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a b s t r a c t

The late Pleistocene was a climatically dynamic period, with abrupt shifts between cool-wet and warm-
dry conditions. Increased effective precipitation supported large pluvial lakes and long-lived spring
ecosystems in valleys and basins throughout the western and southwestern U.S., but the source and
seasonality of the increased precipitation are debated. Increases in the proportions of C4/(C4þ C3) grasses
in the diets of large grazers have been ascribed both to increases in summer precipitation and lower
atmospheric CO2 levels. Here we present stable carbon and oxygen isotope data from tooth enamel of
late Pleistocene herbivores recovered from paleowetland deposits at Tule Spring Fossil Beds National
Monument in the Las Vegas Valley of southern Nevada, as well as modern herbivores from the sur-
rounding area. We use these data to investigate whether winter or summer precipitation was responsible
for driving the relatively wet hydroclimate conditions that prevailed in the region during the late
Pleistocene. We also evaluate whether late Pleistocene grass C4/(C4þ C3) was higher than today, and
potential drivers of any changes.

Tooth enamel d18O values for Pleistocene Equus, Bison, and Mammuthus are generally low (average
22.0 ± 0.7‰, 2 s.e., VSMOW) compared to modern equids (27.8 ± 1.5‰), and imply lower water d18O
values (�16.1 ± 0.8‰) than modern precipitation (�10.5‰) or in waters present in active springs and
wells in the Las Vegas Valley (�12.9‰), an area dominated by winter precipitation. In contrast, tooth
enamel of Camelops (a browser) generally yielded higher d18O values (23.9 ± 1.1‰), possibly suggesting
drought tolerance. Mean d13C values for the Pleistocene grazers (�6.6 ± 0.7‰, 2 s.e., VPDB) are
considerably higher than for modern equids (�9.6 ± 0.4‰) and indicate more consumption of C4 grass
(17 ± 5%) than today (4 ± 4%). However, calculated C4 grass consumption in the late Pleistocene is
strikingly lower than the proportion of C4 grass taxa currently present in the valley (55e60%). d13C values
in Camelops tooth enamel (�7.7 ± 1.0‰) are interpreted as reflecting moderate consumption (14 ± 8%) of
Atriplex (saltbush), a C4 shrub that flourishes in regions with hot, dry summers.

Lower water d18O values, lower abundance of C4 grasses, and the inferred presence of Atriplex are all
consistent with general circulation models for the late Pleistocene that show enhanced delivery of winter
precipitation, sourced from the north Pacific, into the interior western U.S. but do not support alternative
models that infer enhanced delivery of summer precipitation, sourced from the tropics. In addition, we
hypothesize that dietary competition among the diverse and abundant Pleistocene fauna may have
driven the grazers analyzed here to feed preferentially on C4 grasses. Dietary partitioning, especially
when combined with decreased pCO2 levels during the late Pleistocene, can explain the relatively high
d13C values observed in late Pleistocene grazers in the Las Vegas Valley and elsewhere in the south-
western U.S. without requiring additional summer precipitation. Pleistocene hydroclimate parameters
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derived from dietary and floral records may need to be reevaluated in the context of the potential effects
of dietary preferences and lower pCO2 levels on the stability of C3 vs. C4 plants.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

During the late Pleistocene, the western and southwestern U.S.
supported numerous large lakes (e.g., Russell, 1885; Gilbert, 1890;
Blackwelder, 1931; Snyder et al., 1964; Mifflin and Wheat, 1979;
Williams and Bedinger, 1983; Benson and Thompson, 1987; Reheis,
1999). The largest of these lakes, Lake Bonneville and Lake Lahon-
tan, dwarfed their modern descendants (Great Salt Lake and Pyr-
amid Lake) and lakes in smaller basins such as Death Valley (Lake
Manly) no longer exist. Increased precipitation combined with
lower temperatures and evaporation rates have long been inferred
as the climate driver(s) that sustained these ancient water bodies
(Broecker and Orr, 1958).

Although pluvial lakes in the western and southwestern U.S. are
iconic late Pleistocene environments, extensive spring ecosystems
were also widespread during the middle-late Pleistocene and early
Holocene (e.g., Quade, 1986; Quade and Pratt, 1989; Quade et al.,
1995, 1998, 2003; Pigati et al., 2009, 2011; Springer et al., 2015,
2018; Honke et al., 2019). The spatial distribution of springs and
wetlands depends on topographically, structurally, hydrologically,
and climatically interacting factors that combine to produce
different spring hydrologic environments that wax and wane over
time. However, for a given geographically and structurally defined
system, increased spring discharge generally reflects an increase in
effective precipitation in the adjacent mountain recharge areas
(here, effective precipitation is considered to be precipitation
minus evaporation and transpiration). Geologic deposits associated
with springs and wetlands, therefore, can be used to infer changes
in precipitation regimes on local to regional spatial scales.

The Las Vegas Formation represents one of the largest and best
studied paleowetland depositional sequences on Earth. Located in
the Las Vegas Valley of southern Nevada, the deposits of this for-
mation have been the subject of detailed work spanning more than
50 years (Haynes, 1967; Quade, 1986; Quade and Pratt, 1989; Quade
et al., 1995, 1998, 2003; Bell et al., 1998, 1999; Lundstrom et al.,
1998; Page et al., 2005; Ramelli et al., 2011, 2012; Springer et al.,
2015, 2018; Springer and Pigati, 2020; Goldstein et al., 2021),
especially along the upper Las Vegas Wash within Tule Springs
Fossil Beds National Monument (TUSK). The Las Vegas Formation
consists of sequences of paleo-wetland deposits that represent
distinct periods of high water tables and spring activity that were
interrupted by dry periods characterized by erosion, desiccation,
and/or soil formation. Although the entirety of the formation spans
half a million years, it is most highly resolved between ~40 and 8.5
ka where nearly 100 high-precision 14C ages document the
repeated expansion and contraction of wetlands in the Las Vegas
Valley in response to millennial and submillennial-scale climate
perturbations (Springer et al., 2015, 2018; Springer and Pigati,
2020). Of interest to this study, abundant fossils of large herbi-
vores from the Tule Springs local fauna (Scott et al., 2017), which
were entombed in the sediments of the Las Vegas Formation,
permit investigation of stable isotope compositions from tooth
enamel of the various taxa. These data can be linked to water
compositions and paleoecology to test hypotheses regarding past
climatic drivers.

Why was the western U.S. wetter during the late Pleistocene?
Although lower temperatures must have decreased evaporation

and therefore increased effective precipitation, models of lake
levels indicate that an increase in absolute annual precipitation is
also required (e.g., Hostetler and Benson, 1990). If so, where did the
additional moisture come from? Two hypotheses are currently
debated. Many general circulation models (GCMs) predict a
southward “Shift Of the Westerlies” (SOWmodel), which increased
seasonal proportions of winter precipitation sourced from the
northern and eastern Pacific (e.g., COHMAP Members, 1988;
Toggweiler et al., 2006; Kim et al., 2008; Alder and Hostetler, 2015;
Fig. 1A). These models predict the Cordilleran and Laurentide ice
sheets split the jet stream into aweak northward (sub)stream and a
much stronger southward (sub)stream. The southern jet stream
would have delivered winter (but not summer) storms inland
efficiently to the Great Basin and southwestern U.S., aiding in the
expansions of Pleistocene lakes and wetlands (Fig. 1A). In contrast,
Lyle et al. (2012) proposed that increased late Pleistocene precipi-
tation in the southwestern U.S. resulted from enhanced summer
(but not winter) precipitation sourced “Out Of the Tropics” (OOT
model) from the Pacific Ocean and/or Gulf of Mexico (Fig. 1B).

Although we do not know of any GCMs that independently
predict OOT precipitation for the southwestern U.S. during the late
Pleistocene, seasonal differences in moisture delivery would have
influenced d18O values of precipitation and the proportions of grass
functional groups (C3 vs. C4 grasses). For reasons discussed in
Section 4, enhanced winter precipitation and lower temperatures
should cause a decrease in both precipitation d18O and C4/(C4 þ C3),
whereas enhanced summer precipitation should cause an increase
in both precipitation d18O and C4/(C4 þ C3). For example, winter vs.
summer precipitation in southern Nevada today derives from high
vs. low latitudes and has mean d18O values of �12.3 vs. �4.7‰,
respectively (Lachniet et al., 2020). Because d18O and d13C values of
tooth enamel in many large herbivores track local water composi-
tion and C4/(C4 þ C3) (e.g., Koch, 1998, 2007; MacFadden, 2000;
Kohn and Cerling, 2002; Kohn and Dettman, 2007; Clementz,
2012), measurement of d18O and d13C in tooth enamel from late
Pleistocene herbivores in the western U.S. may allow us to
discriminate between the OOT and SOW models.

In this study, we measured stable isotope compositions of car-
bon (d13C values) and oxygen (d18O values) of fossil herbivore tooth
enamel of specimens from the Tule Springs local fauna, which were
then combined with previously published enamel isotope data
from the region. We focused especially on large mammals e Equus,
Bison, Mammuthus, and Camelops e because their teeth are abun-
dant and readily analyzed, their physiologies and diets are gener-
ally well known (which aids in interpreting isotope compositions),
and their tooth enamel is resistant to diagenetic alteration (e.g.,
Kohn and Cerling, 2002). These data provide tests of the competing
hypotheses regarding the source of increased precipitation that
triggered paleowetland expansion in the Las Vegas Valley during
the late Pleistocene.

2. The Las Vegas Formation

During the late Pleistocene, springs and wetlands covered at
least ~1425 km2 of the Las Vegas Valley in southern Nevada, USA
(Harrill, 1976). Distinctive, light-colored sediments associated with
these ecosystems are called the Las Vegas Formation (Longwell
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et al., 1965). Haynes (1967) subdivided the formation into informal
stratigraphic units A-E (oldest to youngest), with some strata
further subdivided (e.g., E1, E2, etc.). With the aid of numerous new
stratigraphic section measurements and a suite of radiocarbon and
luminescence ages, Springer et al. (2018) made detailed de-
scriptions of the different strata, interpreted the depositional and
spring hydrologic environments recorded in the sediments, and
correlated the paleohydrologic regimes with independent climate
records. They recognize members X, A, B, D, E (oldest to youngest)
and further subdivide members B, D, and E into their attendant
beds (Fig. 2A). Vertebrate fossils comprising the Tule Springs local
fauna include abundant megafauna, dominated by remains of
Mammuthus and Camelops, along with less common remains of

Equus and Bison (Mawby, 1967; Scott et al., 2017). Remains of these
taxa are present in members B, D, and E (Scott et al., 2017), and date
to between ~100 and 12.5 ka (Springer et al., 2018). The de-
scriptions of the fossil-bearing strata below follow Springer et al.
(2018). Luminescence ages in this discussion are also from
Springer et al. (2018), whereas calibrated 14C ages are based on data
reported in both Springer et al. (2018) and Springer and Pigati
(2020) and recalibrated here using the IntCal20 dataset (Reimer
et al., 2020).

Bed B1 is the oldest unit of the Las Vegas Formation that contains
vertebrate fossils and reflects multiple fluvial throughflow and
wetting-drying events that took place between ~100 and 50 ka. In a
few areas, laterally discontinuous, cauldron-shaped bedforms of

Fig. 1. Location map of Tule Springs Fossil Beds National Monument in the upper Las Vegas Wash study area (white star labeled TUSK) in southern Nevada, and different modes of
moisture sources. Insets show isotopic expectations of different models; secular changes to d13C and d18O values are needed to compare modern and Pleistocene compositions. Gray
oval shows region in southern Arizona and New Mexico with strongest evidence for summer precipitation during the late Pleistocene. LC ¼ Leviathan Cave. (A) Enhanced winter
precipitation from a southward shift of the westerlies (SOW; COHMAP, 1988) should decrease d13C values (fewer C4 grasses) and d18O values (colder, northern moisture source
during winter). (B) Enhanced summer precipitation from moisture derived out of the tropics (OOT; Lyle et al., 2012) should increase d13C values (more C4 grasses) and d18O values
(warmer, southern moisture source during summer). Continental ice sheet extent is for 18 14C ka (Dalton et al., 2020); glaciations in Rocky, Cascade, and Sierra Nevada Mountains
were omitted for simplicity.
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Fig. 2. (A) Composite stratigraphy for sediments of the Las Vegas Formation (after Springer et al., 2018). (B) Hydrologic record of members D and E (after Springer et al., 2018)
compared to the timing of changes in oxygen isotope (d18O) data from Greenland ice core records using the GICC05 chronology (Andersen et al., 2006). Periods of groundwater
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pale green to gray clay, silt, and sand that are highly fossiliferous are
inset within the deposits of bed B1. This inset unit is referred to as
bed B1-wet and represents spring-fed ponds that date to 72 ± 8 ka.
Bed B2 also represents spring-fed ponds and is highly fossiliferous.
Luminescence ages for this bed range between 48 ± 4 and 47 ± 4 ka,
whereas calibrated 14C ages are 50.9 ± 4.1 and 50.4 ± 4.6 ka.
Together, these dates imply an age range of ~55 to 45 ka for bed B2.
Bed B3 is similar to bed B1 and reflects fluvial channel and overbank
deposits interrupted by brief periods of spring discharge, This bed
dates to between ~45 and 40 ka.

Bed D1 ranges in age from 38.0 ± 1.0 to 33.1 ± 1.2 ka and formed
during large fluctuations in groundwater levels represented by
pond and marsh environments, fluvial throughflow, and desicca-
tion. Bed D2 ranges in age from 31.7 ± 0.5 to 27.6 ± 0.2 ka. Axial
deposits of this bed represent expansive marshes (green muds and
sands) that grade towards valley margins, where drier conditions
and phreatophyte flats (tan silts and sands) dominated the land-
scape. Bed D3 also represents extensive marshes and marks the
highest groundwater levels achieved in the Las Vegas Valley, which
occurred between 25.9 ± 0.2 and 24.4 ± 0.4 ka, during the Last
Glacial Maximum.

Member E is highly fossiliferous and is incised into older strata.
Spring outflow stream deposits predominate, with minor pond and
wet meadow deposits. Unlike older strata, the deposits of member
E contain microbially mediated precipitates of tufa, which indicate
rising temperatures crossed an unspecified threshold at this time.
Bed E0 formed during the latter part of the Last Glacial Maximum
between 23.3 ± 0.2 and 18.2 ± 0.1 ka. Bed E1 ranges in age from
16.1 ± 0.2 to 13.4 ± 0.1 ka and is further subdivided into four
discrete depositional intervals that all formed during wet periods at
16.1 ± 0.2 to 15.0 ± 0.2 ka (bed E1a), 14.6 ± 0.5 to 14.2 ± 0.2 ka (bed
E1b), 14.2 ± 0.2 to 13.9 ± 0.1 ka (bed E1c), and 13.7 ± 0.1 to 13.4 ± 0.1
ka (bed E1d). Bed E2 represents discharge intervals during the
Younger Dryas climate event (bed E2a), preboreal oscillation (bed
E2b), and early Holocene (bed E2c).

The detailed chronostratigraphy of the Las Vegas Formation,
especially for members D and E, demonstrates abrupt hydrologic
shifts fromwet to dry conditions occurred on time scales of as little
as a century. The close temporal correspondence between wetland
expansion and contractionwith the cool-warm periods recorded in
Greenland ice cores (Andersen et al., 2006), as well as the close
correlation between arid intervals that interrupted full glacial
marshes of member D and Dansgaard-Oeschger abrupt warming
events (Fig. 2B), demonstrates strong teleconnections existed be-
tween the North Atlantic and mid-latitude climates in North
America during the late Pleistocene (Springer et al., 2015). Verte-
brate fossils are concentrated in the paleowetland deposits, so the
data presented here illuminate processes occurring when moisture
to the southwestern U.S. was enhanced.

3. Stable isotope geochemistry of tooth enamel

The mineral component of teeth consists of hydroxylapatite
with major substitutions of CO3 for PO4 and OH groups. Enamel is
commonly selected for stable isotope analysis because it is resistant
to diagenetic alteration, and therefore it preserves biogenic isotope
compositions (e.g., Kohn and Cerling, 2002). Tooth enamel stable
carbon and oxygen isotope compositions capture a record of
ecological and climatic conditions, and are commonly used to

reconstruct paleoclimate and paleoecology (see reviews by Koch,
1998, 2007; Kohn and Cerling, 2002; Clementz, 2012). Because
teeth grow progressively, tooth enamel can also record sub-annual
isotopic variations that in turn reflect sub-annual variations in
climate and diet (Fricke and O'Neil, 1996; Fricke et al., 1998; Kohn
et al., 1998). In general, tooth enamel is preferred for analysis
because it is highly resistant to diagenetic alteration, both physi-
cally (Ayliffe et al., 1994) and isotopically (see summary of Kohn and
Cerling, 2002). The preservation of systematic isotopic zoning in
Pleistocene teeth observed in this study and many other studies
(e.g., Kohn et al., 2005; Vetter, 2007; DeSantis et al., 2009; Feranec
et al., 2009; Biasatti et al., 2010; Kohn and McKay, 2012; Trayler
et al., 2015; Yann et al., 2016; etc.) further suggests that post-
burial isotopic alteration of sub-fossil teeth must be small.

3.1. Oxygen isotopes in tooth enamel

Isotope compositions in water, plants, and animals vary on both
intra-annual and longer timescales. Oxygen isotope compositions
broadly correlate with hydrology and reflect precipitation sources
and regional climate, as well as changes in temperature and
evaporation. In general, low d18O values reflect cooler-wetter con-
ditions, whereas higher d18O values reflect warmer-drier condi-
tions. Oxygen isotope compositions in the tooth enamel of water-
dependent herbivores strongly correlate with local water compo-
sitions (Kohn, 1996; Kohn and Cerling, 2002). The slope of a
regression line correlating tooth enamel d18O with local water d18O
is generally less than 1.0 (typically ~0.9) because animals derive a
small fraction of intake oxygen from isotopically invariant sources,
especially atmospheric O2 (Kohn, 1996). Consequently, a shift in
water-dependent herbivore d18O implies a slightly larger change in
local water d18O. One reason we chose to analyze Bison, Mammu-
thus, and Equus is because modern tooth d18O values for nearest
living relatives (Bovinae including Bison, Elephantidae, and Equus,
respectively) closely correlate with local water d18O (e.g., Kohn and
Cerling, 2002).

Physiology can also affect oxygen isotope compositions, and
drought-tolerant herbivores typically have higher d18O values than
water-dependent animals, reflecting water-conserving adaptations
(Ayliffe and Chivas, 1990; Luz et al., 1990). Correlation between d18O
of drought-tolerant animals and local precipitation can be quite
poor (e.g., Kohn and Cerling, 2002), so d18O of drought-tolerant
mammals is not generally used to infer changes to local water
d18O. Our analysis included Camelops, and although the drought
tolerance of this taxon is not well understood, modern large camels
are highly drought-tolerant (e.g., Schmidt-Nielsen et al., 1956).
Consequently, the Camelops d18O data were not used to infer
changes to local water d18O values.

3.2. Carbon isotopes in tooth enamel

Carbon isotope compositions of herbivores depend on the
isotope compositions of the plants they consume (DeNiro and
Epstein, 1978). Different plants use different photosynthetic path-
ways - primarily C3 or C4 - with relatively high d13C values for C4
plants (between �13 and �11‰ for modern plants; all carbon
isotope compositions in this paper are presented relative to VPDB)
and low d13C values for C3 plants. While modern d13C values for
most C3 plants range between �32 and �23‰ (�28.5‰ for global

discharge are shown in green; periods of aridity are presented in tan. Dark filled circles are calibrated radiocarbon ages with uncertainties presented at the 95 percent (2s)
confidence level; data are from Springer et al. (2015, 2018) and Springer and Pigati (2020) and were recalibrated here using the IntCal20 dataset (Reimer et al., 2020). Millennial and
submillennial scale climate events recorded in the sediments of the Las Vegas Formation include, from oldest to youngest, Dansgaard-Oeschger events (DeO), Heinrich interstadial
(HS) 1a and stadial HS 1b, Bølling (B), Older Dryas (OD), Allerød (A), Younger Dryas (YD), pre-boreal oscillation (PB), and the early Holocene wet period (EHWP). (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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mean C3 biomass), values in dry ecosystems are more typically �26
to �24‰ (Diefendorf et al., 2010; Kohn, 2010). C4 plants are
dominated by warm climate grasses and sedges that require high
temperatures, significant warm-season precipitation, and high
light levels in open habitats. In contrast, C3 plants are represented
by trees, shrubs, herbs, and cool-climate grasses. The isotopic off-
sets between tooth enamel and diet (plants) are known for many
large herbivores (e.g., Cerling and Harris, 1999; Passey et al., 2005;
Tejada-Lara et al., 2018), so tooth enamel compositions can be
converted to effective plant compositions, which can then be used
to infer plant ecology (e.g., abundance of isotopically distinct C3 and
C4 plants). Herbivores commonly grade between end-member
grazers (consumers of grass) and browsers (consumers of trees,
shrubs, and herbs); mixed feeders are herbivores with intermediate
graze-browse diets. To interpret tooth enamel isotope data, we
must consider climatic controls on C3 vs. C4 grasses, and on
different types of browse.

Open environments with warm and wet summers favor growth
of C4 grasses that confer high d13C values to grazer tooth enamel
(e.g., Koch, 1998; MacFadden, 2000; Kohn and Cerling, 2002;
Clementz, 2012). In contrast, environments with cool or dry sum-
mers favor growth of C3 grasses that confer low d13C values to
grazer tooth enamel (e.g., e.g., Koch, 1998; MacFadden, 2000; Kohn
and Cerling, 2002; Clementz, 2012). Thus, analysis of grazer tooth
enamel can indicate proportions of C3 to C4 grasses (e.g.,
MacFadden, 2000) and consequently changes to proportions of
summer precipitation or temperature (e.g., Paruelo and Lauenroth,
1996). One reason we chose to analyze grazers (Bison,Mammuthus,
and Equus) is because their d13C values should reflect the relative
abundances of C3 vs. C4 grasses. Although grazers do consume other
plant types, such as herbs and shrubs, the proportion of these
plants in diet is typically less than 10e20% (e.g., van Vuren, 1984;
Scasta et al., 2016).

Nearly all trees, shrubs, and herbs use the C3 photosynthetic
pathway. Consequently, in areas that have C4 grasses, browsers
commonly have low d13C values relative to grazers, and provide no
information on abundances of C3 vs. C4 grasses. A nearly unique
exception to the rule that C4 plants are grasses or sedges, however,
is that many species of the shrub saltbush (Amaranthaceae, Atriplex
sp.) use C4 photosynthesis. Atriplex is a minor but widespread plant
in the western and southwestern interior of the United States,
where summers typically have high daytime temperatures but very
little precipitation. Many herbivores avoid saltbush because of its
high salt content (hence the common name), but modern camels
consume Atriplex preferentially (Towhidi et al., 2011). Conse-
quently, although modern camels and the extinct taxon that we
analyzed (Camelops) are browsers (Iqbal and Khan, 2001;
Semprebon and Rivals, 2010; Yann et al., 2016), in areas where
Atriplex is relatively common, camels should have elevated d13C
values (Vetter, 2007), even if C4 grasses are absent. Our analysis of
Camelops therefore allows us to identify whether saltbush was a
major component of its diet.

Tooth enamel is enriched in 13C compared to consumed vege-
tation, so a conversion from tooth enamel d13C is required to infer
local plant compositions. This is calculated via an enrichment fac-
tor, ε*, given by:

ε
* ¼ d13Ctooth enamel � d13Cdiet

1þ d13Cdiet=1000
(1)

Values of ε* increase with increasing body mass (Tejada-Lara
et al., 2018) and reach 13.5 ± 1 to 14.5 ± 1‰ for large-bodied
mammals, including equids/horses, bovids/bison and pro-
boscideans (Cerling and Harris, 1999; Passey et al., 2005).

Perissodactyls (Equus in this study) have long been viewed as
exhibiting a lower ε* compared to artiodactyls (Bison and Camelops)
because of differences in digestive methane production (Cerling
and Harris, 1999). However, a recent review of enrichment factors
for equids (Harris et al., 2020) indicates ε* ¼ 14.5 ± 1, which is
indistinguishable from bovines and elephants (Tejada-Lara et al.,
2018). Camels may have a lower enrichment factor, ~13.7 ± 1‰
(Cerling and Harris, 1999). We use these values (ε* ¼ 14.5 ± 1 for
Equus, Bison, and Mammuthus; ε* ¼ 13.7 ± 1 for Camelops) to infer
d13C of herbivore diets from tooth enamel.

4. Implications of the SOW and OOT models for tooth enamel
geochemistry

As discussed in Section 1, the SOW vs. OOT models imply
different proportions of winter vs. summer precipitation, which
should change ecosystem d18O values, the proportions of C3 and C4
grasses, and possibly the abundance of Atriplex. These expectations
lead to specific predictions regarding tooth enamel isotope com-
positions (Fig. 1 insets).

Because lower-temperature winter precipitation has lower d18O
values than higher-temperature summer precipitation (e.g.,
Dansgaard,1964; Rozanski et al., 1993; Gat,1996), an increase in the
proportion of winter precipitation (SOW model) should result in a
decrease in the d18O of mean annual precipitation. Conversely, an
increase in the proportion of summer precipitation (OOT model)
implies an increase in the d18O of mean annual precipitation. These
changes of precipitation d18O should impart comparable changes to
the d18O of plants and local water sources and be encoded in tooth
enamel d18O of water-dependent herbivores e Bison, Mammuthus,
and Equus. That is, relatively low d18O for these taxa (relative to
modern) would support the SOW model (Fig. 1A), whereas rela-
tively high d18O would support the OOT model (Fig. 1B).

The proportion of summer vs. winter precipitation also strongly
influences the proportions of C4 vs. C3 grasses available to grazers
(Paruelo and Lauenroth, 1996). An increase in winter precipitation
(SOW) should decrease C4/(C4þ C3) and impart lower d13C values in
grazers e Bison, Mammuthus, and Equus (Fig. 1A). In contrast, an
increase in summer precipitation (OOT) should increase C4/
(C4 þ C3) relative to today and impart higher d13C values (Fig. 1B).
Although we do not have an isotopic baseline for correlating d13C
values in camels with Atriplex abundance, Atriplex favors dry
summers. Consequently, very high d13C values in Camelops might
favor the SOWmodel, whereas very low d13C values might favor the
OOT model.

Seasonal isotope patterns might also help resolve SOW vs. OOT
models. Because the OOT model enhances warm summer precipi-
tation and associated C4 grass abundance, grazers might be ex-
pected to show clear correlations between high d18O and high d13C.
Such patterns are commonly, albeit not ubiquitously, observed in
latest Pleistocene (~13.0 ka) mammoth teeth from southeastern
Arizona (Metcalfe et al., 2011), which today is strongly influenced
by the North American monsoon.

5. Methods

5.1. Specimens

Thirty-nine fossil teeth were analyzed in this study, with most
effort focused on the younger, more precisely dated beds E0 and E1
(26 teeth), but also including older beds B1, B2, D1, and D2 (13 teeth).
Specifically, we analyzed a single Bison tooth from bed B1; 6 teeth of
Bison and Equus from bed B2; 4 teeth of Mammuthus, Equus, and
Bison from bed D1; 2 teeth of Mammuthus from bed D2; 13 teeth of
Camelops, Equus, Mammuthus, and Bison from bed E0; 3 teeth of
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Equus and Camelops from bed E1a; 7 teeth from Mammuthus and
Camelops from bed E1b; and 3 Equus teeth from bed E1d (Fig. 2;
Table 1). To provide an isotopic baseline for comparison, we also
analyzed 9 teeth of modern feral horse (Equus caballus) from the
Red Rock Herd Management Area (HMA), ~30 kmwest of Las Vegas
(Table 1). Because we understand the diets and water-
dependencies of Mammuthus, Equus, and Bison the best, and
because we have modern data for Equus, our interpretations of
isotopic data emphasize these taxa. We also analyzed Camelops, a
browsing camelid that was slightly larger than modern camels,
primarily to evaluate changes in abundance to the C4 shrub, Atriplex
(Vetter, 2007; Semprebon and Rivals, 2010). Camelops compositions
also permit comparisons to the large grazers to support futurework
on diets and physiologies of extinct camelids. Interpretations
include previously published data from Connin et al. (1998), rep-
resenting 17 teeth of these same taxa from bed B2 (2 Bison, 1
Mammuthus, 1 Equus), member D (undifferentiated; 1Mammuthus,
1 Equus), and bed E1 (undifferentiated; 5 Mammuthus, 3 Equus, 3
Camelops). We do not include data from Vetter (2007) because the
fossils were not stratigraphically or chronologically well
constrained.

5.2. Analytical methods

Enamel slices were cut along the length of each tooth, with a
typical length of 20e70mm, and subsampled every 1e2 mm, using
a slow-speedmicrosaw. This approach retrieves sub-annual isotope
variations while preserving tooth mineralization geometry (Trayler
and Kohn, 2017), in contrast with an earlier investigation (Connin
et al., 1998) that presented data representing a single bulk ana-
lyses per tooth. Fossil enamel was purified by separating it from
dentine and grinding to a fine powder in a mortar and pestle.
Powders were chemically cleaned at room temperature with 30%
H2O2 and a 1 M acetic acid-Ca acetate buffer at 0.04 ml/mg to
remove organic material and diagenetic carbonate respectively
(Koch et al., 1997). Samples were rinsed 3e4 times in distilled-
deionized water after each pretreatment step.

Powdered enamel (1.5e2.0 mg) was dissolved in supersaturated
H3PO4 in a GasBench II, in-line with a Thermo Delta V Plus mass
spectrometer, housed in the Stable Isotope Laboratory at Boise State
University. Five to six aliquots of NIST-120c and an intralaboratory
fossil bone standard (“KBS”) were prepared using the same clean-
ing techniques and pre-treatment methods and analyzed with each
sample set to assess analytical reproducibility and monitor for any
sample preparation problems (none were observed). Eight to nine
NBS-18 (d13C ¼ �5.014‰ VPDB and d18O ¼ �23.2‰ VPDB) and
NBS-19 (d13C ¼ þ1.95‰ VPDB and d18O ¼ �2.2‰ VPDB) calcite
standards were also analyzed with each sample set for calibration
to VPDB and VSMOW. Analytical reproducibility (2s) for oxygen
isotopes was: NIST ¼ ±0.7‰; KBS ¼ ±0.8‰; NBS-18 ¼ ±0.6‰; and
NBS-19 ¼ ±0.6‰. For carbon isotopes, reproducibility (2s) was
±0.3‰ for all materials. All further d13C and d18O values are re-
ported to VPDB and VSMOW, respectively, except for d18O values for
speleothem calcite from Leviathan Cave (Lachniet et al., 2014, 2017,
2020), which are reported to VPDB. Average d13C and d18O for NIST-
120c were �6.4‰ and 28.8‰ respectively.

5.3. Secular corrections for isotope comparisons

Other than patterns of isotopic zoning, all comparisons between
modern and fossil isotope compositions require corrections for
secular changes to d18O and d13C. These offsets are important for
quantifying the magnitude of isotopic shifts associated with
ecosystem and climate change, as well as for calculating grass C4/
(C4 þ C3). For oxygen isotopes, modern d18O values of the ocean and

consequently the hydrologic cycle are ~1‰ lower than for the late
Pleistocene because of changes to ice volume (Waelbroeck et al.,
2002). Because all fossils predate major deglaciation of the latest
Pleistocene, we adopt a 1‰ offset for our d18O data. For carbon
isotopes, modern atmospheric d13C values are 1.3e1.6‰ lower than
Pleistocene d13C values, mainly because of fossil fuel burning
(Francey et al., 1999; Graven et al., 2017). For calculations requiring
atmospheric d13C corrections, we use the time-resolved record of
Eggleston et al. (2016), which covers the entire age range of inter-
est. Calculations are referenced to a “modern” (AD 2000) atmo-
spheric d13C value of �8.0‰.

5.4. Inferred water d18O values

Stable oxygen isotope compositions of tooth enamel were con-
verted to equivalent d18O values of water (d18Owater) to compare
with modern water compositions and to evaluate any secular
changes to water d18O values. Although d18Owater values may be
estimated in principle from global correlations between d18O values
for equids, bovines, and proboscideans vs. local d18Owater values
(Kohn and Dettman, 2007; Kohn and Fremd, 2007), Hoppe et al.
(2004) showed that large errors can accompany such estimates
for horses in the western U.S interior. Commonly, correlations are
calculated based on tooth enamel or bone d18O vs. precipitation
d18O. However, local water and food sources can be 18O-enriched
because of evaporation in extremely arid environments (e.g., Ayliffe
and Chivas, 1990; Luz et al., 1990; Kohn, 1996; Levin et al., 2006).
Thus, whereas the slope of a global correlation may be robust
(because it reflects an animal's water balance, which is physiolog-
ically controlled; see Kohn, 1996), local tooth compositions can
deviate from global trends (see Kohn and Dettman, 2007; Kohn and
Fremd, 2007).

To overcome this problem, we fit an equation of the form
d18Olocal water ¼ m$d18Otooth enamel þ b (where empirically-derived
m ¼ slope and b ¼ constant intercept) that simultaneously ac-
counts for global systematics in oxygen isotope compositions,
physiologies of water-dependent taxa, and local compositions in
Nevada. Key to this calibration are data for feral horses in Nevada
(Crowley et al., 2008; this study) and estimated annual precipita-
tion d18O (Bowen and Revenaugh, 2003; Bowen, 2022) for
Maverick-Medicine HMA (tooth enamel ¼ 23.0‰;
precipitation¼�13.4‰), Pilot Mountains (23.8‰,�14.5‰) and the
Red Rock HMA (27.8‰, �10.5‰; data from Lachniet et al., 2020,
imply a value of �10.3‰). We assign errors of ±2‰ and ±1.4‰ to
the data from Crowley et al. (2008) and the Red Rock HMA,
respectively. Although we could regress these data to develop a
local calibration of water d18O vs. tooth enamel d18O, data scatter
and limited compositional range would confer large uncertainties
to any inferred slope and intercept. To constrain possible values for
slope (m), we note that oxygen mass balance and physiology
impose a minimum value of 1.0 (Kohn, 1996; the inverse of the
slope discussed in section 3.1), and that d18O values for modern
equines, bovines, and elephants overlap nearly completely (Kohn
and Cerling, 2002). Simultaneously regressing the global dataset
for these three groups yields a best-fit slope of m¼ 1.12 (±0.07, 2s).
Assuming this slope, a calibration intercept is then determined
from a weighted average of the data from Nevada: b ~ �40.7‰.
Thus, our final expression is:

d18Owaterð‰;VSMOWÞ¼ 1:12 $ d18Otooth enamelð‰;VSMOWÞ
� 40:7

(2)

The uncertainty in this expression is at least 1‰, reflecting data
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Table 1
Mean, maximum, and minimum d13C and d18O values for all browsers and grazers. Identification number, location, unit, taxon, tooth, error, and ages are also included.

ID Number TUSK
location

Repository Unit Taxon/species Tooth mean
d13C

2
s.e.

max d13C min d13C mean
d18O

2
s.e.

max d18O min d18O Age (cal ka
BP)

± d13C
plant

d18O
water

d13C
atm

% C4 ±

LVWH1 N/A BSU Equus caballus M/P �9.79 0.69 �8.11 �12.58 31.94 1.62 36.88 27.81 0 0 �24.65 �4.9 �8.00 3 12
LVWH2 N/A BSU Equus caballus M/P �9.69 0.75 �8.05 �11.18 25.14 0.70 26.43 23.38 0 0 �24.55 �12.5 �8.00 3 12
LVWH3 N/A BSU Equus caballus M/P �9.97 0.38 �8.87 �11.58 29.40 0.64 31.58 26.93 0 0 �24.83 �7.8 �8.00 1 11
LVWH4 N/A BSU Equus caballus M/P �8.39 0.27 �7.35 �9.05 25.80 0.54 27.49 24.36 0 0 �23.22 �11.8 �8.00 14 10
LVWH5 N/A BSU Equus caballus M/P �10.83 0.88 �7.61 �13.03 28.79 0.74 30.88 26.92 0 0 �25.70 �8.5 �8.00 �5 13
LVWH6 N/A BSU Equus caballus M/P �9.13 0.35 �8.30 �11.45 26.81 1.13 31.99 24.03 0 0 �23.98 �10.7 �8.00 8 11
LVWH7 N/A BSU Equus caballus M/P �9.56 0.13 �9.11 �10.16 27.34 0.98 30.82 24.67 0 0 �24.42 �10.1 �8.00 4 11
LVWH8 N/A BSU Equus caballus M/P �9.11 0.74 �7.20 �11.17 25.85 0.87 27.79 22.40 0 0 �23.96 �11.7 �8.00 8 12
LVWH9 N/A BSU Equus caballus M/P �9.68 0.19 �8.82 �10.27 29.33 0.47 30.90 27.48 0 0 �24.54 �7.9 �8.00 4 11

A.4861 N/A N/A E1 Equusa X �7.70 24.9 14.75 1.35 �22.53 �12.8 �6.64 9 10
n/a N/A N/A E1 Equusa P �6.30 25.1 14.75 1.35 �21.11 �12.6 �6.64 20 10
64252 N/A N/A E1 Equusa X �8.90 24.0 14.75 1.35 �23.74 �13.8 �6.64 �1 11
64525 N/A N/A E1 Camelopsa P �9.60 24.8 14.75 1.35 �23.62 �6.64 0 11
64268 N/A N/A E1 Camelopsa M1/2 �8.00 25.8 14.75 1.35 �22.00 �6.64 13 10
A.4901 N/A N/A E1 Camelopsa X �8.70 27.7 14.75 1.35 �22.71 �6.64 7 10
A.5494 N/A N/A E1 Mammuthusa X �8.90 24.9 14.75 1.35 �23.74 �12.8 �6.64 �1 11
A.4592 N/A N/A E1 Mammuthusa X �7.90 27.7 14.75 1.35 �22.73 �9.7 �6.64 7 10
n/a N/A N/A E1 Mammuthusa X �8.90 23.2 14.75 1.35 �23.74 �14.7 �6.64 �1 11
64393 N/A N/A E1 Mammuthusa M3 �8.30 20.6 14.75 1.35 �23.14 �17.6 �6.64 4 11
64393 N/A N/A E1 Mammuthusa P �9.00 20.6 14.75 1.35 �23.85 �17.6 �6.64 �1 11
L3160-1015a 00005 LVNHM E1d Equus X �8.70 0.23 �8.25 �9.49 32.72 0.84 34.27 29.80 13.70 0.11 �23.54 �4.0 �6.59 1 11
L3160-1015b 00005 LVNHM E1d Equus I �7.05 0.24 �6.63 �7.70 23.28 0.31 23.78 22.31 13.70 0.11 �21.04 �14.6 �6.59 13 10
L3160-1016 00005 LVNHM E1d Equus dP �9.1 0.4 �8.6 �9.5 24.86 0.96 26.10 23.77 13.70 0.11 �23.99 �12.9 �6.59 �3 11
L3160-1186 00092 LVNHM E1b Mammuthus X �11.63 0.12 �11.35 �11.97 18.86 0.24 19.37 18.35 14.41 0.19 �26.52 �19.6 �6.61 �22 12
L3160-1127-

1131
00001 LVNHM E1b Mammuthus X �7.99 0.18 �7.51 �8.59 18.87 0.11 19.18 18.32 14.41 0.19 �22.82 �19.6 �6.61 6 10

03GAM10
e15.1.1

00321 LVNHM E1b Mammuthus X �7.30 0.30 �6.74 �7.67 19.77 0.33 20.32 19.36 14.41 0.19 �22.12 �18.6 �6.61 12 10

03GAM10
e15.1.2

00321 LVNHM E1b Mammuthus X �6.99 1.38 �5.63 �7.87 20.28 0.24 20.41 20.04 14.41 0.19 �21.80 �18.0 �6.61 14 10

03GAM10
e15.1.3

00321 LVNHM E1b Mammuthus X �8.16 0.94 �7.41 �9.03 21.02 0.53 21.47 20.56 14.41 0.19 �22.99 �17.2 �6.61 5 10

03GAM10
e15.1.4

00321 LVNHM E1b Mammuthus X �7.37 0.20 �6.75 �7.87 20.08 0.25 20.67 19.46 14.41 0.19 �22.20 �18.2 �6.61 11 10

L3160-1255 00053 LVNHM E1b Camelops X �8.21 0.37 �7.20 �9.08 23.92 0.35 24.86 22.94 14.41 0.19 �22.21 �6.61 11 10
03MRR 10-1.2 00048 LVNHM E1a Equus X �7.44 0.27 �6.46 �8.26 25.25 0.36 26.20 24.37 15.57 0.54 �22.27 �12.4 �6.70 11 10
10CM6-17.1 00467 LVNHM E1a Camelops M �9.40 0.19 �9.10 �9.79 25.99 2.10 30.19 22.99 15.36 0.21 �23.42 �6.68 2 11
10CM6-17.2 00468 LVNHM E1a Camelops M3 �4.02 0.74 �2.69 �5.15 22.52 0.87 24.18 21.21 15.36 0.21 �17.97 �6.68 44 11
L3160-875 00205 LVNHM E0 Mammuthus X �8.24 20.83 20.64 2.40 �23.08 �17.4 �6.46 3 11
L3088-390a 00662 NVSM E0 Bison M3 �7.71 0.06 �7.63 �7.79 21.63 0.12 21.81 21.44 20.64 2.40 �22.53 �16.5 �6.46 7 10
L3160e207.1 00287 LVNHM E0 Equus M �5.57 0.44 �5.12 �6.17 22.99 0.52 23.61 22.34 20.64 2.40 �20.37 �15.0 �6.46 24 10
L3160e207.2 00287 LVNHM E0 Equus M �5.63 0.56 �4.86 �6.51 22.21 0.49 22.87 21.56 20.64 2.40 �20.43 �15.8 �6.46 23 11
L3160e654.2 00172 LVNHM E0 Equus M �3.01 0.39 �2.81 �3.20 22.63 0.04 22.65 22.61 20.64 2.40 �17.76 �15.4 �6.46 44 10
L3160e654.1 00172 LVNHM E0 Equus M �8.80 0.19 �8.61 �8.90 32.05 1.03 32.90 31.12 20.64 2.40 �23.64 �4.8 �6.46 �1 11
L3088-520 00656 NVSM E0 Camelops I �5.88 0.35 �4.71 �7.01 24.12 0.35 25.39 22.92 19.50 0.14 �19.86 �6.39 27 10
L3088-459 00656 NVSM E0 Camelops P4 �6.00 0.45 �4.87 �7.00 23.01 0.37 23.90 22.24 19.50 0.14 �19.98 �6.39 26 10
L3160-953 00163 LVNHM E0 Camelops M2 �10.69 0.54 �8.74 �11.63 25.71 0.28 26.28 24.72 19.50 0.14 �24.73 �6.39 �10 12
L3160e773.1 00169 LVNHM E0 Camelops I1 �7.71 0.46 �6.89 �8.98 22.02 0.42 23.69 21.16 19.50 0.14 �21.71 �6.39 13 11
L3160e773.2 00169 LVNHM E0 Camelops I2 �7.39 0.04 �7.37 �7.41 20.97 0.72 21.32 20.61 19.50 0.14 �21.39 �6.39 16 10
L3160e773.3 00169 LVNHM E0 Camelops I �8.16 0.74 �6.59 �9.63 20.98 0.47 21.67 20.25 19.50 0.14 �22.16 �6.39 10 10
L3088-391 00662 NVSM E0 Camelops M2 �6.58 0.22 �5.77 �7.66 22.88 0.17 23.75 22.28 19.50 0.14 �20.56 �6.39 22 10
64501 N/A N/A D Mammuthusa M3 �6.40 22.80 33.00 6.00 �21.21 �15.2 �6.45 17 10
n/a N/A N/A D Equusa X �9.80 25.40 33.00 6.00 �24.66 �12.3 �6.45 �9 11
L3160-39a 00221 LVNHM D2 Mammuthus X �4.73 0.27 �3.64 �6.14 20.42 0.14 21.05 19.69 29.64 2.09 �19.51 �17.8 �6.40 30 10
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scatter for equids. We caution that this calibration has no validity
outside the interior western U.S., and possibly not outside Nevada.
Simpler predictive approaches, for example subtracting tooth
enamel isotope compositions of Pleistocene taxa vs. modern equids
and scaling by a factor of 1.0e1.2, do not yield substantially
different conclusions.

5.5. Estimated C4 grass abundance

We estimated the fraction of C4 vegetation consumed by
different herbivores using d13C values from tooth enamel in refer-
ence to atmospheric d13C values and modern (2000 AD) isotopic
compositions of C3 and C4 plants. Vegetation d13C values for the age
of the fossil were first calculated using Eq. (1), assuming ε* of 14.5‰
for Equus, Bison and Mammuthus and 13.7‰ for Camelops (Passey
et al., 2005). Isotopic discrimination for that time (ε*t) between
vegetation (d13Cdiet) and the d13C of atmospheric CO2 (d13Catm) was
then calculated:

ε
*
t ¼

d13Catm � d13Cdiet
1þ d13Cdiet=1000

(3)

That same ε*t discrimination was then applied to a 2000 AD at-
mospheric d13C value of �8.0‰ to determine the equivalent iso-
topic composition of modern vegetation (d13Cdiet, modern). The
percent C4 vegetation in herbivore diets was then estimated using
the following expression:

%C4
¼100%$

�
d13Cdiet;modern � d13CC3

�

�
d13CC4

� d13CC3

� (4)

where carbon isotope compositions of C3 and C4 vegetation reflect
modern compilations: d13C ~ �25 ± 1‰ for C3 vegetation in dry
ecosystems (Kohn, 2010) and �12 ± 1‰ for C4 vegetation (Cerling
et al., 1997).

Uncertainties in percent C4 are approximately ±10e12%. These
represent the propagated 2 s.e. variability in tooth enamel com-
positions (which ranges between ~±0.2 and ± 1.4‰ for this study,
but is unknown for data of Connin et al., 1998), ±1‰ in typical
compositions of C3 and C4 plants, and ±1‰ uncertainty in isotopic
discrimination between tooth enamel and diet d13C. Each error was
propagated separately then combined quadratically.

6. Results

6.1. Oxygen and carbon isotopes in tooth enamel

Nearly all teeth have broadly compatible compositions within a
member or bed, permitting close statistical comparisons. However,
outliers in d18O occur for specimens 03KS9-23.1 (bed E1d; 32.7‰;
Equus) and L3160e654.1 (bed E0; 32.0‰; Equus). We omit these
two teeth from calculations and interpretations. Mean grazer tooth
enamel d18O values from beds E0 and E1 are þ22.1 ± 0.8‰ (2 s.e.)
and þ22.5 ± 1.3‰, respectively, slightly higher than grazer tooth
enamel from members B (þ21.2 ± 1.1‰) and D (þ21.8 ± 1.4‰;
Fig. 3; Tables 1 and 2; p ¼ 0.01). These values are all 5e6‰ lower
than the modern equid average or median (~27.8 ± 1.5‰). Camelops
tooth enamel d18O values from beds E0 and E1 are þ22.8 ± 1.3‰
and þ25.1 ± 1.5‰, respectively, which are ~2‰ higher than for
sympatric grazers (Fig. 4; Tables 1 and 2), although the difference is
not statistically significant.

Mean tooth enamel d13C values from grazers from beds E0 and E1
are�6.5 ± 1.8‰ and�8.2 ± 0.6‰, respectively, and are significantly
lower than mean grazer d13C values frommembers B (�4.5 ± 1.0‰)
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and D (�5.7 ± 1.9‰; Tables 1 and 2). These values are all much
higher than for modern equids (�9.6 ± 0.4‰; Fig. 3; Table 2).
Camelops from beds E0 and E1 has mean d13C values of �7.5 ± 1.2‰
and �8.0 ± 1.7‰, respectively, indistinguishable from grazers.

6.2. Isotope zoning in teeth

With a few rare exceptions (e.g., Equus L3160e230.2, L3088-
390a), all modern and fossil teeth show resolvable isotopic
zoning (Fig. 5). Inmany teeth, d13C trends in opposition to d18O (e.g.,
Fig. 5A, C, J, M, N), but other teeth show parallel trends (e.g., Fig. 5B,
G). Some teeth show both parallel and opposite trends in different
parts of the tooth (e.g., Fig. 5E).

6.3. Inferred oxygen isotope compositions of local water

Eq. (2) as applied to Equus, Bison and Mammuthus implies sta-
tistically different (p ¼ 0.007) mean d18Owater values of ~ �15.6‰
for Bed E and �16.6‰ for combined beds B and D (Fig. 6; Table 1).

6.4. %C4 in grazer diet

Modern Equus compositions imply horses in Nevada consume
essentially no C4 grass on average (4 ± 4%, 2 s.e.; range¼�5 to 14%;
Fig. 7; Table 1), even though C4 grasses are widespread in the area

where these animals lived. The maximum C4 plant consumption
recorded in several teeth, based onmaximum d13C, approaches 15%,
and in two teeth are 20e25%. Grazer tooth enamel compositions
from beds E0 and E1 (~23e13 ka), suggest C4 grass consumption of
8 ± 5% (range ¼ 0e44%; Fig. 7; Table 1). Grazer tooth enamel from
older members B and D (~78e29 ka) imply higher C4 grass con-
sumption of 28 ± 8% (2 s.e.; range ¼ 0e55%; Fig. 7; Table 1). These
temporal differences in C4 consumption are significant
(p ¼ 4 � 10�5; Table 2). Camelops compositions for beds E0 and E1
imply consumption of 14± 8% C4 vegetation (range¼ 0e44%; Fig. 7;
Table 1).

7. Discussion

7.1. Compositional comparisons among taxa and times

Carbon and oxygen compositions of the sympatric grazers
Equus, Bison and Mammuthus largely overlap (Fig. 3). This implies
similar dietary selection and water dependence among these taxa,
like their modern representatives (horse, bison) and nearest rela-
tives (elephants) who are all grazers and water-dependent. Anal-
ysis of these same Pleistocene taxa in other areas of western North
America (but without a highly resolved chronology) also shows
substantial compositional overlap, although different species of
Equus can show significantly different d13C values, andMammuthus

Fig. 3. Tooth enamel d13C and d18O values for grazers (Bison ¼ diamonds, Mammuthus ¼ squares, and Equus ¼ circles; key in panel A). Large symbols are average compositions for
each tooth with 2 s.e. bars. Small circles are individual measurements. (A) Modern data; boundary is drawn by eye and has no statistical significance. Solid boundary accounts for
secular changes to carbon isotope compositions of atmospheric CO2 and oxygen isotope composition of seawater and the global meteoric cycle. This boundary is repeated in other
panels for fossil data to facilitate comparisons. (B) Bed E1, (C) Bed Eo, (D) Member D, (E) Member B, and (F) all fossil data. Lower d18O values for fossils compared to modern suggest
an increase in proportion of high-latitude, winter moisture (supporting the SOW hypothesis). Higher d13C values for fossils compared to modern suggest an increase in proportion of
low-latitude, summer moisture (apparently supporting the OOT hypothesis).
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d18O values range from overlapping to ~2‰ lower than Equus and
Bison (Connin et al., 1998; Kohn and McKay, 2012; P�erez-Crespo
et al., 2012a, b; Trayler et al., 2015; Bravo-Cuevas et al., 2017).
Althoughmodern compositional overlap supports our regression of
modern equid, bovine, and elephant d18O values to determine the
slope of Eq. (2), calculated water compositions based on Mammu-
thus d18O may be ~1‰ too low. Such a bias does not affect our in-
terpretations of moisture sources and seasonality significantly.

Relatively high d13C values for late Pleistocene Camelops (Fig. 4)
indicate moderate (14 ± 8%, 2 s.e., but in one case >40%) con-
sumption of C4 plants. Because Camelops was a browser
(Semprebon and Rivals, 2010; Yann et al., 2016), and modern
camels preferentially consume Atriplex (Towhidi et al., 2011), which
in the western U.S. is C4 (Kadereit et al., 2010), the relatively high
d13C values for Camelops almost certainly indicate C4 Atriplex con-
sumption during the late Pleistocene (Vetter, 2007). Today, Atriplex
constitutes over 15% of land cover in the Las Vegas Valley
(Shanahan et al., 2007). Although we cannot determine whether
Atriplex had higher or lower abundance during the late Pleistocene,
its persistence is consistent with warm, dry summers. These con-
ditions generally support the SOW hypothesis (very wet winters,
dry summers) more than the OOT hypothesis (moderately wet
winters and wet summers). Mean d18O values for Camelops are
generally but not statistically higher than for sympatric grazers
(23.8 ± 1.1 vs. 22.4 ± 1.0‰; Tables 1 and 2). This might suggest
greater drought-tolerance for Camelops, but more data are required
to confirm a systematic offset.

7.2. Oxygen isotopes and inferred water compositions support the
SOW model

Relative to modern d18Owater values from the Las Vegas Valley
(�10.5‰; Bowen and Revenaugh, 2003; Lachniet et al., 2020;
Bowen, 2022), fossil tooth enamel compositions suggest that
d18Owater values (~-16‰) in the late Pleistocene were lower by
about 5e6‰ (Fig. 6; Table 2). Even modern spring water in the
Great Basin, which is heavily biased to seasonal winter precipita-
tion (Lachniet et al., 2020), has higher d18Owater values (�12.9‰, or
~3‰ higher than in the Pleistocene; Friedman, 2000). This differ-
ence between modern and Pleistocene d18Owater values is broadly
compatible but muchmore pronounced than regional compilations
of d18Owater values for the late Pleistocene (~2‰ lower; Jasechko
et al., 2015; Jasechko, 2016), although our temporal data are more
highly resolved than other datasets. Secular changes in global
d18Owater do not mitigate this difference, rather correcting for ice
volume (~1‰ effect) would increase the difference to 6e7‰
(annual precipitation), albeit ~4‰ relative to modern winter pre-
cipitation. Pleistocene speleothem d18O values for Leviathan Cave in
south-central Nevada are 4e5‰ lower than Holocene values
(Lachniet et al., 2014, 2017, 2020). If Pleistocene temperature was
lower (as seems likely) water d18O values must have been at least
4e5‰ lower at this location, commensurate with our in-
terpretations. Both results suggest systematic errors in isotope-
enabled GCMs such that precipitation d18Owater is overestimated
in the southwestern US during the latest Pleistocene.

The lower d18Owater values during the late Pleistocene compared
to today (Fig. 6; Table 2) are consistent with an increase in winter
precipitation or a decrease in temperature (or both; Fig. 1A;
Lachniet et al., 2014, 2017, 2020). These observations strongly
support the SOW hypothesis, in which increased winter precipi-
tation was sourced from higher latitudes and fell across a generally
colder landscape (Lachniet et al., 2014, 2017, 2020). An increase in
winter precipitation logically recharged groundwater more than it
does today, leading to enhanced discharge of low-d18O water on
valley floors.Ta
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7.3. Carbon isotopes and %C4 in grazers appear to support the OOT
model

Pleistocene grazers (including equids) consumed considerably
more C4 grass than modern equids, especially during deposition of
members B and D when %C4 consumption ranged up to 50% (Fig. 7;
Table 2). Conventionally, higher calculated %C4 consumption by late
Pleistocene grazers has been assumed to reflect higher environ-
mental C4/(C4 þ C3) and either increased summer precipitation or
decreased CO2 concentrations (or both; e.g., Connin et al., 1998;
Koch et al., 2004; Cotton et al., 2016; Fig. 1B). Thus, in comparison
with modern equid compositions, higher %C4 consumption by late
Pleistocene grazers appears to support the OOT hypothesis better
than the SOW hypothesis. Support for the OOT hypothesis contra-
dicts the interpretations derived from oxygen isotope data pre-
sented in section 7.2.

7.4. Reconciling climatic interpretations of oxygen and carbon
isotope data

Hypothetically, the different interpretations derived from d18O
vs. d13C (and %C4) data might be reconciled if summer precipitation
increased C4 abundances, but herbivores derived most of their
water from winter-sourced springs and wetlands. Colder winters
might lower d18O of local water and teeth of the herbivores that
drank it, while higher C4/(C4 þ C3) raised grazer d13C. This scenario
could support both the SOW and OOT models. A similar interpre-
tation was advanced to explain isotope and floral data in New
Mexico (Asmerom et al., 2010) and is implicit in the models of
Connin et al. (1998). However, isotope zoning in teeth (Fig. 5G-O)
does not strongly resemble zoning in latest Pleistocene mammoth
teeth from southeastern Arizona (Fig. 5F; Metcalfe et al., 2011),
which is subject to much more abundant seasonal summer pre-
cipitation than southern Nevada. The OOT model also seems un-
likely in the context of isotopic mass balance in animals. In general,
even water-dependent animals derive most of their oxygen from
food sources, rather than drinking water (Kohn, 1996). If summer
precipitation increased C4 grass abundances, grazers should show
d18O values characteristic of summer precipitation at least some-
time during the year. Yet, isotope zoning along teeth does not show
d18O values that exceed modern averages except for teeth that have
low d13C, which is inconsistent with summer food consumption

(e.g., outliers L3160-1015a and L3160-654 with d18O > 30‰, but
d13C < �8‰). In fact, more typical maximum d18O values of ~25‰,
corrected downwards by 1‰ for ice volume, would correspond
with typical minimum values measured in equids in the region
today. The lack of evidence for summer precipitation in numerous
seasonally resolved data makes the OOT model seem unlikely.

How, then, canwe explain the higher %C4 in Pleistocene grazers?
We hypothesize that dietary competition in the context of a more
diverse and abundant Pleistocene fauna drove grazers to feed
preferentially on C4 grasses, even though C4/(C4 þ C3) was actually
lower than today. The rationale for this interpretation is as follows.

First, isotopic compositions of modern equids in the Las Vegas
area do not reflect modern C4/(C4 þ C3). Grasses today constitute a
small fraction of total plant biomass in Nevada deserts, typically
<5% (e.g., see summary of Paruelo and Lauenroth, 1996) but locally
grassy regions do occur (Webb et al., 2003; Shanahan et al., 2007).
Of modern grasses, 55e60% of species regionally are C4 (https://
www.nps.gov/im/mojn/inventories.htm, accessed 2018 for Death
Valley National Park, Mojave National Preserve, and Lake Mead
National Recreation Area), while nearly 75% of the grasses in the Las
Vegas area are C4 (Shanahan et al., 2007). High C4/(C4 þ C3) reflects
a modern warm-dry climate that receives about subequal amounts
of winter and summer precipitation (https://wrcc.dri.edu, accessed
2021). If species abundances correspond even roughly with plant
biomass, low d13C values and calculated %C4 for wild horse in the
region do not represent modern grass ecology. Rather, these equids
must preferentially consume C3 plantse either C3 grasses, or herbs,
trees, and shrubs. In the western U.S., grasses typically constitute
80e90% of horse diet (Scasta et al., 2016). Thus, it would appear
that, given the opportunity, equids preferentially consume C3 grass.
Without other considerations, this conclusion might indicate an
even higher C4/(C4 þ C3) grass during the Pleistocene than we
calculated from grazer d13C.

However, large mammal diversity during the late Pleistocene
was considerably higher than today, and included numerous
browsing species, such as sloths and deer, as well as camelid and
antilocaprid mixed feeders (Scott et al., 2017). Niche partitioning
among Pleistocene faunas is well-documented isotopically else-
where in North America (e.g., MacFadden and Cerling, 1996; Kohn
et al., 1998; Feranec and MacFadden, 2000; Kohn et al., 2005;
Hoppe and Koch, 2006; DeSantis et al., 2009; Kohn and McKay,
2012; P�erez-Crespo et al., 2012a; Trayler et al., 2015; Yann et al.,

Fig. 4. Tooth enamel d13C and d18O values for Camelops (A) Bed E1, (B) Bed Eo. Some Camelops have relatively high d13C values, suggesting the consumption of Atriplex, a C4 shrub that
thrives in environments with low amounts of summer precipitation. The solid boundary is the same as in Fig. 3 and is based on modern Equus compositions.
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2016; Bravo-Cuevas et al., 2017; Pardi and DeSantis, 2021).
Following the end-Pleistocene megafaunal extinction, some sur-
viving species shifted their diets to occupy newly vacated niches.
For example, Odocoileus (white-tailed deer) in the southeastern U.S.
shifted to low-d13C deeper forest habitats that were formerly

occupied by Tapirus (tapir) and Palaeolama (a small camelid; Kohn
et al., 1998; Kohn et al., 2005). It is plausible that a modern land-
scape that is depauperate in large herbivores could allow modern
equids in Nevada to consume their preferred vegetation, which
apparently does not include C4 grass. It follows that greater

Fig. 5. Tooth enamel d13C and d18O zoning. Orange and blue fields show typical ranges of d13C and d18O values for modern Equus teeth and omit a few isotopically extreme values
(e.g., low d18O values for LVWH8). For fossil teeth, these regions are superimposed for comparison, but adjusted for secular changes to d13C and d18O values. In general, d13C values in
fossils fall above or towards the upper limit of the orange field of modern teeth, while d18O values fall below or towards the lower limit of the blue field. Zoning shows both positive
and negative correlations between d13C and d18O values for both modern and fossil teeth. (AeE) Modern horse (Equus caballus). (F) ~13 ka Mammuthus from southeastern Arizona
(Metcalfe et al., 2011), showing strong seasonal signal in diet and water compositions. (GeJ) Equus, Bison, and Camelops frommember E, showing both correlated and anticorrelated
zoning patterns. (KeM)Mammuthus and Bison frommember D. (NeO) Bison and Equus frommember B. Error bar in A represent analytical error. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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herbivore abundance overall during the late Pleistocene also
increased feeding competition and more niche partitioning for the
now extinct herbivores that were included in this study.

Two major implications derive from the hypothesis that greater
competition among Pleistocene faunas drove grazing species to
consume more C4 grass than they would otherwise prefer. First,
grazer d13C values would not necessarily reflect biomass abun-
dances of C3 and C4 grasses. Besides the fact that grazers commonly
consume some browse, which is nearly all C3, competition with
other species might cause grazers to increasingly consume C4 grass,
leading to apparently higher C4/(C4 þ C3) thanwas actually present.
In that context, existing tooth enamel-based interpretations of C4/
(C4 þ C3) should be reevaluated, including increased C4/(C4 þ C3) in
some areas during the late Pleistocene (e.g., Connin et al., 1998;
Koch et al., 2004) and gradual increases in C4/(C4 þ C3) through
time (Cerling et al., 1997). Alternate isotopic archives such as
paleosol carbonate or soil organic matter might provide a less
biased record, although these also can have significant biases (e.g.,
Wynn and Bird, 2007; Sarangi et al., 2021).

Second, “high” %C4 consumption among Pleistocene grazers
may actually be consistent with the SOW hypothesis. Even the
maximum %C4 values calculated in this study (Fig. 7; Table 1) fall
below modern C4/(C4 þ C3) species counts. If our calculated %C4
values for Pleistocene grazers either represent C4/(C4 þ C3) or
overrepresent C4/(C4 þ C3) because of competition with browsers
and mixed-feeders, Pleistocene C4/(C4 þ C3) may have been lower

than today. Because C4 grass abundance depends strongly on
summer precipitation (Paruelo and Lauenroth, 1996), lower C4/
(C4þ C3) during the late Pleistocene than observed todaywould not
support the OOT hypothesis. As discussed in section 7.5, other
factors, especially pCO2, also influence C4 grass abundance and
further argue against an increase in summer precipitation as the
driving mechanism behind the relatively high d13C values in the
Pleistocene grazers analyzed in this study (Street-Perrott et al.,
1997; Peng et al., 1998; Koch et al., 2004; Cotton et al., 2016).

7.5. Comparison to other studies in the southwestern U.S

Some GCMs and paleoclimate proxy studies have attributed
increased late Pleistocene precipitation in the Great Basin and
southwestern U.S. to increased winter precipitation in the context
of the SOW model (COHMAP Members, 1988; Toggweiler et al.,
2006; Wagner et al., 2010). This interpretation is generally consis-
tent with lower d18O values in groundwater regionally (Jasechko,
2016). However, other studies have inferred increased summer
(OOT) precipitation. For example, Connin et al. (1998) reported high
d13C values from Mammuthus, Bison, Equus, and Camelops tooth
enamel from the late Pleistocene of the southwestern U.S. and
inferred high %C4, especially in southern New Mexico and Arizona.
Evidence for high proportions of C4 grasses in these areas also
include plant macrofossil records from packrat middens (Holmgren
et al., 2007) and stable isotope records from paleosol carbonate

Fig. 6. Oxygen isotope data through time. Horizontal dashed lines show temporal boundaries between beds from Las Vegas Formation (Springer et al., 2015, 2018). (A) Greenland
ice core reference d18O profile (GICC05; Grootes and Stuiver, 1997; Andersen et al., 2006). Blue numbers to the left of the profile refer to cold Heinrich events; red numbers to the
right of the profile refer to warm Dansgaard-Oeschger events. (B) Leviathan Cave reference d18O profile (Lachniet et al., 2014, 2017, 2020). (C) Mean ± 2 s.e. d18O values of teeth.
Mammuthus ¼ squares, Equus ¼ circles, Bison ¼ diamonds, Camelops¼ triangles. Blue band represents mean ± 2 s.e. for modern Equus data, which adjusted upward by 1‰ to correct
for isotopic effects of ice volume and facilitate comparison with data from fossils. (D) Inferred water d18O values from Bison, Mammuthus, and Equus fossil teeth. The blue band
represents modern measured water compositions (Friedman, 2000; Bowen and Revenaugh, 2003; Lachniet et al., 2020; Bowen, 2022), adjusted upward by 1‰ to correct for isotopic
effects of ice volume. Fossil teeth generally indicate lower d18O for the late Pleistocene than today, but no secular trend during the late Pleistocene is resolvable. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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(Monger et al., 1998). High d13C values and increased proportions of
summer-flowering annuals and C4 grasses were interpreted to
reflect enhanced summer precipitation.

Howcanwe reconcile these disparate observations derived from
d18O (enhanced winter precipitation) and d13C (enhanced summer
precipitation)? Asmerom et al. (2010) proposed that hydrologic
systems and vegetation may be decoupled. Enhanced winter pre-
cipitation (SOW) recharged aquifers and increased spring discharge
with low d18O water, while enhanced summer precipitation (either
OOT or from monsoonal circulation) increased %C4 but did not
cause recharge, so is not represented in either speleothem or
groundwater d18O values. Similarly, in the context of %C4 predictive
models, Connin et al. (1998) proposed that coupled increases in
both winter and summer precipitation could explain paleoclimate
proxy records in southern New Mexico and Arizona, if the pro-
portion of summer/total precipitation during the late Pleistocene
also increased to ~50e65% (vs. 40e50% today).

Two problems accompany these interpretations. First, as dis-
cussed above, d18O values for grazers (Mammuthus, Bison, and
Equus) are never very high, even for seasonally resolved measure-
ments. The absence of a high d18O summer signal suggests an
absence of a tropical moisture source, at least in the Las Vegas
Valley and possibly elsewhere in the southwestern U.S. Second,
increases in summer precipitation may not be needed to explain
high proportions of C4 grasses or the d13C record of diet. Two key
factors have not been previously addressed e grazer diet is

approximately independent of shrub and herb abundance, and
decreased pCO2 stabilizes C4 grasses relative to C3 grasses (Collatz
et al., 1998). Here we reevaluate two different regional records e

fossil tooth enamel (Connin et al., 1998) and combined vegetation
and paleosol carbonate (Monger et al., 1998; Holmgren et al., 2007).
We focus on data from southernmost Arizona and New Mexico
because these areas appear to contain strong evidence for C4
grasslands during the latest Pleistocene that has been interpreted
as reflecting enhanced summer precipitation.

7.5.1. Evaluating tooth enamel d13C records in the context of dietary
partitioning

Connin et al. (1998) report calculated %C4 of 70e80% for late
Pleistocene grazers in southeastern Arizona and southwestern New
Mexico. However, accounting for more recent estimates of the
isotopic fractionation between tooth enamel and diet, the d13C of
atmospheric CO2 during the late Pleistocene, and more typical d13C
values of C3 plants indicates a median %C4 of ~50%. Nonetheless,
some teeth from this region do indicate %C4 ~70e80%, including
seasonally resolved zoning in mammoth teeth (Metcalfe et al.,
2011), so it is worth considering conditions under which higher
proportions of C4 might occur. Two approaches have been used to
estimate C4/(C4þC3). Cotton et al. (2016) correlate d13C of bison and
mammoth to climate variable output of a standard GCM, but cannot
independently vary climate parameters, such as input of summer
moisture from the tropics. Becausewewish to evaluatewhether C4/

Fig. 7. Carbon isotope data through time. (A) Greenland ice core reference d18O profile (GICC05; Grootes and Stuiver, 1997; Andersen et al., 2006). Blue numbers to the left of the
profile refer to cold Heinrich events; red numbers to the right of the profile refer to warm Dansgaard-Oeschger events. (B) Leviathan Cave reference d18O profile (Lachniet et al.,
2014, 2017, 2020). (C) Mean ± 2 s.e. d13C values of teeth. Mammuthus ¼ squares, Equus ¼ circles, Bison ¼ diamonds, Camelops ¼ triangles. Modern data for Equus are bounded by
green band and adjusted upward by 1.5‰ to correct for secular changes to the d13C value of atmospheric CO2. Most data fall above modern values, indicating late Pleistocene
herbivores consumed a greater proportion of C4 plants than modern Equus. High d13C values for grazers and Camelops likely reflect consumption of C4 grasses or the C4 shrub
Atriplex (saltbush), respectively. (D) Calculated percent consumption of C4 in the grazer diet. Although most grazers consumed more C4 grass than modern Equus, the calculated %C4

still falls well below observed fraction of C4 grass species in the region today (green band). Horizontal error bar applies to all data. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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(C4þC3) demands enhanced summer precipitation, we instead
chose to follow Connin et al. (1998) in using equations from Paruelo
and Lauenroth (1996). These equations predict abundances of C3
grasses, C4 grasses, and C3 shrubs based on correlationwithmodern
climate parameters. This latter approach readily allows assessment
of how a change in a single climate parameter, such as summer
precipitation, affects abundances of these different plant types.

As referenced to modern climate in Benson, AZ, Canelo, AZ,
Animas, NM, and Orogrande, NM (data fromwrcc.dri.edu, accessed
2022), which are close to the fossil localities that show the highest
C4/(C4þC3) in Connin et al. (1998) and Metcalfe et al. (2011), these
equations predict modern %C4 of 55e70% (Table 3), which fall
within the range of %C4 in modern sites nearby (30e75%; Paruelo
and Lauenroth, 1996).

To model C4 grass abundances under Pleistocene conditions, we
followed Connin et al. (1998) by increasing MAP by 50%, and
decreasing mean annual temperature by 6 �C. If we maintain
modern summer precipitation rates (which implies a decrease in
JJA/MAP), the model of Paruelo and Lauenroth (1996) predicts ab-
solute %C4 abundances of 30e45% of total plant biomass (Table 3).
To increase absolute %C4 abundances to ~50% (median) or 70e80%
(extreme), an increase in summer precipitation of ~20e50% (me-
dian) to 50e100% (extreme) would be necessary (Table 3) e this is
essentially the isotopic justification for increased summer precip-
itation. However, because grazers eat grass, the calculation of %C4
should not be for absolute C4 abundance across the landscape, but
rather for the proportion of C4 to C4þC3 grasses. To our knowledge,
C3 grass abundances have not been calculated, so predicted grass
C4/(C4þC3) under Pleistocene conditions is as yet unknown.

Considering modern ecosystems (shrubland ecosystems),

predicted abundances of C3 grasses in southern Arizona and New
Mexico are ~0% (Table 3), consistent with floral surveys (Paruelo
and Lauenroth, 1996). Consequently, a grazer there today would
be expected to showhigh %C4 (from grass proportions) even though
observed %C4 across the landscape is as low as 30% (Paruelo and
Lauenroth, 1996). If grazers consume some (C3) herbs and shrubs,
%C4 might be less than 100%. However, horses and bison in the
region consume 80e100% grass (van Vuren, 1984; Scasta et al.,
2016), so %C4 should be high.

To predict C3 grass abundance under late Pleistocene conditions,
we assume the same changes as Connin et al. (1998) for mean
annual temperature (6 �C lower) and MAP (50% higher). If we as-
sume summer precipitation remained the same as today (implying
lower JJA/MAP), and that the habitat is grassland, not shrubland (an
assumption that maximizes calculated %C3), predicted %C3 and %C4
grasses are similar (30e45%), with grass C4/(C4þC3) ~45e55%
(Table 3). If a shrubland ecosystem is assumed, calculated C4/
(C4þC3) is 70e80% (Table 3). Because we do not know whether
Pleistocene herbivores occupied grasslands or shrublands, these
calculations indicate that no increase in summer precipitation is
required to explain herbivore tooth enamel d13C values. Themedian
value of 50%C4 for the late Pleistocene is consistent with grassland
ecosystems, while the maximum value of 70e80% C4 is consistent
with either shrublands or with seasonal consumption of C4 grass.
However, it is worth considering interpretations of C4 grassland
ecosystems derived from paleosol and packrat midden records
(section 7.5.2), and whether other factors besides summer precip-
itation, such as lower pCO2, might be able to sustain higher pro-
portions of C4 grasses.

Table 3
Models of C3 and C4 grass abundances.

Location MAT (�C) MAP (mm) JJA (mm) JJA/MAP DJF (mm) DJF/MAP Biome %C4 %C3 C4/(C3þC4)

Modern data
Animas, NM 16 276 126 0.46 53 0.19 shrubland 54.8 0.0 1.00
Orogrande, NM 17 224 111 0.50 37 0.16 shrubland 58.8 0.0 1.00
Benson, AZ 17 288 149 0.52 54 0.19 shrubland 65.3 0.0 1.00
Elgin, AZ 14 463 235 0.51 97 0.21 shrubland 69.3 2.9 0.96

Pleistocene climate: MAT e 6 �C; no pCO2 effect; MAP þ 50%; modern JJA; grassland biome
Animas, NM 10 414 126 0.30 79 0.19 grassland 29.7 36.7 0.45
Orogrande, NM 11 336 111 0.33 55 0.16 grassland 31.3 30.9 0.50
Benson, AZ 11 432 149 0.34 81 0.19 grassland 38.8 33.4 0.54
Elgin, AZ 8 694 235 0.34 146 0.21 grassland 45.0 44.2 0.50

Pleistocene climate: MAT e 6 �C; no pCO2 effect; MAP þ 50%; JJA þ 100%; grassland biome
Animas, NM 10 414 251 0.61 79 0.19 grassland 70.8 36.7 0.66
Orogrande, NM 11 336 222 0.66 55 0.16 grassland 76.0 30.9 0.71
Benson, AZ 11 432 297 0.69 81 0.19 grassland 85.3 33.4 0.72
Elgin, AZ 8 694 469 0.68 146 0.21 grassland 90.7 44.2 0.67

Pleistocene climate: MAT e 6 �C; no pCO2 effect; MAP þ 50%; modern JJA; shrubland biome
Animas, NM 10 414 126 0.30 79 0.19 shrubland 29.7 12.8 0.70
Orogrande, NM 11 336 111 0.33 55 0.16 shrubland 31.3 7.1 0.81
Benson, AZ 11 432 149 0.34 81 0.19 shrubland 38.8 9.6 0.80
Elgin, AZ 8 694 235 0.34 146 0.21 shrubland 45.0 20.4 0.69

Pleistocene climate: MAT e 6 �C; Tx þ 5 �C; MAP þ 50%; modern JJA; grassland biome
Animas, NM 15 414 126 0.30 79 0.19 grassland 40.7 22.1 0.65
Orogrande, NM 16 336 111 0.33 55 0.16 grassland 41.4 16.4 0.72
Benson, AZ 16 432 149 0.34 81 0.19 grassland 49.0 18.9 0.72
Elgin, AZ 13 694 235 0.34 146 0.21 grassland 58.1 29.6 0.66

Pleistocene climate: MAT e 6 �C; Tx þ 9 �C; MAP þ 50%; modern JJA; grassland biome
Animas, NM 19 414 126 0.30 79 0.19 grassland 47.1 10.5 0.82
Orogrande, NM 20 336 111 0.33 55 0.16 grassland 47.5 4.8 0.91
Benson, AZ 20 432 149 0.34 81 0.19 grassland 55.0 7.3 0.88
Elgin, AZ 17 694 235 0.34 146 0.21 grassland 65.4 18.0 0.78
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7.5.2. Evaluating paleosol d13C and packrat midden records in the
context of lower pCO2

Floral macrofossils in late Pleistocene packrat middens from
southernmost Arizona and New Mexico are dominated by trees, C4

grasses, and summer-flowering herbs, while desert shrubs do not
become abundant until after ~5 ka (Holmgren et al., 2007).
Holmgren et al. (2007) interpreted these data to indicate late
Pleistocene C4 grasslands, stabilized by abundant summer rain.
High d13C values for late Pleistocene paleosol carbonate in south-
ernmost NewMexico (Monger et al., 1998) were also interpreted to
indicate C4 grasslands (Buck and Monger, 1999). However, these
studies did not consider directly the effect of pCO2 on the stability of
C4 vs. C3 grasses. Accounting for pCO2 further reinforces the
conclusion that enhanced summer precipitationmay not be needed
to explain late Pleistocene floras and isotope records.

In general, C4 grasses should bemore competitivewith C3 plants
under low pCO2 conditions (e.g., Ehleringer, 1978; Ehleringer et al.,
1997; Collatz et al., 1998; Sage, 2004) that occurred during the
late Pleistocene. This effect can be described in terms of a cross-
over temperature (Tx), which is the temperature at which, for a
specified CO2 level, C3 and C4 plants are photosynthetically equiv-
alent (Ehleringer et al., 1997). C4 plants are more competitive at
higher temperatures, but decreasing pCO2 decreases Tx. For
example, equations from Collatz et al. (1998) predict that at pre-
industrial pCO2 ¼ 280 ppmv (parts per million by volume),
Tx ¼ 18 �C, whereas at latest Pleistocene pCO2 ¼ 200 ppmv (e.g., see
summary of Eggleston et al., 2016), Tx ¼ 12 �C. That is, the tem-
perature at which C3 and C4 plants are photosynthetically equiva-
lent decreases by DTx ¼ 6 �C as pCO2 decreases from 280 to 200
ppmv. This DTx can be accounted for by increasing the temperature
used in predictive equations. Adding DTx to estimated paleo-
temperatures in the equations of Paruelo and Lauenroth (1996)
accounts for changing pCO2 levels over time (Kohn and McKay,
2012), at least for calculated abundances of C3 and C4 grasses.

Some ambiguities accompany the assignment of an appropriate
DTx because of modern increases in pCO2. Floral observations used
to develop predictive equations were collected in the late 20th
century, when pCO2¼ 350 ppmv. However, florasmight not respond
immediately to pCO2, so reflect pre-industrial conditions when
pCO2¼ 280 ppmv. Relative to pCO2¼ 200e230 ppmv (15e50 ka; e.g.,

Petit et al., 1999), these alternatives correspond to DTx of ~ 5e10 �C.
Applying this correction to the equations of Paruelo and Lauenroth
(1996) to Pleistocene conditions increases predicted %C4 to
60e70%, decreases %C3 to 5e30% (assuming grasslands), and in-
creases C4/(C4þC3) to ~65e90% (Table 3). Late Pleistocene shrub-
land ecosystems would have %C3 � 5% and C4/(C4þC3) ~90e100%
(Table 3). These calculations imply that decreases in pCO2 could
readily explain the development of C4 grasslands in the south-
western U.S. during the late Pleistocene without the need for
invoking increased summer precipitation under cooler conditions.
This result reinforces the conclusions of Cotton et al. (2016) that
stability of C4 grasses during the Pleistocene reflected low pCO2.

Although we cannot quantitatively reevaluate late Pleistocene
temperatures and precipitation, our data and calculations provide
new directions for refining past proxy estimates (Fig. 8). Past esti-
mates of temperature and precipitation based on macroflora and
pollen (e.g., see summary of Bartlein et al., 2011) should be
reconsidered in light of the effect of pCO2 on plant stability and
water usage. For example, anthropogenic increases in pCO2 have
increased water use efficiency (e.g., Keenan et al., 2013; Mathias
and Thomas, 2021) at least in part because increased pCO2 re-
duces the need for either densely spaced or fully open stomata,
which decreases evaporative water loss. Thus, water requirements
for some plant species today, under elevated pCO2, are less than in
the past. In the late Pleistocene, when pCO2 was lower, water re-
quirements likely were higher. Consequently, estimates of late
Pleistocene MAP may be generally too low e Pleistocene plants
needed to transpire more water in a low pCO2 environment, so MAP
likely was higher than calculated. Conversely, in the context of
C3eC4 competition, C4 plants should have been stable at lower
temperatures than their modern counterparts. To outcompete C4
plants, C3 plants require lower temperatures, suggesting MAT may
have been lower than calculated.

8. Conclusions

The Las Vegas Formation represents an unusually complete and
highly resolved sequence of paleowetland deposits that spans the
middle-late Pleistocene and early Holocene. Inset within these
deposits are vertebrate remains of the Tule Springs local fauna that

Fig. 8. Comparison of hypotheses regarding summer vs. winter precipitation amounts and effects of pCO2 on proportions of C3 vs. C4 grasses during the latest Pleistocene in New
Mexico (NM) and Arizona (AZ). Left side shows modern proportions of winter vs. summer precipitation and relative abundances of C4 grass and shrubs. (A) Assuming GCMs are
correct with increased winter precipitation but similar summer precipitation, ignoring pCO2 effects. Predicted abundances of C3 and C4 grasses are approximately equal, consistent
with some but not all isotopic and floral data. (B) Ignoring GCMs, assuming enhanced summer precipitation, and ignoring pCO2 effects. Predicted abundances of C3 and C4 grasses are
consistent with isotopic and floral data. (C) Assuming GCMs are correct and accounting for pCO2 effects. Predicted abundances of C3 and C4 grasses are consistent with isotopic and
floral data.
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date to between ~100 and 12.5 ka. Tooth enamel of Equus, Bison,
Mammuthus, and Camelops from this fauna were used to evaluate
competing models of the seasonality and source of precipitation
that supported large pluvial lakes and extensive springs and wet-
lands throughout the western and southwestern U.S. during the
late Pleistocene.

Low tooth enamel d18O values for grazers (Equus, Bison, and
Mammuthus) compared to modern horses reflect an increased
proportion of winter precipitation, which is consistent with GCMs
that predict the enhanced precipitation that fell during the late
Pleistocene resulted from a southward shift of wintertime west-
erlies and was sourced from the northern Pacific (the SOW model).
High tooth enamel d13C values for these same grazing herbivores
indicate they consumed a higher proportion of C4 grasses than
horses today, but substantially less than modern proportions of C4
grasses across the landscape. We hypothesize this disparity reflects
niche partitioning and dietary competition, such that modern
horses can selectively feed on C3 vegetation more so than their
Pleistocene counterparts, who were competing for resources with
far more taxa. In addition, increases in C4/(C4þC3) in Pleistocene
grazer diet in the Las Vegas Valley and elsewhere in the south-
western U.S. can be explained by lower pCO2, rather than an in-
crease in proportions or amounts of summer precipitation (Fig. 8).
Together, our data and interpretations suggest that Pleistocene
temperatures and precipitation derived from floral records should
be reevaluated in the context of the effects of niche partitioning and
pCO2 on the stability of C3 vs. C4 plants, in addition to the usual
winter vs. summer precipitation regimes.
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