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ARTICLE INFO ABSTRACT

Keywords: Extant ungulates exhibit a wide range of niche-partitioning strategies to reduce competition. Niche partitioning is
P§1603C010gy thought to facilitate species coexistence in highly diverse communities. However, how ungulates partitioned
M_‘OCEHE plant-food resources in the past and how those relationships changed over time in response to vegetation dy-
B:gtulate namics remains unclear. We present a synthesis of stable carbon and oxygen isotope compositions from newly

analyzed (n = 134) and previously published (n = 77) fossil tooth enamel specimens from three Oregon Oligo-
Miocene fossil assemblages (John Day, Mascall, and Rattlesnake Formations). We pair these data with body mass
and tooth-crown height estimates to investigate ecological changes in Oregon’s ungulate communities during the
Oligo-Miocene (~32-5 Ma), a time when grassland expansion coincided with significant changes in North
American ungulate diversity. We find isotopic evidence that ungulates partitioned food resources in C3-domi-
nated ecosystems, particularly before and during the Mid-Miocene Climatic Optimum (MMCO). In contrast, the
post-MMCO Rattlesnake Formation ungulates consumed isotopically similar Cz plants. Morphological evidence
supports these shifts, with a transition from low-crowned to mesodont and hypsodont teeth and a decline in
small-bodied taxa. This work underscores the value of integrating isotopic and morphological data to better
understand the ecological evolution of extinct communities.

Community structure
Stable isotope analysis

Editor: Howard Falcon-Lang through the Miocene, local records show that there was a significant

amount of heterogeneity in the timing of these vegetation changes

1. Introduction

Today, grass-dominated ecosystems cover a vast amount of the
terrestrial realm. Much of their evolution and expansion occurred during
the Oligo-Miocene (~30-5 Ma) (Stromberg, 2011). During this time, the
global expansion of grass-dominated habitats coincided with dramatic
changes in ungulate (hooved mammal) diversity and community com-
positions (Janis et al., 2000). Understanding the spatial and temporal
differences of concurrent animal community evolution during this time
period has led to a greater understanding of the development of today’s
ecosystems. Despite the clear global trend of increased grass prevalence

(Stromberg, 2011; Stromberg and Staver, 2022) with local environ-
mental factors influencing habitat change (Chen et al., 2015). For
instance, in North America, the influence of geological features on
precipitation patterns likely played a large role in determining when and
where grass-dominated habitats would develop. Stable oxygen isotope
measurements from authigenic clays and soil carbonates suggest that
winter precipitation likely had previously supported more forested
floras in the Great Plains (Kukla et al., 2022). The percentage of grass
phytoliths in the Great Plains sedimentary record dramatically increases
between 26 and 15 Ma (Kukla et al., 2022) with phytolith composition
indicating a mix of grassy and wooded patches in the middle Miocene
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and greater dominance of grasses during the latest Miocene (Stromberg,
2011). In contrast with the Great Plains, the west coast even today boasts
densely forested areas and saw less of a change in winter precipitation
during the Miocene (Kukla et al., 2022).

The changing vegetation greatly influenced ungulate diversity dur-
ing the Oligo-Miocene, with ungulate diversity being highest around the
Mid-Miocene Climatic Optimum (MMCO, ~16 Ma) (Janis et al., 2000).
After 16 Ma, global temperatures decreased, grasslands spread, and
ungulate diversity fell and continued to decline as the Miocene pro-
gressed (Barry, 1995; Janis et al., 2000, 2002, 2004). Ungulates with
low-crowned teeth, which have been shown to have narrower diets than
ungulates with higher crowned teeth (Feranec, 2003; Feranec, 2007a,
2007b; Pardi and DeSantis, 2021), decreased in diversity the most (Janis
et al., 2000). Many browsing taxa were lost completely, such as mem-
bers of Merycoidodontoidea, a previously diverse clade endemic to
North America (Janis et al., 1998). These changes ultimately contrib-
uted to the structure of modern ungulate communities, which are
characterized by low diversity and low abundance in browsing taxa.
Timing of these faunal adaptations to the changing environments,
however, might also reflect the regional heterogeneity seen in the re-
cords of grassland expansion (Stromberg, 2011).

In extant species-rich herbivore communities, ungulates partition
food resources, which potentially lowers interspecific competition and
allows for higher diversity (Kartzinel et al., 2015; Pansu et al., 2022).
The MMCO communities containing especially high species richness in
browsing ungulates suggest a degree of resource partitioning that was
different from today’s depauperate ecosystems (Janis et al., 2000).
Additionally, increased niche overlap estimates between extant grazing
species indicate that resource partitioning differs between open grassy
environments and densely wooded environments (Pansu et al., 2022).
Given the heightened diversity of browsing organisms and subsequent
decline during the Miocene, it is likely that ungulate niche partitioning
shifted as vegetation and community composition changed. Under-
standing the potential diets and spatial use of extinct Miocene herbi-
vores will help us understand: 1) if ungulate niche partitioning reflects
modern patterns, and 2) how ungulate communities changed and
evolved in response to the occurring climatic and vegetation change.

The extensive fossil record of Oregon is ideal for expanding our
knowledge of Miocene changes in ungulate diversity and ecology. Pre-
vious work has suggested that Oregon follows many of the same envi-
ronmental and vegetation trends seen elsewhere in North America, with
species diversity decreasing after the MMCO (Kohn and Fremd, 2007).
However, paleosol evidence suggests that during the MMCO Oregon
received more rainfall than the Great Plains (Bestland et al., 2008).
Additionally, unlike the Great Plains, Oregon has a long history of tec-
tonic activity. During the Oligo-Miocene the Cascades were uplifted
(Bershaw et al., 2019; Pesek et al., 2020), the large Columbia River flood
basalts were deposited (Reidel et al., 2013; Cahoon et al., 2020), and
Basin and Range extension propagated into the state (Dickinson, 2002).
Work on modern mammals and fossil assemblages have shown that
areas with complex topography have higher species richness because
they provide a higher variety of habitats (Badgley et al., 2017; Badgley
et al., 2017; Loughney et al., 2021; Smiley et al., 2024). It has been
hypothesized that the combination of tectonic changes in topography
and climate change during the MMCO increased habitat and species
richness in Oregon (Kohn and Fremd, 2007). The long history of tectonic
and volcanic events in Oregon makes it a key place for expanding our
understanding of how ungulate diversity and community structure
changed during the Oligo-Miocene. Ungulate diversity in Oregon could
have changed differently than Great Plains communities given the
additional forcings from topographic change, less extreme precipitation
changes, and potentially more heterogeneous environments.

In this study we use stable carbon and oxygen isotope analyses of
tooth enamel from three Oregon fossil assemblages, to reconstruct un-
gulate ecology, resource partitioning, and isotopic niche breadth. Stable
isotope work can give a more detailed picture of ungulate diet than tooth
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morphology alone and can provide a picture of how niche partitioning
changed as browser diversity fell. Additionally, morphology used in
conjunction with fossil enamel stable isotope compositions has proven
to be a useful method for identifying dietary-niche differences and
partitioning in co-occurring extinct taxa, allowing for insights into the
evolutionary changes that have led to our current herbivore community
(Bibi, 2007; Pardi and DeSantis, 2021). This study expands on previous
isotopic work on Oregon fossil mammals (Maguire, 2015; Drewicz and
Kohn, 2018), which mostly focused on equids. Specifically, we are
interested in answering the following questions: 1. Is there isotopic ev-
idence that Oregon Oligo-Miocene ungulate species partitioned avail-
able plant-food resources in a purely Cs environment? 2. Did dietary
diversity and/or niche partitioning change through the Oligo-Miocene?

2. Materials and methods
2.1. Specimens

We present a compilation of new (n = 134) and previously published
(n = 77) tooth enamel §'°C (Maguire, 2015; Drewicz and Kohn, 2018)
from fossil specimens representing 29 taxa from the John Day Formation
Turtle Cove Member (~32-26 Ma; Fisher and Rensberger, 1972;
Albright IIT et al., 2008; Mohr et al., 2025), the Mascall Formation
(~16-13 Ma; Maguire et al.,, 2018), and the Rattlesnake Formation
(~7.3-6.9 Ma; Streck and Grunder, 1995; Prothero et al., 2006). The
geographical and temporal position of the formations included in this
analysis are shown in Fig. 1. We present 5'80 values for the unpublished
analyzed enamel samples (n = 134). We refrain from aggregating pre-
viously published §'%0 into our analyses as many of the previously
published values were not corrected for the temperature-dependent
isotopic fractionation between CO, and tooth enamel carbonate,
which is known to affect comparability (Passey et al., 2007). Method-
ological and condition differences between labs have been shown to
result in different 880 results and could lead to incorrect interpretations
(Chesson et al., 2019; Pestle et al., 2014).

New measurements for this study were taken from fossil material
housed in both the Museum of Natural and Cultural History (UOMNH)
and the John Day Fossil Beds National Monument (JODA). In total, our
analyses include previously published and new isotopic measurements
from 211 specimens. Complete specimen details, isotopic values, and
specimen publication details can be found in Supplemental material 1.

The stable isotope data reported in this study include teeth sampled
by one of the authors (D.R.) and analyzed in the University of Oregon
Stable Isotope Laboratory in 2021 as well as teeth sampled by one of us
(J.H.) and analyzed in the University of Wyoming Stable Isotope Facility
in 2010. Given that stable isotope analysis is destructive and some of the
ungulates from these formations have thin enamel, all but one specimen
included in the initial University of Wyoming study were not re-
sampled.

2.2. Sampling, pretreatment, and isotope analysis

Enamel samples were collected from fossil teeth using a rotary hand
drill with a diamond bit, removing ~3-4 mg of powdered enamel. We
prioritized sampling from a previously damaged or non-diagnostic re-
gion of the tooth. Broken teeth, while sometimes being not as diagnostic
for species identification, provide the added benefit of more easily dis-
tinguishing enamel from dentin, or matrix. This sampling approach also
reduces impact on the fossil collections by sampling regions that can’t be
used for microwear or morphological analysis.

Tooth enamel samples (n = 91) analyzed at the University of Oregon
Stable Isotope Laboratory were pretreated for 15 min. Using 0.1 M
buffered acetic acid to remove any secondary carbonate, following
methods outlined in Koch et al. (1997) and Pellegrini and Snoeck
(2016). Following pretreatment, samples were rinsed to neutrality using
Type 1 ultrapure water, dried overnight at 60 °C. Approximately 600 ug
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Global and local isotopic records for the last 30 million years. Gray boxes represent the geochronological sequence and geographic location of the formations
included in this study. Map of Oregon shows the geographic location of the formations included in this study, with John Day Formation Turtle Cove Member localities
represented by circles, Mascall Formation localities represented by diamonds, and the Rattlesnake locality represented by a triangle. (A) Benthic foraminifera stable
carbon isotope dataset from Westerhold et al. 2020. (B) Benthic foraminifera stable oxygen dataset from Westerhold et al. 2020. (C) Compiled soil carbonate stable
carbon isotope data. Yellow line represents data from Takeuchi et al., 2010 and green line represents data from Retallack et al. 2004. (D) Compiled stable oxygen
dataset from Kukla et al., 2022. Solid line represents data from soil carbonate samples and the dashed line represents data from clay samples. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

of enamel powder was added to 4.5 ml Exetainer vials, and CO, was
liberated from pretreated tooth enamel via a 1-h phosphoric acid
(H3PO4) digestion at 70 °C. Liberated CO, was analyzed using a Thermo
Gas Bench II coupled with a Thermo MAT 253 isotope ratio mass
spectrometer in the University of Oregon Stable Isotope Laboratory.
Temperature dependence of oxygen isotopic acid fractionation was
corrected for (Passey et al., 2007) using apparent fractionation factors
(a*) reported in Kusaka and Nakano (2014). Stable isotope ratios were
normalized to the Vienna Pee Dee Belemnite (VPDB) scale using internal
calcite and tooth enamel reference materials that were analyzed
alongside the samples for each run. Analytical reproducibility is indi-
cated by the standard deviation of the standards (Carrara marble, USGS-
44, TAEA-CO-8, FBS, MBS), which was 0.2 %o for both §'3C and 5'®0.
Tooth enamel samples (n 43) analyzed at the University of
Wyoming Stable Isotope Facility were pretreated with 30 % hydrogen
peroxide to remove organics and 0.1 M buffered acetic acid to remove
secondary carbonate, following the methods of Koch et al. (1997).
Samples were rinsed with deionized water, freeze dried, and at least 700
ng to was placed into headspace vials that were subsequently flushed
with helium. These specimens were allowed to react with phosphoric
acid for 24 to 48 h at room temperature prior to the liberated CO; being
analyzed using a Thermo Gas Bench II coupled with a Thermo Finnigan
DeltaPlus XP Continuous Flow stable isotope ratio mass spectrometer.
We assume that temperature dependent acid fractionation of tooth
enamel is the same as the calcite standards for reactions at room

temperature (i.e. temperatures near 25 °C) (Passey et al., 2007; Chesson

et al., 2019). Carbon and oxygen isotope ratios were normalized to

Vienna Pee Dee Belemnite (VPDB) using calcite lab standards (UWSIF 18

and UWSIF 06). Reproducibility is indicated by the standard deviation of

standards (NBS-120C, UWSIF 17, UWSIF 18, UWSIF 06) analyzed

alongside the fossil samples, which was 0.2 % for both 5'3C and 5'®0.
Isotopic data are reported in standard delta (%o) notation:

613C = [(Rsample/Rstandard) - 1} x 1000

Where R is the ratio of the abundance of the heavy and light isotopes.

2.3. Isotopic ecological interpretations

2.3.1. Predicting carbon isotope values for Oligo-Miocene mammals

The carbon isotope composition in plants depends on the photo-
synthetic pathway used by specific plant species. Cs plants, which
photosynthesize using the Calvin Cycle, have a mean §'3C value of
approximately —28.5 %o and include many trees, herbs, and cool-
growing-season grasses (Ehleringer et al., 1991; Kohn, 2010). C4
plants, which include warm-growing-season grasses and sedges, photo-
synthesize carbon using the Hatch-Slack cycle and have a mean §'3C
value of approximately —13 %o (Ehleringer et al., 1991; Cerling et al.,
1997). Among Cs plants, carbon isotope variation is influenced by dif-
ferences in light intensity, temperature, canopy cover, and water stress,
resulting in a wide range in carbon isotope values (613C) from —20 %o to
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—37 %o in plant tissues (Farquhar et al., 1989; Kohn, 2010), with lower
813C in closed, humid habitats and higher §'C in more dry and open
habitats (Farquhar et al., 1989; Kohn, 2010). The variation in s8¢
values of Cg plants makes it possible to reconstruct aspects of the diets of
organisms that fed on Cs plants (Cerling et al., 1997; Feranec, 2007a,
2007b). Previous stable carbon isotope analyses of extant ungulate tooth
enamel have successfully detected diet variations among species in
purely Cg systems (Feranec, 2007a, 2007b), which is promising because
Oregon has long been in a climatic zone that favors C3 plants over C4
plants (Ehleringer and Cerling, 2002) and past studies show no evidence
for C4 plants at these fossil localities (Drewicz and Kohn, 2018; Maguire,
2015). Tooth enamel is preferred for paleontological studies because it is
more resistant to isotopic alteration (Koch, 2007). The carbon isotope
composition of mammalian tooth enamel reflects the carbon isotope
composition of diet during the period of tooth formation, and among
medium- to large-bodied mammalian herbivores the carbon isotope
enrichment between enamel and diet is 14.1 + 0.5 %o (Cerling and
Harris, 1999).

In this study, we use the 5'3C of fossil tooth enamel to evaluate the
reliance of extinct mammals on dietary resources from closed canopy
forests to open water-stressed C3 ecosystems. For each fossil assemblage,
we estimate 5!3C ranges for closed canopy, non-closed canopy Cs, and
water-stressed Cg environments, as well as the maximum dietary value
given a purely Cs environment. These estimated ranges are based on
5'3C of modern Cg flora (Kohn, 2010) adjusted for diet-enamel enrich-
ment (Cerling and Harris, 1999) and change in 513C of atmospheric COy
through geologic time (Tipple et al., 2010) (see Supplemental material 2
for details and calculations).

The expected carbon isotope composition of open and closed Cs
biomass can also depend on other factors, such as plant parts (Metcalfe,
2021), and the light intensity, temperature, and water stress they
experience (Farquhar et al., 1989; Kohn, 2010; Metcalfe, 2021). Seeds
and flowers have been shown to have elevated §!°C compared to leaves
(Metcalfe, 2021) and new leaves have elevated 513C compared to mature
leaves (Vogado et al., 2020). Therefore, we cannot say that some of the
isotopic differences found in our study are solely because the ungulates
were eating plants in different microhabitats. Consumption of different
plant parts, or different plants across microhabitats, could potentially
result in similar isotopic enamel records. Eating plants in different
habitats, eating different plant parts, or eating plant material at different
foraging heights, are common resource partitioning strategies for un-
gulates to reduce competition and are important aspects of ungulate
communities with high species richness (Pansu et al., 2022; Potter et al.,
2022). Therefore, isotopic niches that we estimate likely represent many
foraging strategies.

2.3.2. Oxygen isotopes in mammalian tooth enamel

The oxygen stable isotope composition of mammalian tooth enamel
is mostly determined by the ingested water isotopic composition and the
physiology and hydration requirements of the taxa (Bryant and Froelich,
1995; Kohn, 1996). Ungulates ingest water from two sources: meteoric
water, or water from consumed plants. The 5'%0 of meteoric water is
determined by climate influences such as temperature and can shift
through geologic time as global temperature and precipitation sources
change (Rozanski et al., 1992; Fricke and O’Neil, 1999).

Within ecological communities, relative 5'%0 can indicate the
drinking habits of taxa (Levin et al., 2006). Some ungulates are
considered obligate drinkers (e.g., modern horses and rhinos), as they
obtain most of their water from available bodies of water, which usually
have undergone minimal evaporation (Kohn, 1996). Other ungulates are
considered drought-resistant or drought-tolerant (e.g., modern goats
and gazelles), and either have physiological adaptations allowing them
to drink less water or they obtain most of their ingested water from the
plant material they consume (Kohn, 1996; Levin et al., 2006). Within a
community, the tooth enamel 5'80 values will largely reflect these water
consumption differences, with obligate drinkers having lower §'%0
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values than drought-resistant species (Blumenthal et al., 2017; Faith,
2018; Kohn, 1996; Levin et al., 2006). This pattern is largely because leaf
water will have higher §'80 values due to increased evaporation from
the leaf when compared to the surrounding meteoric water (Levin et al.,
2006; Yakir et al., 1990). The leaf §'80 enrichment due to evaporation
increases as aridity and solar radiation increases.

2.3.3. Hypsodonty and estimating body mass

Morphology and past studies of tooth wear and microwear can
inform which dietary strategy is most likely for a given organism within
a community. Craniodental morphology has been shown to correlate
with diet in ungulates and has been very useful when paired with other
diet proxies (Mihlbachler et al., 2011; Pardi and DeSantis, 2021). To
complement the isotopic data and provide a multiproxy understanding
of the ecology of these extinct ungulates, we collected data on both the
body mass and tooth crown height for each taxon. We used published
sources (Janis et al., 2004) and the NOW database (New and Old Worlds
Database of fossil mammals) (The NOW Community, 2024) to classify
taxa as having as brachydont, mesodont, or hypsodont teeth. The clas-
sifications in Janis et al., 2004 and the NOW database are based on a
hypodonty index calculated from the ratio of the lower third molar (m3)
crown height and tooth width at the occlusal surface. Taxa with m3s that
have a hypsodonty index of <1.5 are considered brachydont, hyp-
sodonty index of 1.5-3 are considered mesodont, and hypsodonty index
>3 are considered hypsodont (Janis, 1988). The NOW database draws
from available published information (e.g., Janis et al., 1998) and but
also uses the upper second molar (M2) for scoring dental characteristics
when it is appropriate (Zliobaité et al., 2016). Taxa listed as sub-
mesodont (i.e., Ticholeptus and Merychippus) in Janis et al. (2004)
were categorized as mesodont because they were listed as mesodont in
the NOW database. Body masses were reconstructed using the lower first
molar (m1) area and regressions from Legendre (1986). All body mass
reconstructions, except those for members of Rhinocerotidae, were done
using the all-mammal regression equation. The body masses for mem-
bers of Rhinocerotidae were reconstructed using the large-mammal
regression equation after it was observed that their body mass re-
constructions using the all-mammal equation were larger than expected.
Data for the m1 area were compiled from the Paleobiology Database
with additional information from published descriptions (see Supple-
mental material 3 for all for measurements, calculations, and refer-
ences). If a species m1 was not available, other members of the genus or
a genus average were used (see Supplemental material 3 for details).

2.4. Data analysis

All statistical analyses and data visualizations were performed using
the ‘R’ statistical software version 4.3.2 (R Core Team, 2023). Levene’s
test was used to test for differences in variance before selecting para-
metric or non-parametric methods for comparisons (‘car’ package; Fox
and Weisberg, 2019). To compare formations to one another we per-
formed one-factor analysis of variance (ANOVA) followed by a post hoc
Tukey test which provided pairwise comparisons between the forma-
tions (‘stats’ package; R Core Team, 2023). To test for isotopic niche
partitioning between taxa in a formation we used ANOVAs and post hoc
Tukey tests to test for differences in mean 5'3C. We used non-parametric
Kruskal-Wallis rank sum test and a following Wilcoxon rank-sum test for
communities whose taxa had significantly different variance (‘stats’
package; R Core Team, 2023).

3. Results

Summary statistics for individual taxa from the combined §'3C data
from this study, Maguire (2015), and Drewicz and Kohn (2018) can be
found in Table 1. Fig. 2 shows all 513C measurements in relation to
estimated diets in closed-canopy to water-stressed C3 environments.
Number of specimens sampled, median, mean and standard deviation of
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Table 1
Mean 8'3C (%o), S.D. 6'°C (%.), and number of specimens measured for this
study, Maguire, 2015, and Drewicz and Kohn, 2018.

Formation Taxon 5'3C Mean S.D. Max Min
(%0) 3%C 3'3C (Y 3¢
n (%n) (%a) (%n) (%n)
Rattlesnake  Hipparion 6 -10.53 0.68 -9.4 -11.5
Rattlesnake  Pliohippus 9 —10.52 0.63 —9.8 -11.6
Rattlesnake  Antilocapridae 13 —9.86 1.00 -85 -11.5
Rattlesnake ~ Camelidae 4 —11.10 0.80 -10.1 -11.8
Rattlesnake  Tayassuidae 7 —10.89 0.76 —9.5 -11.9
Rattlesnake  Rhinocerotidae 9 —-10.56 0.89 —-9.4 -12.2
Rattlesnake  Neohipparion 1 -9.90 NA NA NA
Mascall Tayassuidae 1 —8.30 NA NA NA
Mascall Archaeohippus 9 —8.87 0.77 -7.1 -9.9
Mascall Dromomeryx 8 -10.26 1.06 -8.7 -11.9
Mascall Acritohippus 6 -10.92 0.90 -9.9 -12.5
Mascall Ticholeptus 9 -11.33 1.51 -9.3 -13.1
Mascall Rhinocerotidae 6 —10.05 0.88 -9.4 -11.7
Mascall Merychippus 51 -10.55 0.82 —8.82 -12.4
Mascall Parahippus 7 -10.79 0.92 -9.29 -11.74
Mascall Desmatippus 3 -10.32 0.29 —9.99 —10.56
Mascall Blastomeryx 1 —9.50 NA NA NA
Turtle Cove  Tayassuidae 6 —9.65 1.06 -8.3 -11.2
Turtle Cove  Miohippus 9 —10.01 0.91 -8.7 -11.8
Turtle Cove  Hypertragulus 2 —-10.70 0.71 -10.2 -11.2
Turtle Cove  Eporeodon 8 —12.30 0.86 -10.7 —13.4
Turtle Cove  Archaeotherium 8 -11.38 1.28 -9.3 -13
Turtle Cove  Diceratherium 12 -10.33 0.81 -9 -11.5
Turtle Cove  Agriochoerus 5 —10.68 0.59 -10.1 -11.6
Turtle Cove  Mesohippus 3 -10.83 0.61 -10.3 -11.5
Turtle Cove  Nanotragulus 3 -10.87 0.32 -10.5 -11.1
Turtle Cove  Paroreodon 2 —11.20 0.99 —-10.5 -11.9
Turtle Cove  Merycoidodont 3 -13.20 1.35 -11.9 —-14.6

the combined 5'3C and 5'%0 separated by formation can be found in
Table 2.

3.1. Family level summaries

3.1.1. Tayassuidae

In total, fourteen tayassuid teeth were sampled for this study, seven
from the Rattlesnake Formation, six from the John Day Formation, and
one from the Mascall Formation. §'3C values range from —11.9 %o to
—8.3 %o. The highest 5!°C value was observed both in the John Day
specimens (—8.3 %o), and the single Mascall specimen (—8.3 %o). 5%
values range from —9.8 %o to —3.5 %o.

3.1.2. Entelodontidae

Eight Archaeotherium specimens from the John Day Formation were
sampled for this study. They show a wide range of 8'°C values, from
—13.0 %o to —9.3 %o (mean = —11.4 + 1.3 %o), the widest s8¢ range
recorded within a single taxon across all formations (3.7 %o). 5180 values
range from —8.4 %o to —5.4 %eo.

3.1.3. Merycoidodontoidea

Nineteen specimens were sampled for this study resulting in a total of
twenty-seven Merycoidodontoid specimens in the combined 5'3C data-
set (Drewicz and Kohn, 2018). The 8'3C values for all Merycoidodontoid
specimens range from —14.6 %o to —9.3 %o. These include Agriochoerus
antiquus (n = 5), Eporeodon (n = 8), Paroreodon (n = 2), unidentified
merycoidodonts (n = 3) from the John Day Formation, and Ticholeptus
(n = 9) from the Mascall Formation. 820 values range from —10.3 %o to
—1 %o.

3.1.4. Hypertragulidae

Five specimens were sampled for this study from the John Day For-
mation and yielded 5!°C values ranging from —11.2 %o to —10.2 %o and
5180 values ranging from —6.2 %o to —3 %o.

Palaeogeography, Palaeoclimatology, Palaeoecology 677 (2025) 113173

3.1.5. Dromomerycidae/Moschidae

Eight Dromomeryx specimens and one Blastomeryx specimen were
sampled for this study from the Mascall Formation. In the combined
dataset, 5!C values for Dromomeryx range from —11.9 %o to —8.7 %o
with a mean of —10.3 + 1.1 %o. The single Blastomeryx specimen
recorded a §'3C value of —9.5 %o. 5'80 values range from —10 %o to
—3.5 %o for Dromomeryx and the single Blastomeryx sample had a §'%0
value of —10 %o.

3.1.6. Antilocapridae

Thirteen Antilocapridae teeth were sampled for this study, all from
the Rattlesnake Formation. 5!3C values range from —11.5 %o to —8.5 %,
with a mean of —9.9 =+ 1.0 %o. They also have the highest §!3C values in
the Rattlesnake assemblage. 5'80 values range from —11.1 %o to —2.1

%o.

3.1.7. Camelidae

Four camelid specimens were sampled for this study, all from the
Rattlesnake Formation. 8'>C values for Camelidae range from —11.8 %o
to —10.1 %o, with a mean of —11.1 + 0.8 %.. 5'80 values for these
specimens range from —9.1 %o to —6.3 %e.

3.1.8. Equidae

Thirty-nine equid specimens were sampled for this study, contrib-
uting to a total of one hundred and four equid specimens in the com-
bined §'3C dataset (includes data from Maguire, 2015 and Drewicz and
Kohn, 2018). These specimens represent ten genera: Mesohippus (n = 3),
Miohippus (n = 9) from the John Day Formation, Acritohippus (n = 6),
Archaeohippus (n = 9), Desmatippus (n = 3), Parahippus (n = 7), and
Merychippus (n = 51) from the Mascall Formation, and Pliohippus (n = 9),
Neohipparion (n = 1), and Hipparion (n = 6) from the Rattlesnake For-
mation. In terms of §!3C, values range from —12.5 %o (Acritohippus) to
—7.1 %o (Archaeohippus). The highest mean 5'3C value is observed in
Archaeohippus (—8.9 + 0.8 %o, n = 9), while the lowest mean is in
Acritohippus (—10.9 + 0.9 %o, n = 6). 5'80 values range from —12.3 %o
(Pliohippus) to —2.6 %o (Archaeohippus).

3.1.9. Rhinocerotidae

Twenty-three specimens were sampled for this study, contributing to
a total of twenty-seven rhinocerotid specimens in the combined dataset,
encompassing individuals identified as either Diceratherium or more
generally as Rhinocerotidae. These specimens are distributed across
three formations: Turtle Cove (n = 12), Rattlesnake (n = 9), and Mascall
(n = 6). §'3C values range from —12.2 %o to —9.0 %o. The lowest 513C
value is from a Rattlesnake Formation specimen. 580 values range from
—12.5 %o to —4.0 %eo.

3.2. Formation comparisons

Among all fossil mammals, 5'3C values show a range of —14.6 %o to
—8.3 %o for the John Day Formation (n = 62, 11 taxa), —13.1 %o to —7.1
%o for Mascall (n = 101, 10 taxa), and — 12.2 %o to —8.5 %o for the
Rattlesnake formation (n = 49, 7 taxa) (Table 2, Fig. 2). The Rattlesnake
formation has the narrowest 5!3C range but a similar §!°C median
(—10.5 %o) and 5'3C mean (—10.4 £ 0.9 %o) compared to the other fossil
assemblages. When considering all specimens, mammals from the John
Day, Mascall, and Rattlesnake Formations have similar 513C distribu-
tions (Levene test: p = 0.08). An ANOVA and Tukey test found that the
Mascall Formation has a significantly greater mean §'3C than the John
Day Formation (p = 0.029). However, the Mascall and Rattlesnake did
not have statistically different mean 8'3C (p = 0.99), nor did the John
Day Formation and the Rattlesnake Formation (p = 0.100).

Estimates of past diets based on reconstructed atmospheric 8'3C
show that all three communities fall within the bounds that were
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Fig. 2. Combined carbon data and predicted dietary composition

8'3C values of fossil tooth enamel samples from the Rattlesnake Formation (panel A), Mascall Formation (panel B), and the Turtle Cove Member of the John Day
Formation (panel C). Data is from Maguire, 2015, Drewicz and Kohn, 2018, and samples from this study which were analyzed in the University of Oregon Stable
Isotope Laboratory (UO dataset) and in the University of Wyoming Stable Isotope Facility (UW dataset). Boxplots are shaded to represent tooth height values for that
genus from Janis et al., 2004 and the NOW database. Groups where the tooth height was not found or applicable do not have shaded boxes. Points represent
measurements from individuals. For each box plot, the thicker vertical line represents the median, the box represents the interquartile range, and the lower and upper
whisker lines represent 1.5 interquartile range. Measurements outside the 1.5 interquartile range are represented with solid points. Gray dashed lines represent
boundaries between predicted diets in closed canopy to water-stressed C; environments. Predictions are based on §'3C values from modern Cs floras from Kohn, 2010
that were adjusted for diet-enamel enrichment and change in atmospheric 8'3C values through time (see supplemental for enrichment values and calculations).

estimated for a purely Cs vegetation diet (Fig. 2). Additionally, all
measurements fall above what we would expect for herbivores which
rely on food from closed canopy systems. All three communities have
some measurements that fall within the values expected for individuals
occupying a water-stressed C3 environment. Both the John Day and the
Rattlesnake communities have more values within the water-stressed C3
vegetation than the Mascall Formation, where only two specimens show
813C above the threshold of —8.5 %o.

3.3. Within community comparisons

In the John Day Formation, the tayassuid specimens have the most

positive mean 813C value (=9.7 + 1.1 %o) and the most positive indi-
vidual value at —8.5 %o. Miohippus has the next most positive mean 53¢
value (—10.0 £ 0.9 %o). The most negative mean 5'3C value belongs to
the unidentified merycoidodonts (—13.2 + 1.4 %o). Eporeodon has the
second lowest mean §'°C values (—12.3 + 0.9 %o) in the John Day
Formation community (Fig. 2C). Levene’s test did not find a significant
difference in variance among the John Day formation taxa (p = 0.51).
ANOVA and Tukey test results show that there are eight taxon pairs in
the John Day Formation that have significantly different mean 5'3C
values (ANOVA p < 0.0001; Tukey test results Table 3). The mean s'3¢
of unidentified merycoidodonts is significantly lower than both Agrio-
choerus (p = 0.002) and Diceratherium (p < 0.001). Eporeodon was found
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Table 2

Mean, Median, standard deviation, and range of 8'3C (%o), and number of
specimens measured for each formation. These values are based on measure-
ments taken for this study, Maguire, 2015, and Drewicz and Kohn, 2018. Mean,
Median, standard deviation, and range of 580 (%o), and number of specimens
measured for each formation from §'%0yo.

Formation n Median §'3C Mean 8'°C S.D. Range

(%0) (%0) (%0) (%0)
Rattlesnake 49 -10.5 —10.4 0.88 3.7
Mascall 101 -10.4 —10.42 1.07 6
John Day 62 -10.7 -10.87 1.28 6.3

n Median §'%0 Mean 520 S.D. Range

(%0) (%0) (%0) (%0)
Rattlesnake 23 -7.5 -7.29 1.99 8
Mascall 21 —6.1 —6.25 2.09 7.4
John Day 47 —6.9 —6.59 2.11 9.3

to have a significantly lower 8'3C mean value than Diceratherium (p =
0.0013), Miohippus (p = 0.0003), and the tayassuid specimens (p =
0.0001). Additionally, the tayassuid specimens have significantly higher
mean 8'°C than the unidentified merycoidodonts (p < 0.0001) and
Archaeotherium (p = 0.004). Archaeotherium has the largest range of
values (3.7 %c) in 8'3C with some individuals overlapping with
Eporeodon.

In the Mascall Formation community, Archaeohippus has the most
positive mean 513C value (—8.9 + 0.8 %) and also has the most positive
individual 5'3C value at —7.1 %. The tayassuid specimen has the second
most positive individual §'3C value at —8.3 %. Ticholeptus has the most
negative mean 5'3C value (-11.3 + 1.5 %o), the most negative indi-
vidual §'3C value (-13.1 %o), and the widest range of 513C values (3.8
%o) (Fig. 2B). A Levene’s test found that Mascall taxa have significantly
different variances in 8'3C (p = 0.0084). Kruskal-Wallis rank sum test
and the following Wilcoxon rank-sum test found that Archaeohippus has
a 5'3C distribution that significantly differs from all other taxa expect
Dromomeryx (mean — 10.3 %o 513C) (Kruskal-Wallis x%(7) = 26.131,p =
0.0005; Wilcoxon rank-sum results Table 4). Acritohippus (mean — 10.9

Table 3
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%o 513C) was previously found to differ isotopically from Archaeohippus
by Maguire (2015) and this finding holds true with our additional
samples. Ticholeptus and Archaeohippus were also found to differ signif-
icantly (p = 0.012).

In the Rattlesnake Formation, the antilocaprid samples have the most
positive mean 513C value (—9.9 £ 1.0 %o) and the most positive indi-
vidual 8!C value at —8.5 %o. The antilocaprid samples also have the
highest 8'3C range (3.0 %) compared with the other taxon sampled, but
they also have the highest sample size (n = 13). The camelid specimens
have the most negative mean 513C value (—11.1 & 0.8 %), but the most
negative individual 513C value (—12.2 %o) belongs to a Rhinocerotidae
specimen (Fig. 2A). Levene’s test did not find a significant difference in
513C variance among the Rattlesnake Formation taxa (p = 0.69). Addi-
tionally, the Rattlesnake Formation taxa do not have significantly
different mean 8'3C values from one another (p = 0.07).

3.4. Oxygen isotopes

All summary statistics for 8'%0 of individual taxa can be found in
Supplemental material 4, and Fig. 3 shows 520 results. We differentiate
5'%0 from samples analyzed at University of Oregon (‘6'%0yc’) from
those analyzed at University of Wyoming (‘6'®0yw’). When the samples
of the same taxon and geological unit are represented in both datasets,
including Dromomeryx and Ticholeptus from Mascall Formation, Anti-
locapridae, Hipparion, Pliohippus, and Rhinocerotidae from Rattlesnake
Formation, taxon mean 580y are higher by 2.9 %o compared to taxon
mean 5'%0yw. Specimen JODA 6450 is the only individual specimen
analyzed in both laboratories, yielding a similar difference of 2.7 %o in
its oxygen isotope composition (6*®0yo = —5.4 and 5'80yw = —8.1 %o).
See the Discussion for further consideration of the apparent spacing
between 6180UO and 6180UW datasets, but out of an abundance of
caution we consider 580y only for the following statistical compari-
sons (Chesson et al., 2019).

When considering all specimens, mammals from the John Day,
Mascall, and Rattlesnake Formations have similar 580 distributions
(Levene test: p = 0.72), and the formations were not found to have
significantly different mean 5'80 from one another (p = 0.23). Some

Tukey test p-values on combined 8'>C (%o) data from this study, Maguire, 2015, and Drewicz and Kohn, 2018 from the Turtle Cove Member of the John Day Formation.

Top row represents the species in the pairwise comparison.

John Day 1 2 3 4 5 6 7 8 9 10
1. Agriochoerus

2. Archaeotherium 0.9634

3. Diceratherium 0.9998 0.3603

4. Eporeodon 0.1106 0.6613 0.0013

5. Hypertragulus 1.0000 0.9975 1.0000 0.5365

6. Merycoidodont 0.0208 0.1563 0.0008 0.9362 0.1415

7. Mesohippus 1.0000 0.9985 0.9989 0.4361 1.0000 0.0961

8. Miohippus 0.9672 0.1204 0.9993 0.0003 0.9967 0.0002 0.9605

9. Nanotragulus 1.0000 0.9991 0.9981 0.4701 1.0000 0.1063 1.0000 0.9488

10. Paroreodon 0.9998 1.0000 0.9776 0.9160 1.0000 0.4195 1.0000 0.8619 1.0000

11. Tayassuidae 0.7613 0.0438 0.9245 0.0001 0.9482 0.0001 0.7783 0.9996 0.7488 0.6270

Table 4

Wilcoxon rank-sum test p-values on combined data from this study, Maguire, 2015, and Drewicz and Kohn, 2018 from the Mascall Formation. Top row represents the

species in the pairwise comparison.

1 2 3 4 5 6 7
1. Acritohippus
2. Archaeohippus 0.0151
3. Desmatippus 0.5244 0.0424
4. Dromomeryx 0.6095 0.0834 0.9553
5. Merychippus 0.5641 0.0003 0.7600 0.7059
6. Parahippus 1.0000 0.0098 0.6889 0.5244 0.7059
7. Rhinocerotidae 0.2351 0.0424 0.5244 0.7059 0.1956 0.5244
8. Ticholeptus 0.7600 0.0118 0.6745 0.4512 0.4456 0.7075 0.2418
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Fig. 3. New measurements for this study
Fossil tooth enamel §'°C and §'®0 values from §'0y0 (panels A,B,C) and 5%0uw (panels D,E). Symbols represent different species from the Rattlesnake Formation
(panels A,D), Mascall Formation (panels B,E), and John Day Formation (panel C). Lines indicate the standard deviation around the mean. Points are roughly colored
by taxonomic order with blue representing Perissodactyla, green representing Artiodactyla, pink representing the omnivorous Tayassuidae and Archaetherium. (For
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taxa that have significantly different mean §'3C also differ in average
5180 values. Levene tests were non-significant for differences in 5'%0
variances among taxa for all formations (John Day p = 0.26, Mascall p =
0.062, Rattlesnake p = 0.25). Both Fig. 3 and ANOVA results indicated
that both the Rattlesnake fauna (p = 0.349) and Mascall fauna (p = 0.99)
do not have significantly different mean oxygen isotopic values from
other taxa in the community.

In the John Day Formation, ANOVA and Tukey test results show that

there are six taxon pairs differ significantly in 5!80 (Table 5). Many of
these pairs include Eporerodon and Agriochoerus. Eporeodon differs from
the other ungulates in having both low 50 (mean = —9.2 + 0.9 %o)
(Fig. 3C). Diceratherium also has a low 5'%0 (mean = —8.1 + 1.1 %o)
compared with the other ungulates and is significantly lower than
Agriochoerus antiquus (5180 = —3.9 + 2.6 %o) (p = 0.0013) and Hyper-
tragulus (5180 = —3.7 + 0.1 %) (p = 0.028). Additionally, Agriochoerus
antiquus has a wide spread of §'%0 values (maximum = —7.3 %o,
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Table 5
Tukey test p-values on 580 (%0) measurements from 580y from the Turtle Cove Member of the John Day Formation. Top row represents the species in the pairwise
comparison.

Turtle Cove 1 2 3 4 5 6 7 8 9

1. Agriochoerus

2. Archaeotherium 0.0541

3. Diceratherium 0.0013 0.8524

4. Eporeodon 0.0016 0.4732 0.9874

5. Hypertragulus 1.0000 0.2523 0.0279 0.0131

6. Mesohippus 0.9025 0.9605 0.3539 0.1559 0.9387

7. Miohippus 0.0537 1.0000 0.9142 0.5500 0.2389 0.9489

8. Nanotragulus 0.9991 0.5899 0.0763 0.0355 0.9988 0.9996 0.5643

9. Paroreodon 0.9401 0.9908 0.6112 0.3042 0.9540 1.0000 0.9868 0.9997

10. Tayassuidae 0.0288 1.0000 0.9933 0.7759 0.1559 0.8524 1.0000 0.3998 0.9481
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Fig. 4. Body mass and hypsodonty data
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Tooth height and body mass (natural log of kg) estimates for extinct ungulate species from the Rattlesnake Formation (A), Mascall Formation (B), and John Day
Formation (C). Hypsodonty categories are brachydont (B), mesodont (M), and hypsodont (H). Points are roughly colored by taxonomic order with blue representing
Perissodactyla, green representing Artiodactyla, pink representing the omnivorous Tayassuidae and Archaetherium. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

minimum = —1.0 %o) and the most positive 5!%0 values recorded in the
community.

3.5. Hypsodonty and estimated body masses

Reported hypsodonty data indicate that the average tooth crown
height increased through time in the Oregon ungulate communities
(Fig. 4). All the ungulate species found within the Turtle Cove Member
of the John Day Formation have brachydont teeth. In contrast, the
Rattlesnake Formation hosts many equids with hypsodont teeth and the
only ungulates with brachydont teeth are tayassuids. Body-mass esti-
mates show a similar pattern with the John Day Formation and Mascall

Formation hosting many more small-bodied ungulate species while the
majority of taxa found in the Rattlesnake Formation have masses at or
above 100 kg. The most functionally diverse ungulate community ap-
pears to be the Mascall Formation. It is diverse in number of species and
in the spread of degree of hypsodonty and body mass. Few taxa overlap
in either category in the Mascall Formation. Our §'3C data paired with
the reported hypsodonty data (Fig. 2) show no consistent pattern of
brachydont taxa having lower average §'C than more hypsodont taxa.

4. Discussion

The large compilation of data we present for these three Oregon
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fossil assemblages suggests that after the MMCO, ungulate diversity and
dietary-niche partitioning changed likely in response to environmental
dynamics. 8'3C data paired with the reported hypsodonty data provide
the strongest evidence for this shift.

4.1. Niche partitioning in the Miocene of Oregon

In this study, the variation in trait combinations (i.e., body mass and
tooth-crown height) paired with the isotopic evidence, suggest that
ungulate ecology, and likely niche partitioning, in the Oregon ungulate
communities shifted during the Oligo-Miocene. Dietary-niche parti-
tioning is thought to facilitate high species richness in ungulate com-
munities by reducing competition (Pansu et al., 2022). Our results
provide isotopic evidence that ungulates consumed isotopically different
plant-food resources in the Turtle Cove Member of the John Day For-
mation and the Mascall Formation. Both the John Day Formation and
the Mascall Formation have been reconstructed as a mosaic open-
woodland landscape with a diversity of microhabitats available to
terrestrial mammal species (Retallack et al., 2000; Retallack, 2009;
Bestland et al., 2008; Samuels et al., 2015; Maguire, 2015). The
complicated and heterogeneous landscape would have allowed for some
organisms to consume plants from wooded, more well-shaded patches
(lower 613C) as well as more open patches (higher 613C). The Miocene
communities likely used common partitioning strategies observed in
modern ungulate communities, including eating plants in different
habitats, eating different plant parts, or eating plant material at different
foraging heights (Pansu et al., 2022; Potter et al., 2022). The isotopic
data provide evidence of resource partitioning that is not apparent from
the tooth morphology and body size data alone.

4.1.1. John day Formation

In the Turtle Cove Member of the John Day Formation, the relatively
lower 5'3C and 8'30 of the Eporeodon samples suggest that the dietary
ecology of Eporeodon differed from other ungulates in the community,
especially Diceratherium, Miohippus, and the Tayassuidae. Diceratherium,
Miohippus, and members of the Tayassuidae, all have measurements
with 8'3C values above our reconstructed cutoff for water-stressed Cs
plants. Eporeodon has measurements that are below the average §'3C for
Cs (Fig. 2C).

Previous studies have suggested that Eporeodon has mesowear pat-
terns consistent with mixed feeders or browsers that consumed a fair
amount of grit (Mihlbachler and Solounias, 2006). Diceratherium and
Miohippus have also been hypothesized as being browsing organisms
given their brachydont molars and the mesowear patterns of Miohippus
(Mihlbachler et al., 2011). Our §'3C data, however, provide evidence
that at these Oregon localities Eporeodon differed in its eating habits
from both Diceratherium and Miohippus more than what would be ex-
pected given just morphological data. The relatively low average 5'3C
for Eporeodon could reflect browsing in more densely vegetated areas or
consuming more mature leaves. In contrast, Miohippus and Diceratherium
could have been consuming more Cg grass. This interpretation does
agree with microwear patterns for Miohippus, which suggest that it
consumed low-abrasion Cg grass (Semprebon et al., 2016).

Comparing the results for all the Merycoidodontoidea taxa in the
assemblage, especially Agriochoerus antiquus and Eporeodon, show that
the merycoidodont group had diverse ecologies during this time. In our
study, mean 8'3C for A. antiquus did not differ significantly from that of
Eporeodon but it did have a significantly higher §'%0 than Eporeodon
(Fig. 3C and Table 5). Agriochoerus antiquus from the White River Group
in Nebraska had elevated 5'%0 relative to the other organisms in the
community, which is similar to our results (Boardman and Secord,
2013). However, in the White River group A. antiquus also had relatively
higher 5!3C than the other organisms in the community, suggesting it fed
in more open areas on the landscape (Boardman and Secord, 2013). Our
results do support the suggestion that A. antiquus could have relied less
on drinking for their water needs and our results suggest that Eporeodon
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did not share this tendency.

4.1.2. Mascall Formation

In the Mascall Formation, Ticholeptus, the only merycoidodontoid in
the assemblage, has the lowest 5'3C in the community. This result is
interesting, as past work suggested that Ticholeptus likely occupied more
open habitats than other merycoidodontoids, based on its relatively
higher-crowned teeth (Lander, 1998). While our isotopic evidence does
not indicate closed-canopy habitat use, the wide range of 5'3C values,
coupled with Ticholeptus’ notably lower 5'3C values, suggests a diverse
diet that incorporated a range of plant resources. These isotopic results
agree with past suggestions that based on mesowear, Ticholeptus was a
mixed feeder but still had browsing tendencies like the rest of the
members of the Merycoidodontoidea (Mihlbachler and Solounias,
2006). Another mesowear and microwear study suggested that Ticho-
leptus was likely a fruit and leaf browser (Semprebon et al., 2019) which
also would be consistent with our isotopic findings.

In contrast to Ticholeptus, Archaeohippus has some higher 5'3C values
suggesting they consumed foods in drier environments or plant parts
that have experienced more water stress. Because of its small body size
and low crowned teeth, Archaeohippus’s 5'3C values have been hy-
pothesized to reflect a diet of crown or young leaves from low bushes as
opposed to the Cg grasses that would have grown in the more open part
of the environment at the time (Maguire, 2015). Additionally, micro-
wear patterns sporting large puncture-like pits suggest that Archae-
ohippus incorporated fruit into its diet (Semprebon et al., 2016) which
also could explain the higher 513C values (Metcalfe, 2021). Paleobo-
tanical and paleopedology evidence from the Mascall suggest a humid
temperate climate with dry-warm summers similar to Mediterranean
climates and cool winters similar to continental climates (Chaney, 1956;
Chaney, 1959; Bestland et al., 2008; Dillhoff et al., 2009). This envi-
ronment would have supported fruit and nut bearing trees which both
Ticholeptus and Archaeohippus could have consumed.

Although past microwear evidence indicates that both Ticholeptus
and Archaeohippus were frugivorous browsers (Semprebon et al., 2016,
2019), and morphological evidence suggests they were similar in size,
our isotopic results indicate that it is likely that Ticholeptus and
Archaeohippus consumed foods in different parts of the landscape.
Archaeohippus likely relied on more open patches for food, while
Ticholeptus consumed food from a range of closed to more open patches.
Potentially, Archaeohippus had an ecology similar to the modern
Southern Pudu (Pudu pudu), which prefers forests with thick un-
derstories for cover from predators, but feeds on young leaves, fruits,
and flowers in forest edges and open shrublands (Jiménez, 2010).
Although we found no isotopic evidence for thick closed canopies in the
Mascall there likely were areas of thicker vegetation for smaller un-
gulates such as Archaeohippus to seek refuge when threatened (Chaney,
1956; Chaney, 1959).

4.1.3. Rattlesnake Formation

In contrast to the John Day and Mascall Formations, the 5'3C values
suggest that the Rattlesnake Formation ungulates were eating isotopi-
cally similar foods. Additionally, the Rattlesnake fauna is more homo-
geneous in terms of body mass and tooth height compared with the
Mascall Formation. Body mass and hypsodonty estimates show that
within the Rattlesnake Formation, most of the ungulates were large
bodied with mesodont or hypsodont teeth. The lack of isotopic variation,
paired with the decrease in body mass and tooth height diversity, sug-
gests that 1) the Rattlesnake Formation had a more homogeneous flora
than pre MMCO localities, 2) the niche partitioning mechanisms shifted
post MMCO, or 3) niche overlap increased between ungulates after the
MMCO. A combination of these factors is also possible.

The post-MMCO change in ungulate community structure found in
our study parallels the patterns seen in both modern environments and
other fossil localities. Modern grazer-dominated communities have been
shown to have higher niche overlap in plant taxa consumption than
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browser dominated communities (Pansu et al., 2022) which our data
seem to be consistent with. Plant taxa partitioning was also shown to be
greater between species of different sizes (Pansu et al., 2022), which is
also consistent with our data given that the Rattlesnake ungulate com-
munity has fewer small-bodied taxa. Additionally, most of the Rattle-
snake Formation ungulates have hypsodont teeth, which have been
shown to allow ungulates to eat a wide variety of plant material (Pardi
and DeSantis, 2021). Unlike many browsing organisms, which often
have specialized diets, organisms that have grazing adaptations (i.e.,
hypsodont teeth) are not limited by their morphology to just consuming
grass, and can have broad diets that include browse (Pardi and DeSantis,
2021). Therefore, the diets of the ungulates in the Rattlesnake Forma-
tion could have been wide and varied, which would mix the plant iso-
topic signals and result in relatively homogeneous isotopic niches. For
instance, antilocaprids today have high-crowned teeth but are known to
consume a wide variety of plants with a preference for browse, sage-
brush, and forbs (O’Gara, 1978). The Rattlesnake Formation Anti-
locapridae were likely similar to their modern-day counterparts. They
are the only group with 8'3C above our estimated cutoff for water-
stressed Cg plants, and their higher values are consistent with Anti-
locapra americana collagen and scat sample 5'3C values collected in
modern Cz ecosystems (Feranec, 2007a, 2007b). Furthermore, the
extinct peccaries Mylohyus and Platygonus, which are both found within
the Rattlesnake Formation, have 8'3C evidence of broad dietary niches
even at the local level (Pardi and DeSantis, 2021), supporting the idea
that the isotopic signals we are seeing are the result of varied plant
consumption over the landscape.

Ungulate niche overlap, however, is not just determined by
morphology as it is further regulated by degree of competition between
the members of the community. Given the isotopic overlap between the
ungulates, competition for resources could have been low in the Rat-
tlesnake ecosystem, reducing the need for niche partitioning. Feranec
and MacFadden (2006) sampled ungulates from Clarendonian-aged as-
semblages in California and Florida, and found isotopic evidence for
niche partitioning in Florida had but not in California. They suggested
that along with potential vegetational differences, the decreased taxo-
nomic diversity at the Black Hawk Ranch site in California could have
reduced the need for resource partitioning. The Rattlesnake fauna is
similarly lower in taxonomic diversity than the John Day and Mascall
faunas. However, herbivore competition is complex and is affected by
climate-regulated food abundance, landscape disturbances, and preda-
tion pressures, all of which, therefore, can cause changes in niche
overlap (Pansu et al., 2022). Additionally, there are many ways that
ungulates in modern African environments avoid competition through
dietary niche partitioning, with some being more easily detected using
stable isotopes (e.g., consuming C3 vs C4 plants, or plants in highly
different microclimates; Cerling et al., 2003; Cerling et al., 2015), while
others are more difficult to detect in extinct communities using stable
isotopes (e.g., daily temporal partitioning, plant height partitioning, and
plant species selection based on nutritional value). It is possible that
because of the shift to a more grazer-dominated ungulate community,
the Rattlesnake community relied on different and harder to-detect
partitioning strategies to reduce dietary competition, than those that
dominated the John Day and Mascall ecosystems before.

Future studies could shed additional light on the community struc-
ture of the Rattlesnake fauna. In other late Miocene localities, horses,
and especially Neohipparion tend to have higher 8'3C values than other
ungulates in the community (Feranec and MacFadden, 2006; Kita et al.,
2014; Nguy and Secord, 2022). In our study, we sampled only one
Neohipparion, and more samples in the future could show similar trends.
Additionally, many of the fossils sampled for this study are hard to
identify below the family level and may contain multiple species, which
would mask any species-level dietary differences. This could be the case
with the antilocaprid specimens from the Rattlesnake Formation, which
have been identified as either Ilingoceras or Sphenophalos (Fremd, 2010).
Furthermore, the Rattlesnake Formation has a depositional environment
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that is different from both the Mascall and John Day Formations,
possibly introducing some taphonomic biases. Compared to the earlier
deposits, the Rattlesnake Formation consists of coarser material such as
sandstones and conglomerates (Martin and Fremd, 2001), which would
suggest an environment with a lower likelihood of preserving material
from smaller ungulates. Work in the future could sample other late
Miocene assemblages in the Pacific Northwest, or sample other material
from the Rattlesnake Formation, to see if the ungulates sampled in this
study accurately represent the landscape.

4.2. Diversity changes, morphological changes, and environmental change

Our study provides evidence that the ungulate communities in Ore-
gon experienced similar ecological changes that have been documented
for the Miocene communities of the Great Plains (Janis et al., 2004),
including a reduction in diversity at the end of the Miocene, which
strongly impacted small-bodied browsing taxa. For instance, before the
MMCO, the John Day Formation ungulate community had a high di-
versity of smaller-bodied ungulates with low-crowned teeth. The iso-
topic evidence suggests that although the various taxa look
morphologically similar, they were consuming different plant resources
or plant parts, such as Eporeodon consuming plant resources with lower
5'3C than other taxa. The 5!°C values from the ungulates agree with past
paleosol indicators that the environment during the time of the Turtle
Cove member of the John Day Formation was most likely a mix of open
and wooded habitats (Retallack, 2004), as none of the 513C values
represent a closed canopy environment and only some §'3C values are
consistent with a diet of water-stressed plants.

In contrast to the John Day Formation, the Mascall Formation
(~16-13 Ma; Maguire et al., 2018) supports a higher diversity of un-
gulates with varied body masses and tooth morphologies. The isotopic
data suggest a complex ecological community with members like
Ticholeptus having wide dietary niches. Additionally, the isotopic data
paired with past microwear evidence (Semprebon et al., 2016) suggests
that Archaeohippus selected browse and fruit in more open patches of the
landscape. Previous work in this formation suggested that this was a wet
period in the history of Oregon and the climate was humid with warm-
dry summers and wet-cool winters (Bestland, 2008), with the majority of
rainfall occurring during the winter (Kukla et al., 2022). The ungulate
stable carbon isotopic evidence does support this interpretation of the
climate as very few ungulates have values consistent with consuming
large amounts of water-stressed C3 plants.

The ungulate community found in the Rattlesnake assemblage is
markedly different from the communities found in the other two for-
mations. Our isotopic data shows a much more limited range in 5'3C
values compared with the other two formations suggesting more ho-
mogeneous vegetation than the previous two formations. Fossil evi-
dence, such as faunal presence of boreal organisms, beavers, and
petrified wood fragments, do support the existence of forested patches
with some riparian and aquatic environments in the lower parts of the
formation (Samuels and Zancanella, 2011; Samuels and Cavin, 2013).
The upper part of the section contains paleosols that have been inter-
preted to show a transition from these riparian woodlands/meadows to
tall grasslands, and arid sagebrush steppe, much like today’s ecosystem
(Retallack et al., 2002). The isotopic evidence from our samples, how-
ever, suggests that the C3 vegetation consumed by the ungulates
sampled had similar !3C values and was likely not from dense forested
environments or extremely arid environments.

Our data also suggests that the Rattlesnake Formation had a more
homogeneous ungulate community both morphologically and isotopi-
cally. Most notable is the absence of small-bodied ungulates with bra-
chydont teeth. Maguire (2015) found isotopic evidence that in the
Mascall Formation the small equid Archaeohippus had a narrow diet and
suggested that this contributed to its extinction in the region shortly
after the MMCO. In contrast, our results show that Ticholeptus, which
also disappears from the landscape after the MMCO, has quite a large
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range of 8'3C values. Body size could have also played a role in these
extinctions as both Archaeohippus and Ticholeptus are smaller than many
of the other ungulates in the Mascall community. The cooler climate and
open habitats might have impacted the smaller-bodied ungulates, not
only because of their diet, but also because of the stresses of living in an
open landscape.

The volcanic and tectonic activity of Oregon has resulted in a more
heterogeneous landscape than the Great Plains and this has been the
case for millions of years. However, our work suggests that ungulate
communities in Oregon still experienced a reduction in dietary and
morphological diversity despite the suggestion that the landscape was
more heterogeneous. Further work could investigate whether the het-
erogeneous landscape of Oregon allowed some smaller-bodied browsers
to persist longer than they did in the Great Plains.

4.3. Oxygen isotopes and methodological considerations

5'80yo taxon means are higher than 5'80yw taxon means for taxa
represented in both datasets from the same geologic unit (n = 6). This
finding provides an opportunity to explore the potential consequences
for compiling tooth enamel 880 datasets associated with of differing
tooth enamel sampling and pretreatments, analytical method, as well as
phosphoric acid quality and digestion temperature (Passey et al., 2007;
Demény et al., 2019; Chesson et al., 2019).

6180UO and 6180UW datasets include the same taxa and geological
units but, except for JODA 6450, not the same individual specimens. If
618OUO and 6180UW both reflect the original biogenic compositions,
specimens included in each dataset include individual animals associ-
ated with different controls on body water 5'%0 (and therefore tooth
enamel §'80) (Kohn, 1996). Variation between individuals could be the
result of climatic or hydrological conditions, drinking and dietary be-
haviors, differences in geological age, environmental contexts, or
behavioral variation among distinct species within groups identified
only to genus or family level. However, Maguire et al. (2015) did
compare 5'3C and 5'%0 values for Acritohippus samples from the lower
unit, middle unit, and upper unit of the Mascall Formation and found no
difference between the values. We also do not find consistent differences
or patterns in 8'%0 across stratigraphic units or locality (Supplemental
material 5). The difference between 8'80yo and 580y of the JODA
6450 specimen could reflect sampling different locations of the crown
and biogenic intra-tooth §'80 variability (see Supplemental material 5).
Given the consistent inter-lab 820 difference across multiple taxa, and
the low likelihood of unintentional systematic sampling of specimens
from distinct contexts or species, we consider other methodological
factors underpinning apparent differences between the §®0yq and
5180y datasets.

First, we consider the possibility of contamination of enamel sam-
ples, which must be free from contamination by non-enamel dental
tissues (e.g., dentine) that less reliably retain original biogenic isotopic
composition as well as non-tooth matrix (Koch et al., 1997). This study
includes taxa with relatively thin enamel, such as Ticholeptus, suggesting
the possibility that enamel samples analyzed in one of the labs could be
contaminated with underlying dentine, but we consider this unlikely
given that care was taken in both sampling efforts to minimize the
possibility of dentine contamination during sampling (see Supplemental
material 5). Another possibility is contamination by conservation glue,
such as various acryloids, which are commonly used to protect the
integrity of specimens in the collections sampled in this study. Samples
included in the 618OUO dataset were selected to avoid glued specimens
where possible, and as a result were often tooth fragments that had
received little conservation treatment. All 6180UO dataset specimens
were cleaned with acetone before drilling to minimize potential
contamination.

Second, we consider differences in pretreatment methods. The
5'%0yw dataset includes samples treated using an oxidizer (30 %
hydrogen peroxide) prior to acetic acid, while the §%0yo dataset

12

Palaeogeography, Palaeoclimatology, Palaeoecology 677 (2025) 113173

includes samples treated using acetic acid only. Hydrogen peroxide has
been widely used to remove organics from bioapatite samples, although
this step that is unnecessary for carbon and oxygen isotope analysis of
low-organic materials such as tooth enamel by phosphoric acid digestion
and can instead potentially alter the isotopic composition of samples
(Pellegrini and Snoeck, 2016). Nonetheless, tooth enamel treated using
hydrogen peroxide followed by acetic acid, and replicates treated using
acetic acid only, yield similar 5'80 (within 1 %o) (Pellegrini and Snoek
2016), indicating that enamel pretreatment methods likely do not fully
account for apparent offset between 5'%0y0 and 5'%0yy.

Third, we consider the influences of the phosphoric acid used to
digest tooth enamel samples. Small differences in acid quality and
concentration have relatively minimal effect on tooth enamel §'%0
(<0.5 %o) (Demény et al., 2019), and reproducibility of measurements of
standards analyzed alongside samples in both laboratories indicates acid
quality is unlikely an issue. Acid digestion temperature, however, is
known to have a larger effect on 5'20, and is especially important to
consider in paleontological studies given that temperature-dependent
acid fractionation of fossilized tooth enamel becomes increasingly
different from calcites at higher digestion temperatures (Passey et al.,
2007; Kusaka and Nakano, 2014). §'80yq values were corrected for
temperature-dependent acid fractionation using the apparent fraction-
ation factor (a*) for non-modern tooth enamel digested at 70 °C from
Kusaka and Nakano (2014). In principle, this correction ensures that
51800 are equivalent to 5'80yw, which have not been corrected for
temperature-dependent acid fractionation. It is assumed that
temperature-dependent acid fractionation of tooth enamel is the same as
the calcite standards for reactions at room temperature, based on that
assumption for reactions at 25 °C (Passey et al., 2007). It is possible that
temperature-dependent oxygen isotope acid fractionation differs from
assumed values across the digestion temperatures used in this study,
although investigating this further lies beyond the scope of this study.
We note, however, that the observed offsets between 6180UW and 6180UO
exceeds the maximum temperature-dependent acid fractionation 5§20
difference of 1.5 %o reported by Passey et al. (2007), and it is also greater
than the interpretative difference cutoff of 1.6 %o 5!%0 suggested by
Chesson et al. (2019), indicating that acid fractionation likely does not
fully account for apparent differences between 618OUO and GISOUW.

We suggest that multiple factors, potentially including the combined
effects of pretreatment and acid temperature, likely contribute to the
apparent spacing of 580y and 8'80y data, though further exploration
lies beyond the scope of this study. Considering each dataset separately,
comparisons of 5'%0 across taxa or geologic units can provide mean-
ingful information on biogenic patterns. For example, rhinocerotids that
are generally expected to be obligate drinkers have lower §'%0 than
camelids and antilocaprids, which we would expect to be less reliant on
meteoric water given their extant counterparts (Fig. 3).

5. Conclusions

Our work shows the strength of combining isotopic analyses with
morphological inferences for detecting ecological changes in extinct
communities. We found isotopic evidence in both the Mascall Formation
and Turtle Cove Member of the John Day Formation that ungulates were
partitioning food resources in an ecosystem with no Cy4 plants. Although
various taxa look morphologically similar, they were consuming
different plant resources or plant parts. Taken together, the isotopic
evidence and morphological evidence shows that as the Oligo-Miocene
progressed, the Oregon ungulate ecology changed. In both the Mascall
Formation and Turtle Cove Member of the John Day Formation there is
isotopic evidence that ungulates were partitioning food resources in an
ecosystem with no Cy4 plants. This study further provides evidence that
before and during the Mid-Miocene Climatic Optimum, Oregon un-
gulates consumed different plant resources in a mosaic landscape. Our
work suggests that as the environment dried and cooled after the Mid-
Miocene Climatic Optimum the landscape became more homogeneous
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and the ungulates on the landscape were eating isotopically similar Cg
plant-food resources. Additionally, the majority of taxa had low-
crowned teeth before the Mid-Miocene Climatic Optimum and most
had mesodont or hypsodont teeth after. Body size also likely played a
role in determining extinction risk, as most small-bodied ungulates were
lost after the Mid-Miocene Climatic Optimum. Our work suggests that in
Oregon at the end of the Miocene, as global temperatures decreased and
grasslands expanded, a more ecologically homogeneous herbivore
community arose.
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