,799 47,565
#UCIAMS 139605 11 (13) Marmota flaviventris Right calcaneum 45,300 ± 3100 44,857 47,614
#UCIAMS 126400 11 (13) Marmota flaviventris Prox epiphysis right humerus 42,000 ± 1600 49,212–43,140 45,917
UCIAMS 56844 11 Marmota flaviventris Broken molar 4780 ± 20 5588–5473 5520
UCIAMS 87756 11 Neotoma cinerea RM1 and partial maxilla 4630 ± 15 5448–5311 5400
*Beta 125778 12 (6) Thomomys sp. Left mandible with i1 970 ± 40 955–791 868
*Beta 128669 12 (6) Marmota flaviventris Right ulna 32,770 ± 240 37,690–36,163 36,831
*Beta 135139 12 (6) Odocoileus heminonus Right femur shaft 4520 ± 50 5315–4980 5167
UCIAMS 56845 13 Marmota flaviventris Left mandible with i1 6400 ± 20 7417–7271 7342
#UCIAMS 137894 14 (16) Marmota flaviventris Humeral end of left scapula 37,510 ± 980 43,568–40,187 41,915
*Beta 128215 14 (7) Thomomys talpoides Partial cranium 11,870 ± 110 13,984–13,466 13,705
UCIAMS 56846 14 Marmota flaviventris Molar >44,800
UCIAMS 87758 14 Lepus americanus Distal rt femur 7035 ± 20 7936–7835 7885
UGAMS 10615 14 Microtus pennsylvanicus Maxilla fragment 25,740 ± 70 30,295–29,565 29,927
UGAMS 10616 14 Lemmiscus curtatus Right mandible with i1 6320 ± 30 7310–7172 7242
Beta 318500 14 Lemmiscus curtatus Rm1 6360 ± 40 7418–7178 7302
UGAMS 10621 14 Marmota flaviventris Left i1 22,110 ± 55 26,550–26,091 26,311
UGAMS 10622 15 Lepus americanus Lumbar vertebra 8070 ± 30 9090–8786 8991
UCIAMS 56847 15 Marmota flaviventris Right mandible with m3 >43,900
UCIAMS 87757 15 Lepus townsendii First phalange 10,230 ± 25 12,097–11,821 11,954
#UCIAMS 139606 15 (17) Marmota flaviventris Left mandible 34,580 ± 810 41,098–37,097 39,163
#UCIAMS 139607 16 (18) Marmota flaviventris Left humerus >43,400
#UCIAMS 137895 16 (18) Marmota flaviventris Medial left mandible with m1-3 >46,400
*Beta 125780 16 (8) Phenacomys intermedius Left mandible with m1-2 11,970 ± 50 14,024–13,651 13,831
UCIAMS 126396 16 Marmota flaviventris Partial right innominate >44,000
UCIAMS 53288 16 Marmota flaviventris Rm3 18,040 ± 70 22,104–21,604 21,855
UCIAMS 53289 17 Marmota flaviventris Rm3 >43,300
UCIAMS 85361 17 Marmota flaviventris Left premaxilla with no teeth 23,260 ± 120 27,726–27,303 27,514
#UCIAMS 137896 18 (20) Marmota flaviventris Proximal right femur > 44,200
*Beta 125781 18 (9) Urocittelus elegans Right mandible with p4-m3 12,480 ± 50 15,023–14,284 14,663
UCIAMS126397 18 Marmota flaviventris Partial left innominate 49,100 ± 3800 49,845
UCIAMS 139608 18 Marmota flaviventris Left radius ( juv.) >47,200

(Continued)
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Table 3. Continued.

Lab no. Level Taxon Element

Radiocarbon
age

(14C yr BP)

Calibrated age
95.4%

confidence
(cal yr BP)

Mean
calibrated

age
(cal yr BP)

UCIAMS 53290 18 Marmota flaviventris Lm3 33,840 ± 510 39,505–36,745 38,175
*Beta 120097 20 (10) Ochotona princeps Right mandible 45,740 ± 2200 45,958 48,156
*Beta 129369 20 (10) Marmota flaviventris Left tibia missing prox end 28,820 ± 180 33,556–32,410 32,989
#UCIAMS 137898 21 (23) Marmota flaviventris Right ilium of pelvis 41,000 ± 1500 48,245–42,458 45,018
UCIAMS 53294 21 Marmota flaviventris LM1 43,700 ± 1900 44,741 47,208
UCIAMS 85362 21 Marmota flaviventris LI 33,060 ± 410 38,395–36,260 37,288
UCIAMS 137897 21 Marmota flaviventris Distal half right humerus >48,500
*Beta 125783 22 (11) Lepus americanus Distal left tibia 28,330 ± 170 32,822–31,620 32,221
UCIAMS 53291 23 Marmota flaviventris LM2 32,440 ± 430 37,872–35,449 36,532
*Beta 125784 24 (12) Lepus townsendii Right ilium 39,690 ± 620 44,585–42,535 43,508
UCIAMS 53292 24 Marmota flaviventris Lm2 or 3 36,560 ± 720 42,330–39,795 41,099
UCIAMS 137899 24 Marmota flaviventris Right premaxilla with no teeth >49,200
UCIAMS 137900 26 Marmota flaviventris Distal left humerus 41,400 ± 1600 48,813–42,682 45,414
*Beta 120098 26 (13) Marmota flaviventris Left innominate 34,980 ± 600 40,975–38,415 39,604
*Beta 135140 26 (13) Marmota flaviventris Left I1 43,330 ± 760 48,494–45,229 46,748
UCIAMS 53293 27 Marmota flaviventris Rm1 and jaw fragment 35,040 ± 590 40,988–38,478 39,662
UCIAMS 137901 36 Marmota flaviventris Left mandible with m3 >46,400

Table 4. Radiocarbon ages (n = 21) from TP1 (test pit 1) and TP2 (test pit 2) at Signature Cave giving lab number, level, taxon, and material
dated. Radiocarbon ages calibrated with OxCal v. 4.3 using IntCal13 calibration curve (Reimer et al., 2013).

Lab no. Pit/level Taxon Element

Radiocarbon
age

(14C yr BP)

Calibrated
age 95.4%
confidence
(cal yr BP)

Mean
calibrated

age
(cal yr BP)

UCIAMS 85358 TP1, level 5 Microtus longicaudus Right mandible 805 ± 20 745–681 713
UCIAMS 67875 TP1, level 10 Lepus sp. Shaft of right tibia 1160 ± 15 1175–1000 1083
UCIAMS 87761 TP1, level 15 Lepus americanus Proximal left ulna 4765 ± 15 5584–5471 5523
UCIAMS 87762 TP1, level 20 Marmota flaviventris Left premaxilla 2265 ± 15 2343–2183 2285
UCIAMS 67876 TP1, level 23 Lepus americanus Distal half left mandible 2975 ± 15 3209–3076 3139
UCIAMS 85359 TP1, level 30 Lepus americanus Rp4 3060 ± 20 3351–3211 3280
UCIAMS 85360 TP1, level 30 Marmota flaviventris RM1 5090 ± 25 5911–5749 5823
UCIAMS 67877 TP1, level 34 Lepus americanus Lm2 7015 ± 25 7932–7793 7866
UCIAMS 67878 TP1, level 35 Lepus americanus Distal right mandible 5330 ± 20 6191–6002 6098
UCIAMS 85357 Auger 2010.2 S10 Neotoma cinerea Proximal left scapula 5245 ± 25 6175–5925 6003
UGAMS 10620 TP2, level 7 Lepus americanus Lumbar vertebra 2290 ± 25 2353–2184 2307
UGAMS 10614 TP2, level 9 Dendragapus obscurus Left humerus shaft fragments 850 ± 20 793–704 756
UGAMS 10613 TP2, level 10 Sylvilagus sp. Lm1 3220 ± 25 3544–3380 3433
UGAMS 10619 TP2, level 10 Lepus americanus Lumbar vertebra 140 ± 20 279–7a 145
UGAMS 10612 TP2, level 11 Marmota flaviventris I1 fragment 2410 ± 20 2676–2353 2431
UGAMS 10611 TP2, level 12 Neotoma cinerea Lm1 3600 ± 25 3974–3843 3908
UGAMS 10610 TP2, level 13 Lepus americanus Lm1 3200 ± 25 3460–3370 3418
UGAMS 10618 TP2, level 14 Neotoma cinerea Sacrum of pelvis 3400 ± 25 3699–3579 3647
UGAMS 10609 TP2, level 14 Neotoma cinerea Rm1 2350 ± 25 2439–2330 2365
UGAMS 10607 TP2, level 15 Thomomys sp. Right innominate 2100 ± 25 2137–2000 2071
UGAMS 10608 TP2, level 15 Marmota flaviventris Distal end of RI1 1580 ± 20 1529–1412 1468

aCalibrated age may extend out of range.
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the cave, ultimately leading to more than 1 m of deposition. It
was during this period that open sagebrush (Artemisia spp.)
steppe, grassland, and small stands of mixed conifer forest
appear to have dominated the environment surrounding the
cave. Data for these interpretations, first presented by Emslie
(1986), include the presence of vertebrate taxa that are
restricted to these environments today (e.g., Lagopus sp.,
Ochotona princeps, Urocitellus elegans, Thomomys tal-
poides, Lemmiscus curtatus, and Phenacomys intermedius).
In addition, other taxa from these dated sediments include
those found only in open grassland and/or tundra environ-
ments (cf. Miracinonyx trumani, Antilocapra americana,
and Equus sp.). Assuming all or most of these species
inhabited the basin at the same time, this assemblage reflects
a nonanalog, mixed community of open sagebrush grassland
and alpine tundra during the late Pleistocene referred to
as sagebrush steppe-tundra. Pollen analyses by Scott
(1981) also indicated that sagebrush dominated the plant
community at Haystack Cave, along with composites,
Chenopodiaceae-Amaranthus, and other nonarboreal species.
Rapid sedimentation in the cave during the late Pleistocene

may have been caused largely by physical factors, principally
freeze/thaw and exfoliation of the cave roof and walls (large
amounts of rock spalls were removed during excavations).
The rich collection of fossil material nonetheless indicates
that the cave was heavily used by a variety of vertebrate spe-
cies throughout this interval. This use appears to have been
primarily by rodents, especially woodrats (Neotoma sp.)
and ground squirrels (Urocitellus and Callospermophilus
sp.). Even during excavations, old and new burrows of
golden-mantled ground squirrels (C. lateralis) were fre-
quently encountered, and live individuals were observed in
the cave on numerous occasions. The abundance of marmot
bones in the deposits suggests that this species also fre-
quented the cave and may have used it for hibernation as
well as a nest site. No marmots have been seen near the
cave today but do occur in rocky talus in other low-elevation
areas in the UGB.
Most larger vertebrates would have been unable to access

the cave, as the entrance is gained only after scaling a 5–
6 m vertical face with limited access from the mesa top
above (Fig. 2). Just small vertebrates (woodrats and ground
squirrels), agile felids, or larger, cliff-dwelling species (big-
horn sheep [Ovis canadensis]) could easily reach the cave
entrance, and it appears this limited access has characterized
the cave since the late Pleistocene. Large carnivore remains in
the cave are limited to one or a few bones each of coyote
(Canis latrans), red fox (Vulpes vulpes), black bear (Ursus
americanus), extinct cheetah (cf. Miracinonyx trumani),
and several mustelids (see Emslie, 1986; Supplementary
Materials). Unlike carnivore dens, where predator remains
(including juveniles) and those of their prey are plentiful
(e.g., Emslie and Morgan, 1995), the small number of carni-
vore fossils at Haystack Cave indicates it was not a denning
site for any of these species. Given the nature of the accumu-
lated specimens, it is likely that rodents, especially marmots,
ground squirrels, and woodrats, as well as some small

carnivores (e.g., felids, canids, and mustelids) and perhaps
raptorial birds, were the major agents accumulating bone
and plant remains in the cave since the late Pleistocene. As
such, most of the fauna in the cave primarily represents the
local environment and lower UGB species and habitats at
the time of deposition in the late Pleistocene. Use of the
cave appears to have declined considerably during the
Holocene.

Cement Creek Cave

Cement Creek Cave (2860 m asl) is a multichambered solu-
tion cavity in Leadville limestone (Paleozoic, Middle Missis-
sippian age) located just south of Crested Butte, Colorado
(Fig. 1). Although the cave is situated just over ∼6 km from
the terminal lobes of the glaciers that came down the Slate
and East River valleys to the north, there is no evidence the
Cement Creek drainage itself was glaciated.

The environment surrounding Cement Creek Cave has
been described as dominated by a mixture of pine and spruce
forest (Picea engelmannii and P. pungens), with Douglas fir
(Pseudotsuga menziesii), juniper, and quaking aspen (Popu-
lus tremuloides) also present. The slopes below and near the
cave have sagebrush and various shrubs, grasses, and flower-
ing plants that typify subalpine mountain regions at this ele-
vation (Emslie, 2002).

The cave has been well known to locals and spelunkers for
many years, as the limestone cliff in which it occurs is clearly
visible from major roads and is one of several in this forma-
tion that has been surveyed and mapped (Medville, 1994).
Designated as Cave #3 in Medville (1994), it has extensive
chambers and sediment deposits. It is relatively easy to access
by a small (∼1 m diameter) opening on a vertical face approx-
imately 3–4 m above current ground level. Heavy visitation to
this cave over the years has had many adverse impacts,
including disturbance to cave sediments, removal of speleo-
thems, accumulation of litter, and considerable graffiti spray
painted on cave walls. However, these actions had little
impact to the area in which we excavated.

Stratigraphy and age

The fossil assemblage from Cement Creek was obtained in
two separate excavations. The 1998 excavations of a 50 x
50 cm test pit (TP1; see Supplementary Materials for excava-
tion details) yielded abundant small mammal remains includ-
ing well-preserved and complete jaws of shrews, voles
(Arvicolinae), and ground squirrels (Emslie, 2002). Fourteen
radiocarbon ages were obtained on rodent and rabbit (Lepor-
idae) bones from levels 4 through 13 (Table 3). These ranged
in age from 1033 cal yr BP (level 4) to 46,748 cal yr BP (level
13; Emslie, 2002). Although some mixing was indicated by
the radiocarbon chronology at levels 5/6 and 12/13, this initial
test produced the first vertebrate assemblage in Colorado that
dated before and after the LGM (Mickelson et al., 1983; Daw-
son, 1992).

The 2007 excavations, which comprised a 1 x 1 m unit
(test pit 2 [TP2]) and then an adjoining 50 x 50 cm extension
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to the northeast (TP2 NE), added new information on the age
and stratigraphy of the deposits (see Supplementary
Materials). A stratigraphic profile of TP2 NE indicates that
the deposits consist of dry to moist and degraded woodrat
midden in the top 60 cm (levels 1–12) and cave sediments
and rock spalls in the lower deposits (levels 13–40) that
abruptly change from dark to light brown in color with
depth. Undisturbed portions of the upper levels are rich in
macrobotanical remains (sticks, leaves, needles, and pine
cones) and bones and date to the Late Holocene. The lower
sediments are significantly older and are rich in vertebrate
fossils, especially small mammals. A small number of
bones of larger mammals (artiodactyls), birds, and reptiles
also were recovered.

Two thin travertine layers exposed in these new excava-
tions indicate distinct breaks in cave sedimentation in the
Pleistocene. The upper travertine layer is at a depth of
∼115 cm below the surface (at levels 17/18) and near the bot-
tom of the 1998 test pit dated at 46,748 cal yr BP. The lower
travertine layer is at a depth of 1.6 m (at levels 27/28). These
travertine layers probably formed during a period of quies-
cence in cave deposition and as a result of moisture flow
through the cave from which calcium carbonates precipitated.
However, uranium series ages on speleothem fragments from
levels below the upper travertine layer produced ages of
220,720 ± 2773 and 240,963 ± 3799 13C yr BP, which are
much older than radiocarbon ages on bone found below
these layers. Attempts to bracket the age of the travertine

Figure 2. Top: View of Haystack Cave in the Sapinero Mesa Tuff. Note the 5–6 m vertical cliff below the entrance and limited access from
above. Bottom: Haystack Cave stabilization, completed in 1998, as viewed on September 23, 2014, showing the location of the plywood sup-
port against intact (unexcavated) cave sediments along the east (right) side of the cave. Solidified spray insulation foam is located between the
plywood and the plastic sheeting covering the intact sediments. The cave was visited again on August 2, 2018, and remains essentially
unchanged after 20 yr.
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layers by dating bones from above and below each layer failed
for lack of sufficient collagen. Why the travertine layers
yielded such significantly older ages is unclear, though
contamination is a likely cause, and was suspected when
the samples were closely examined during the laboratory pre-
treatment process (Wang, X., personal communication,
2009).
A total of 45 radiocarbon ages were obtained on fossil

material collected in the 2007 excavations (16 from TP2
and 32 from TP2 NE; Table 3 and Fig. 3). As TP2 NE yielded
more ages and the most intact stratigraphic sequence, the lev-
els from TP1 and TP2 were aligned with those of TP2 NE to
create a composite dated section (Table 3).
Overall, 62 radiocarbon ages have been obtained from

Cement Creek Cave and range from the Late Holocene to
well before the LGM (Table 3). The deepest levels of the sec-
tion (below level 30) appear to be beyond the range of radio-
carbon dating (McLean and Emslie, 2012). A plot of the 50
radiocarbon ages that could be calibrated reveals that consid-
erable mixing has occurred in the cave, especially in the upper
levels (Fig. 3). Many older bones have been moved upward,
probably by burrowing rodents (old and new burrows were
observed during excavations) and/or spelunkers who may have
dug into these levels to unclog the crawlway into the back cham-
bers of the cave. Only those deposits below the upper travertine
layer (levels 18–40) appear to be relatively undisturbed; the
bones within them generally return pre-LGM radiocarbon
ages, or ages that are at or past the limits of radiocarbon dating.
Because the TP2 NE stratigraphic section was the least dis-

turbed by rodent activity and provided a continuous sequence
of deposition from the youngest to oldest (deepest) levels in

the cave (levels 1–40), we identified all fossil material in 13
of the levels (levels 5, 9–15, 20, 26, 30, 35, and 40). Given
the abundance of remains, we could not sample every level,
so we chose every fifth level for analysis, except for levels
9–15, which cross the Pleistocene-Holocene boundary
(Table 3 and Fig. 3; inadvertent mixing of fossils during
screen washing prevented use of level 25; level 26 was
used instead). These detailed data were generated to assess
changes in the small mammal community over the past
40,000+ yr, as discussed below.

Taphonomy

Organic deposits in Cement Creek Cave, at least in the upper
levels, appear to have accumulated largely through woodrat
activity. The top 60 cm of the deposits is degraded midden
of decomposing plant debris; modern woodrat middens are
also present in and near the cave as their activities continue
to this day. Besides woodrats, access to the cave was limited
to all but small cliff-dwelling species. Large mammals could
not access this cave. Their bones also are relatively rare in the
deposits and consist mainly of fragmented long bones or
whole vertebrae, partial mandibles with teeth, phalanges, tar-
sals, and carpals (see Supplementary Materials), all of which
are within the size range that could have been carried by
woodrats to their nests. One complete tibia of a black bear
was recovered and is the largest fossil of a large mammal
from the excavations. It has some gnaw damage and one
canine puncture mark (9 x 7 mm), the size of a puma
(Puma concolor) or wolf (Canis lupus) canine, on the proxi-
mal lateral side of the tibial tuberosity. This bone is the only
evidence of a large carnivore in the cave.

Most of the thousands of bones in the lower deposits,
though, are of small mammals including insectivores, lago-
morphs, and rodents. Unlike an owl (Strigiformes) pellet
deposit, where small mammal and bird bones (including cra-
nia) are preserved whole or intact, the bones in Cement Creek
Cave are highly fragmented. Although owl pellets could eas-
ily have been deposited at the front of the cave by roosting
birds, and carried farther into the cave by woodrats, it does
not seem likely that the majority of bones were deposited in
this manner. No pellets or partial pellets were found in the
upper deposits or on the surface where our excavations took
place, nor have any pellets been observed on the surface at
the front of the cave. Instead, the high degree of bone frag-
mentation could have been caused by small carnivores such
as weasels (Mustela spp.) that may have used the cave as a
den.

Weasels prey primarily on small rodents, especially voles
but also mice (Cricetidae), squirrels (Sciuridae), gophers
(Thomomys spp), lagomorphs, and shrews (Quick, 1951;
King and Powell, 2006). Remains of all these taxa are preva-
lent in the deposits at Cement Creek Cave. In addition, wea-
sels are known to kill their prey by biting and crushing the
skull and then feeding on the carcass causing additional frag-
mentation of skeletal elements (Quick, 1951). As mustelid
remains also are fairly common in the deposits and have

Figure 3. Calibrated radiocarbon ages (cal yr BP) from Cement
Creek Cave (n = 50) plotted in correspondence to levels in TP2
NE (test pit 2, northeast) (see Table 3; ages beyond the calibration
curve are not plotted here). Numerous specimens with older ages
have been mixed into the upper levels because of rodent and
human disturbances to those levels. Ages indicated by an open circle
are from those levels used in analyses of richness and evenness. Ver-
tical dashed lines are at levels where upper disturbed levels changed
to a lighter-brown fossiliferous deposit (levels 11/12) and where a
thin travertine layer was encountered, indicating a hiatus in deposi-
tion at levels 17/18 (see Supplementary Materials for stratigraphic
profile of TP2 NE). A second travertine layer at level 30 is not indi-
cated on this plot.
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been identified from nearly every level with at least five spe-
cies (including one extinct taxon) represented, it is likely that
the cave was used by these species as a den or shelter and that
many of the small mammal fossils in the cave are because of
their activities. In the 13 levels subjected to complete analy-
sis, the relative proportion of taxa is similar to published die-
tary preferences of weasels (Quick, 1951). Voles (Microtus,
Phenacomys, and Lemmiscus) comprise 61.63% of all indi-
viduals identified from these levels, whereas other taxa are
much lower in representation from 1.12% (birds) to 9.73%
(small sciurids including Neotamias, Urocitellus, Callosper-
mophilus, and Tamiasciurus; Fig. 4). Quick (1951) found in
his analysis of 77 scats of long-tailed weasels (Mustela fre-
nata) from Gunnison County, Colorado, that voles had the
highest percent occurrence (Microtus sp.; 52%), followed
by small sciurids (23.4%), mice (Peromyscus sp.; 19.5%),
gophers (3.9%), and pikas (Ochotona princeps; 1.3%).
Given the vertebrate assemblage at Cement Creek Cave was
likely accumulated by weasel and woodrat activities, it too
should indicate species primarily from the cave’s surrounding
environment.

Signature Cave

Signature Cave (3055 m asl) is located in a small valley, Ute
Gulch, that drains into Spring Creek in Gunnison National
Forest. It is ∼14 km east of Cement Creek Cave and also in
Leadville limestone. This cave, and several others in Ute
Gulch, were first reported in 1962 but only later explored
and mapped by Medville (1995). We relocated these caves
in summer 2007 to assess their potential for containing fossil
deposits and/or ancient woodrat middens.

Of those, only Signature Cave appeared to have deposits that
might contain fossil remains,withbones of large and smallmam-
mals on the surface. The cave is entered through a large opening
approximately 2 mhigh and 1–1.5 mwide, allowing easy access
to the interior for a wide range of mammals and other
ground-dwelling species. We therefore anticipated that excava-
tions here would provide a greater variety of high-elevation spe-
cies, compared with the assemblage from Cement Creek Cave.
The environment surrounding the cave today is typical sub-

alpine forest dominated by Engelmann spruce and aspen.
Gooseberry (Ribes sp.) covers the slope immediately below
the cave entrance, while willow (Salix sp.) is common along
the stream banks.Many species of shrubs including sagebrush
and cliffrose (Purshia sp.), miner’s lettuce (Claytonia sp.),
Indian paintbrush (Castilleja chromosa), and numerous
grasses and other flowering plants also occur near the stream
and on the slopes along and above the valley bottom.

Stratigraphy and age

The deposits at Signature Cave, exposed in two separate tests
(TP1, 70 x 70 cm, and TP2, 80 x 100 cm), were deeper than
expected, and no clear bottom to the cave sediments was
found, except perhaps with the bucket auger in TP2 (see exca-
vation details in Supplementary Materials). A total of 21
radiocarbon ages were obtained on vertebrate bones, and
they range in age from 7866–713 cal yr BP (Table 4). The
oldest age is from TP1 level 34, but bone from deeper levels
and the auger sample produced younger ages indicating that
bioturbation has mixed sediments and bone here, as at Hay-
stack and Cement Creek Caves. Regardless, the deposits
appear to date primarily to the Middle to Late Holocene.
Only the lower clay deposits remain undated.

Figure 4. Percent MNIs (minimum number of individuals) for selected vertebrate taxa from all MNIs calculated from complete analysis of
levels 5, 9–15, 20, 26, 30, 35, and 40 recovered from TP2 NE (test pit 2, northeast) at Cement Creek Cave. Voles (Microtus, Phenacomys,
and Lemmiscus) far outnumber other small mammal and avian taxa in representation in the deposits, which may have been influenced by
an accumulation of weasel (Mustela spp.) scat.

398 S. D. Emslie and D. J. Meltzer

https://doi.org/10.1017/qua.2019.26
Downloaded from https://www.cambridge.org/core. UNC Wilmington, on 23 Sep 2019 at 13:15:17, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.

https://doi.org/10.1017/qua.2019.26
https://www.cambridge.org/core
https://www.cambridge.org/core/terms


To better understand the cave’s depositional history, sedi-
ment analysis on the 11 auger samples from TP2 was con-
ducted. This analysis indicated that all samples had similar
consistency in grain size, dominated largely by mud (clay
and silt, 66.8–94.1%), but with coarser particles (sand) at
the base, which decreased upward in the section (28.1–
5.9%, from SC11 to SC1, respectively). The sediments
were poorly sorted and had no sedimentary structure that
would indicate long-term deposition or pooling of water in
the cave (Benedetti, M., personal communication, 2012).
These sediments contained few bones or organics. Overall,
these results suggest relatively rapid infilling of sand and
mud in the cave in the Early Holocene, followed by more
gradual deposition of midden and fossil material after the
cave became dry. These more recent deposits are more char-
acteristic of cave fill, including uncompacted brown to dark-
brown sediments with rock spalls, bone, and degraded mid-
den. The deeper layers of sand and mud suggest the possibil-
ity that the valley in which the cave is located at some point
flooded, perhaps owing to an obstruction below the cave
where the valley bottlenecks, and water backed up into the
cave. Regardless, the absence of Early Holocene remains in
the cave suggests that it was too wet and/or inaccessible for
animals to use until the Mid-Holocene.

Taphonomy

Because Signature Cave is accessible to a wider size range of
species, it is possible that the remains in the cave could have
been accumulated by carnivores as well as woodrats and other
rodents. Evidence for this includes numerous coyote (Canis
latrans) bones from the deposits, including those of juveniles,
suggesting the cave may have been used occasionally as a den
by this species. In addition, there are numerous bones of artio-
dactyls and juvenile deer (Odocoileus hemionus) that may
have been brought into the cave by coyotes or other predators.
Rodent burrows were evident in the back chamber of the cave
and have disturbed the upper levels in that area. The burrows
are large and likely resulted from yellow-bellied marmot
activities; juvenile marmot bones also occurred in the depos-
its. Excavations of TP1 also produced a layer of artiodactyl
fecal pellets of either bighorn sheep or deer just below the sur-
face, indicating these animals sheltered in the cave during part
of the year. Owing to the larger number of taxa that poten-
tially contributed to the accumulation of faunal material in
Signature Cave, its remains are not species that were likely
as locally restricted as those in Haystack and Cement Creek
Caves.

VERTEBRATE PALEONTOLOGY

A summary list of all vertebrates from Haystack, Cement
Creek, and Signature Caves is presented in Table 5. The
assemblages are too extensive to list all elements recovered
for each taxon, but much of those data are available elsewhere
(Emslie, 1986, 2002; Nash, 1987, 2000; McLean and Emslie,
2012; McLean et al., 2014; Reynard et al., 2015).

Accordingly, here only previously unreported taxa of birds
and selected mammals (especially those that are rare, extra-
limital to the UGB, or extinct) are described in detail in the
SupplementaryMaterials, along with systematic descriptions.
The systematic order and taxonomic nomenclature follows
that of Armstrong et al. (2011) for mammals and the
A.O.U. Checklist (American Ornithologists’ Union, 1998)
for birds. Identifications and counts (number of identified
specimens [NISP] and minimum number of individuals
[MNI]) by level in the test pits excavated at Cement Creek
(TP2 and TP2 NE) and Signature Cave are presented in Sup-
plementary Tables 1–3; identifications by test pit and level of
the large volume of fossil material from Haystack Cave was
not possible because of multiple excavations by different
investigators at this cave since 1978.

DISCUSSION

Collectively, the vertebrates from the three caves provide one
of the richer, longer, and continuous records of high-
elevation small mammal communities for the late Pleistocene
to the Late Holocene of North America. Moreover, Cement
Creek Cave is the only known high-elevation fauna in
North America that dates to before and after the LGM. Two
other high-elevation sites, Porcupine Cave, Colorado, and
SAM Cave, New Mexico, date entirely within the early to
middle Pleistocene, before the LGM (Rogers et al., 2000;
Barnosky, 2004). The deposits at Porcupine Cave (1.0–
0.6 Ma) also span at least two glacial-interglacial cycles
and provide a model for comparison of faunal turnover with
climate change in alpine communities (Barnosky, 2004;
Barnosky et al., 2004; Barnosky and Shabel, 2005). One
other high-elevation site in Colorado at 2700 m, the Ziegler
Reservoir site in Pitkin County, has produced a rich collection
of fossil mammoths (Mammuthus columbi), mastodons
(Mammut americanum), numerous other large and small ver-
tebrates, and plant remains dating to ∼130,000–70,000 yr BP
(Sertich et al., 2014).

The late Pleistocene vertebrates fromHaystack and Cement
Creek Caves are dominated by open habitat animals from a
steppe-tundra environment that included a mixture of both
alpine (grasses and forbs) and subalpine plants (sagebrush,
Artemisia spp.; Emslie, 1986, 2002). Assuming all or most
of these species co-occurred in the UGB, an inference that
requires additional, high-precision radiocarbon dating to con-
firm, it appears that in the late Pleistocene a mixed sagebrush
and tundra habitat must have prevailed throughout the UGB at
elevations above 2400 m. We refer to this habitat as sage-
brush steppe-tundra, a nonanalog or disharmonius (Lundelius
et al., 1983; Graham, 1986; Stafford et al., 1999; Semken
et al., 2010) intermontane community that became frag-
mented and altered with warming trends at the end of the
Pleistocene.

This sagebrush steppe-tundra community is represented by
other late Pleistocene fossil sites in North America, and its
existence in the UGB is supported by fossil pollen that indi-
cates sagebrush was intermixed with alpine species during
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Table 5. Tally of vertebrate taxa (Aves and Mammalia only) identified from Cement Creek, Haystack, and Signature Caves, Upper Gunnison
Basin, Colorado. This list includes taxa reported here as well as by Emslie (1986, 2002) and Nash (1987). Taxonomy follows A.O.U. Checklist
(American Ornithologists’ Union, 1998) and Armstrong et al. (2011). Extinct species indicated by a dagger (†); species extirpated from the
basin are indicated with an asterisk (*). Only the Wyoming ground squirrel has reinvaded the UGB in the mid-twentieth century.

Taxon Cement Creek Cave Haystack Cave Signature Cave

Aves
Duck (Anas sp.) X
Red-tailed Hawk (Buteo cf. B. jamaicensis) X
Hawk (Buteo sp.) X X
Falcon (Falco mexicanus or F. peregrinus) X
Sage-Grouse (Centrocercus sp.) X
White-tailed Ptarmigan (Lagopus leucurus) X
Ptarmigan (Lagopus sp.) X X
Blue Grouse (Dendragapus obscurus) X X X
Great Horned Owl (Bubo virginianus) X
Long-eared or Short-eared Owl (Asio sp.) X
Northern Flicker (Colaptes auratus) X X
Passeriformes X
Black-billed Magpie (Pica hudsonia) X
Common Raven (Corvus corax) X
Clark’s Nutcracker (cf. Nucifraga columbiana) X
Bluebird (Sialia sp.) X
Brown-capped Rosy-Finch (Leucosticte atrata) X
Pine Grosbeak (Pinicola enucleator) X
Purple or Cassin’s Finch (Carpodacus purpureus or C. cassinii) X
Mammalia
Least Chipmunk (Neotamias cf. N. minimus) X X
Chipmunk (Neotamias spp.) X X X
Yellow-bellied Marmot (Marmota flaviventris) X X X
Golden-mantled Ground Squirrel (Callospermophilus lateralis) X X X
*Wyoming Ground Squirrel (Urocitellus elegans) X X
Prairie Dog (Cynomys sp.) X
Red Squirrel (Tamiasciurus hudsonicus) X X
American Beaver (Castor canadensis) X X
Northern Pocket Gopher (Thomomys talpoides) X X X
Western Jumping Mouse (Zapus princeps) X X
Southern Red-backed Vole (Myodes gapperi) X X
Western Heather Vole (Phenacomys intermedius) X X X
Vole (Microtus spp.) X X
*Sagebrush Vole (Lemmiscus curtatus) X X
*Lemming (Dicrostoynx sp.) X
Mouse (Peromyscus spp.) X X
Deer Mouse (Peromyscus maniculatus) X X
Bushy-tailed Woodrat (Neotoma cinerea) X X X
North American Porcupine (Erethizon dorsatum) X X
American Pika (Ochotona princeps) X X X
Cottontail (Sylvilagus sp.) X X X
Snowshoe Hare (Lepus americanus) X X X
White-tailed Jackrabbit (Lepus townsendii) X X X
Insectivora
Masked Shrew (Sorex cinereus) X X X
Pygmy Shrew (Sorex hoyi) X
Merriam’s Shrew (Sorex merriami) X X
Montane Shrew (Sorex monticolus) X X
Dwarf Shrew (Sorex nanus) X X X
Water Shrew (Sorex palustris) X X
*Preble’s Shrew (Sorex preblei) X
Shrew (Sorex sp.) X X X

(Continued)
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the late Pleistocene (Legg and Baker, 1980). Fossil evidence
also indicates this steppe-tundra was broadly continuous
across the intermountain west (Spaulding et al., 1983; Brasso
and Emslie, 2006) before becoming fragmented and reassem-
bling into the sagebrush steppe, montane grasslands, and
alpine tundra seen in the region today. This alteration
occurred with late Pleistocene climate change, as well as
the extinction of numerous large grazing and browsing mega-
herbivores, their extinction likely having changed the com-
munity dynamics and structure of many grassland and
steppe habitats (Gill et al., 2009, 2012; Blois et al., 2010;
Blinnikov et al., 2011). A broad expanse of sagebrush steppe-
tundra extending from northern and northwestern North
America may also help explain the reported disparity in insect
fossils, in which some species restricted to the Pacific North-
west today occurred in the RockyMountain region during the
late Pleistocene (Elias, 2015). Currently, there is a mosaic of
sagebrush steppe in the intermountain west, with at least eight
species of Artemisia and a diversity of grasses that vary in rel-
ative composition across the region (West, 1988; Knight,
1994). The distributional limits of these species have been
referred to as an “ecological puzzle” (Knight, 1994, p. 90)
that likely derives from fragmentation of the former sage-
brush steppe-tundra (Blinnikov et al., 2002).
Marking the sagebrush steppe-tundra in the UGB is the

presence of large open-habitat species in the Haystack Cave

assemblage, which includes two extinct bovids, the musk
ox (Bootherium bombifrons) and shrub-ox (Euceratherium
collinum), horse (Equus sp.), and American cheetah (cf.Mir-
acinonyx trumani). Pronghorn (Antilocapra americana) and
bighorn sheep (Ovis canadensis) also are well represented
in the site. Haystack Cave also is the only site in North Amer-
ica where Bootherium and Euceratherium co-occur and has
the most southern record ofDicrostonyx in thewestern United
States (Kurtén and Anderson, 1980; Lundelius et al., 1983;
Mead and Mead, 1989; Campos et al., 2010). Bootherium
is widely distributed in North America south to Texas, but
in general has been associated with northern grassland, wood-
land, and alpine meadow habitats (Campos et al., 2010).
Based on preserved coprolites in Arizona, Euceratherium
browsed largely on sagebrush (Artemisia tridentata), rabbit
brush (Chrysothamnus sp.), acacia (Acacia sp.), and oak
(Quercus sp.; Kropf et al., 2007), plants that still occur in
the UGB (Barrell, 1969). Radiocarbon ages on these two spe-
cies from Haystack Cave (Table 2), however, do not resolve
whether these two extinct oxen were contemporaneous in
the UGB or alternately appeared and disappeared indepen-
dently during episodes of climate change.

Cement Creek Cave has produced many of the same small
mammals as Haystack Cave, but also a greater diversity of
birds, shrews (Sorex spp.; Emslie, 2002), and one extinct
mustelid (Brachyprotoma cf. B. brevimala). The avifauna

Table 5. Continued.

Taxon Cement Creek Cave Haystack Cave Signature Cave

Yuma Myotis (Myotis cf. M. yumanensis) X
Bat (Myotis sp.) X
Mountain Lion (Puma concolor) X
†American Cheetah (cf. Miracinonyx trumani) X
Canidae X
Coyote (Canis latrans) X X
Red Fox (Vulpes vulpes) X X X
Black Bear (Ursus americanus) X X
Grizzly Bear (Ursus cf. U. arctos) X
Pine Marten (Martes americana) X X X
Least Weasel (Mustela nivalis) X
Short-tailed Weasel (Mustela erminea) X X
Long-tailed Weasel (Mustela frenata) X X X
*Black-footed Ferret (Mustela nigripes) X
Weasel (Mustela sp.) X X
American Mink (Neovison vison) X
American Badger (Taxidea taxus) X
Western Spotted Skunk (Spilogale gracilis) X
†Short-faced Skunk (Brachyprotoma cf. B. brevimala) X
†Equus sp. X X
American Elk (Cervus canadensis) X X
Mule Deer (Odocoileus hemionus) X X X
Pronghorn (Antilocapra americana) X
*Bison (Bison sp.) X
Bighorn Sheep (Ovis canadensis) X X X
†Harlan’s Muskox (Bootherium bombifrons) X
†Shrub-ox (Euceratherium collinum) X X
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includes open habitat and alpine taxa, notably the relatively
abundant white-tailed ptarmigan (Lagopus leucurus). The
Preble’s shrew (S. preblei) no longer occurs in the UGB
and is currently found in sagebrush steppe habitats in north-
ern Colorado and Wyoming. Other mammals affiliated with
open alpine and sagebrush habitat include abundant remains
ofWyoming ground squirrel (Urocitellus elegans), sagebrush
vole (Lemmiscus curtatus), pika, white-tailed jackrabbit
(Lepus townsendii), bison (Bison sp.), and the extinct horse
and shrub-ox. The similarities of this fauna with that of Hay-
stack Cave (Table 5) suggest the sagebrush steppe-tundra
habitat reflected by these species ranged from low to higher
elevations within the UGB before, during, and after the
LGM. It is somewhat surprising, then, that lemmings
(Dicrostoynx sp.) were not identified among the abundant
vole remains from Cement Creek Cave, and only two speci-
mens occurred at Haystack Cave. It appears lemmings were
able to extend their range southward into the UGB for only
a brief period following the LGM, perhaps limited by the
high-elevation and geographic barriers of the basin.
The fossil assemblage from Signature Cave, unlike those of

Haystack and Cement Creek Caves, dates entirely within the
Holocene. Small vertebrates recovered from this site reflect
the current alpine-subalpine community in which it is situated
today. This fossil assemblage also is notable for the absence
of Preble’s shrew, sagebrush vole, and Wyoming ground
squirrel, supporting the hypothesis that these species were
locally extirpated in the UGB by the Early to Middle Holo-
cene. Only the Wyoming ground squirrel now occurs near
the cave as part of its recent (post-1930s) range expansion
into the UGB, where it thrives in open habitats (Hansen,
1962; Armstrong et al., 2011). Other species identified in
this cave, but rare or absent in the Pleistocene records of Hay-
stack and Cement Creek Caves, include Merriam’s shrew
(Sorex merriami) and red-backed vole (Myodes gapperi), spe-
cies associated with subalpine forest. Thus, the fauna from
Signature Cave represents a more typical subalpine conifer-
ous forest and grassland/meadow community that is common
at this elevation in the UGB today.

Community resilience

In ecology, resilience is defined at the ability of a community
or ecosystem to withstand disturbances while maintaining its
structure and processes (Holling, 1973; Gunderson, 2000). In
the paleontological record it primarily refers to how well a
faunal assemblage maintains its species richness over time.
Ecological resilience in the UGB fossil record from Cement
Creek and Haystack Caves was previously addressed for
two rodent species, the yellow-bellied marmot (Marmota fla-
viventris) and bushy-tailed woodrat (Neotoma cinerea), using
stable isotope analyses of tooth enamel (δ18O and δ13C;
McLean and Emslie, 2012; McLean et al., 2014) and bone
(δ18O, δD, δ15N, and δ13C; Reynard et al., 2015). These spe-
cies were ideal for these investigations as their remains are
common throughout most levels of the caves, thus spanning
the last ∼40,000 yr. In addition, while the marmot hibernates

each winter, the woodrat is active year-round, thus providing
a comparison of two species with differing habits, diet, and
phenology. Results of these studies found no significant
changes in the dietary ecology of these species across three
time bins, indicating biotic continuity and strong resilience.
We examine this issue in more detail here in relation to the
entire vertebrate community represented in the deposits at
Haystack, Cement Creek, and Signature Caves.
The data from these three caves indicate that five species of

small mammals disappeared from the UGB by the Early to
Middle Holocene: Sorex preblei, Lemmiscus curtatus,
Dicrostonyx sp., Urocitellus elegans, and Brachyprotoma
cf. B. brevimala. None of the five species is present in the ver-
tebrate assemblage at Signature Cave. The short-faced skunk
(Brachyprotoma cf. B. brevimala) went extinct (Kurtén and
Anderson, 1980; Heaton, 1985; Anderson, 1996), perhaps
from a specialized diet or habitat requirements that were
affected by environmental changes at the end of the Pleisto-
cene, but too little is known of this fossil species to be
more definitive.
The other four species are still extant outside the UGB,

having been extirpated within the UGB in either the Early
(S. preblei, Dicrostonyx sp., and U. elegans) or Middle
(L. curtatus) Holocene (Table 3). We infer these four species
were affected by loss of open habitats and the increased for-
estation of the UGB that followed Early Holocene warming
(a pattern evident in the vegetation record from the region;
Briles et al., 2012), as well as a possible keystone effect
(Gill et al., 2009, 2012).
At least five taxa of megafauna have a known fossil record

in the UGB, including Mammuthus, Equus sp., Bootherium,
Euceratherium, and Bison. Removal of these large herbi-
vores, with the exception of Bison (for which there are his-
toric records in the UGB), would have had immediate
effects on the sagebrush steppe-tundra, allowing increased
growth of shrubs and trees resulting in a restructuring of the
plant communities (Gill et al., 2009, 2012). Given the diet
and habitat requirements of the Wyoming ground squirrel
(mostly grasses and forbs in arid grassland; Armstrong
et al., 2011), lemmings (grasses, moss in Arctic tundra),
and the Preble’s shrew (insects, sagebrush and bunchgrass
[Pooideae] steppe; Armstrong et al., 2011), this community
restructuring may have been a significant contributing factor
to their extirpation from the basin.
The later disappearance of the sagebrush vole, which feeds

primarily on grasses, forbs, and some woody plants (Arm-
strong et al., 2011), is timed with Early to Middle Holocene
climate warming that caused forested habitats to expand to
higher elevations (Fall, 1997b), reducing the open sagebrush
communities preferred by this vole. Unlike the Wyoming
ground squirrel, it has not been able to reinvade the UGB
since that time. Also of interest is the continuous presence
of the heather vole (Phenacomys intermedius), which fluctu-
ates from moderate to low abundance throughout all levels of
the cave (Supplementary Table 4). This species today occu-
pies a variety of habitats including alpine tundra, grassy
meadows, shrub, and montane and subalpine forests in
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Colorado (Armstrong et al., 2011). It is perhaps this generalist
behavior that has allowed it to persist in the UGB despite
major episodes of climate change.
Late Pleistocene community restructuring has been docu-

mented in lower elevations of northern California, where
local extirpations by the Early Holocene also occurred
(Blois et al., 2010). However, although these authors found
a large increase in deer mice (Peromyscus spp.) in the late
Pleistocene in deposits at Samwel Cave (460 m), leading to
their Early Holocene dominance of the small mammal com-
munity, we observed no such increase in this group. Instead,
our data indicate that the UGB was characterized more by
increasing numbers of voles (Microtus spp.,Myodes gapperi,
and Phenacomys intermedius). As with deer mice, voles have
a broad geographic distribution in North America today. This
difference in our data suggests that high-elevation communi-
ties respond differently to climate change and habitat restruc-
turing than those in lower elevations and/or other geographic
regions. Part of this difference is likely because of the topo-
graphic isolation that characterizes the UGB and that would
have inhibited recolonization by many species extirpated
after major climatic events, including the Preble’s shrew
and sagebrush vole.

Richness and evenness

To further resolve these patterns in community restructuring
and resilience, we examined the richness and evenness of
small mammals (rodents, shrews, and rabbits) over time,
using the data from the 13 levels analyzed in detail in Cement
Creek Cave, TP2 NE (Supplementary Table 4). Although
these levels represent the full span of deposition in the
cave, we recognize that the temporal trend underpinning the
stratigraphy is far from perfect. Mixing is evident in the radio-
carbon chronology (Fig. 3), especially in the upper levels (see
Supplementary Materials), though short-term fluctuations in
this community would average out over long periods of dep-
osition (Rowe and Terry, 2014).
For all identified rodent, shrew, and rabbit fossils from

these levels, we calculated taxonomic richness (the number
of taxa) and evenness (the degree to which they are evenly
represented) following Grayson (1998, 2000), Faith and Du
(2017), and Faith and Lyman (2019; see Supplementary
Table 5). We first assessed the effects of sample size on rich-
ness by plotting the number of taxa (richness) against the
number of identified specimens (LogN NISP), and found
there is a relatively weak (r2 = 0.448, P = .012; Fig. 5, top)
but nonetheless significant relationship between the two.
We note, however, that the general decrease in the number
of taxa in the higher (Holocene) levels is associated with
the local extirpation of species that coincided with Early
Holocene warming and reduction of sagebrush steppe-tundra
(a similar pattern is reported by Rowe and Terry [2014]).
There are also significantly more taxa in levels 14 and 15,
and significantly fewer in levels 5, 9, and 10, than would
be expected by sample size, as determined by analysis of
residuals (Fig. 5, top). The higher richness in levels 14 and

15 compared with upper levels may be attributable in part
to a change in the stratigraphy from the upper levels of
degraded packrat (Neotoma cinerea) midden to the lower levels
of light-brown fossiliferous sediments, the transition approxi-
mately marked by a thin travertine layer encountered in both
TP2 (level 15) and TP2NE (level 18; see SupplementaryMate-
rials). By level 10, in particular, there was a large drop in both
the NISP and the MNI of sagebrush voles and Wyoming
ground squirrels; the latter species was absent in level 5.

Evenness values were calculated using the Simpson’s
diversity index for the same levels and taxa as discussed pre-
viously (Supplementary Table 5). This index is less sensitive
to fluctuations in richness than are other diversity indices
(Faith and Du, 2017). A value of 1 represents a situation in
which the level is dominated by a single taxon and the result-
ing values here ranged from 0.723 (level 30) to 0.912 (level 5;
Fig. 5, bottom). The lowest values are associated with the
deeper deposits in the cave (levels 26 and lower), with higher
values from level 15 to level 5. This trend in part reflects the
loss in species richness in the upper levels, to the extent that
mixing has not obscured the ecological signals, where the fre-
quencies of Wyoming ground squirrel and sagebrush vole
drop to very low values. This loss in richness is tempered
in part, though, by other vole species (Microtus spp.,Myodes
gapperi, and Phenacomys intermedius) that remain present at
low to high numbers in the upper levels (Supplementary
Table 4). By this time, community reorganization following
late Pleistocene extinctions had stabilized.

CONCLUSIONS

The vertebrate faunas fromHaystack, Cement Creek, and Sig-
nature Caves in the UGB provide the richest fossil record of
late Pleistocene to Holocene vertebrates from a high-
elevation montane region in North America and a rare oppor-
tunity to investigate small mammal community change since
before the LGM to the present. Surprisingly, these faunas
show strong resilience in a community thought to be quite
sensitive to climate change, as indicated by an analysis of
richness and evenness of small mammals from Cement
Creek Cave and as seen in previous studies of fossil marmots
and woodrats using stable isotopes. Although there was con-
siderable turnover and extinction in the large mammal (mega-
fauna) community by the Early Holocene, small mammals in
the UGB experienced only four extirpations and one extinc-
tion. Part of this resilience is undoubtedly attributable in
part to the ability of small mammals (more so than large
ones; McCain and King, 2014) to rapidly evolve and adapt
to changing environmental conditions, as they appear to
have done so in the UGB over the past 40,000+ yr. The extir-
pation of only three species of rodents and one shrew from the
UGB at the end of the Pleistocene alsowas probably related to
fragmentation of the steppe-tundra environment with climate
change and the loss of grazing/browsing megafaunal species.
The expansion of forests to higher elevations further reduced
open grassland and sagebrush habitat preferred by the Wyo-
ming ground squirrel and the sagebrush vole. Finally, the
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unusual physiography and topographic isolation of the basin
that limits immigration primarily to high-elevation plant and
animal taxa also was likely a factor influencing community
dynamics and preventing reinvasion of conspecifics of extir-
pated species into the UGB, including the sagebrush vole and
Preble’s shrew. Recovery of additional fossil vertebrates from
this montane region will continue to test these hypotheses.
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