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High elevation plant and animal communities are considered extremely sensitive to environmental change. We
investigated an exceptional fossil record of yellow-bellied marmot (Marmota flaviventris) specimens that was
recovered from Cement Creek Cave (elev. 2860 m) and ranged in age from radiocarbon background circa
49.8 cal ka BP to ~1 cal ka BP. We coupled isotopic and radiocarbon measurements (δ18O, δD, δ15N, δ13C, and
14C) of bone collagen from individually-AMS dated specimens of marmots to assess ecological responses by
this species to environmental change over time in a high elevation basin in the RockyMountains of southwestern
Colorado, USA.Wefind little change in all four isotope ratios over time, demonstrating considerable environmen-
tal stability during periods when the marmots were present. The stable ecology and the apparent persistence of
the small mammal community in the cave fauna throughout the late Quaternary are in marked contrast to the
changes that occurred in the large mammal community, including local extirpation and extinction, at the end
of the Pleistocene.

© 2014 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

The late Quaternary climatic and environmental history of the
southern Rocky Mountains is broadly known through multiple proxy
indicators from this and adjacent regions. These proxies include
speleothems (Asmerom et al., 2010; Wagner et al., 2010), lake cores
(Anderson, 2011), pollen and plant macrofossils (Spaulding et al.,
1983; Thompson et al., 1993; Fall, 1997a, 1997b; Briles et al., 2012;
Cole et al., 2013), fauna (Emslie, 1986, 2002; McLean and Emslie,
2012; McLean et al., 2014), and glacial retreat sequences (Armour
et al., 2002; Benson et al., 2005; Brugger, 2007; Guido et al., 2007;
Leonard, 2007; Brugger, 2010). Although these data paint a generally
consistent picture of changes over time, there is variation in the details.

Of particular interest is the climate and environment of the Upper
Gunnison Basin (UGB) of southwestern Colorado, where there is evi-
dence of significant changes in temperature, precipitation and vegeta-
tion over the late Quaternary (e.g., Fall, 1997a, 1997b; Brugger, 2007,
2010; Briles et al., 2012), yet apparently long-term stability in the
small mammal community (Emslie and Meltzer, 2010; McLean
and Emslie, 2012; McLean et al., 2014). Stable isotopic analyses of car-
bon and oxygen of bioapatite of yellow-bellied marmots (Marmota
olutionary Biology, 11 Divinity
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flaviventris) and bushy-tailed woodrats (Neotoma cinerea) from Cement
Creek Cave in the UGB show no changes in diet across the Pleistocene–
Holocene boundary; however, there was a shift in δ13C, which
was attributed to changes in atmospheric CO2 concentration that fur-
ther influenced the carbon isotope ratio in herbaceous forage plants
(McLean and Emslie, 2012).

To obtain further insight into the apparent stability of a high-
elevation rodent habitat across major climate events (last glacial maxi-
mum, Younger Dryas Chronozone, and the Pleistocene–Holocene tran-
sition) during the late Quaternary, we investigated the unique fossil
record of marmots from Cement Creek Cave, which spans much of the
past ~50 ka. We derived a series of individually-AMS dated specimens
to provide better chronological control, and investigated additional
stable isotopes (δD, δ15N, δ18O, and δ13C) within bone collagen, in
order to resolve differential metabolic and diagenetic effects between
tissues (Jim et al., 2004).

The study area

The Upper Gunnison Basin encompasses an 11,000 km2 area of
southwestern Colorado within the southern Rocky Mountains and on
the eastern edge of the Colorado Plateau and on the western slope
of the Continental Divide (Fig. 1). It has an elevation range of 2200–
4300 m and no outlet lower than 2650 m, except through the narrow
gorge of the Black Canyon of the Gunnison to the west. This canyon,
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Figure 1. Digital elevation model of the Crested Butte and Cement Creek USGS 7.5' quadrangles, showing the location of Cement Creek Cave in the Upper Gunnison Basin, Colorado, USA
(insets). LGMmoraine positions are approximate, and based on Brugger (2010, and personal communication 2014).
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which includes a 20 km section that is over 700m deep and only 400m
across at its narrowest point, acts as a filter for themovement of species
in and out of the Basin. No other large montane basin in Colorado is
enclosed by similar geographic barriers, and it is this feature that prob-
ably has caused the development of the unusual climate, communities
and biogeographic patterns now present in the Basin (Barrell, 1969;
Emslie, 1986; Stiger, 2001).

Existing paleoclimate data

The pertinent paleoclimate data for the UGB and nearby regions are
from speleothems from NewMexico and Arizona (Wagner et al., 2010;
Asmerom et al., 2010; Polyak et al., 2012) and pollen from lake cores in
the southern Rocky Mountains (Fall, 1997a; Anderson, 2011; Briles
et al., 2012). The Fort Stanton Cave (New Mexico) speleothem has a
high-resolution record of δ18O and δ13C from 56 to 11 ka, with a range
in δ18O (calcite) of 5–6‰ (Asmerom et al., 2010; Polyak et al., 2012).
At times during the late glacial period, large and rapid changes in tem-
perature and precipitation water source are posited; the latter from
more abundant winter Pacific-sourced precipitation (low δ18O) to less
abundant summer North American Monsoon precipitation (high
δ18O). These data indicate changes in bothmoisture source and amount
as well as temperature in the region from 56 ka onwards (Supplemen-
tary Fig. 1). The Cave of the Bells speleothem from Arizona ranges
from 54 to 30 ka and 23 to 12 ka and contains isotopic changes between
drier winters and warmer temperatures in the interstadials and wetter
winters and lower temperatures in the stadials (Wagner et al., 2010).
Overall, the regional expression of the last glacial maximum (LGM)
was wetter than present (Wagner et al., 2010). Combined δ13C and
δ234U suggests a strong drought at the end of the Pleistocene in
the area (Terminal Pleistocene Drought, Polyak et al., 2012), starting
at 14.5 ka. In addition, a less pronounced dry period from 17.5 to
16 cal ka BP, that is correlated with a lowstand in New Mexico's Lake
Estancia (Lake Estancia Big Dry, Allen and Anderson, 2000; Broecker
et al., 2009; Polyak et al., 2012).

Late Quaternary montane glaciers in the UGB reached their maxi-
mum extent from 20.8 to 16.1 ka (Brugger, 2007), consistent with the
last glacial maximum in North America of 20 to 19 ka (Clark et al.,
2009). The inferred equilibrium-line altitude for the LGM-age Taylor
Basin Glacier Complex is 3370 ± 60 m elevation (Brugger, 2007, 2010),
significantly higher than the elevation of Cement Creek Cave. Glacial
ice was present in the upper reaches of the Cement Creek drainage, but
its terminus was well up-valley and at a higher elevation (Brugger,
K.A., personal communication, 2010). Glacial lobes came down the
Slate and East River valleys and extended past the present town of Crest-
ed Butte, Colorado, terminating at an elevation of ~2700 m (Brugger,
2010: Figs. 4 and 5; Brugger personal communication 2014). Although
reaching a lower elevation than Cement Creek Cave, these were still
N6 km from the entrance to the Cement Creek valley. There is no glacial
geomorphic evidence in the Cement Creek valley in the proximity of the
cave to suggest it was ever glaciated, a point of relevance in interpreting
the radiocarbon chronology (as noted below). The LGM temperatures in
the region are estimated to have been 5–7°C lower than at present (Stute
et al., 1992; Bartlein et al., 1998; Brugger, 2010).

Pollen from a core obtained from Lily Pond, at 3208m elevation in the
Taylor Basin ~20 km north of Cement Creek Cave, has yielded a local
vegetation record starting soon after local deglaciation at 16.8 cal ka BP
(Briles et al., 2012). This basal zone shows mixed tundra and subalpine
parkland. From14.7 cal ka BP a subalpine forest developed,with generally
warmer temperatures (Asmerom et al., 2010). This forest persisted
through the Younger Dryas Chronozone 12.9–11.7 cal ka BP, and other
nearby pollen records show shifts from tundra to subalpine forest, sug-
gesting little or no return to cooler conditions (Fall, 1997a, 1997b; Briles
et al., 2012). The early Holocene featured increased pine forest, while



Figure 2. Radiocarbon dates (cal yr BP) and density of sampling of marmots from Cement
Creek Cave as a function of cave level and total depth. Background (greater than) radiocar-
bon ages are given by open symbols. The shading delineates Holocene (green), LGM and
late Wisconsin (unshaded), and pre-LGM (gray) time periods. The global onset of the
LGM at 26.5 ka is used as a boundary (Clark et al., 2009). The local Upper Gunnison
Basin maximum glaciation is at 20.8–16.1 ka (Brugger, 2007), while the global end of
the LGM is estimated at 20–19 ka (Clark et al., 2009).
Data are from this work (circles), McLean and Emslie (2012) and unpublished results
(squares).
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the middle Holocene pollen indicates a return to subalpine forests, with
greater summer temperatures. Calcite δ18O values from 3255m elevation
Bison Lake (Upper Colorado River Basin, ~110 km fromCement Creek) in-
dicate that the mid to late Holocene features lower summer tempera-
tures, and increased snowfall relative to rain (Anderson, 2011). Overall
these climate data show variability that may have affected small mam-
mals such as marmots in alpine environments.

Bones as an environmental sample

While speleothem isotopic composition offers potentially high reso-
lution paleoclimatic data, their use is restricted to karstic environments.
They are influenced by the site-specific soil and environmental condi-
tions (Fairchild and Treble, 2009) and non-equilibrium processes
(Coplen, 2007; Day and Henderson, 2011), and may not be relevant to
the region of interest. Given that animal bones are present inmany con-
texts, they present another sample set for stable isotope measurement
and inferred paleoclimate evidence. The difficulty with deriving precise
environmental information from bones, on the other hand, is that one is
constrained by the age of the samples available and many samples are
needed for adequate time resolution.

Isotopic analysis of mammal tooth enamel and bone (carbonate and
phosphate) has been used to reconstruct past temperatures and ecosys-
tems (Navarro et al., 2004; McLean and Emslie, 2012). However, few
studies have used bone collagen, and fewer still oxygen and hydrogen
isotope ratios from collagen (e.g., Cormie et al., 1994; Leyden et al.,
2006; Kirsanow et al., 2008; Reynard and Hedges, 2008). Bone collagen
is a useful tissue because one can obtain both radiocarbon dates and up
to five different isotope ratios from aliquots of the same sample, and in
some cases bone remains are far more abundant than tooth enamel.
In addition, in small animals the limited amount of tooth enamel can
preclude carbonate or phosphate δ18O analysis, and the interpretation
of laser-ablation δ18O data is far from straightforward.

Excavations in Cement Creek Cave yielded diverse taxa of small
mammals, most abundantly represented by M. flaviventris which
occurred in nearly all excavation levels in the cave deposits. We
also chose to study this species as marmots adequately represent high-
elevation smallmammal communities in the southern RockyMountains.
Marmots hibernate in winter; in subalpine areas this is presently from
September toMay, though emergence is earlier at lower elevations (Feb-
ruary tomid-March). In some lower elevation populations, summer esti-
vation occurs, though this is not noted in boreal groups. Marmots inhabit
vegetated slopes or meadows, and consume a diet that includes grasses,
forbs, flowers, and seeds (Frase and Hoffman, 1980).

Previous analysis of carbonate δ18O and δ13C from marmots and
bushy-tailedwoodrats (N. cinerea) from Cement Creek Cave showed lit-
tle change in δ18O over time, and a decrease in δ13C into the Holocene,
which was hypothesized to be a result of increasing atmospheric CO2

concentration (McLean and Emslie, 2012). However, bone collagen is
composed of differing proportions of drinkingwater and foodmacronu-
trients than carbonate and thus may more fully capture environmental
change (Tieszen and Fagre, 1993; Kirsanow and Tuross, 2011). In addi-
tion, while previous work by McLean and Emslie (2012) relied on an
age-depth model of excavation levels to obtain a chronology for their
analysis, stratigraphic mixing limits the resolution of that chronology.
Hence, we individually AMS-radiocarbon dated each bone subjected to
stable isotope ratiomeasurement, thereby providing high chronological
resolution for the resulting data, an additional strong advantage of using
bone collagen as an environmental sample.

Isotope ratios in bone collagen

Over glacial–interglacial changes, measureable variation in faunal
bone collagen δ15N and δ13C of a few per mil has been noted (Iacumin
et al., 2000; Drucker et al., 2003; Richards and Hedges, 2003; Stevens
and Hedges, 2004; Iacumin et al., 2010; Szpak et al., 2010). The former
is attributed to changes in soil nitrogen more broadly, and the latter
primarily to changes in atmospheric CO2 concentration (δ13C of atmo-
spheric CO2 changed only slightly over the last 25 ka, by ~0.3‰,
Schmitt et al., 2012). It is therefore probable thatmammal bone collagen
will reflect large environmental changes, such as the Pleistocene–
Holocene transition.

Several factors affect collagen isotope ratios. Beginning with plants,
δ15N and δ13C can vary substantially (Fraser et al., 2011; Warinner
et al., 2013), due to factors including aridity, soil type, ecosystem, and
plant photosynthetic type andN-fixing (Heaton, 1987, 1999). These iso-
topic differences can then lead to differences in consumer bone collagen
isotope ratios. δ13C varies the most between C3, C4, or CAM plants, and
thus δ13C of the plant diet affects consumer collagen δ13C, either directly
or indirectly via meat consumption (Vogel and van der Merwe, 1977;
DeNiro and Epstein, 1978). At a given location and narrow time period,
δ15N and δD may increase broadly with trophic level (Minagawa and
Wada, 1984; Birchall et al., 2005; Hedges and Reynard, 2007; Reynard
and Hedges, 2008). In vertebrates δ18O varies by species, due to differ-
ences in metabolic rate and water use (Bryant and Froehlich, 1995).
δ18O and δD also vary geographically as a function of precipitation
isotope ratio, due to distance from the oceanic water source, amount
of precipitation rained out, and temperature (Dansgaard, 1964; Criss,
1999). As a result the use of bone collagen for environmental studies
must control carefully for these factors to eliminate dietary, geographic,
and species-dependent effects.

Methods

The site

Cement Creek Cave is a solution cavity within a discontinuous out-
crop of Leadville limestone (Paleozoic, Middle Mississippian age), at
2860 m elevation, south of the town of Crested Butte, CO (Fig. 1). The
cave has a south-facing, relatively small (b1m diameter) circular open-
ing that at present is ~3mabove the outside ground surface,which itself
is ~200 m above the Cement Creek valley floor. Once through the
entrance, the cave opens into a small antechamber, from which there
are several shafts (some closed at this time) extending into the moun-
tainside. What appears at present as the main passageway extends



Table 1
Isotope, elemental, and radiocarbon data for marmots from Cement Creek Cave.

Lab code Level Trench Element δ18OSMOW-SLAP δDSMOW-SLAP n atomic δ15NAIR δ13CVPDB atomic n 14C lab 14C age ± mean, μ 95% conf. interval

(‰) (‰) (O,H) O/H (‰) (‰)........... C/N (C,N) code (14C yr BP) (cal yr BP)a (cal yr BP)a

8 TP1 Li1 −22.0 Beta 128214 1120 40 1033 1174 938
2 TP2 NE Lm3 −20.9 0.1 UCIAMS 53285 1300 15 1240 1285 1183

CC2-12-39 12 TP2 Right mandible 10.7 0.4 −70 1.5 3 0.298 3.3 0.2 −21.2 0.2 3.29 2 UCIAMS 137893 1345 20 1282 1305 1192
CC2-5-38 5 TP2 Right mandible 8.6 0.7 −96 4.9 5 0.298 3.7 0.2 −20.8 0.0 3.31 2 UCIAMS 137891 1995 20 1944 1992 1896
CC2-12-2 12 TP2 Right maxilla 9.6 0.4 −87 0.3 2 0.301 4.0 0.1 −20.9 0.2 3.32 2 UCIAMS 126399 2935 25 3088 3168 2998

10 TP2 NE LM1 or 2 −20.8 0.1 UCIAMS 53287 3120 15 3338 3383 3260
7 TP2 NE RM1 or 2 −20.7 0.1 UCIAMS 53286 4105 15 4641 4801 4528

11 TP2 NE Molar −20.1 0.1 UCIAMS 56844 4780 20 5520 5588 5473
13 TP2 NE Left mandible, i1 −21.2 0.1 UCIAMS 56845 6400 20 7342 7417 7271
10 TP1 LI1 −20.8 Beta 125777 8070 50 8965 9130 8768

CC2-3-8 3 TP2 Left radius 10.5 0.2 −67 1.3 2 0.301 3.1 0.2 −20.0 0.1 3.30 2 UCIAMS 137890 14,210 60 17,303 17,512 17,092
16 TP2 NE Rm3 −19.5 0.1 UCIAMS 53288 18,040 70 21,855 22,104 21,604
14 TP2 NE Left i1 −20.8 UGAMS 10621 22,110 55 26,311 26,550 26,091
17 TP2 NE Left premaxilla −19.6 0.1 UCIAMS 85361 23,260 120 27,514 27,726 27,303
20 TP1 Left tibia −23.6 Beta 129369 28,820 180 32,989 33,556 32,410
23 TP2 NE LM2 −20.3 0.1 UCIAMS 53291 32,440 430 36,532 37,872 35,449
21 TP2 NE LI −19.8 0.1 UCIAMS 85362 33,060 410 37,288 38,395 36,260
18 TP2 NE Lm3 −20.4 0.1 UCIAMS 53290 33,840 510 38,175 39,505 36,745

CC2-11-10 11 TP2 Juv. left femur 8.6 0.4 −74 0.7 3 0.304 2.6 0.0 −20.4 0.1 3.30 2 UCIAMS 137892 33,860 620 38,205 39,755 36,565
CC2-17-40 17 TP2 Left mandible 10.3 0.1 −70 2.2 2 0.304 4.7 0.0 −19.9 0.1 3.32 2 UCIAMS 139606 34,580 810 39,163 41,098 37,097

26 TP1 Left innominate −21.7 Beta 120098 34,980 600 39,604 40,975 38,415
27 TP2 NE Rm1, jaw −20.6 0.1 UCIAMS 53293 35,040 590 39,662 40,988 38,478
24 TP2 NE Lm2 or 3 −20.6 0.1 UCIAMS 53292 36,560 720 41,099 42,330 39,795

CC2-16-14 16 TP2 Left scapula 9.2 −73 1 0.324 3.6 0.0 −20.2 0.0 3.38 2 UCIAMS 137894 37,510 980 41,915 43,568 40,187
CC2-5-9 5 TP2 Left humerus 9.9 0.4 −71 6.2 4 0.313 2.7 0.2 −20.3 0.1 3.38 2 UCIAMS 139603 38,400 1300 42,818 45,254 40,599
CC2-23-19 23 TP2 Right ilium 8.2 0.5 −84 4.7 3 0.331 2.1 0.0 −21.5 0.2 3.43 2 UCIAMS 137898 41,000 1500 45,018 48,245 42,458
CC2N-26-30 26 TP2 NE Ext. Left humerus 10.9 0.4 −69 6.3 4 0.308 2.8 0.5 −20.4 0.2 3.35 2 UCIAMS 137900 41,400 1600 45,414 48,813 42,682
CC2-13-3 13 TP2 Right humerus 8.4 0.5 −90 6.0 3 0.310 5.4 0.1 −20.1 0.1 3.31 2 UCIAMS 126400 42,000 1600 45,917 49,212 43,140

17 TP2 NE Rm3 −20.6 0.1 UCIAMS 53289 N43,300 46,424
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CC2-18-17 18 TP2 Left humerus 8.9 0.3 −74 3.7 2 0.337 2.3 0.1 −20.7 0.2 3.47 2 UCIAMS 139607 N43,400 46,521
26 TP1 Left I1 −20.0 Beta 135140 43,330 760 46,748 48,494 45,229
15 TP2 NE Rm3, mandible −20.5 0.1 UCIAMS 56847 N43,900 47,056

CC2N-18-25 18 TP2 NE Ext. Juv. left radius 11.9 0.7 −73 11.3 4 0.322 2.8 0.0 −20.1 0.1 3.36 2 UCIAMS 139608 N47,200
21 TP2 NE LM1 −20.5 0.1 UCIAMS 53294 43,700 1900 47,208 44,741

CC2-20-18 20 TP2 Right femur 10.0 0.9 −71 4.8 4 0.307 3.5 0.3 −21.3 0.1 3.33 2 UCIAMS 137896 N44,200 47,402
CC2-12-11 12 TP2 Left radius 8.5 1.2 −71 4.1 4 0.307 3.7 0.1 −20.0 0.2 3.27 2 UCIAMS 139604 45,100 3000 47,565 44,799
CC2-13-12 13 TP2 Right calcaneum 10.4 0.4 −73 3.5 3 0.308 3.1 0.1 −20.6 0.0 3.32 2 UCIAMS 139605 45,300 3100 47,614 44,857
CC2N-16-4 16 TP2 NE Ext Right innominate 0.321 2.3 0.1 −20.3 0.1 3.47 2 UCIAMS 126396 N44,400 47,637

14 TP2 NE Molar −20.9 0.1 UCIAMS 56846 N44,800 48,128
CC2N-21-27 21 TP2 NE Ext. Right humerus 9.7 0.2 −84 4.7 2 0.315 3.9 0.0 −20.5 0.2 3.39 2 UCIAMS 137897 N48,500
CC2N-24-29 24 TP2 NE Ext. Right premaxilla 10.2 0.0 −82 5.5 2 0.308 2.8 0.1 −19.9 0.1 3.34 2 UCIAMS 137899 N49,200
CC2-18-41 18 TP2 Left mandible 9.9 0.5 −65 7.5 3 0.309 3.1 0.1 −20.2 0.2 3.36 2 UCIAMS 137895 N46,400 49,767
CC2N-36-48 36 TP2 NE Ext. Left mandible 8.8 0.2 −68 5.0 2 0.350 3.5 0.1 −20.1 0.4 3.37 2 UCIAMS 137901 N46,400 49,767
CC2-11-1 11 TP2 Left tibia 9.1 0.8 −71 9.2 4 0.307 5.9 0.5 −20.2 0.2 3.28 2 UCIAMS 126398 47,700 3200 50,723 62,581 42,788
CC2N-18-5 18 TP2 NE Ext Left innominate 9.3 0.4 −79 2.0 3 0.304 2.9 0.1 −20.1 0.0 3.28 2 UCIAMS 126397 49,100 3800 53,683 68,773 43,887
CC2-15-13 15 TP2 Juv. Left femur 9.6 0.3 −79 7.7 3 0.316 4.1 0.1 −20.8 0.1 3.65 2
CC2N-20-26 20 TP2 NE Ext. Right ulna 9.5 0.5 −71 4.9 3 0.305 4.0 0.2 −20.5 0.1 3.33 2
CC2N-23-28 23 TP2 NE Ext. Left humerus 7.4 0.3 −77 4.3 3 0.302 5.2 0.2 −20.5 0.2 3.30 2
CC2N-32-34 32 TP2 NE Ext. Left radius 9.4 0.4 −72 0.8 2 0.308 2.9 0.2 −20.4 0.2 3.37 2
CC2N-37-37 37 TP2 NE Ext. Tibia 8.7 0.4 −63 5.3 2 0.298 3.0 0.1 −20.1 0.1 3.61 2
CC2-32-23 32 TP2 Right humerus 6.8 0.0 −82 0.5 2 0.336 2.9 0.0 −21.0 0.0 3.64 2
CC2-26-44 26 TP2 Left mandible 5.9 −64 1 0.407 2.3 0.1 −20.9 0.0 3.56 2
CC2-17-16 17 TP2 Juv. left femur 8.0 −51 0.435 1.7 0.0 −20.1 0.2 3.54 2
CC2-25-43 25 TP2 Right mandible 5.1 0.1 −70 0.9 2 0.493 2.1 −20.7 3.49 1
CC2N-11-45 11 TP2 NE Ext. Right mandible 4.7 0.3 −79 3.5 2 0.517 3.2 0.1 −20.7 0.2 3.83 2
CC2-16-15 16 TP2 Left mandible 5.9 −73 1 0.527 3.7 0.1 −20.4 0.4 3.35 2
CC2-2-7 2 TP2 Right tibia 5.6 −81 0.539 3.0 0.1 −20.3 0.1 3.63 2
CC2N-34-47 34 TP2 NE Ext. Right mandible 3.9 −67 1 0.653 3.1 0.1 −21.1 0.0 3.51 2
CC2-31-22 31 TP2 Left femur 1.6 −58 1 0.808 2.6 −20.9 3.54 1

a Calibrated with Oxcal v. 4.2 (Bronk Ramsey, 2009) using IntCal13 calibration curve (Reimer et al., 2013).
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from the antechamber downward ~12 m on a ~30° slope toward the
north, where it then levels out into a small, relatively low-ceilinged
inner chamber of ~3m in diameter. Although additional shafts continue
from this spot, this inner chamber serves as a topographic ‘collection
point’ for any sediment or fossil material that might have rolled or
washed down the passageway from the entrance and antechamber, as
well as a center of rodent activity, especially that of the bushy-tailed
woodrat (N. cinerea) and its middens.

Sediments on the floor of this chamber were initially tested in 1998
when a 50 × 50 cm test pit (TP1) was excavated to a depth of 1.3 m in
10 cm arbitrary levels (Emslie, 2002). In 2007, a 1 × 1.5 m excavation
was completed in 5-cm levels to a depth 2 m (40 levels) below surface
(TP2 and TP2 NE). The excavated sediments were screened through
three stacked screens with mesh sizes, from top to bottom, of 0.64,
0.32, and 0.025 cm2 (the last fractionwaswater-screened). This process
resulted in the recovery of thousands of bones fromeach level, primarily
of small mammals with some bird remains as well (Emslie andMeltzer,
2010). It is this more recently excavated sample from Cement Creek
Cave that yielded the marmot remains used in the analysis reported
here, as well as a wealth of other small mammals representing high-
elevation alpine and subalpine environments.

Based on present day indications, aswell as the recovered vertebrate
remains, it would appear that Cement Creek Cave was occupied — and
the faunal assemblages accumulated — primarily by rodents and small
carnivores (e.g., mustelids; Emslie and Meltzer, 2010) as well as owls
and other raptors depositing pellets at the cave entrance (Emslie and
Meltzer, 2010). Accordingly, most of the species represented in this
assemblage likely occurred within a relatively short distance from the
cave. Although individual skeletal elements of Pleistocene large mam-
mals such as bison, horse and shrub-ox occur occasionally in these
deposits, these were likely brought in by rodents. There are no signs
that medium- to large-size mammals (including humans, who were
present in the UGB in late Pleistocene times [Stiger, 2006; Meltzer,
unpublished]) ever occupied the cave, probably due to its high (3 m
above the outside surface level), small entrance.

Stable isotope and radiocarbon measurements

Marmot bones were demineralized over several weeks in 0.5 M
EDTA (Tuross et al., 1988; Tuross, 2012), rinsed in deionized water,
and subsequently separated into aliquots for stable isotope analysis
and radiocarbon dating. The former was freeze-dried with no further
preparation. The radiocarbon aliquot was gelatinized overnight in
slightly acidic deionized water, filtered through a quartz filter, and
freeze-dried (Tuross, 2012). Known background age bones served as
process blanks. Samples were dated at the Keck Carbon Cycle AMS at
UC Irvine. Radiocarbon dates were calibrated with OxCal version
4.2 (Bronk Ramsey, 2009) using the IntCal13 calibration curve (Reimer
et al., 2013).

Isotope ratios were measured on a Thermo-Finnegan Delta Plus XP,
coupled to a Costech 1040 elemental analyzer (C and N) and a Thermo
thermal-conversion elemental analyzer (O and H), the latter as
described in Tuross et al. (2008). SMOW and SLAP were used directly
as reference materials (in silver divots, USGS) and all δ18O and δD data
are normalized to the SMOW-SLAP scale. All samples were measured
in an 8-day period, to minimize the effect of changing atmospheric
vapor δD on collagen δD, and an internal laboratory standard collagen
was run with each batch to ensure this effect was negligible. Water–
collagen exchange experiments were also performed on a subset of
samples to determine the influence of environmental water on mea-
sured collagen δD. The extent of water exchange is small enough that
any variability in environmental water isotopic ratio has a minimal
effect on measured collagen δD (Supplementary data).

We excluded sampleswith atomic C/N greater than 3.6 (n=5) from
further analysis, since ratios greater than 3.6 indicate likely diagenetic
alteration (DeNiro, 1985). The use of O/H ratios to determine the extent
of diagenetic alteration has not undergone systematic study; however,
our work on this project and others suggest that atomic O/H ratios of
N0.35 as determined on our TC/EA-mass spectrometer combination
indicate diagenetic alteration (Supplementary Fig. 2). Most samples
cluster tightly, but a few depart toward higher O/H ratios.Wemeasured
O/H of 0.31–0.33 in modern calf skin Type I collagen, which is similar to
most of the samples reported in Table 1. In the Cement Creek collagens,
samples with higher O/H are correlated with and result in significantly
lower δ18O values (Supplementary Fig. 3). More samples are excluded
based on O/H ratios (n = 8), which indicate that it is a more sensitive
indicator of diagenetic alteration than C/N ratios, though three samples
were excluded based on C/N ratios and not O/H. Two samples onlywere
excluded on the basis of both C/N and O/H ratios.

Results

A total of 45 radiocarbon ages have been completed on fossil
marmots (Table 1) and span a range from 1033 cal yr BP (95% range
1174–938) to 14C background of N49,200 14C yr BP (Fig. 2). As can be
seen, these are distributed in a somewhat bimodal fashion,with thema-
jority (n= 32) predating 26,500 cal yr BP (the global onset of the LGM
as given by relative sea level, Clark et al., 2009), less than half that num-
ber (n=10) postdating 10,000 14C yr BP,with the few remaining falling
within the temporal bounds of the LGM or shortly thereafter (n = 3;
Fig. 2). Dating of other species recovered from Cement Creek likewise
showed a reduction in specimens that fall within the LGM period, but
that result is based on a smaller number of specimens (n = 14) and
would require additional dating to confirm (unpublished data). As
noted above, this is not a function of the cave being sealed by glacial
ice during the LGM. However, it is conceivable that access to its interior
was limited duringmuch (though not all) of the LGM: its entrance, as
also noted, is relatively small and could have easily been sealed and/
or the surrounding area covered by snow and ice during wetter
glacial times. Regardless, we caution that there are few data points
during the last glacial maximum when it is likely that the Upper
Gunnison Basin experienced the greatest climatic and ecological
perturbation.

δ18O values range from 8.2 to 11.9‰, with a mean of 9.6 ± 0.9‰
(n = 23, ±1 SD, Fig. 3a). There is no significant difference between
b10 and N10 cal ka BP data (Welch t test, p = 0.97, means 9.6 ± 1.1‰
and 9.6 ± 0.9‰, respectively). Summary statistics for δ18O, δD, δ15N,
and δ13C are given in Table 2. δD and δ15N do not vary with time
(Table 2, Figs. 3b,c), but δ13C shows a small but significant difference be-
tween pre- and post-10 cal ka BP (p= 0.009), with means of−21.0 ±
0.2‰ and −20.3 ± 0.4‰, respectively (Fig. 3d, with the δ13C values
from this study only). As a consequence of the taphonomy of the
site, several samples from the upper layers in fact dated to the pre-
LGM period, resulting in few Holocene-aged samples with all four
isotope ratios available (Table 1), but reinforcing the need to utilize
only individually-dated samples.

The δ13C values were also generated for all 45 marmot samples inci-
dentally to radiocarbon dating (Fig. 3d). The mean δ13C is −20.9‰ for
ages b10 cal ka BP vs.−20.5‰ for ages N10 cal ka BP, still a significant
difference (Welch t test, p=0.02), but essentially identical to the small-
er δ13C data set, indicating that the latter is robust.

Discussion

Remarkably, we found no significant oxygen, hydrogen, and nitro-
gen isotopic change in our samples over time. The δ18O in bone collagen
of the animals measured at Cement Creek Cave does not vary signifi-
cantly through time, though a 3.7‰ range is seen. Controlled animal
experiments on rats and woodrats have shown that changes in the
isotopic ratio of drinking water is differentially reflected in various
tissues (Podlesak et al., 2008; Kirsanow and Tuross, 2011). In rats, 57%
of a given δ18O difference in drinking water is measured in bone
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Table 2
Summary statistics for marmot δ18OSMOW, δDSMOW, δ15NAIR, and δ13CVPDB.

All (n = 23) b10 cal ka BP
(n = 3)

N10 cal ka BP
(n = 20)

t Test

Mean SD Mean 1 SD Mean 1 SD p

δ18O 9.6 0.9 9.6 1.1 9.6 0.9 0.97
δD −76 9.0 −84 13 −75 8 0.35
δ15N 3.4 0.9 3.7 0.4 3.3 1.0 0.31
δ13C −20.4 0.5 −21.0 0.2 −20.3 0.4 0.009
δ13C (all)a −20.5 0.5 −20.9 0.5 −20.5 0.5 0.02

a n=44 total from all AMS radiocarbon analyses, n= 10 for ages b 10 cal ka BP, n= 34
ages N 10 cal ka BP; one δ13C = −23.6‰ outlier excluded; the difference in δ13C is also
significant with the outlier point included (p = 0.005).
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collagen (i.e., for each 1‰ change in drinking water, bone collagen
changes by 0.57‰); for δD, only 15% of a water isotopic difference is
reflected in bone collagen (Kirsanow and Tuross, 2011). In these rats,
collagen δ18O captures slightly greater differences in water source
values than enamel carbonates, which are often used for paleocological
studies (57% vs. 43%, respectively, Kirsanow and Tuross, 2011). These
experimental animals had controlled diets thatwere purposefully isoto-
pically different from drinking water. In most real-world scenarios, the
food O and H isotopic composition may be related to that of local
water, so that the effects of changes in environmental water on tissues
may be greater than these estimates. In free-ranging ovicaprids,
serially-sampled dentin collagen captured 71% of the annual change in
δ18O and 49% of δD, significantly larger than the controlled feeding
experiments (Kirsanow et al., 2008). These animals differ from small
rodents in body size and possibly also in the relative amounts of food
vs. water consumed. Further work on multiple isotope ratios from
bone collagen of small mammals in free-ranging settings (as opposed
to large-bodied animals or controlled experimental settings) will be
useful to determine more precisely how strongly each isotope ratio
reflects environmental inputs and change.

Assuming that the animal experiments are a valid model, the 3.7‰
range in bone collagen δ18O seen here is equivalent to drinking water
changes of 6.5‰ (3.7‰/0.57). This range corresponds to ~4.5°C temper-
ature differences (Dansgaard, 1964), neglecting all other influences on
δ18O. Marmots hibernate in the fall and winter and are active in the
spring and summer (Frase andHoffman, 1980), and thus are incorporat-
ing the water available at that time of year into biomass, including
presumably a high proportion of snow-melt derived water, especially
in the spring and early summer. Climate models for the period from
21 to 14 ka suggest that summer temperatures changed far more than
winter temperatures (Bartlein et al., 1998), so a bias towinter precipita-
tion couldmean a dampened temperature response. The relative contri-
bution of snowpack melt vs. rainfall precipitation at high altitude Bison
Lake in the Colorado Rocky Mountains varied through the Holocene, as
reflected in changes in lake sedimentary calcite δ18O (Anderson, 2011).
If this were the case throughout the Pleistocene as well, this would add
to variability in marmot δ18O. Similarly, the polar jet stream has moved
northward/southward through the stadials/interstadials (Wagner et al.,
2010; Asmerom et al., 2010), leading to changes in either total precipi-
tation (Wagner et al., 2010) or the relative amount of Pacific winter
precipitation vs. North American Monsoon summer precipitation, with
different δ18O source values (Asmerom et al., 2010), in some parts of
Figure 3. Stable isotope ratios as a function of radiocarbon date (cal yr BP) for marmot
bone collagen. Background (greater than) radiocarbon ages are given by open circles.
The shading delineates Holocene (green), LGM and late Wisconsin (unshaded), and
pre-LGM (gray) time periods. Three isotope ratios a) δ18OSMOW (‰), b) δDSMOW (‰),
c) δ15NAIR (‰) show no significant difference between the Holocene and other time
periods. δ13CVPDB (‰) (panel d) shows a small (0.4‰) but significant (p=0.02) difference
in δ13C between the Holocene and later time periods.
Data are from this work (circles); McLean and Emslie (2012) and unpublished results
(squares).
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the US southwest. These three potential factors (temperature, snow-
pack contributions to local waters, and precipitation source) may influ-
ence marmot δ18O values and result in the variability seen here.

Carbonate δ18O from Cement Creek Cavemarmot teeth interquartile
ranges are from ~23.0 to 30.5‰ (converted relative to SMOW, McLean
and Emslie, 2012), which is more than twice the 3.7‰ range found in
collagen. However, there is no pattern of change over time in δ18O
carbonate. This ~7.5‰ range is relatively high, particularly if only 43%
of drinkingwater change is captured in carbonate (animal experiments,
Kirsanow and Tuross, 2011). Additional parameters other than chang-
ing drinking water isotopic composition, such as animal growth and
development and/or some diagenetic overprinting are likely causing
the range in variation in δ18O measured in marmot carbonate.

The mean carbonate δ18O (26.8‰ relative to SMOW, estimated by
the mid-point of the maximum and minimum interquartile ranges,
McLean and Emslie, 2012) is 17.2‰ greater than the mean collagen
δ18O, which is slightly higher than the 14.1–14.9‰ difference found in
controlled feeding studies of rats (Kirsanow and Tuross, 2011) and
15.1–15.2‰ in pigs (Warinner and Tuross, 2009). Nonetheless this
compares favorably given that this is an uncontrolled wild population,
and suggests that collagen δ18O is regularly related to carbonate δ18O.

We find here a range in δD of 31‰; this compares to a similar δD
range of up to 27‰ in bone collagen for Holocene bison within various
sites near to each other in Saskatchewan (Leyden et al., 2006). Those
data show very weak changes through the Holocene using site means;
it appears that formaking climate-related inferenceswith bone collagen
δD some form of binning or averaging is required. Over very broad
geographical scales collagen δD is related to precipitation δD (Cormie
et al., 1994; Reynard and Hedges, 2008); however, in the Cement
Creek Cave marmots collagen δD and δ18O are very weakly correlated
(r2 = 0.17, p = 0.05), so are not representing precipitation isotopic
composition in the same manner. This is perhaps unsurprising given
the different contribution of both water and food to collagen δD and
δ18O.

Bone collagen δ15N in some cases varies temporally within a species,
particularly pre- and post-LGM. European fauna such as reindeer, horse,
and bison show a few permil change in bone collagen δ15N over the last
50 ka (Richards and Hedges, 2003; Drucker et al., 2003; Stevens and
Hedges, 2004). Siberian mammoths at 12–13 14C ka BP have ~3.5‰
lower δ15N than before the LGM (Iacumin et al., 2010), while some
Eurasian mammoths and reindeer have ~2–3‰ lower δ15N between
25–20 ka and 15 ka (Iacumin et al., 2000). There is considerable
geographical heterogeneity in the existence ormagnitude of this change
in δ15N, however (Iacumin et al., 2000; Szpak et al., 2010). In contrast to
these examples, we find little change in δ15N here; we infer more
consistency in the subalpine environment inhabited by these marmots,
with less change in soil chemistry that is then reflected in plant δ15N and
thus faunal bone collagen over this timescale. An additional difference is
that the previous work sampled large-bodied mobile grazers, with
longer life-spans and greater geographical ranges than small-bodied
rodents, which might then result in more averaged bone collagen
isotope ratios, smoothing out some of the seasonal and inter-annual
variability.

The slight difference in bone collagen δ13C pre- and post-10 cal ka BP
(0.5–0.7‰) is less than the ~2‰ Pleistocene to Holocene enamel
carbonate difference (McLean and Emslie, 2012; McLean et al., 2014).
Carbonate in bioapatite is formed from blood bicarbonate, which
reflects whole diet and metabolism while collagen carbon may be
biased toward protein-derived carbon, but also includes carbon from
other dietary macronutrients (Tieszen and Fagre, 1993; Jim et al.,
2004). Thus, it is perhaps not surprising that the magnitude of change
over time is different in these two different tissues in the Cement
Creek Cave marmots. The marmot collagen δ13C is consistent with C3

plant consumption throughout the entire time period represented
here, and the small shift in the carbon isotopic composition in bone
collagen between the Pleistocene andHolocene individuals could derive
from a number of changes in environmental parameters such as CO2

levels, changes in plant stomatal conductance, change in the δ13C
in air or small shifts in the distribution of the plant community (e.g.,
Schubert and Jahren, 2012). Some of the other studies of faunal bone
collagen δ13C through the last ~50 ka have also not found any change
over time (Iacumin et al., 2000; Drucker et al., 2003).

Conclusions

This is one of the first investigations to couple collagen radiocarbon
dateswith a quartet of organic light stable isotopes (H, O, C andN), each
of which is subject to different environmental impacts and constraints,
from the same species to evaluate environmental change through
time. These data show little change in marmot bone collagen and thus
inferred environment, when they are present at Cement Creek Cave,
from radiocarbon background age of ~49 to 1 cal ka BP. The distribution
of radiocarbon dates shows a gap in marmot and other small mammal
presence in the range 30–10 cal ka BP, overlapping the local last glacial
maximum.As each isotope ratio is reflective of dietary and environmen-
tal parameters in slightly different ways, the congruence of all four
reinforces the picture of ecological stability relative to marmots in this
subalpine environment, particularly during the periods before and
after the LGM. The concurrence of bioapatite and collagen carbon and
oxygen isotopic trends in this population further supports the interpreta-
tion of environmental equivalence during the times when the marmots
utilized the cave.

These results are surprising given that high-elevation communities
are thought to be more sensitive to environmental change, and thus
more susceptible to extinctions during major climatic events. Certainly
the large mammal fauna of the UGB suffered considerable extinctions
and turnover with loss of megafauna, similar to other regions of North
America (Emslie, 1986; Gill et al., 2009). However, the small mammal
community as a whole at Cement Creek Cave from the end of the late
Quaternary into the early Holocene reflects only one extinction (the
short-faced skunk, Brachyprotoma sp.) and three extirpations (Sorex
preblei, Lemmiscus curtatus, and until recent re-invasion, Urocitellus
elegans; Emslie andMeltzer, 2010). From the perspective of themarmot
populations, the consistent isotopic values reflect stability in this high
altitude environment for much of the late glacial period.
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