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We measured oxygen and carbon isotope compositions from teeth from three fossil localities in California, The
McKittrick Tar seeps (Rancholabrean), Fairmead Landfill, and Irvington (both Irvingtonian). These sites have pro-
duced a variety of megafauna fossils, and to date are relatively understudied. Previous ecological studies of Pleis-
tocene California megafauna have focused on the coastal Rancho La Brea tar seeps (RLB), neglecting inland
faunas. Both Fairmead Landfill and McKittrick are located in California's San Joaquin Valley, and provide the
first isotopic data from the region. We sampled a wide range of taxa; Equus, Camelops, Mammuthus, Mammut,

Is(glgr: ng)'topes Hemiauchenia, Odocoileus, Tetrameryx, Capromeryx, Platygonus, Canis dirus, Canis latrans, Arctodus simus, Smilodon,
California Homotherium, Miracinonyx, Panthera onca and Panthera atrox. Stable carbon values from both middle Pleistocene
Pleistocene localities are consistent with a C; dominated environment. Mean annual precipitation (MAP) estimates for the
Irvingtonian middle Pleistocene localities are ~340 mm/year for Fairmead Landfill and ~900 mm/year for Irvington. While
McKittrick the inland MAP estimate is similar to modern levels, Irvington MAP estimates are significantly higher than the
Fairmead Landfill

modern average. In contrast, the McKittrick tar seeps show clear evidence of C4 consumption among Equus,
Bison and Camelops, suggesting a mixture C4 grasses and halophytes. Similarly, comparing between McKittrick
and published data for RLB indicate a higher level of C4 resources inland. Serially sampled teeth from both inland
localities reveal diet and resource partitioning between browsers and grazers.

Rancholabrean

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Previous ecological studies of fossil megafauna from California have
focused primarily on the coastal, late Pleistocene Rancho La Brea tar
seeps (Coltrain et al., 2004; Feranec, 2004; Feranec et al., 2009). Current-
ly no detailed studies exist for either inland or non-Rancholabrean aged
faunas, leaving a substantial gap, both temporally and geographically in
our understanding of Pleistocene ecology and climate. In this study we
present new carbon and oxygen isotope values from tooth enamel
from three fossil localities in California—Fairmead Landfill, Irvington,
and the McKittrick tar seeps (Fig. 1). Each locality has produced abun-
dant fossils of large herbivores and carnivores (Schultz, 1938; Savage,
1951; Dundas et al.,, 1996; Dundas and Chatters, 2013), allowing us to
address several questions. 1) How did large herbivore taxa partition re-
sources among taxa within localities and did the diet of these animals
shift temporally and geographically? 2) How did dietary and climate
seasonality among inland California sites compare with coastal Califor-
nia? 3) How did carnivores, including co-occurring large canids, felids
and ursids, at all three sites, partition their diets? 4) How did
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precipitation amounts and meteoric water 5'80 values vary during the
Pleistocene?

2. Localities

Hosting the type fauna of the Irvingtonian North American Land
Mammal Age (NALMA), Irvington strata represent fluvial deposits at
gravel quarries in the San Francisco Bay Area at Fremont, California.
Fifty-four taxa are recognized from the site: 5 mollusks, 4 fish, 4 am-
phibians, 3 reptiles, 8 birds and 30 mammals (Stirton, 1939; Savage,
1951; Firby, 1968). Age of the fauna and associated “Irvington Gravels”
is not well constrained. Sediment samples from the fossil bearing strata
are magnetically reversed (Lindsay et al., 1975). Coupled with biostra-
tigraphy, Irvington's age is inferred to be within the upper Matuyama
magnetic polarity chron (i.e. greater than 780 ka), but the maximum
age is unresolved. Consideration must be given to the possibility that
the fauna may be older than 1.21 Ma (Bell and Bever, 2006).

Fairmead Landfill, in Madera County, sits on the distal portion of the
Chowechilla River alluvial fan. Fossils have been recovered from the
upper unit of the Turlock Lake Formation in alluvial fan channel,
overbank flood, and marsh/lacustrine deposits. The sediments are mag-
netically normal (Dundas et al., 1996) and the unit regionally contains
the Friant pumice near the base (750.1 4+ 1.5 ka) (Sarna-Wojcicki
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Fig. 1. Map of localities: 1) Irvington, 2) Fairmead Landfill and 3) McKittrick.

et al., 2000). Uranium trend dates of overlying paleosols constrain the
age to older than 550 ka (Marchand and Allwardt, 1981). Coupled
with the presence of Tetrameryx irvingtonensis these dates indicate
that the site is mid-Irvingtonian in age (550-750 ka).

Macrofossil evidence of Fairmead's floral community is limited to
molds of the cocklebur, genus Xanthium. Preliminary pollen analysis in-
dicates a flora dominated by grass and pine (Pinus) although pine pollen
transports great distances and may not have a local origin. Pollen of che-
nopods (Chenopodiaceae and Amaranthaceae), cattails (Typhaceae),
sedges (Cyperaceae), willow (Salix), oak (Quercus), spruce (Picea), juni-
per (Juniperus) and sagebrush (Artemisa) were also recovered (Chatters
and Van De Water, 2013). The mammalian fauna is dominated by large
grazing and mixed feeding taxa with Equus, Camelops, Mammuthus
columbi and Paramylodon being most common. Overall, 72 taxa
have been identified at the site (2 fish, 2 amphibians, 3 reptiles, 6
birds, 29 mammals, 1 bivalve, 1 gastropod, 12 plants/paynomorphs
and 16 diatoms) (Dundas and Chatters, 2013). Together the geological
and biological data suggest a fluvial-marsh/lacustrine depositional envi-
ronment surrounded by a grassy prairie with sparse oak and pine
woodlands.

The McKittrick tar seeps, Kern County, yield a faunal assemblage
similar to Rancho La Brea (Schultz, 1938). During the late Pleistocene,
tar seeps were active at the site, permeating surficial sediments and

entrapping animals. Recent '“C ages from the site range from 15,290
to 11,040 indicating a late Rancholabrean age (Fox-Dobbs et al., 2014).

Six plant taxa; pine (Pinus), Juniper (Juniperus), saltbush (Atriplex),
manzanita (Arctostaphylos) and wild cucumber (Echinocystis) are repre-
sented as macrofossils (Mason, 1944). Conifers, sagebrush (Artemisia)
and greasewood (Sacrobatus) dominate pollen profiles from Late Pleis-
tocene Tulare Lake, located 80 km north of McKittrick, with oak and
giant sequoia (Sequoiadendron) less common (Davis, 1999).

3. Materials and methods
3.1. Stable isotope theory

Tooth enamel is resistant to diagenesis (Kohn and Cerling, 2002)
therefore its isotopic composition is widely used as a proxy for paleodiet
and paleoenvironment (see reviews of Koch, 1998; Kohn et al., 2002).
All stable isotope analyses in this study are from the CO3 component
of enamel and are reported in the standard delta notation (Eq. (1)).

&= ( Rsample

2 —1) x 1000 (1)
standard

The carbon isotope composition of tooth enamel is controlled by
diet (Koch, 1998; Cerling and Harris, 1999). Herbivore enamel 8'3C
values reflect the plants they eat with an enrichment of + 14.6%.
and +13.3-14%. for ruminants and non-ruminants (Cerling and
Harris, 1999; Passey et al., 2005). Three photosynthetic pathways con-
trol the 8'3C values of plants. Globally, C; plants are predominantly
trees, shrubs and cool season grasses, with a mean &'3C value
of —28.5%,, although they range between — 23%. and — 32%. (Kohn,
2010). C4 plants are predominately warm season grasses, sedges, and
a small number of dicots (e.g. some species Atriplex). C4 plants have a
mean 8'C value of —12.5 & 1.1%.. The third pathway (CAM) produces
6'3C values intermediate to C3 and C, plants. CAM plants rarely contrib-
ute significantly to the diet of mammalian herbivores, however, so they
were not considered for this study. Carnivore 6'>C values reflect those of
their prey with an offset of —1.3%. (Clementz et al., 2009). Pleistocene
5'3C values are expected to be ~1.5%. more positive than modern values
because fossil fuel burning has reduced atmospheric CO, 8'3C values
(Friedli et al., 1986; Tipple et al., 2010). Thus, herbivores feeding entirely
on C3 plants should have an enamel 6'3C values less than — 8%.
(—23%0 + ~14%0 +1.5%0) while a pure C4 feeder would be more posi-
tive than 0%. (— 12.5%. + ~14%. + 1.5%.). Intermediate values indicate
a mixed diet of C3 and C4 resources.

The oxygen isotopic composition of tooth enamel in large mammals
is primarily controlled by the composition of ingested water (Longinelli,
1984; Luz and Kolodny, 1985). In herbivores this water comes from two
sources, drinking water and water contained within forage. The 6'%0 of
tooth enamel correlates well to mean meteoric water values (see sum-
maries of Kohn, 1996; Kohn and Cerling, 2002). Plant §'%0 values are
generally enriched relative to meteoric water and are also affected by
relative humidity (Ayliffe and Chivas, 1990; Kohn, 1996). Large herbi-
vores are predicted to be more sensitive to changes in plant 5'20 since
they derive more of their water from forage than carnivores. Carnivore
580 values predicted to be less affected by humidity and to have similar
580 values to their prey (Kohn, 1996).

The seasonal range of 5'%0 values in precipitation for the western
United States is ~10%o seasonally with higher vs. lower '80 values dur-
ing the summer vs. winter (Henderson and Shuman, 2009). Because
enamel forms in a multi-stage process (Passey and Cerling, 2002) enam-
el 5'80 values are inherently time-averaged and do not reflect the total
variation in meteoric waters. Despite this, the expected pattern, if not
the magnitude, of seasonal variation is preserved (Koch et al., 1989;
Fricke and O'Neil, 1996; Kohn et al., 1998; Feranec, 2004; Feranec
et al,, 2009).
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3.2. Sample selection and collection

All teeth sampled are housed in either the Madera County Paleontol-
ogy Collection (MCPC) or the University of California Museum of Pale-
ontology (UCMP). To ensure that each analysis represents an
individual animal, teeth of a taxon were chosen from the same position
(e.g. P, for Equus), when available. At Fairmead Landfill, where excava-
tion records are known, teeth were selected from different stratigraphic
levels when duplicates at the same tooth position were not available.
Late erupting teeth were selected to insure that measured isotopic com-
positions reflected the animals' adult diet.

We sampled all teeth according to established protocols (Koch et al.,
1997). All teeth were cleaned with a carbide burr and rinsed with etha-
nol to remove surficial material before sampling. Sampling then in-
volved drilling ~10 mg of enamel powder from each tooth using a
Dremel® rotary tool and either a 0.5 mm or 0.3 mm inverted cone car-
bide dental drill bit. For bulk samples, a single continuous groove was
drilled parallel to the growth axis, for the length of the available enamel.
Serial samples were drilled perpendicular to the growth axis of the
tooth for the full width of the tooth. After drilling, enamel powder was
collected and treated with 30% hydrogen peroxide overnight to remove
residual organics. The hydrogen peroxide was decanted; the powder
was washed twice with distilled water, and soaked with either buffered
1.0 M acetic acid (Irvington samples) or 0.1 M acetic acid (McKittrick
and Fairmead Landfill samples) overnight to remove any labile carbon-
ates. The acetic acid was decanted, the powder rinsed twice with dis-
tilled, water then dried in a vacuum oven at 40 °C for 48 h. Both
pretreatment methods are appropriate for fossil material and should
not bias resulting data (Koch et al., 1997).

Fairmead and McKittrick enamel was analyzed using a Thermo-
Scientific Kiel IV carbonate device coupled to a ThermoScientific MAT-
253 isotope ratio mass spectrometer at the University of California,
Santa Cruz Stable Isotope Facility. Irvington enamel was analyzed
using a Thermo Delta V Plus continuous flow isotope ratio mass spec-
trometer coupled with a GasBench II, in the Department of Geosciences,
Boise State University. All values are reported in standard delta notation
relative to the international VPDB (6'3C) and VSMOW (6'20).

4. Results
4.1. Irvington fauna

We sampled 24 individuals representing 10 taxa from the Irvington
fauna (Fig. 2). All stable isotope data are reported in Appendix A. Descrip-
tive statistics for all localities are reported in Table 1. Carbon isotope
values range from — 16.1%. to — 9.9%. with a mean of — 12.5%.. Mean
6'3C values for carnivores and herbivores are —14.4% and — 12.0%o.
The Irvington fauna shows no statistically significant differences in 6'>C
values for taxa where n > 1. (ANOVA, p > 0.1, Table 2). Mammut
americanum, Hemiauchenia, Homotherium, Arctodus simus and Panthera
onca are all represented by single individuals and were not included in
statistical analysis. These taxa were considered significantly different
only if their !3C'3C value fell beyond one standard deviation (20) of
the mean of another taxon (Fox-Dobbs et al., 2008). 5'80 values for the
Irvington fauna range from 18.1%. to 27.4%. with a mean of 25.1%..

4.2. Fairmead Landfill fauna

We sampled 59 individuals from Fairmead Landfill, representing 14
taxa (Fig. 3).6'3C and 6'80 values for the Fairmead Landfill fauna are re-
ported in Appendix A.

Fairmead herbivore &'C values show statistically significant differ-
ences among taxa (ANOVA, p <0.01). Pairwise comparisons (Bonferroni
test; Table 3) reveal that Camelops differs significantly from all other
herbivores, while excluding Camelops reveals no significant differences
among the remaining herbivore taxa (ANOVA, p > 0.05). Similarly, no
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Fig. 2. 53C and 6'®0 values for Irvington. Similar to Fairmead Landfill, the faunal 5'*C
values show no evidence of C3 vegetation. The mean values for all shared taxa are lower
at Irvington than Fairmead, suggesting a more mixed grassland-woodland habitat. The
dashed line indicates the —8%. threshold for pure C5 consumption.

significant differences were detected among carnivores (ANOVA, p >
0.05). Adjusting for trophic level differences, pairwise comparisons of
513C values reveal that all carnivore and herbivore taxa are statistically
indistinguishable, except for Camelops, which differs significantly from
all other taxa. Fairmead Landfill 580 values are higher than those
from the Irvington fauna, ranging from 22.4%. to 34.4%. with a mean
of 27.5%o.

Three herbivore taxa were selected for serial sampling (Fig. 4). Nine-
ty samples were collected serially from the teeth of three Equus (MCPC
A1355a, A579, A1902a), one Camelops (MCPC A282) and one
Tetrameryx irvingtonensis (UCMP 197567; Fig. 4; Appendix B). Pooled
813C values for each taxon demonstrate significant differences among
taxa (ANOVA, p < 0.05). Camelops differs significantly from both Equus
(ANOVA, p < 0.05) and Tetrameryx irvingtonensis (ANOVA, p < 0.001)

Table 1

Descriptive statistics for for all taxa sampled. For taxa where n = 1 the associated 6'C val-
ue is reported instead of a mean. Clementz and Koch (2001) recommend sampling at least
five indivuduals to accurately estimate population statistics. However the limited fossil re-
cord means that several taxa in this study do not conform to this criteria. While these data
may not reflect the intra-polulation varability, they do provide information about the
overall community structure at each locality.

Irvington Fairmead McKittrick
Landfill tar seeps
Taxa n Mean SD. n Mean SD. n Mean SD.
513 513C 513C e 513C 513

Arctodus simus 1 —145 - 1 —-119 - 1 —-109 -
Canis dirus 2 —132 1.7 8 —121 09 7 —53 35
Canis latrans - - - 5 =123 09 7 —-46 18
Homotherium sp. 1 —150 - 1 —-135 - - - -
Miracinonyx inexpectatus - - - 1 —-116 - - - -
Panthera atrox - - - - - - 3 —-99 20
Panthera onca 1 —161 - - - - - - -
Smilodon sp. - - - 3 —122 1.1 - - -
Bison sp. - - - - - - 1 —49 -
Camelops sp. —-113 09 16 —-94 10 5 =26 15
Capromeryx sp. - - - 1 —-111 - - - -
Cervus elaphus - - - - - - 1 —-113 -
Equus sp. 5 —-123 11 7 —-110 1.7 6 —-64 21
Hemauchenia 1 —133 - 3 —114 20 1 —43 -
Mammut americanum 1 —-99 - - - - 1 -84 -
Mammuthus columbi 3 —-126 08 7 —107 10 - - -
Odocoileus virginianus - - - 1 —-125 - - - -
Platygonus vetus - - 1 —-135 - - - -
Tetrameryx irvintonensis 4 —124 08 4 —110 04 - - -
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Table 2
Comparisons of taxa from Irvington where n = 1 to the means of taxa where n > 1. For taxa
where n = 1, plus signs (+) indicates the §'C value fell within of the 20 of the mean.

Tetrameryx Camelops Equus Mammuthus C. dirus
irvingtonensis columbi
Mammut americanum — + - - +
Hemiauchenia + - + + +
Arctodus simus + - + + +
Panthera onca - — — — +
Homotherium + — + + +

while Equus and Tetrameryx irvingtonensis are indistinguishable
(ANOVA, p > 0.05). 8'3C values for three Equus teeth range from
—8.0%. to — 14.0%., although individuals displayed considerably less
variation with inter-tooth variation of 0.8%. (MCPC A1902a), 1.2%.
(MCPC A579), and 1.8%. (A1355a). Tetrameryx irvingtonensis 5'>C values
ranged from — 9.5%. to — 11.2%. and Camelops (MCPC A282) — 8.3%. to
—9.9%.

Tetrameryx irvingtonensis has the widest range of 5'80 values of
6.4%.. Total variation in Equus teeth is lower; 3.1%o, 3.3%. and 2.0%. for
MCPC A1355a, MCPC A579 and MCPC A1902a. MCPC A282 (Camelops)
exhibits a 5'%0 variation of 2.2%..

4.3. The McKittrick tar seep fauna

We sampled 32 individuals representing 10 taxa from the McKittrick
fauna (Appendix A). The 6'3C values range from — 11.8%o to — 0.7%o
with a mean of —5.8%.. Carnivores exhibit a mean value of —6.1%.
while the herbivore mean is 5.4%. (Fig. 5). 'C values for the McKittrick
fauna reveal statistically significant differences (Table 3) between
Camelops hesternus and Equus, and between Canis latrans and Panthera
atrox (p<0.01) 8'>C values are significantly different (p <0.01) although
neither differ significantly from Canis dirus. Pairwise comparisons be-
tween taxa are reported in Table 4. McKittrick 5'80 values range from
23.7%o to 33.7%., with a mean of 27.9%o.

Serial samples (Appendix B, Fig. 6) from one Camelops hesternus and
two Equus teeth exhibit significant differences in both 6!3C and 680
values between taxa (ANOVA, p < 0.001). Camelops hesternus
(UCMP 212893) has the highest variation in both isotopes with §'3C
ranging from — 6.1%. to — 2.8%. and 6'20 varying by 3.1%.. Equus dis-
plays slightly less variation in both isotopes; with UCMP 212874 §'3C
ranges from —7.9%. to —6.1%. and UCMP 212872 ranges from — 8.7%
to —7.1%.. Both individuals show similar changes in 5'%0 with values
varying by 2.6%. and 2.4%., respectively.
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Fig. 3. 5'>C and 6'%0 values for Fairmead Landfill. All individuals have 6'3C values indica-
tive of pure C; vegetation (lower than — 8%, dashed line).

5. Discussion
5.1. Herbivore habitats and diet

Differentiating habitats within a C3 plant dominated environment
based solely on 8'3C values is challenging because since there is consid-
erable overlap between habitat types. However, general trends do pro-
vide some constraints. Habitats can be referred to as either open
(grassland, savanna, scrub) or closed (mosaic woodland, forest) based
on the general relationship between environmental factors, particularly
water availability (Kohn, 2010) and 8'3C values in C3 plants. Habitat
type can be associated with feeding strategy, with open and closed en-
vironments favoring grazers and browsers, respectively. Within a C3
plant dominated environment, variations in plant 8>C values are large-
ly controlled by physiological differences among plants and the degree
of water stress (aridity). More positive 6'3C values are expected for
plants with higher water use efficiency, or which grow in more open
or arid environments (Ehleringer et al., 1992; Ehleringer and Monson,
1993; Kohn, 2010). Plants of the same species may vary by ~2%. de-
pending on microhabitat and water availability (Ehleringer and
Cooper, 1988). Closed environments are associated with more negative
5'3C values due to the “canopy effect”, resulting from CO, recycling and
lower light levels (Van Der Merwe and Medina, 1991; Cerling et al.,
2004).

Although 6'3C values from both localities are indicative of a pure Cs
environment, Fairmead Landfill 5'C and 680 values are systematically
higher for all taxa shared with Irvington. Equus and other grazing taxa
dominate the Fairmead Landfill (Asami et al., 2011). This abundance
coupled with palynological (Chatters and Van De Water, 2013) evi-
dence strongly suggests that Fairmead Landfill was an open prairie. Con-
sequently we interpret Equus &'3C values as indicative of C5 grasses. A
predominately Cs grassland ecosystem is compatible with the remain-
ing herbivore §'3C values, although the presence of the mixed feeders
Hemiauchenia, Camelops and Paramylodon, and browsers Odocoileus
and Platygonus require at least some browsing forage, likely in riparian
zones. The more positive 6'3C values of Camelops also suggest more
arid regional habitats and the presence of halophytes on the landscape
(Guy et al., 1980; Kohler-Rollefson, 1991; Vetter, 2007). Of the remain-
ing herbivores, only Mammuthus is known to have grazed heavily
(Gillette and Madsen, 1993; Koch et al., 1998, 2004) while both
Hemiauchenia and the antilocaprids had more flexible diets (Feranec,
2003; Kohn et al., 2005; Semprebon and Rivals, 2010).

The Irvington Faunas §'3C values are more negative than the inland
Fairmead Landfill fauna. We interpret these '*C-depleted carbon isotope
values as evidence of more heavily wooded environment. The lack of
significant differences between herbivore taxa limits our ability to sep-
arate herbivores based on habitat type. Grazing taxa (Equus and
Mammuthus) necessitate at least some grass availability. Mammut
americanum is usually associated with the presence and consumption
of conifers (Dreimanis, 1968; Lepper et al., 1991; Minckley et al.,
1997). Conifers have §'3C values ~2%. higher than other woody plants
(Brooks et al., 1997; Heaton, 1999; Diefendorf et al., 2010) which may
explain high 6'3C value of Mammut americanum.

Carbon isotope values from the McKittrick tar seep fauna show clear
evidence of a mixed C5-C4 environment. Cervus elaphus, the most 3C-
depleted McKittrick herbivore, has a 8'3C value consistent with C5
browsing. Similar to Irvington, McKittrick Mammut has a higher 6'3C
value than other browsing taxa, which again supports the conclusion
of conifer consumption, fossilized remains of which have been recov-
ered from the McKittrick deposits (Mason, 1944).

The remaining McKittrick herbivore taxa have 6'>C values indicative
of mixed C3-C,4 feeding, although some individuals consumed almost
entirely C4 plants. Bison, Hemiauchenia macrocephala and Equus all
have intermediate 6'3C values. Camelops hesternus is the most positive
herbivore in the McKittrick fauna. Extant Camelus consume large
amounts of Atriplex (Kéhler-Rollefson, 1991; Towhidi et al., 2011),
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Table 3

Statistical comparisons of Fairmead Landfill 5'*C values. Bold p-values indicate significant differences. Carnivore values were adjusted by 1.3%. to correct for trophic level fractionation
(Clementz et al., 2009). For taxa where n = 1, plus signs (+) indicates the 6'C value fell within of the 20 of the mean.

Canis dirus Canis latrans Smilodon sp. Camelops sp. Equus sp. Hemiauchenia sp. Mammuthus columbi Tetrameryx irvingtonensis
Canis dirus 0.77 0.07 0.01 0.80 0.47 0.89 0.73
Canis latrans 0.90 0.01 0.98 0.65 0.70 0.98
Smilodon sp. 0.03 0.92 0.69 0.86 0.86
Camelops sp. 0.01 0.01 0.01 0.01
Equus sp. 0.72 0.74 0.99
Hemiauchenia sp. 0.46 0.66
Mammuthus columbi 0.66
Capromeryx + + + + + + + +
Odocoileus + + + - + + + -
Platygonus - — — - + + — -
Homotherium + + + - + + + -
Arctodus + + + + + + + +
Miracinonyx + + + + + + + +

which include C4 halophyte species, and the presence of (C4) Atriplex
lentiformis in the McKittrick deposits (Mason, 1944) demonstrates a po-
tential food source for Camelops hesternus (Vetter, 2007).

5.2. Carnivore diets

Several genera of large carnivores co-occur at each locality. As pre-
dicted by Clementz et al. (2009), mean carnivore §'>C values are
lower than herbivore means at all three localities. Carbon isotope values
for both Fairmead Landfill and Irvington carnivores indicate a diet of ex-
clusively C; feeding herbivores. At Fairmead landfill, Smilodon, Canis
dirus, and Miracinonyx 6'3C values are indistinguishable suggesting di-
rect competition among these taxa. Fairmead Homotherium has a
lower &'3C value than that of the other carnivores suggesting less direct
competition. In contrast, Homotherium at Irvington is indistinguishable
from Canis dirus suggesting more direct competition for prey. The
Irvington Panthera onca had the lowest §'3C value of any carnivore

sampled, consistent with its predicted niche as a forest dwelling felid
(Seymour, 1989).

Similar to the pattern observed for Fairmead Landfill and Irvington,
McKittrick felids have mean 6'3C values lower than the canids, with
the Canis dirus and Panthera atrox means differing by 4.6%.. Because of
this, we separate the McKittrick carnivores into two groups, browser
specialists (Panthera atrox) and generalists (Canis dirus). McKittrick
Canis dirus has the highest total range in &'3C values of any carnivore
in this study. Canis dirus 6'3C values differed significantly from only
Cervus elaphus and Mammut americanum, both C; browsers. Panthera
atrox is thought to have preferred open habitats (Kurtén and
Anderson, 1980; Christiansen and Harris, 2009). Our data instead
show a preference for browsing herbivores and by proxy a more closed
habitat.

Arctodus simus §'3C values are consistent with diet based on Cs re-
sources. Arctodus has been considered an herbivore (Emslie and
Czaplewski, 1985), scavenger (Gillette and Madsen, 1992) and hyper-
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Fig. 5. 5'3C and 6'%0 values for the McKittrick tar seeps. Faunal &'3C significantly higher
than Fairmead Landfill, and most McKittrick taxa have a mixed C3-C, diet.

carnivore (Matheus, 1995). Figueirido et al. (2010) instead suggests a
highly variable, omnivorous diet which is consistent with extant Ursus
arctos (Pasitschniak-Arts, 1993). If Arctodus was predominately a carni-
vore, its reliance on Cs resources limit its diet to two taxa, Cervus elaphus
and Mammut americanum.

5.3. Inter-locality isotopic differences

Comparing the Irvingtonian aged localities reveals that Mammuthus,
Camelops and Tetrameryx &'3C values differ significantly between
Fairmead Landfill and Irvington (ANOVA, p < 0.05). These differences
may arise from the shift from a wetter mixed woodland-grassland envi-
ronment at Irvington a drier more open prairie of Fairmead Landfill.

Comparisons between the inland faunas reveal that all shared taxa
between Fairmead Landfill and McKittrick exhibit significant differences
(ANOVA, p < 0.05). The overall range of &'C values at McKittrick is ap-
proximately twice that of Fairmead Landfill, suggesting a more varied
habitat or diverse flora. The shift towards C4 consumption seen at
McKittrick indicates the presence of a more arid grassland habitat,
with some woodlands present.

Comparisons among the inland Rancholabrean McKittrick fauna and
the coastal fauna of Rancho La Brea reveal significant differences
(ANOVA, p < 0.001). Comparative data were selected from two pub-
lished data sets. Equus and Bison were compared to data from Feranec
et al. (2009). These authors report serial sampled 6'3C and §'30 for
both Equus and Bison tooth enamel. While Coltrain et al. (2004) report
a larger data set for both taxa, their 6!3C data are from collagen, which
averages over several years and may obscure some contributions to
diet (Hedges et al., 2007). In the absence of published enamel data for

Table 4

Statistical comparisons of McKittrick Tar Seep &'>C values. Bold p-values indicate signifi-
cant differences. Carnivore values were adjusted by 1.3%. to correct for trophic level frac-
tionation (Clementz et al., 2009). For taxa where n = 1, plus signs (+) indicates the &'3C
value fell within of the 20 of the mean.

Canis  Canis Panthera
dirus  latrans  atrox

Camelops  Equus
hesternus  sp.

Canis dirus 0.67 0.07 0.43 0.16
Canis latrans <0.01 0.47 <0.01
Panthera atrox <0.01 0.18
Camelops hesternus <0.01
Arctodus simus + - + — -
Bison sp. + + - + +
Cervus elaphus + — + — —
Hemiauchenia macrocephala ~ + + — + +
Mammut americanum + + + — +
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Fig. 6. Serial sampled teeth from the McKittrick tar seeps. 5'C (squares) and 6'20 (circles).
F) UCMP 212872 (Equus), G) UCMP 212874 (Equus), H) UCMP 2128 93 (Camelops).

Rancho La Brea, Panthera atrox, Canis latrans, Canis dirus and Camelops
hesternus collagen data from Coltrain et al. (2004) were used for com-
parisons for these taxa. For these taxa, collagen data were corrected to
dietary values using a 5"3Ceojiagen-diet Offset of 5%, (Koch, 1998). Values
were then corrected to equivalence with enamel using the appropriate
fractionation factors. Camelops hesternus, Canis dirus and Canis latrans
are significantly different between localities (ANOVA, p < 0.05).
Panthera atrox and Equus do not differ significantly (ANOVA, p > 0.05).
The McKittrick Bison 8'C falls within the observed range of 5'>C values,
while McKittrick Mammut americanum falls outside the 20 range of
their Rancho La Brea analogs. Rancho La Brea was more mesic during
the late Pleistocene, with a flora dominated by coastal sage scrub and
chaparral (Stock and Harris, 1992). C4 plant consumption at Rancho La
Brea was broadly similar to McKittrick, with obligate grazers (Bison,
Equus) from both localities feeding on a mix of C3 and C4 grasses.

While the individual 6'3C values for the presumed browser,
Mammut americanum, are distinctly different between localities, both
are consistent with a diet of C3 browse. Curiously, McKittrick Camelops
hesternus consumed far more C,4 plants than Rancho La Brea individuals.
Dental boluses from Rancho La Brea Camelops hesternus indicate a
browsing diet (Akersten et al., 1988). This likely reflects a greater abun-
dance of saltbush (or its C4 species) at McKittrick.

Unlike Canis dirus (Fox-Dobbs et al., 2007), there are no detailed
dietary reconstructions of Rancho La Brea Panthera atrox, although the
813C values of the two taxa are statistically indistinguishable,
suggesting a similar diet of C3 ruminants (Coltrain et al, 2004).

5.4. Seasonality and C, grasses in inland California

The magnitude of 6'80 seasonal variation in serial sampled teeth
varies between taxa, possibly a result of taxon specific metabolic, migra-
tional or seasonal dietary effects. At Fairmead Landfill, MCPC A1355a
(Equus) displays the clearest seasonal variation. The remaining Equus
individuals are more difficult to interpret; MCPC A579 appears to
show a dampened seasonal cycle while MCPC A1902a does not exhibit
an expected sinusoidal pattern. McKittrick Equus show slightly less var-
iability in 6'%0, although a seasonal cycle is apparent in both individuals
(UCMP 212874, UCMP 212872). While the sampled McKittrick
Camelops hesternus (UCMP 212893) shows clear evidence of seasonal
variation, Fairmead Landfill Camelops (MCPC A282) exhibits less
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variation. Tetrameryx irvingtonensis has the highest variability in 5'%0.
With the exception of the McKittrick Camelops hesternus, the variation
in 6'3C values of herbivore teeth from both localities is low, suggesting
little dietary variation between summer and winter at both localities.

At Fairmead Landfill, the individual Tetrameryx tooth with the
highest in §'80 variation was recovered from a different bone bed
than other serial sampled teeth and may have experienced greater sea-
sonal variability than individuals recovered from other bone beds.

All serial sampled Equus teeth show relatively low variability in §'3C.
We interpret as indicating that both McKittrick and Fairmead Landfill
had a relatively stable diet and floral community with little turnover
on a seasonal scale. Comparing 6'>C and 620 values between Fairmead
Landfill and McKittrick Equus and Camelops reveals a negative correla-
tion in both Camelops individuals. The inverse relationship in Camelops
isotope values may be a result of seasonal shifts in the diet. Different
parts of the same plant are expected to have different isotopic composi-
tions, with woody tissues enriched in 5'3C (Dawson et al., 2002). A shift
in diet for Camelops during the winter months to woodier browse or a
heavier reliance on halophytes (Kéhler-Rollefson, 1991; Vetter, 2007;
Towhidi et al., 2011) would explain the observed relationship. Some
species of Atriplex maintain high photosynthetic capability at low tem-
peratures (Caldwell et al., 1977) which would make them a likely win-
ter forage for Camelops. Compared to Equus, Camelops diets appear to
have been more variable on a seasonal scale at both localities suggesting
that while the proportion of grasses at each locality remained relatively
constant, browse varied seasonally.

McKittrick and Fairmead Landfill 8'3C values show a clear shift in C4
abundances from the middle to late Pleistocene. C4 biomass abundance
is related to mean annual temperature (MAT), MAP and atmospheric
pCO,, (Collatz et al., 1998; Connin et al., 1998). C4 grasses are favored
over Cs at both higher MAT and higher growing season (summer) pre-
cipitation and also at lower pCO, (Ehleringer et al., 1997). Modern Cal-
ifornia is dominated by winter precipitation and abundances of C4
grasses in California are low (~10%) (Teeri and Stowe, 1976; Teeri and
Livingstone, 1980; Paruelo and Lauenroth, 1996). Likewise, the model
of (Kohn and McKay, 2012) predicts no C4 biomass for modern
Fairmead Landfill or McKittrick. While temperatures were lower during
the last glacial maximum, lower pCO, may have offset this effect and fa-
vored C4 grasses (Collatz et al., 1998; Koch et al., 2004). The dominant C,4
signal from McKittrick comes from Camelops and may not accurately re-
flect C4 grass abundances. Both grazing taxa (Equus and Bison) show a
mixed C3-C4 diet suggesting that C4 grasses were more common during
the late Pleistocene, but were not the dominant grass type.

5.5. Meteoric waters and precipitation

We estimated mean annual precipitation (MAP) following the gen-
eral methods of Kohn and McKay (2012) and Kohn (2010). Since this
method relies on 8'C values from C5 plants it is not appropriate for eco-
systems where C4 plants are prevalent, therefore McKittrick was omit-
ted from MAP calculations.

For the two remaining localities we used only herbivore §'3C
values. Enamel values were first corrected to plant values by
subtracting 14.3%. (Passey et al., 2005) and then correcting for
changes in atmospheric 6'3C using an average pleistocene 6'>C¢m
of —6.5% (8" Cpant = 8" Cenamel — 14.3%0 — 1.5%). Using an eleva-
tion of 75 m and latitude of 37° for Fairmead Landfill we calculate a MAP
of 360 £+ 130 mm (mean &+ 2 S.E.). The average MAP today for the
Fairmead area is ~280 mm. Accounting for the error in our MAP calcu-
lations we show no significant difference between modern MAP and
the middle Pleistocene. In contrast, MAP for middle Pleistocene coastal
California differs significantly from modern MAP. Modern MAP for
Freemont, California is ~410 mm, whereas Irvington (34 m, 37.5°)
yields a modeled Pleistocene MAP of 900 4+ 220 mm, significantly
higher than modern values. Both Fairmead Landfill and Irvington fossils
were recovered over several meters of vertical section (Dundas et al.,

1996; Firby, 1968). This suggests that MAP calculations from these as-
semblages represent an average over a prolonged time period.

Predicting surface water 5'20 values followed the approach of Kohn
(1996), where 6'80pgp4 ~ 26.8 — 8.9 h + 0.76 8'804sface water, fOT large
herbivores. We adjusted enamel carbonate data to reflect phosphate
values using a fractionation factor of ccos-pos = 1.0086 + 0.0007
(Bryant et al., 1996). For Fairmead Landfill we estimate meteoric
water oxygen isotope values of —5.7 + 0.9%. (mean =+ 2 S.E.). Inferred
Irvington '80 values are — 6.5 + 1.1%, lower than Fairmead Landfill
but not significantly so. McKittrick 6'0 values are most similar to
those of Fairmead Landfill (ANOVA, p < 0.05), with modeled surface
water values of —5.3 4 1.2%.. The oxygen isotope composition of sea-
water is expected to be ~1%. higher than modern values during glacial
cycles (Schrag et al.,, 2002). Accounting for this enrichment, the predict-
ed surface water composition for Irvington is within the range of mod-
ern meteoric water compositions (i.e. —7.5% VSMOW; Kendall and
Coplen, 2001). Conversely, the modeled compositions for the inland lo-
calities are ~2%. higher than modern compositions. These high herbi-
vore 5'80 values may reflect '80-enrichment of vegetation through
increased evapotranspiration (Sternberg et al., 1984; Flanagan et al.,
1991) or evaporative enrichment of local water sources, suggesting
higher aridity.

6. Conclusions

The analysis of tooth enamel from three localities offers new insights
into the paleoenvironment of Pleistocene California. Irvingtonian
Fairmead Landfill was a C3 dominated grassland, although with some
scrub and tree cover as indicated by the palynological and faunal evi-
dence. Herbivores exhibit little variability in 5'3C values, suggesting
similar diets, but forms of partitioning that are not revealed using stable
isotope analysis are possible (i.e. selective feeding, feeding at different
times of day). Irvington 6'>C values are also indicative of a C; dominated
environment, although likely with more wooded areas present. Carni-
vore carbon isotope values also reveal direct competition among felids,
canids and ursids for similar prey species.

The late Rancholabrean McKittrick asphalt seeps preserve a mixed
C3-C4 habitat with the presence of both woodlands and grasslands. Her-
bivore diets differed more significantly with a larger separation low §'>C
browsers and high 6'>C grazers. A large range in 6'>C among McKittrick
canids suggests opportunistically feeding, while Panthera atrox retained
a narrower range of 5!3C values, similar to that observed for the
Fairmead Landfill felids. The abundance of data for the coastal Rancho
La Brea fauna allowed comparison between it and inland McKittrick, re-
vealing shifts in the diets of both canids and Camelops hesternus, while
browsers and obligate grazers had similar diets.

Precipitation estimates reveal that Fairmead Landfill experienced a
similar amount of rain during the middle Pleistocene, while coastal
Irvington received twice the modern average. Serial sampled teeth
from inland localities reveal resource partitioning between Camelops
and Equus on a seasonal scale with the former favoring higher 6'C
plants during the winter. Similarly, C4 grass abundances were higher
during the late Pleistocene of California.
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