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ABSTRACT 
 

Stable Isotopes and Late Quaternary Environments: A Woodrats Tale 

Constance Matthiessen Shaver 

Master of Science in Environmental Systems 

University of California, Merced 2022 

Advisor: Jessica Blois 

 
 
 
Earth’s environment has continuously changed throughout geologic history and species 
have been able to persist, evolve, or at times go extinct in response to those changes. 
However, while we have a baseline understanding of how climates have fluctuated 
through time and overall biodiversity responses to those fluctuations, we often lack a 
detailed understanding of those changes at the local scale. Small mammals are valuable 
recorders of environmental conditions, tracking changes that are more spatially sensitive 
than large mammals due to their small home ranges. This research explores isotopic 
patterns from small mammals (Neotoma spp.) as potential indicators of late Quaternary 
environmental conditions, by determining δ13C and δ18O values and comparing inferred 
isotope changes with known climatic, environmental, and ecological change in this 
region over the last 22 kya. Overall, our data show that the tooth enamel isotopes from 
Neotoma track global changes in carbon and oxygen associated with the transition from 
glacial to interglacial cycles but interpreting our data relative to local scale and 
temporally dynamic environmental changes is more challenging and could benefit from 
additional research.  

 
 
 
 
  



 

1 

INTRODUCTION 
 

Earth’s environment has continuously changed throughout geologic history and 
species have been able to persist, evolve, or at times go extinct in response to those 
changes (Crowley, 1983). At times, during very large climatic events in conjunction with 
other factors, the Earth experienced mass extinction events that resulted in enormous 
loss of biodiversity across the globe (McElwain & Punyasena, 2007; Twitchett, 2006). 
This is concerning because the rate and magnitude of anthropogenic climate change is 
increasing (Quintero & Wiens, 2013), causing substantial challenges to biological 
populations around the world and possibly leading to a 6th mass extinction event 
(Barnosky et al., 2011). Apart from mass extinctions, climate change has a number of 
other societally-relevant impacts on biodiversity  (Barnosky et al., 2012; Bellard et al., 
2012). Thus, it is imperative that we begin to understand the degree to which species 
were influenced by past climate and how (or if) they were able to respond in order to 
improve our understanding of how to preserve contemporary biodiversity in the face of 
anthropogenic climate changes.  

The Quaternary, or the last ~2.5 million years [encompassing both the Pleistocene 
(2.58 Ma to 11.7 thousand years ago (kya) and the Holocene (11.7 kya to present)], is a 
particularly valuable time for studying climate change. The Earth experienced a series of 
dramatic shifts in temperature and moisture due to alternating glacial and interglacial 
regimes (Pisias & Moore, 1981). The most recent period of transition occurred during the 
late Quaternary following the Last Glacial Maximum (LGM) 22 kya as the northern 
hemisphere ice sheets retreated and the ecosystems comprised of the fauna and flora 
occurring today were established (Clark et al., 2009). Further, the late Quaternary also 
experienced highly variable climates between 15 – 11 kya with rapid warming at the start 
of the Bølling-Allerød, followed by rapid cooling during the Younger Dryas and another 
period of rapid warming at the end of the Younger Dryas during the transition from the 
Pleistocene to the early Holocene (Clark et al., 2012; Steffensen et al., 2008). Climate 
change across the late Quaternary also greatly impacted biodiversity, contributing to 
megafaunal extinctions (Barnosky et al., 2004). Even species that survived throughout 
the late Quaternary were impacted by climate: vegetation, for example, underwent major 
transformations over the last 21,000 years (Gill et al., 2009; Williams et al., 2004) and 
surviving small mammal species saw abundance and diversity changes (Blois et al., 
2010). This time period thus provides a meaningful study system for understanding the 
effects of shifts in climate can have on biodiversity. 

While we have a baseline understanding of how climates fluctuated through time and 
the overall biodiversity responses to those fluctuations, we often lack a detailed 
understanding of those changes at the local scale. Species have complex and 
individualistic relationships with their environments (e.g., Burbrink et al., 2016; Matias et 
al., 2017; Stralberg et al., 2009), and our interpretation of past environments can be 
difficult to infer from limited and often conflicting proxy data. Thus, assembling data from 
multiple proxies can improve our understanding of both past environmental changes and 
ecological responses to those changes (e.g., Birks & Birks, 2006; Davidson et al., 2013; 
Jones & Desantis, 2017). 

In this thesis, I explore the use of stable isotope data from small mammals as 
potential indicators of late Quaternary environmental conditions, using δ13C and δ18O
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values and comparing inferred isotope changes with known climatic, environmental, and 
ecological change in this region over the last 22 kya. To do this, I focus on data from one 
taxon that survived the late Quaternary megafaunal extinctions (Neotoma spp.) at one 
site in northern California, Samwell Cave (Figure 1). I first provide an overview of 
paleoclimate in northern California across the late Quaternary, then review why stable 
isotopic data from Neotoma may provide a valuable proxy to better understand both past 
climate change and species response to those changes. Specifically, I investigate the 
following questions: 1) Have oxygen and carbon isotope values of Neotoma changed 
through time? and 2) Is paleoclimate inferred from Samwell Cave Neotoma fossils 
consistent with other regional proxies? 

PALEOCLIMATE IN NORTHERN CALIFORNIA  

 A variety of global and regional proxies including ice cores, sediment cores, fossil 
pollen, and speleothems provide data to interpret paleoclimate in Northern California. 
The North Greenland Ice Core Project (NGRIP) contributes high resolution inferences of 
climate using oxygen isotopes (North Greenland Ice Core Project members, 2004). This 
dataset extends back approximately 250 kya and captures multiple episodes of abrupt 
climate change during the last glacial period (Dansgaard et al., 1993). Since δ18ONGRIP 
data is directly correlated to air temperature, this has been established as a global proxy 
for tracking large-scale environmental change with fine temporal resolution. The NGRIP 
record shows that global climate was cold and dry at the LGM (20 kya) and then 
transitioned rapidly during the Bølling-Allerød and Younger Dryas periods (15 – 11 kya) 
with a 28°C difference across 5,000 years (Platt et al., 2017). Temperatures increased 
again around 11 kya and have remained high throughout the Holocene to the present.  

Sediment cores provide access to fossil pollen, which is a valuable proxy for 
tracking regional paleoenvironmental change and is most commonly applied to studies 
about paleovegetation and fire history (e.g., Daniels et al., 2005; Scott Anderson et al., 
2008). Through the analysis of paleovegetation, fossil pollen also provides information 
about environmental conditions such as temperature and precipitation (Mohr et al., 
2000) and can track climate controls that may have impacted vegetation over at least the 
last 100 kya (Whitlock & Bartlein, 1997). In Northern California, postglacial vegetation 
inferred from fossil pollen records indicate a subalpine parkland habitat between 16-13 
kya, a shift to a pine and fir forest for 2 kya before experiencing a subsequent shift that 
resulted in a pine, oak, and conifer forest between 11-5 kya; the present-day region is 
now dominated by pine and fir trees (Mohr et al., 2000). Multiple paleovegetation studies 
in this region have provided data for paleoclimate reconstructions that show a cold and 
dry environment between 16-11 kya which then transitioned into warm and dry 
conditions until about 3kya when most sites experienced a shift to cooler and moister 
climates (Daniels et al., 2005).  

Speleothem records provide useful regional proxies for understanding 
precipitation, aridity, and seasonality: isotope compositions of carbonate from the 
speleothem as well as the oxygen and hydrogen isotope values from the resulting drip 
water closely reflect precipitation events (Baker et al., 2019). Speleothems from two 
caves in California (Figure 1), Moaning Caverns (MC) and Lake Shasta Caverns (LSC), 
have been analyzed for their oxygen isotope composition which provides insights into 
regional paleoclimate. The MC dataset suggests warmer and drier conditions in central 
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California from 16.5 – 10.6 kya, while the LSC dataset to the north indicate drier 
conditions during the LGM with an increase in rainfall from about 18 – 14 kya (Oster et 
al., 2009, 2020).  

NEOTOMA FOSSILS 
One potential source of valuable paleoclimatic and paleoenvironmental 

information is small mammals since there is a relatively comprehensive fossil record of 
small mammals from the late Quaternary (FAUNMAP Working Group. 1994; Graham et 
al., 1996). Most of these fossils were deposited as pellets from various owls and other 
raptors who eat small mammals and other vertebrates. These predators are unable to 
digest teeth and bones from their prey, and thus excrete well-preserved bones and other 
hard parts in their pellets (Avenant, 2006). Woodrats (Neotoma spp.) sometimes 
transport these pellets to their middens, and if the middens occur in cave environments, 
the pellets and other midden materials can be well preserved in cave sediments 
(Andrews, 1990; Simms, 1994). Due to the link between woodrat middens and small 
mammal fossilization, one of the most well-represented taxa is Neotoma. Neotoma is 
also a useful focal species because it is extant, so inferences from past populations can 
be directly compared to modern populations. Furthermore, Neotoma spp. are herbivore 
generalists with small home ranges, typically foraging within a 500ft radius of their den. 
(Carraway & Verts, 1991), This implies the food they consume is sourced from a 
localized area and their isotopic signals reflect an indiscriminate sampling of available 
vegetation within their home range. However, there is very little research about the 
stable isotope signals recorded in modern small mammals, including Neotoma, and even 
less so for ancient communities (but see Tomé et al., 2021; Fox et al., in review). 

STABLE ISOTOPES 
Stable isotope analysis (SIA) is a well-established technique for interpreting past 

temperature, precipitation, and atmospheric CO2 (Koch, 1998). Stable isotopes are also 
used in studies of mammal diet, water use, and migration through time (Clementz, 2012; 
Terry, 2018). Stable isotope analysis is frequently applied to mammalian bone and teeth 
– carbon (δ13C) and oxygen (δ18O) can be extracted from the tooth enamel whereas the 
organic component of dentin contains nitrogen (δ15N), which is often used to determine 
trophic level (Hedges & Reynard, 2007; Kelly, 2000). Previous research using SIA to 
reconstruct paleoenvironments has relied heavily on large mammals and generally 
excluded small mammals due to the difficulty of conducting destructive analysis on 
samples that size. However, rodent tooth enamel is particularly resilient to chemical 
alteration during fossilization and therefore maintains the original isotopic signal 
established during formation, as opposed to collagen which is more susceptible to 
breakdown (Sponheimer & Lee-Thorp, 1999). Additionally, δ13C values from collagen 
records dietary protein, whereas enamel carbonate δ13C values represents bulk diet 
(carbohydrates, lipids, protein) and therefore provides a more holistic interpretation of 
food consumption that is especially useful when studying herbivore generalists (Koch et 
al., 1997).  
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CARBON (d13C) 
Stable carbon isotopes are most commonly used to investigate paleovegetation 

and paleodiet of mammals since it is derived from consumed plant material. Most plants 
use one of two photosynthetic pathways (C3 vs C4 photosynthesis), and each one 
imparts a distinct range of δ13C values that gets incorporated into the rodent’s teeth 
after consumption. C3 vegetation ranges between -32‰ to -19‰ with a mean value of -
29‰ and the range for C4 vegetation is -19‰ to -10‰ with a mean value of -14‰ 
(O’Leary, 1988). This range difference comes from the degree to which each pathway 
discriminates against the heavier isotope 13C during fixation of CO2 for photosynthesis. 
The large distribution in δ13C values for C3 is due to local environmental conditions that 
influence fractionation, such as temperature, water availability , and light conditions 
(Jeffrey et al., 2015). C3 plants that inhabit shaded, subcanopy, humid environments will 
have low δ13C values, whereas plants in arid, open environments will have higher δ13C 
values that more closely resemble C4 values (up to -21‰) (Gehler et al., 2012; Kohn, 
2010). Since these variations are reflected in the teeth of rodents feeding in these 
environments, researchers can investigate changes in habitat-use, resource partitioning, 
and dietary preferences (Terry, 2018). 

C3 plants are more abundant globally, making up a majority of plants on earth, 
whereas C4 plants are believed to be younger in origin and are less abundant (Cerling et 
al., 1993). The younger C4 photosynthesis pathway originated as an adaptation to 
warmer and drier climates and C4 plants have shown a strong resilience to aridity and 
high temperatures (Caemmerer et al., 2014). The different range in values of each 
pathway means that a shift seen in the δ13C values of consumers could represent a 
climatic shift, given the environments in which each set of plants is able to succeed (or 
also possibly a dietary switch to consumption of different plants). C3 plants are typically 
trees, shrubs, and bushes whereas C4 are often grasses. Since Neotoma are non-
discriminate generalists, a change in diet would record vegetation shifts and potentially 
signify a warming climate or transition to drier conditions, or both. 

 
OXYGEN (d18O) 

Oxygen isotopes are commonly used to reconstruct precipitation, aridity, and 
paleotemperature within a region (Sponheimer & Lee-Thorp, 1999). Since mammals are 
endothermic, and therefore body temperature is constant and not impacted by 
environment, their δ18O values are likely record environmental water oxygen isotope 
compositions rather than air temperature, though several studies have been able to 
account for the water-tissue fractionation factors and make direct comparisons 
(Podlesak et al., 2008; Peneycad et al., 2019). The δ18O values of body water from 
mammals reflects oxygen inputs (i.e., drinking water, food water, respired oxygen) and 
oxygen outputs (i.e., respiration, fluids such as sweat, urine, feces) (Kohn 1996). In 
rodents, like other mammals, this affects the oxygen isotope composition from rodent 
teeth (Gehler et al., 2012). While many mammals are obligate drinkers and obtain much 
of their oxygen from drinking surface water, Neotoma are non-obligate drinkers and 
derive their water from food consumption, making the direct comparison to drinking 
water and environment more complicated though still feasible (Fernández-García et al., 
2019; Jeffrey et al., 2015; Royer et al., 2013).  

Plant water is usually enriched in the heavier oxygen isotope (18O) relative to 
local meteoric water. This enrichment is due to the preferential transpiration of the lighter 
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isotope (16O) from the plant surface which results in a remaining pool that is depleted of 
the lighter molecule and enriched with the heavy molecule. Evapotranspiration is 
temperature and moisture dependent and will therefore be enhanced with aridity and 
warmer conditions (Fernández-García et al., 2019; Gehler et al., 2012). Since Neotoma 
derive most of their water from their diet, this results in higher enamel δ18O values. 
Jeffrey et al. (2015) showed a correlation between the δ18O of rodent teeth and local 
environment, particularly in regions with high aridity, which could provide a 
complimentary dataset to δ13C when reconstructing paleoenvironments that have 
experienced transitions to warmer, drier conditions.  

Overall, isotope signals from small mammal teeth likely reflect both individual 
diets and surrounding environments (Figure 2) and have the potential to be sensitive 
indicators of local paleoclimate. 

METHODS 

STUDY SYSTEMS 
We analyzed Neotoma sp. tooth fossils from two deposits which were excavated 

from Samwell Cave in northern California (Figure 1). Previous work done in the lab 
indicates these fossils are likely from N. fuscipes (Blois et al, unpublished data). Samwell 
Cave is located on the lower McCloud River of Shasta Lake and has a rich accumulation 
of small mammalian fossils from the late Pleistocene and Holocene (Blois et al., 2010; 
Feranec et al., 2010). The Samwell Cave Popcorn Dome (SCPD) deposit was excavated 
in 2007 and consists of 14 different levels of varying thicknesses (ranging from ~4cm to 
10cm thickness; Blois et al. 2010), and documents an overall decline in the evenness 
and richness of small-mammal communities during the late Quaternary (Blois et al., 
2010). The SCCUT (Samwell Cave Clara, Uma, and Tony) deposit was excavated in 
2008 after observing promising fossil material on the surface. Over 3,000 bone and tooth 
samples were collected across ten 10cm thick stratigraphic levels within this deposit, 
with nearly 20 identified species (Blois et al, unpublished). 

CHRONOLOGY OF CAVE DEPOSITS 
This is the first time that samples from SCCUT have been described and 

analyzed, so we collected new radiocarbon dates (14C) to investigate the timing of 
deposition. A total of 23 miscellaneous mammalian bones across all 10 levels, or 
deposition depth, of the SCCUT deposit were sent to the Keck-Carbon Cycle AMS 
facility at UC Irvine for radiocarbon analysis (Supplemental Table 1). The radiocarbon 
dates indicated substantial time averaging (see Results), with a break between Level 1 
and all other levels of the deposit. Thus, we divided the deposit into two phases, and 
used OxCal (v4.4.4; Bronk Ramsey, 2001) to construct a chronology. We estimated the 
95% confidence intervals of the older and younger boundaries of each phase using the 
OxCal Boundary() function, nesting the radiocarbon dates from individual specimens as 
a Phase() within the boundaries. Individual specimen ages were calibrated to IntlCal20 
(Reimer et al., 2020) using the R_Data() function. We then used the median boundary 
ages as our estimate of the older and younger ages of each phase (Supplemental Figure 
1, Supplemental Table 2). 

SCPD radiocarbon dates were initially analyzed by Blois et al (2010) and a 
chronology was inferred using the IntCal04 calibration curve (Reimer et al., 2004). We 
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created a new chronology for the SCPD deposit so that both deposits use the same 
calibration curve (Reimer et al., 2020). Since the SCPD deposits appear less mixed / 
bioturbated than the SCCUT deposit, and the dates are largely in stratigraphic order, we 
use the Bchron package (Haslett & Parnell, 2008) to calibrate our 14C ages and develop 
an age-depth model (using the bchronology() function) for the SCPD deposit. We then 
used this chronology to infer the midpoint ages and uncertainty of all levels of the SCPD 
deposit (Figure 3, Supplemental Table 3).  

STABLE ISOTOPE ANALYSIS 
We analyzed the carbon and oxygen isotope composition from the tooth enamel 

of 66 Neotoma specimens (Supplemental Table 4): 38 specimens from SCCUT [26 
RM1s, plus 12 additional pilot data specimens from other elements (8 Lm2 and 4 Rm2)] 
and 28 RM1 specimens from SCPD. For the primary SCPD dataset, we sampled the 
same element (RM1 – right upper 1st molars) so as not to inadvertently sample the same 
individual multiple times; SCCUT analyses and results include the pilot specimens but 
given taphonomic processes within cave deposits it is unlikely we are sampling the same 
individual multiple times (Behrensmeyer et al., 2000) Since this study focuses on one 
species, we do not expect substantial variation in nitrogen values and therefore focus 
only on carbon and oxygen isotope composition as proxies for paleovegetation, 
paleodiet, and paleoenvironment.  

The carbonate component of Neotoma tooth enamel was analyzed because 
enamel has been shown to preserve original isotopic composition in fossil specimens 
better than that of bone or dentin due to the chemical properties which make this 
material less susceptible to diagenetic alteration (Koch et al., 1997). Since this 
methodology is destructive, all fossil teeth used in this study were photographed and 
casts of each tooth were created for possible use in future morphometric studies. 
Working under a microscope, the enamel surface was removed from each tooth using a 
handheld Dremel drill with a 0.1 mm bit. Powdered enamel was collected on weigh 
paper and then transferred to 1.7 mL micro-centrifuge tubes. Extra precaution was taken 
during the drilling process to ensure that the powder being drilled off was pure enamel 
and not the dentin layer beneath. Dentin is more susceptible to alteration in fossil 
specimens and therefore could potentially alter our isotopic values if the powder we 
analyzed included a substantial portion of dentin, compared to enamel. There are 
distinct visual and physical differences between these two materials, with enamel being 
hard and more transparent than dentin, and so we are confident that any amount of 
dentin that might have been included is insignificant.  

Enamel powder then underwent chemical pretreatment as detailed in (Koch et 
al., 1997). Each sample was treated with 1mL overnight of sodium hypochlorite (3% 
NaOCl) to remove organics. Samples were then centrifuged and rinsed with deionized 
water 5 times before adding 1mL of acetic acid (0.5m CH3COOH) to remove any 
secondary carbonates. Samples were then rinsed 5 times with deionized water and dried 
overnight at 40°C. Enamel samples were analyzed via digestion with 110% phosphoric 
acid using a GasBench II coupled with a Delta V+ Plus Continuous Flow Isotope Ratio 
Mass Spectrometer (CF-IRMS) housed in the Stable Isotope Ecosystem Laboratory 
(SIELO) at UC Merced. Carbon and oxygen isotope compositions were corrected for 
instrument drift, mass linearity, and standardized to the international VPDB using the 
NBS 18 (n=10), USGS 44 (n=10), and an internal Carrara marble (n=10) reference 
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material. Analytical reproducibility for all reference materials was ±0.1‰. We also 
analyzed 7 aliquots of NIST 120C, a phosphorite with bulk chemistry similar to tooth 
enamel, as an internal check. Average isotope compositions for NIST 120C were -
6.6±0.2‰ for δ13C, and 28.2±0.2‰ for δ18O. All uncertainties are expressed as ±1 
standard deviation.  

We then adjusted isotope values for trophic fractionation, accounting for the 
isotopic differentiation at each step of the food chain. The fractionation factor associated 
with these analyses depends on the preferential uptake of a lighter versus heavier 
isotope during biochemical reactions of nutrient assimilation, which will ultimately 
determine how enriched or depleted a pool is with one isotope relative to the other (i.e., 
13C vs 12C). We calculated the δ13C values of the animals diet using an enamel-diet 
enrichment factor (ε) of 11.5‰ (Passey et al., 2005) and corrected for changes to the 
δ13C of the atmosphere (Suess effect) by subtracting 1.5‰ to estimate δ13Cdiet. The 
δ18O data was also standardized relative to the Pee Dee Belemnite standard (VPDB) but 
were converted to Standard Mean Ocean Water (SMOW) to allow for comparison with 
water isotope data and other proxies using the equation δ18OSMOW = 1.03 * δ18OPDB + 
30.91 (Coplen et al., 1983). Isotopic analysis is reported in delta notation (d) and 
expressed in parts-per-mil (‰), based on the equation d = [(Rsample/Rstandard) – 1] *1000, 
where R represents the molar ratio of the heavy over lighter stable isotopes of the 
sample being analyzed and the corresponding standard. For carbon the ratio is 13C/12C 
and the oxygen ratio is 18O/16O.  

STATISTICAL ANALYSIS: VARIATION IN SCPD STABLE ISOTOPE VALUES THROUGH TIME  
 Because the SCCUT deposit was temporally mixed (see Results), we focused on 
SCPD for statistical analyses of change-through-time. Given that our sample size per 
level varied and some deposit levels had no raw isotope values, we used two models 
that capture different assumptions about how isotope values changed through time. 
Model 1 is a linear regression model with the stable isotope composition as the 
dependent variable and age as the independent variable. This model is useful for 
examining the overall trend in isotope values. Model 2 is a piecewise linear interpolation 
model, where linear interpolation was performed between mean isotope values for each 
deposit level through time (Table 1). This model is most closely aligned with the raw data 
from each analyzed level, though it also infers mean isotope values for two unsampled 
levels (Level e2 and e6b) and may over-interpret temporal variability in isotope values 
given the small sample size per level. For the purposes of interpreting major trends in 
carbon and oxygen values through time at Samwell Cave, we rely primarily on Model 1. 

 STATISTICAL ANALYSIS: CORRESPONDENCE BETWEEN SCPD AND OTHER PROXIES  
 We compared SCPD δ18O values from both the regression model (δ18O SCPD-R) 
and the interpolation model (δ18O SCPD-I) with global and regional climate data. The global 
climate proxy dataset consists of δ18O values from the NGRIP ice core ( δ18ONGRIP; North 
Greenland Ice Core Project members, 2004). Regional data were drawn from two 
speleothem records recovered from caves in California: Moaning Cavern and Lake 
Shasta Cavern (δ18O MS, δ18O LSC, see Figure 1) (Oster et al., 2009, 2020). For all proxy 
records, we determined the age range of each SCPD level by calculating the age ± 
standard deviation from the inferred age model (Supplemental Table 3), matched all the 
original proxy data within the age range for each level, and then calculated the mean 
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proxy value for that time bin. We then performed Pearson’s correlation tests to 
determine correspondence between SCPD δ18O values (inferred from both Model 1 and 
Model 2), and the δ18O proxy data.  
 We used the same method to compare δ13C values from our regression model 
and interpolation model carbon (δ13CSPCD-R, δ13CSPCD-I) to regional and global proxy 
records. For global trends in carbon, we relied on atmospheric CO2 concentrations (ppm) 
extracted from the Byrd ice core in Antarctic (Pedro et al., 2012). For a more direct 
comparison of trends in carbon isotope changes from the same genus during the same 
time period, we compared SCPD δ13C values from Neotoma analyzed by Tomé et al. 
(2021), though these δ13C values were taken from tooth collagen. We corrected all 
values from Tomé et al (2021) for collagen-diet fractionation (Koch et al., 1997; Lee-
Thorp et al., 1989). We then calculated Pearson’s correlation coefficient to determine 
correspondence between SCPD δ13C values from both Model 1 and Model 2, and the 
two carbon proxy data sets.  
 Overall, six correlation tests were run using our two SCPD δ18O models against 
NGRIP (δ18O NGRIP) data and speleothem data from two cave sites in northern California 
(Moaning Cavern, δ18O MC; Lake Shasta Cavern, δ18O LSC). An additional four correlation 
tests were conducted using the two SCPD δ13C models against atmospheric CO2 values 
and Neotoma δ13C isotope values from Tomé et al. (2021) (δ13CTomé) (Table 2). All 
analyses were done with R (R: A language and environment for statistical computing, 
2020; Version 1.3.1093). 

 

RESULTS 

RADIOCARBON DATES & CHRONOLOGY 
 
SCPD 

The SCPD deposit has a relatively linear relationship between deposit depth and 
age except for one sample (Figure 3). The new age model predicts ages for each level 
that differ somewhat from the original age model (Blois et al., 2010; Supplemental Table 
3). However, our new model provides a better estimate of error and relies on a more 
recent calibration curve, so we used this new age model for all deposit depth ages.   
 
SCCUT 

Only 9 out of the 23 SCCUT samples produced enough collagen to be viable for 
14C analysis (Supplemental Table 1). The low collagen yield speaks to the lack of 
preservation at this deposit, likely due to its more exposed location at the mouth of the 
cave. There is strong time-averaging across deposit levels (Supplemental Figure 1), so 
we were unable to develop a high-resolution chronology for this dataset. However, there 
appear to be two separate time periods within the deposit (i.e., there is a gap in 
radiocarbon dates between Level 1 and the other levels), and we used this separation to 
group radiocarbon dates into two time-bins: Level 1 and all other levels. The boundary 
ages for SCCUT inferred from OxCal for these two groups indicate a (mostly) late 
Pleistocene depositional phase extending from 25,480 cal BP to 9057 cal BP, and a 
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Holocene phase extending from 9057 cal BP to the present (Supplemental Table 2). 
Given the time averaged natured of SCCUT, we focus on the SCPD data for the 
remainder of the manuscript, examining SCCUT data for consistency with patterns seen 
in SCPD.  

VARIATION IN STABLE ISOTOPES VALUES THROUGH TIME 
 
SCPD 
 The SCPD δ13Cdiet values range from -18.2‰ to -29.1‰ (Figure 4, Table 1, 
Supplemental Table 4). All the isotope values fall squarely within the established range 
for C3 plants. There is not a statistically significant relationship between δ13Cdiet and age 
(Model 1: F(1,26)=1.391, Adj. R2 = 0.014, p=0.249). Before accounting for the enamel-diet 
fractionation, raw δ13Cenamel values range from -16.4‰ to -5.4‰. 
 The SCPD δ18OSMOW values range from 21.8‰ to 28.1‰ with a trend showing 
lower values in older time periods and higher values in more recent time periods (Figure 
4). There is a significantly positive relationship between δ18Oenamel and age based on 
linear regression (Model 1: F(1,26)=6.056, Adj. R2 = 0.158, p=0.021). 
 
SCCUT 
 The δ13Cdiet values have an overall range from -29.4‰ to -17.0‰. The mean 
value of the Late Pleistocene group is -22.6‰ and the mean value from the Holocene 
group is -27.3‰ (Supplemental Figure 2); the difference between time periods is 
statistically significant (t=-7.54, df = 15.23, p < 0.001). As seen in SCPD, the values all 
fall within the established range of C3 plants which gives further confidence to the 
assumption that Neotoma were living and feeding in a predominantly C3 environment 
over the last 22 kya. The δ18Oenamel values range from 23.3‰ to 31.8‰, with a mean 
value of 26.6‰ for the Late Pleistocene group and 27.9‰ for Holocene. These data 
show the same pattern of moving towards higher values (warmer temperatures) during 
the Holocene; there is a 1.3‰ difference between the lower mean Pleistocene values 
and the higher Holocene values, though this was not statistically significant (t = 1.62, df 
= 9.39, p = 0.1393). Additionally, carbon and oxygen values from the same specimens 
within SCCUT were significantly correlated (r=-0.5655, p = 0.0002). 

CORRESPONDENCE AMONG SCPD AND OTHER PALEOENVIRONMENTAL PROXIES 
 
OXYGEN: 

MODEL 1: LINEAR REGRESSION 

The δ18O SCPD-R values inferred from Model 1 were significantly correlated with 
the global (δ18ONGRIP) proxy data (Table 2, Figure 5). δ18O SCPD-R values showed a 
significant negative correlation with δ18OLSC values but no correlation with δ18OMC values 
(Table 2, Figure 5). 

MODEL 2: LINEAR INTERPOLATION 
  The δ18OSCPD-I values inferred from the interpolation model did not show any 
significant relationships with the global or regional climate data (Table 2, Figure 5). 
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CARBON:  

MODEL 1: LINEAR REGRESSION 
 The δ13CSCPD-R values inferred from linear regression model for carbon were 
significantly correlated with atmospheric CO2, and marginally not significantly correlated 
with the δ13CTomé values (Table 2, Figure 5). 

MODEL 2: LINEAR INTERPOLATION 
 The δ13CSCPD-I values inferred from the interpolation model did not show any 
significant relationships with atmospheric CO2 or δ13CTomé data (Table 2, Figure 5).  

DISCUSSION 
 

We sought to quantify changes in stable carbon (δ13C) and oxygen (δ18O) isotope 
compositions from Neotoma teeth as potential indicators of late Quaternary 
environmental conditions. We showed that both δ18Oenamel and δ13Cenamel exhibited 
change through time that corresponded with the global transition from glacial to an 
interglacial period. However, more local and temporally dynamic interpretation of 
paleoclimate was more difficult. Overall, more data per time period and/or individually 
dated specimens paired with isotopes, combined with more detailed knowledge of 
isotopic linkages along the atmosphere-plant-small mammal pathway would be needed 
to improve spatially and temporally local interpretations.  
 

CHANGE IN CARBON ISOTOPE VALUES THROUGH TIME  
There is overall very little change in carbon isotope composition through time, 

reflecting environmental stability and C3 dominated ecosystem during the late 
Quaternary: both SCPD and SCCUT deposits exhibit a slight overall transition from 
higher d13C values in the late Pleistocene to lower δ13C values into the Holocene, but 
this trend was not significant (Figure 4, Supplemental Figure 2). Previous research has 
suggested that within the C3 range of values, higher values (-26 to -22‰) reflect a drier 
ecosystem with mean annual precipitation of less than 1000 mm/yr (Kohn, 2010). All of 
the SCPD δ13C values prior to 13 kya fall within that range and all SCCUT δ13C values 
grouped as Late Pleistocene are greater than -27‰, potentially reflecting a drier 
ecosystem. This interpretation agrees with regional speleothem data that shows drier 
conditions in northern California from 21–14 kya, and then wetter conditions from 11 – 8 
kya (Oster et al., 2009, 2020) which is broadly reflected in the more negative SCPD and 
SCCUT δ13C values observed in the Holocene.  

The relative stability of carbon through time is puzzling, given the known 
substantial changes in regional plant communities (Whitlock & Bartlein, 1997; Mohr et 
al., 2000; Scott Anderson et al., 2008). Based on fossil pollen data from this region, over 
the last 20 kya there was a shift from subalpine parkland to pine and oak forests, and 
then a further shift to present-day conditions of Douglas-fir, ponderosa pine, and oak 
woodlands (Whitlock & Bartlein, 1997; Mohr et al., 2000). Plant community changes, 
however, were largely transitions from one C3 dominated assemblage to a different C3 



11 

 

plant dominated assemblage, so the major vegetation changes may not be reflected in 
carbon isotope values incorporated into Neotoma tooth enamel. But, even within a pure 
C3 environment, changes in environmental conditions (i.e., atmospheric CO2, water 
availability, light, temperature) can influence the carbon isotopic composition of plants 
and therefore the δ13Cdiet values from tooth enamel (Heaton, 1999; Kohn, 2010). Lower 
δ13C values have been associated with shaded and humid environments, ranging as 
low as -32‰ (van der Merwe & Medina, 1991; Gehler et al., 2012) and higher values are 
linked to open, arid environments (Ehleringer & Cooper, 1988; Jeffrey et al., 2015). This 
aligns with regional climate proxies that show drier conditions during the Late 
Pleistocene and increased moisture into the Holocene, reflected in our dataset as 
slightly more negative δ13Cdiet values after 10 kya.  

Indeed, despite the lack of significant change in carbon at SCPD through time, 
δ13Cdiet values were significantly correlated with trends in atmospheric CO2 (Table 2), 
reflecting the overall transitions from glacial to interglacial cycles. The relationship 
between atmospheric CO2 and δ13Cdiet values is especially complicated due to the multi-
step fractionation between plant uptake and herbivore consumption, but previous 
research has shown an increase in atmospheric CO2 concentration corresponds to a 
decrease in δ13Cdiet values (Podlesak et al., 2008; Clementz, 2012). Indeed, we also see 
an inverse and significant correlation between Neotoma δ13CSCPD-R values and 
atmospheric CO2, indicating that Neotoma roughly track global atmospheric changes 
through their plant consumption. However, reconciling the potential roles of vegetation 
and climate on Neotoma isotope values is difficult without a more detailed record of 
shifts in isotopic composition of paleovegetation from the late Quaternary. Further, 
because we do not see a correlation between δ13CSCPD-I and atmospheric CO2 values 
(Table 2), this may be a spurious result due to correlating two time series.  

Previously published isotopic data on Neotoma from the same time period shows 
a similar story of isotopic stability with most δ13Cdiet values plotting within a C3 
environment, and a progression towards more positive values into the Holocene (Tomé 
et al., 2022). The range of δ13Cdiet values for Neotoma from Tomé et al. (2021) is slightly 
higher than our values from SCPD Neotoma (-26.42 to -13.26‰) which is not surprising 
since their study site is located in central Texas, a more arid environment with a much 
higher abundance of C4 plants during the late Pleistocene, but the overlap of ranges is 
consistent with what we would expect. Tomé et al (2021) also used change in Neotoma 
body mass as a proxy for climate variation and found that a decrease in body size during 
the early Holocene correlated with an increase in temperature and precipitation. This 
paleoclimatic shift towards a warmer and wetter environment is also shown in our data 
as well as other proxy data from Northern California. 

CHANGE IN OXYGEN ISOTOPE VALUES THROUGH TIME 
In general, lower δ18O values are associated with cooler temperatures, whereas 

warmer temperatures result in preferential evaporation of the lighter 16O isotope which 
produces higher δ18O values (Sponheimer & Lee-Thorp, 1999; Delaygue, 2009). At 
SCPD, oxygen isotope values from Neotoma teeth changed significantly through time, 
reflecting a warmer climate as the Earth system transitioned into the Holocene; which 
was observed in both the SCPD and SCCUT records (Figure 4, Supplemental Figure 2). 
The overall trend is consistent with the inferred North Greenland Ice Core (NGRIP) 
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temperatures (Figure 5, Table 2). Previous research has suggested that a 1‰ difference 
in δ18O isotopes reflects a 4°C change in temperature (Delaygue, 2009) which suggests 
from 5.4 – 10.36°C change at Samwell Cave: e.g., SCCUT saw a 1.35‰ difference 
between the time-averaged Late Pleistocene and Holocene δ18O values, and there was 
a roughly 2.5‰ difference in δ18O isotope values between the two oldest LGM samples 
and the two youngest late Holocene samples at SCPD. Further, the lowest SCPD δ18O 
values all occur prior to 15 kya when the Bølling-Allerød warming event began, 
consistent with expectations based on known paleoclimate trends. However, the lack of 
relationship between the Neotoma δ18OSCPD-I values from the interpolation model and the 
NGRIP record indicates that Neotoma isotope values are not tracking closely the 
dynamic climate changes that we know occurred throughout the late Quaternary, such 
as the rapid increase in temperature during the Bølling-Allerød followed by the rapid 
drop in temperature during the Younger Dryas. Overall, SCPD δ18OSCPD-R reflects the 
broad-scale warming trends from a glacial to interglacial transitions. 

Paleotemperature can be challenging to decipher from mammal proxy records, 
due to their endothermic nature (i.e., constant body temperature) without additional 
proxies (Eberle et al., 2010; Grimes et al., 2004). Therefore, trends in δ18O may better 
reflect changes in regional aridity / precipitation sourcing rather than global temperature. 
Changes in δ18O values due to increased aridity occur through enrichment of 18O in leaf 
matter, which could subsequently have been recorded in Neotoma enamel (McLean & 
Emslie, 2012; Jeffrey et al., 2015). Based on the regional climate data from fossil pollen 
and speleothems, environmental conditions were drier prior to 15 kya (Oster et al., 2020) 
but believed to be cooler during that same time frame (Daniels et al., 2005). 

Since speleothems are often reflective of hydroclimate (Tooth & Fairchild, 2003; 
Tremaine & Froelich, 2013), we compared δ18O at SCPD with two local/regional 
speleothem records (Figure 1). However, correlations between SCPD δ18O and the 
speleothem records were inconsistent. We found a significant relationship between 
δ18OSCPD-R values and δ18O values from Lake Shasta Caverns, but not between 
δ18OSCPD-R and Moaning Caverns δ18O values. However, the significant relationship at 
Lake Shasta Caverns was negative, indicating an anti-correlation between the two 
records. The Lake Shasta Caverns record does not encompass the Holocene 
interglacial, so it truncates the amount of climate change seen. Further, the precipitation 
patterns seen at Lake Shasta Caverns are complex, reflecting changes in temperature, 
regional water origin, and water transport (Oster et al., 2020), so interpretation of what 
this means for Neotoma isotope values at SCPD is not straightforward. The isotopic 
patterns at Moaning Caverns, which encompasses the latest Pleistocene and early 
Holocene, are broadly consistent with trends in δ18O at SCPD but not significant, likely 
due to the low sample size caused by the shortness of the Moaning Caverns record 
(Figure 5).  

Overall, using speleothems to help interpret Neotoma oxygen isotope 
composition is potentially useful because the two proxies broadly reflect the same spatial 
scales. However, differences in the interpretation of the speleothems (e.g., Oster et al 
2020) and temporal features of the records (i.e., the speleothem records are high-
resolution but short whereas the Neotoma SCPD record is time-averaged by longer) 
makes comparison difficult in this case.   
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SCCUT  

The SCCUT deposit is highly time-averaged (Supplemental Figure 1) and so the 
stable isotope data from SCCUT lacks the temporal controls of the SCPD dataset. 
However, changes in isotopes between Late Pleistocene and Holocene groups at 
SCCUT are consistent with SCPD isotope trends, supporting the overall patterns we’ve 
shown here. The δ13Cenamel values from SCCUT are consistent with a C3 environment 
but show a strong separation between the Pleistocene and Holocene, with higher values 
observed during the Late Pleistocene and a transition to lower values during the 
Holocene. This corresponds with SCPD δ13Cenamel values and the environmental 
conditions described by regional climate proxies (Daniels et al., 2005; Oster et al., 2009, 
2020). The SCCUT δ18O values also broadly mirror the trend seen in the SCPD deposit, 
with a shift to higher values throughout the late Quaternary indicating a warming 
environment. Carbon and oxygen values from the same SCCUT specimens also show a 
strong correlation to each other (r = -0.5655, p = 0.0002), suggesting these two datasets 
have a statistically significant relationship to each other. Previous research has 
suggested this could indicate seasonality or climate-based interactions (Kohn & McKay, 
2012) but without a strong age model it is challenging to test the significance of this 
correlation because we cannot compare SCCUT data to other environmental proxies.  

CONCLUSIONS 
 
 Small mammals are known for being valuable recorders of conditions in localized 
regions (e.g., Porder et al., 2003), and track changes that are more spatially sensitive 
when compared to global scale proxies such as ice cores. Overall, our data show that 
the tooth enamel isotopes from Neotoma track global changes in carbon and oxygen 
associated with the transition from glacial to interglacial cycles but interpreting our data 
relative to local scale and temporally dynamic environmental changes is more 
challenging. This is largely due to the limitations of the Samwell Cave Neotoma isotope 
datasets, as well as discrepancies between the relative strengths and weaknesses of 
different proxies: the Neotoma sample size per time bin were relatively small, and the 
extent of time averaging in the SCPD deposit relatively large, especially compared to ice 
core and speleothem data. The Moaning Cave and Lake Shasta Caverns speleothem 
records only overlap a small portion of the SCPD time period, limiting sample sizes even 
further for comparisons between SCPD and speleothems. Ultimately, our study system 
shows promise in small mammal isotopes as a paleoenvironmental record, but further 
research to bolster sample sizes and improve temporal resolution of the Samwell Cave 
deposits is needed. 
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TABLES AND FIGURES 
 
Table 1. Isotope values from the SCPD deposit by level. Shown are the number (n) of samples 
per level, with the minimum (min), maximum (max), and mean isotope value per level calculated 
for both carbon (δ13C) and oxygen (δ18O) isotopes. 
 
  

    δ13CPDB (‰)     δ18OSMOW (‰)   
Level n of samples min mean max min mean max 

1 1 -16.4 -16.4 -16.4 26.7 26.7 26.7 
3a 3 -10.5 -11.8 -13.4 26.1 26.1 27.1 
3b 1 -7.3 -7.3 -7.3 25.1 25.1 25.1 
4a 3 -5.7 -11.1 -13.9 23.9 25.4 28.2 
4b 3 -10.1 -12.0 -14.3 25.8 26.6 27.1 
5a 2 -7.7 -9.5 -11.2 23.7 24.1 24.6 
5b 2 -12.2 -13.6 -14.9 24.9 25.2 25.5 
6a 1 -9.6 -9.6 -9.6 26.8 26.8 26.8 
7a 1 -5.4 -5.4 -5.4 26.8 26.8 26.8 
7b 5 -8.9 -10.7 -13.4 21.8 24.9 27.3 
8a 2 -10.5 -11.0 -11.5 23.1 24.1 25.1 
8b 3 -10.4 -10.6 -10.9 22.2 23.6 24.8 
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Table 2. The relationship between carbon and oxygen isotope values at SCPD and other proxies. 
Two models for the SCPD isotope values (Model 1: linear regression; Model 2: linear 
interpolation) were used to make the comparisons. Shown are the Pearson’s correlation 
coefficient (r), the number (n) of samples for each comparison, and the p-value. Asterisk (*) on p-
values and bolded model indicates a statistically significant model. 
 
 

Model Correlation coefficient n of samples  p-value 
δ18OSCPD-R ~ δ18ONGRIP 0.9131 14 0.0000* 
 δ18OSCPD-I ~ δ18ONGRIP 0.2953 14 0.3053 
δ18OSCPD-R ~ δ18OMC 0.6251 7 0.1333 
δ18OSCPD-I ~ δ18OMC -0.1182 7 0.8006 
δ18OSCPD-R ~ δ18OLSC -0.9112 5 0.0313* 
δ18OSCPD-I ~ δ18OLSC -0.8053 5 0.1000 

δ13CSCPD-R ~ CO2 (ppm) -0.9497 10 0.0000* 
δ13CSCPD-I ~ CO2 (ppm) -0.2600 10 0.4680 
δ13CSCPD-R ~ δ13CTomé -0.5518 11 0.0784 
δ13CSCPD-I ~ δ13CTomé -0.1895 11 0.5767 
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Figure 1. Location of Samwell Cave in northern California (red star). Also shown are the locations 
of two speleothem datasets (yellow circles), Moaning Caverns (Oster et al. 2009) and Lake 
Shasta Caverns (Oster et al. 2020). Map colors represent mammal species richness, dark green 
is highest richness and light brown is lowest richness (California Department of Fish & Game, 
2003) 
   

Moaning Caverns 

Lake Shasta Caverns 

Samwell Cave 
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Figure 2. Conceptual systems diagram showing an overview of the study system; Neotoma tooth 
enamel to oxygen and carbon isotopes recorded through interactions with surrounding 
environments. The image of Neotoma is ©Soheil Zendeh (sohzendeh, CC BY-NC-SA 4.0, 
retrieved from www.inaturalist.org). 
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Figure 3. The updated SCPD age model, created using the Bchron package (Haslett & Parnell, 
2008) in R (R: A Language and Environment for Statistical Computing, 2020). The x-axis (Age) is 
calibrated years before present and the y-axis (Position) indicates depth of each radiocarbon date 
in centimeters (corresponding to the base of the calibrated radiocarbon date distribution). Gray 
shading indicates the calibrated radiocarbon age distribution, the black line is the inferred mean 
age across depth, and blue shading indicates error of the inferred age at each depth.   
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Figure 4. SCPD isotope values by level (colors) and age (x-axis). Error bars represent standard 
deviation from the age model and the lines represent the two linear models that were created; the 
black line is Model 1 linear regression, and the grey line is Model 2 linear interpolation. For 
Carbon, there is not a statistically significant relationship between d13Cdiet and age (Model 1: 
F(1,26)=1.391, Adj. R2 = 0.014, p=0.249). For Oxygen, there is a significantly positive relationship 
between d18OSMOW and age (Model 1: F(1,26)=6.056, Adj. R2 = 0.158, p=0.021).   
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Figure 5. SCPD isotope data compared with climate proxies; red squares are the data points that 
were used in correlation analyses (red points are binned averages), black dots/lines are raw data. 
A) SCPD δ18OSMOW values with linear regression model 1 (solid blue line) and linear interpolation 
model 2 (dashed blue line), B) SCPD δ13Cdiet values with linear regression model 1 (dashed blue 
line) and linear interpolation model 2 (solid blue line), C) δ18O temperature data from North 
Greenland Ice Core (North Greenland Ice Core Project members, 2004), D) atmospheric CO2 
data (ppm) from Byrd ice core in Antarctica (Pedro et al., 2012), E) speleothem δ18O data from 
Moaning Cavern (Oster et al., 2009) F) published δ 13Cdiet data from Neotoma in Texas (Tomé et 
al., 2021) and G) speleothem δ18O data from Lake Shasta Cavern (Oster et al., 2020).   
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SUPPLEMENTAL TABLES AND FIGURES 
 
Supplemental Table 1 Radiocarbon dates from SCCUT bone samples, analyzed at the UC 
Irvine Keck AMS lab (UCIAMS). 

 
 
 
  

Specimen 
ID 

UCIAMS Element Measured  
14C age (BP) 

Excavation 
Level 

Collagen Yield 
 (%) 

C:N 
(atomic) 

DAF 711 253887 Tibia 215 ± 15 1 5.6 3.4 

DAF 710 254890 Humerus 4,135 ± 15 1 3.6 3.6 

DAF 600 254891 Humerus 9,935 ± 25 2 0.8 3.5 

DAF 659 253888 Radius 12,130 ± 30 2 3.5 3.5 

DAF 663 253889 Tibia 19,770 ± 70 4 2 3.5 

DAF 706 253890 Radius 20,420 ± 80 6 2.9 3.5 

DAF 709 254892 Radius 13,505 ± 50 6 3.4 3.4 

DAF 666 253891 Tibia 12,250 ± 40 8 0.7 3.4 

DAF 722 253892 Humerus 10,620 ± 30 9 0.9 3.4 
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Supplemental Table 2. Updated age model for each level of the SCCUT deposit. Indicated are 
the modelled ages for each boundary and/or individual date in calibrated years BP. The mean, 
standard deviation (SD), and median age of each estimate is also shown. Relevant ages of the 
boundaries between the two temporal phases are bolded. 
 

 From To Mean SD Median 
Top Boundary 298 -8199 -2160 2589 -1184 

      

Holocene Phase      
R_Date DAF 710 302 3 208 74 176 
R_Date DAF 711 4816 4575 4687 74 4680 

      

Break Boundary 11352 4838 8695 1914 9057 
      

Late Pleistocene Phase      
R_Date DAF 659 14100 13862 14013 68 14041 
R_Date DAF 600 11598 11246 11335 64 11322 
R_Date DAF 663 23943 23424 23788 109 23807 
R_Date DAF 706 24832 24220 24509 159 24506 
R_Date DAF 709 16481 16097 16284 90 16283 
R_Date DAF 666 14765 14057 14190 131 14158 
R_Date DAF 722 12718 12506 12652 48 12662 

      

Bottom Boundary 30498 24218 26219 2255 25480 
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Supplemental Table 3. Updated age model for each level created from the SCPD deposit 
radiocarbon dates. The depth is the midpoint depth from each level, in centimeters, and the ages 
of each level are in calibrated years before present (cal BP). Also shown is the estimated 
midpoint age from the age model in Blois et al. 2010. 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
  

Mid-Depth Level 
Age     

(cal BP) ± SD 
Blois et al. 2010 

age 
1 e1 1,025 800 752 
11 e2 1,898 695 2,758 

18.5 e3a 2,770 554 4,639 
23.5 e3b 5,740 1,259 5,893 
28 e4a 8,461 469 7,021 

31.5 e4b 9,538 402 7,899 
35.5 e5a 10,393 454 8,902 
40.5 e5b 11,197 663 10,156 
45.5 e6a 12,487 576 11,410 
50.5 e6b 14,745 1,102 12,664 
55.5 e7a 17,137 1,123 13,918 
60.5 e7b 19,769 1,377 15,172 
65.5 e8a 21,162 2,104 16,425 
70.5 e8b 22,405 2,765 17,679 
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Supplemental Table 4. All Neotoma fossil specimens included in the study, collected from two 
sites within Samwell Cave in Shasta County, CA. Shown are the original specimen ID, the deposit 
and level within the deposit, the element from which tooth enamel was sampled, and the 
measured stable carbon (δ13C) and oxygen (δ18O) isotope values.  
 

Specimen 
ID 

Deposit Excavation 
Level 

Tooth 
Element  

d13CPDB  
(‰) 

d18OPDB 
(‰) 

ABP 14 SCCUT 1 RM1 -16.80 -4.90 
ABP 18 SCCUT 1 Lm2 -13.94 -4.58 
ABP 2 SCCUT 1 Lm2 -14.57 -3.30 
ABP 22 SCCUT 1 Rm2 -11.97 -5.45 
ABP 24 SCCUT 1 RM1 -15.21 0.90 
ABP 25 SCCUT 1 Rm2 -15.09 -1.65 
ABP 31 SCCUT 1 RM1 -13.69 -1.97 
BJZ 1 SCCUT 1 RM1 -15.55 -1.70 

ABP 38 SCCUT 2 RM1 -10.68 -4.84 
ABP 46 SCCUT 2 RM1 -9.88 -6.04 
ABP 50 SCCUT 2 Lm2 -10.49 -2.81 
ABP 52 SCCUT 2 Lm2 -8.41 -6.15 
ABP 53 SCCUT 2 RM1 -10.99 -4.32 
ABP 56 SCCUT 3 RM1 -11.85 -3.46 
ABP 62 SCCUT 3 RM1 -8.80 -4.15 
BJZ 20 SCCUT 3 RM1 -10.21 -5.89 
BJZ 5 SCCUT 3 RM1 -8.36 -4.89 

DAF 226 SCCUT 3 RM1 -4.18 -5.39 
MJS 199 SCCUT 3 RM1 -8.30 -5.46 
MJS 204 SCCUT 3 RM1 -7.83 -3.65 
MJS 222 SCCUT 4 RM1 -9.18 -3.40 
MJS 59 SCCUT 4 RM1 -7.21 -6.59 
MJS 60 SCCUT 4 RM1 -12.76 -2.65 
MJS 77 SCCUT 5 RM1 -9.54 -3.05 
ABP 78 SCCUT 6 RM1 -12.16 -1.62 
MJS 100 SCCUT 8 RM1 -13.07 -0.75 
MJS 107 SCCUT 8 RM1 -10.19 -2.73 
MJS 66 SCCUT 8 RM1 -10.24 -2.57 
BJZ 10a SCCUT 9 RM1 -11.44 -2.74 
MJS 110 SCCUT 9 Lm2 -8.42 -5.34 
MJS 113 SCCUT 9 RM1 -10.59 -2.10 
MJS 117 SCCUT 9 Lm2 -8.38 -3.14 
MJS 119 SCCUT 9 Lm2 -12.45 -3.86 
DAF 525 SCCUT 10 Rm2 -8.73 -4.60 
MJS 120 SCCUT 10 RM1 -10.23 -6.87 
MJS 122 SCCUT 10 Rm2 -9.58 -5.33 
MJS 126 SCCUT 10 Lm2 -7.82 -7.29 
MJS 136 SCCUT 10 RM1 -13.84 -2.59 
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Supplemental Table 4 continued. 
 

Specimen 
ID 

Deposit Excavation 
Level 

Tooth 
Element  

d13CPDB  
(‰) 

d18OPDB 
(‰) 

JLB 565 SCPD e1 RM1 -16.42 -4.05 
JLB 775 SCPD e3a RM1 -13.41 -3.91 
JLB 776 SCPD e3a RM1 -10.59 -3.68 
JLB 777 SCPD e3a RM1 -11.49 -4.70 
JLB 778 SCPD e3a RM1 -10.61 -6.19 
JLB 771 SCPD e3b RM1 -7.34 -5.65 
JLB 842 SCPD e4a RM1 -13.92 -2.67 
JLB 843 SCPD e4a RM1 -13.67 -6.83 
JLB 844 SCPD e4a RM1 -5.75 -6.43 
JLB 834 SCPD e4b RM1 -10.12 -4.97 
JLB 835 SCPD e4b RM1 -11.63 -3.90 
JLB 837 SCPD e4b RM1 -14.34 -3.67 
JLB 812 SCPD e5a RM1 -7.76 -6.12 
JLB 813 SCPD e5a RM1 -11.28 -7.00 
JLB 815 SCPD e5b RM1 -14.97 -5.23 
JLB 816 SCPD e5b RM1 -12.24 -5.88 
JLB 632 SCPD e6a RM1 -9.68 -4.02 
JLB 747 SCPD e7a RM1 -5.40 -3.98 
JLB 726 SCPD e7b RM1 -9.85 -3.48 
JLB 727 SCPD e7b RM1 -8.97 -5.79 
JLB 728 SCPD e7b RM1 -9.98 -4.59 
JLB 940 SCPD e7b RM1 -13.48 -8.80 
JLB 945 SCPD e7b RM1 -11.59 -6.27 
JLB 657 SCPD e8a RM1 -11.52 -7.59 
JLB 664 SCPD e8a RM1 -10.53 -5.64 
JLB 701 SCPD e8b RM1 -10.91 -6.90 
JLB 706 SCPD e8b RM1 -10.70 -5.97 
JLB 713 SCPD e8b RM1 -10.47 -8.42 
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Supplemental Figure 1: The age model for each level of the SCCUT deposit created using 
OxCal v4.4.4 (Bronk Ramsey, 2001). Shown are the calibrated radiocarbon age distribution for 
each sample with the median value indicated, as well as the modelled distribution for the bottom 
and top boundaries of each phase, with the median boundary age indicated with a †.   
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Supplemental Figure 2: Boxplot of SCCUT carbon (δ13C) and oxygen (δ18O) isotope data for the 
Late Pleistocene and Holocene groups.  
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