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Abstract.—As many as eight species of the “anchitherine” equid Miohippus have been identified from the John Day
Formation of Oregon, but no statistical analysis of variation in these horses has yet been conducted to determine if
that level of diversity is warranted. Variation of the anterior-posterior length and transverse width of upper and lower
teeth of Turtle Cove Member Miohippus was compared to that of M. equinanus, Mesohippus bairdii, Equus quagga,
and Tapirus terrestris using t tests of their coefficients of variation (V). None of the t tests are significant, indicating
that the variation seen in Turtle Cove Miohippus is not significantly different from any of the populations of other
perissodactyls examined in this study. Data also indicate that Mesohippus is present in the Turtle Cove
Member. Additionally, hypostyle condition, used to diagnose all species of Miohippus, was found to be related to
stage of wear using an ordered logistic regression. Only two species of equid, one Miohippus and one Mesohippus,
in the Turtle Cove Member can be identified, therefore only Miohippus annectens, the genotype and first species
described from the region, can be recognized as the sole Miohippus species known from the Turtle Cove assemblage.
There are insufficient data to determine which species of Mesohippus is present. The dependence of hypostyle
condition on crown height in Miohippus implies that wear stage must also be considered in investigations of dental
morphology in the “Anchitheriinae.”

Introduction

Quantifying variation in extinct species is an important first step
in understanding the paleoecology of extinct organisms; the
number of species present in an assemblage must be known
before testing for changes in paleoecological relationships such
as rates of turnover and extinction. Quantifying variation in
species of terrestrial fossil vertebrates can be exceptionally
difficult because large sample sizes and complete skeletal
material are rarely recovered. Utilizing taxa that are phylo-
genetically related, ecologically similar, and known from more
complete material can improve understanding of population
variation.

Historically, eight species of the equid genus Miohippus
Marsh, 1874 have been named from the Turtle Cove Member of
the John Day Formation (Osborn, 1918). Recent work has
suggested that a smaller genus of equid, Mesohippus Marsh,
1875, is also present in this section (Albright et al., 2008). Most
recently, authors have refrained from identifying species,
instead identifying genera of equids from this section (Albright
et al., 2008). However, little work has been done to examine,
quantify, and statistically test the level of variation seen within
the equid assemblage in the John Day Basin. This emphasizes
the need to determine the number of verifiable species in the
Turtle Cove assemblage. If a single species of equid is present
in an assemblage, then the variation in linear morphological
measurements would be similar to that observed for extant

perissodactyl species. Additionally, morphological dental
characters that are phylogenetically informative should be stable
within species regardless of the animal’s individual age.

Equid dental material in the John Day Formation is
common and easily identifiable, consisting of skulls, partial
palates, complete and partial jaws, and isolated teeth. This
material was reexamined from the Turtle Cove Member, com-
paring the coefficients of variation (V) with a t test to determine
if the variation seen in John Day Miohippus is similar to varia-
tion seen in extant species of perissodactyls. The hypostyle
condition, an important dental character used to distinguish
species in Miohippus, was tested using an ordered logistic
regression to determine if it varies with wear. The hypostyle,
an enamel structure located on the distal end of the second
premolar through third molar, has three morphological states, or
conditions, including a ridge, an anterior projection, and an
enamel lake (Prothero and Shubin, 1989). John Day Miohippus
was compared to related extant taxa and well-studied
extinct taxa.

Geologic setting

The John Day Formation is distributed throughout eastern and
central Oregon (Fig. 1) and is currently subdivided into seven
members: Big Basin, Turtle Cove, Kimberly, Haystack Valley,
Balm Creek, Johnson Canyon, and Rose Creek (Retallack et al.,
2000; Hunt and Stepleton, 2004; Albright et al., 2008; Fig. 2).
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This study focuses primarily on the equid faunal assemblage of
the Turtle Cove Member (30.8–25.9 Ma), which consists of
~400m of section that Albright et al. (2008) divided into
14 lithostratigraphic subunits (A–K2; Fig. 2). Included within
the member are several dated tuffs and the Picture Gorge
ignimbrite—a super-volcanic event related to the Yellowstone
hotspot (Seligman et al., 2014). The faunas of the Turtle Cove
Member are assigned to theWhitneyan and Arikareean (subages
Ar1 and Ar2) North American Land Mammal Ages (Albright
et al., 2008). Specimens from the lower Big Basin Member and
the higher Kimberly and Haystack Valley members are also
included in this study, but these samples are much smaller than
those of the Turtle Cove Member.

Taxonomic background

Miohippus is a genus of relatively moderate-sized equid
(~53.8 kg, M1-3 length = 34–50mm) belonging to the para-
phyletic subfamily “Anchitheriinae” Leidy, 1869 (MacFadden,
1986; Prothero and Shubin, 1989; MacFadden 1998).
Miohippus is coeval with the smallerMesohippus and the larger
Kalobatippus, Osborn, 1915, all of which are members of
“Anchitheriinae” (MacFadden, 1998). Miohippus is considered
to be distinct from Mesohippus based on the presence and
condition of the articular facet on the third metatarsal, which
articulates with the cuboid, larger hypostyles (Fig. 3); a longer
face; and a deeper facial fossa (Prothero and Shubin, 1989;
MacFadden, 1998); however, these two genera are difficult to
distinguish (Stirton, 1940). Species within Miohippus in the
Great Plains are diagnosed primarily on the basis of tooth-row
length and hypostyle condition (Prothero and Shubin, 1989).
Often, multiple hypostyle conditions can be observed in the
same individual (Prothero and Shubin, 1989; Fig. 3). The Great
Plains species have been the subject of more intensive study
than the John Day species. However, this does not mean that the
currently recognized Great Plains species are more likely to be
valid than the John Day species. Further character and variation
analyses of the Great Plains material may reduce the number of
recognized species.

There are currently 16 species of Miohippus considered
valid in North America. Of these, eight species have been
named from the John Day Formation (Miohippus annectens
Marsh, 1874; M. condoni [Leidy, 1870]; M. anceps [Marsh,
1874]; M. equiceps [Cope, 1878]; M. primus Osborn, 1918;
M. quartus Osborn, 1918; M. acutidens [Sinclair, 1905]; and
M. equinanus Osborn, 1918) (Prothero and Shubin, 1989;
MacFadden, 1998). Many of the characters that diagnose these
species are present in the molars and premolars. These char-
acters include the anterior-posterior length and transverse width
of molars and premolars, the texture of the enamel, and the
morphology of the protoconules, metaconules, hypostyles,
cingula, tubercal, paracone, metacone, hyperconulid, medivallum
cusps, protoloph, protoconule, metaloph, ectoloph and parastyle
(Osborn, 1918; Prothero and Shubin, 1989). The relative size of
the M3 versus the M1-2 and the morphology of the incisors and
canines have also been invoked as a diagnostic character (Osborn,
1918). The position of the orbit, dorsal preorbital fossa (DPOF)
depth, lacrimal fossa depth, position of the infraorbital foramen,
malar morphology, and muzzle shape have also been used to
diagnose species (Osborn, 1918). The morphology of postcrania
is only described in M. equinanus, and includes the metatarsals
and cuboid (Osborn, 1918). The validity of many of these
characters could be evaluated using geometric morphometric
analyses, however before studies of that type can be undertaken
it is necessary to quantify and understand the range of variation
these characters display. This study helps to lay the foundation
for those future studies. It is important to note that M. condoni
is only known from a partial dp3 that is about the same size
as M. annectens and M. anceps (Osborn, 1918). Osborn
(1918) stated that Marsh’s (1874) description of Miohippus
(= Anchitherium) anceps does not follow the morphology of the
type specimen.

Only dental characters can be compared among these eight
species, and most species do not have descriptions of cranial or
postcranial morphology (Osborn, 1918; Prothero and Shubin,
1989). It is well known that dental characters vary with wear,
and great care must be taken to sample taxa from medial stages
of wear when comparing morphology (MacFadden, 1998).

Figure 1. Distribution of localities utilized in this study. Localities are color coded by member; localities with unknown stratigraphy are not mapped.
The locations of Portland, Eugene, and John Day are marked. Oregon is highlighted in black on the map of the United States of America.
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Of all of the dental characters, hypostyle condition can be deter-
mined in all unbroken upper molars and premolars, and its dif-
ferential morphology has been given the most emphasis when

diagnosing species (Prothero and Shubin, 1989). Miohippus spe-
cies from the Great Plains are primarily distinguished by anterior-
posterior length of the tooth row and hypostyle condition when
there is a lack of cranial and post-cranial material (Prothero and
Shubin, 1989). Taphonomic processes in the John Day Formation
tend to eliminate non-dental characters (e.g., skulls and post-
crania), which tend to be more reliable in determining species-
level identity, making it difficult or impossible to make such a
determination on a majority of specimens. Furthermore, the
validity of the presence andmorphology of the facial fossa as valid
characters has been debated for more derived equids (Alberdi,
1987; MacFadden, 1997) and has been called into question for
early anchitherine equids (Masciale, 2010), and therefore should
not be the sole basis of taxonomic assignment inMiohippus-grade
equids. Prothero and Shubin (1989) focused on updating the
taxonomy of the equids from the OligoceneWhite River Group of
the Great Plains, but no taxonomic analyses have been conducted
on those from the Oligocene John Day Formation of Oregon since
Osborn (1918).

There is an ongoing debate regarding the presence of
Mesohippus in the John Day Basin (Osborn, 1918; Fremd et al.,
1994; Albright et al., 2008; Fremd, 2010). Most recently,
Albright et al. (2008) recognized Mesohippus from the Big
Basin Member to Turtle Cove Member Unit A, and Miohippus
from the Turtle Cove Member Unit A to the Haystack Valley
Member. In their study, Albright et al. (2008) never identified
either taxon to species.Miohippus annectens from the John Day
is the genotype and was also the first equid to be named from the
John Day Basin (Marsh, 1874).

Materials and methods

I measured and examined 202 equid teeth (173 original specimens
and 29 casts) at JohnDay Fossil Beds NationalMonument and the
University of Oregon Museum of Natural and Cultural History
(Table 1; Supplementary Data 1). Specimens included have been
identified asMiohippus,Mesohippus, and ArchaeohippusGidley,
1906 (Supplementary Data Set 1). Additionally, measurements of
the type specimen of Miohippus annectens and one additional
specimen, held in the collections of the Yale Peabody Museum of
Natural History, were taken from high-quality digital photographs
using ImageJ (http://imagej.nih.gov/ij/). Removing these two
specimens from my dataset does not change the outcome of the
analysis. ImageJ is an open source program designed for analyz-
ing images, including measuring length and area of structures and
has become commonly used (e.g., Samuels, 2009; Meachen-
Samuels and Van Valkenburgh, 2010; Meachen-Samuels,
2012; Famoso et al., 2013; Farke and Wilridge, 2013; Vanderven
et al., 2014; Vendrasco and Checa, 2015). Specimens come from
throughout the exposures of the Big Basin, Turtle Cove,
Kimberly, and Hasystack Valley members of the John Day For-
mation in eastern Oregon (Fig. 1; Table 1). Precise stratigraphic
position for each specimen is recorded in Supplementary Data Set
1 when known. The anterior-posterior length (APL) and the
transverse width (TW) of individual upper and lower molars and
premolars and the mesostyle crown height were measured with a
Mitutoyo Absolute Solar Digimatic CD-54”c digital caliper and
a Pittsburgh 8” electronic digital caliper. The morphology of the
hypostyle was also recorded.

Figure 2. Composite stratigraphic section of the John Day Formation used in
this study. Specimens are from the upper portion of the Big Basin, Turtle Cove,
Kimberly, and Haystack Valley members. Specifically, specimens were recovered
from Turtle Cove units A, B, C, D, undifferentiated layers in E, F, H, J, and K2
and Kimberly unit M. Specimens without a specific unit assigned could be from
any unit within the assigned member. Additionally, the units described here are
not always laterally continuous through all exposures of the Turtle Cove and
Kimberly members, and may be undifferentiated in various localities.
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Figure 3. Representative examples of hypostyle conditions in Oligocene horses of the Turtle Cove assemblage of Oregon. Hypostyle condition follows the
terminology of Prothero and Shubin (1989). (1) Type 1 hypostyles (UOMNH F-58207) are thin ridges that have no cusps or spurs projecting anteriorly; (2) Type
2 hypostyles (JODA 1086) exhibit a small spur, which projects anteriorly from the hypostyle ridge; (3) Type 3 hypostyles (UCMP 75274) are characterized by a
small distinct ovoid or triangular pocket between a posterior ridge and an anterior spur; I have added the additional condition, (4) none (UCMP 75279), which
I define as the lack of hypostyle in heavily worn teeth. Note that there are multiple hypostyle conditions contained within an individual tooth row. Arrows point
to exemplar hypostyles on each tooth row that exhibit the specific condition. Line drawings of exemplar teeth are to the right of the photographs with the
hypostyle highlighted in blue. Scale bars = 1 cm.
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The hypostyle is present in all unbroken upper teeth, unlike
most other dental characters used to diagnose species. Further-
more, hypostyle morphology has been emphasized when diag-
nosing Miohippus species (Prothero and Shubin, 1989).
Hypostyle condition follows the terminology of Prothero and
Shubin (1989), but I have added the additional category “none,”
defined here as the lack of a hypostyle in heavily worn teeth
(Fig. 3). Type 1 hypostyles are thin ridges that have no cusps or
spurs projecting anteriorly. Type 2 hypostyles exhibit a small
spur, which projects anteriorly from the hypostyle ridge. Type 3
hypostyles are characterized by a small distinct ovoid or trian-
gular pocket between a posterior ridge and an anterior spur.
Wear stage was approximated by using the mesostyle crown
height and APL in a similar way to Hyposodonty Index (HI) of
Van Valen (1960) for upper cheek teeth.

All data are presented in Supplementary Data 1. All other
characters that have been used to differentiate genera and
species (e.g., the articulation between the cuboid and third
metatarsal, a longer face, and a deeper facial fossa) are not
present in a majority of equid specimens from the John Day
Formation. The taphonomy of the John Day Formation has
resulted in a faunal assemblage where the most diagnostic
skeletal elements for generic and specific identification are
generally not preserved.

A Shapiro-Wilk W test (Shapiro and Wilk, 1965) was used
to determine if APL and TW values were normally distributed
(Gaussian distribution), which is an assumption of the para-
metric tests used in this study. Violations of this assumption
would increase the possibility of Type II error. The coefficient of
variation (V), expressed as a percentage, is a metric used to test
whether there is more variance than expected for a single species
in fossil communities (Simpson and Roe, 1939; Cope and
Lacey, 1992, 1995). V was calculated for APL and TW of upper
and lower teeth to determine whether the amount of variation
present was greater than expected for a single-species popula-
tion. Miller (1991) developed a method for comparing the
fractional coefficients of variation (CV) of two samples using the
t statistic.

The upper first molar (M1) of the sample of John Day
Miohippus was compared to the published values for the
modern equid Equus quagga Boddaert, 1785; the well-studied
and relatively common Oligocene equid Mesohippus bairdii

Leidy, 1850 (MacFadden 1989) of the Great Plains; the coeval
equid Miohippus equinanus (Prothero and Shubin, 1989)
from Oregon; and the modern South American tapir Tapirus
terrestris Linnaeus, 1758 (Colbert, 2006), which is a taxon also
classified as a browser. It is important to note that M. bairdii
could actually represent more than one species. The inclusion of
M. bairdii in this study will help to not only to better understand
the equid population in the Pacific Northwest, but will also
begin to shed light on variation in the Great Plains species.
Additionally, the lower first molar (m1) of the John Day
Miohippus was compared to Tapirus terrestris. This study
is constrained to the use of the M1 and m1 because of the
availability of comparative data in the literature. The modern
equid E. quaggawas chosen as a comparative species because it
is a decedent of John Day Miohippus, although from different
subfamilies. Equus quagga allows for modern species variation
of a closely related species to be directly compared to that of
fossil assemblages. Mesohippus bairdii and M. equinanus are
both extinct horses that would have been coeval with John
Day Miohippus. Both species look fairly similar to John Day
Miohippus, suggesting similar ecologies, and are also closely
related. The modern South American tapir, T. terrestris, was
chosen because it is a modern ecological analog to John Day
Miohippus. Both are browsers and perissodactyls. They may not
be as closely related as the other analog horse species, but they
do share a relatively close ancestor compared to other modern
browsers. Like E. quagga, T. terrestris allows for direct
comparison of modern species variation to that of a fossil
assemblage, although this is an ecological analog rather than
direct descendent.

When calculating Vs on populations with small sample
sizes (n<5), it is necessary to correct for small samples (Sokal
and Braumann, 1980; MacFadden, 1989). If the calculated
t statistic is smaller than the critical t statistic, I cannot reject the
null hypothesis that the two Vs are the same, equating to a
single-species null hypothesis. If I can reject the null hypothesis,
then the observed V value for the John Day Miohippus is in
excess of the values of the analog taxa and is evidence for the
presence of more than one species of Miohippus in the sample.
The p-value was also calculated for the t tests, and if any p-value
is >0.05, I cannot reject the null hypothesis.

Hypostyle morphology was investigated using an ordered
logistic regression with the ordinal package 2014.11-14
(Christensen, 2014) in R (R Core Team, 2013). The ordered
logistic regression is a type of logistic regression where the
order of the dependent variable matters. A logistic regression
uses a nominal dependent variable and a continuous indepen-
dent variable to determine if the variation in the continuous
variable is responsible for the variation in the nominal variable,
unlike a linear regression where the dependent variable is
continuous. The ordered logistic regression is slightly different
in that it uses an ordinal dependent variable and tests for
differences between ordered pairs of the dependent variable.
HI (a proxy for wear stage) was used as the independent vari-
able, and hypostyle condition as the ordinal dependent variable.
For this analysis, all tooth positions in the upper tooth row were
used. Previous work has shown that occlusal enamel complex-
ity, and by extension the occlusal enamel morphology, like the
hypostyle morphology, is statistically similar in all molariform

Table 1. Sample size of equid teeth for each stratigraphic unit in this study.

Tooth Position
John Day
Formation

Big
Basin

Member

Turtle
Cove

Member
Kimberly
Member

Haystack
Valley
Member

Upper (Indeterminate) 27 1 21 3 1
P2 12 0 6 2 0
P3 11 0 5 2 0
P4 14 0 8 2 0
M1 16 0 9 3 0
M2 19 0 12 3 0
M3 20 0 12 4 0
Lower (Indeterminate) 19 1 16 0 1
p1 0 0 1 0 0
p2 8 0 5 1 0
p3 5 0 1 2 0
p4 6 0 3 0 0
m1 12 0 8 1 0
m2 15 0 12 1 0
m3 18 0 12 2 0
Total 202 2 131 26 2
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tooth positions in equids (Famoso and Davis, 2014). As such,
this study assumes that hypostyle morphology is serially
homologous between tooth positions at the same state of wear.
Hypostyle condition type 1 should be less developed than type
2. Likewise, type 2 appears less developed than type 3, and type
3 appears less developed than the final stage designated as none.
If hypostyle condition is related to wear stage, then the hypo-
style condition should be ordered and each ordered pair should
be significant. However, if hypostyle condition is not related to
tooth wear, then there would be no significant relationship
between the ordered hypostyle condition pairs. R code is
provided in Supplementary Data Set 2.

Repositories and Institutional Abbreviations.—AMNH FM:
American Museum of Natural History, Division of Paleonto-
logy, New York, NY, USA; JODA: John Day Fossil Beds
National Monument, United States National Park Service,
Kimberly, OR, USA; UCMP: University of California Museum
of Paleontology, Berkeley, CA, USA; UOMNH F-: University
of Oregon Museum of Natural and Cultural History, Condon
Fossil Collection, Eugene, OR, USA; UWBM: Burke Museum
of Natural History and Culture, University of Washington,
Seattle, WA, USA; YPM VP: Yale Peabody Museum of
Natural History, Division of Vertebrate Paleontology, NewHaven,
CT, USA.

Results

None of the datasets violated the assumption of Gaussian dis-
tribution. The V values and t statistics for the APL and TW of the
M1 of the John Day Miohippus, M. equinanus, Mesohippus
bairdii, Equus quagga, and Tapirus terrestris are presented in
Table 2. Interestingly, when all of the John Day equid material
was lumped, the t test was significant, suggesting more than one
species was present. However, when specimens that were
identified as Mesohippus, those from the Kimberly Member,
and one specimen with uncertain locality and lithologic infor-
mation were excluded, the t test was not significant, suggesting
only one species is present among those remaining specimens.
The remaining specimens are only from the Turtle Cove
Member. Each group, as defined earlier, was removed one at a
time. Interestingly, when M. bardii was compared to the two
modern taxa, E. quagga and T. terrestris, it was significantly
different in both the APL and TW, suggesting that more than
one species is present (Supplementary Data Set 1). The V values
and t statistics for the APL and TW of the m1 of the Turtle Cove
Miohippus and T. terrestris are also presented in Table 2. The
calculations of V and the t statistic are provided in Supplemen-
tary Data Set 1. Only the calculated t statistics for the m1 TW
between the Turtle Cove Miohippus and T. terrestris was
significant. There is no significant difference between the V in
the Turtle Cove Miohippus and M. bairdii, M. equinanus,
E. quagga, and T. terrestris, with the exception of the TW of the
m1, as noted above (Table 2).

The ordered logistic regression was significant for all
hypostyle condition pairs (Table 3). The ordered logistic
regression was also significant when the M3 was removed. Each
hypostyle condition was significantly different from the next

advanced stage, indicating that hypostyle condition is dependent
on wear stage.

Discussion

The V values found in the sample of the of Turtle Cove
Miohippus population are not significantly different from the
V of any other sample of comparative taxa investigated in this
study. Because the samples of comparative taxa used in this
study are considered to be from populations containing a
single species, my results suggest that the length and width of
teeth observed in the Turtle Cove sample is what would be
expected from a single horse population, or species concept.
However, M. bardii may represent multiple species, given that
its t tests with modern analogs were significant. Species level
diagnoses for Miohippus and Mesohippus use the APL as an
important character (Prothero and Shubin, 1989), and it is clear
from my results that more than one species of Turtle Cove
Miohippus cannot be distinguished based upon the APL or TW.

Table 2. Summary statistics for t test. V=Coefficient of Variation,
V'=Coefficient of Variation (small sample size correction), n = sample size,
SD = standard deviation, APL= anterior-posterior length, TW = transverse
width, N/A=Not available. Mean values are in mm.

M1 APL M1 TW m1 APL m1 TW

V Equus quagga 5.827 4.805 N/A N/A
V Turtle Cove Miohippus 6.425 4.326 6.156 12.305
V Mesohippus bairdii 9.821 8.262 N/A N/A
V' Miohippus equinanus 5.856 4.012 N/A N/A
V Tapirus terrestris 5.520 3.891 6.553 3.931
Mean Equus quagga 22.140 23.310 N/A N/A
Mean Turtle Cove Miohippus 14.183 16.598 13.280 9.681
Mean Mesohippus bairdii 11.200 14.040 N/A N/A
Mean Miohippus equinanus 11.100 13.500 N/A N/A
Mean Tapirus terrestris N/A N/A N/A N/A
SD Equus quagga 1.290 1.120 N/A N/A
SD Turtle Cove Miohippus 0.911 0.718 0.818 1.191
SD Mesohippus bairdii 1.100 1.160 N/A N/A
SD Miohippus equinanus 0.600 0.500 N/A N/A
SD Tapirus terrestris N/A N/A N/A N/A
n Equus quagga 42 42 N/A N/A
n Turtle Cove Miohippus 11 8 5 5
n Mesohippus bairdii 27 24 N/A N/A
n Miohippus equinanus 3 3 N/A N/A
n Tapirus terrestris 29 28 29 29
p value: Turtle Cove

Miohippus vs. Equus quagga
0.345 0.636 N/A N/A

p value: Turtle Cove
Miohippus vs. Mesohippus bairdii

0.921 0.955 N/A N/A

p value: Turtle Cove
Miohippus vs. Miohippus equinanus

0.436 0.448 N/A N/A

p value: Turtle Cove
Miohippus vs. Tapirus terrestris

0.276 0.359 0.563 <0.001

Table 3. Summary statistics for ordered logistic regression. Wear = Wear
stage as approximated by Hypsodonty Index and represents the overall rela-
tionship between wear stage and hypostyle condidtion, 1 | 2 = ordered test of
hypostyle condition 1 and 2, 2 | 3 = ordered test of hypostyle condition 2 and
3, 3 | none = ordered test of hypostyle condition 3 and none, * = dependent
variable. Hypostyle condition and wear stage appear as independent variables
because the logistic regression tests both for a relationship with wear stage and
for differences among ordered pairs.

Value Std. Error t-value p-value

Wear −16.197 2.903 −5.580 <0.0001
1 | 2 * −9.717 1.407 −6.907 <0.0001
2 | 3 * −7.192 1.192 −6.031 <0.0001
3 | none * −4.436 1.004 −4.417 <0.0001
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However, specimens of Mesohippus that were included in
this study are significantly smaller than what is identified as
Mesohippus, suggesting that a second species is present. The
Kimberly Member specimens also represent a different species
from the other Miohippus specimens.

The m1 TW of John Day Miohippus has a significantly
different and relatively higher V than that of Tapirus terrestris,
the only other taxon in this study with V for the lower dentition
(Table 2). Both the TW and APL are measured at the base
of the crown, thus eliminating wear as a confounding factor.
MacFadden (1989) found that the TW and APL of the M1 were
not consistently related and concluded that the variation of fossil
equids is similar in a majority of cases. Therefore, it is not
unusual to have the TW be more variable than the APL.

The data suggest that there are at least two species of
horse present in the Turtle Cove Member—a larger morph,
Miohippus, and a smaller morph, Mesohippus. There is not
enough material to justify a species-level identification for
the Mesohippus material. The species-level identification of
Miohippus is likely to be M. annectens. Provinciality and
taxonomic priority can be invoked to support this identification.
Additionally, the type specimen of M. annectens was included
in the analysis, further justifying this taxonomic assignment.
Miohippus annectens has priority in this situation because it is
the genotype species of Miohippus and was the first species
described from the John Day Formation.

The ordered logistic regression demonstrated that the
hypostyle condition was dependent on wear stage for John Day
Miohippus. The spread in the variance may be the result of
including all tooth positions in the analysis; however, when M3
is removed, the result is unchanged. Further analysis with a
larger sample size should consider tooth position because it has
been shown to be a significant factor in occlusal morphology of
ungulates (Famoso et al., 2013). This is an interesting result
because the hypostyle condition has been used as a character to
differentiate among species of Miohippus, and even between
Miohippus and Mesohippus in the Great Plains (Prothero and
Shubin, 1989). As a result, the validity of the hypostyle as a
character is called into doubt. Future work to resolve the number
of species in the “Anchitheriinae” will need to take wear into
account because wear stage is an important factor when dealing
with ungulate dentition.

The identification of equid teeth is often confounded by the
wear stage of the tooth. For example, the occlusal morphology of
hypsodont equid teeth is often used to diagnose tribes, genera, and
species. The two major tribes of hypsodont equids, Hipparionini
and Equini, are often diagnosed by whether the protocone is
connected (Equini) or isolated (Hipparionini). The hipparionine
genus Pseudhipparion has a protocone that is isolated in early
wear and connected in late stages of wear, and in the equine genus
Protohippus, the protocone is isolated in relatively early wear and
connected in later wear (MacFadden, 1998). In this case, identi-
fication at the tribal level is far from trivial without considering
wear stage. Attention to tooth wear is paramount when identifying
teeth from these taxa because they are coeval in the Miocene of
North America (MacFadden, 1998; Famoso and Pagnac, 2011). It
is not surprising that wear stage is also important to the identifi-
cation of dental material from lower-crowned anchitherine equids
likeMiohippus. Consideration of wear in these low-crowned taxa

should be adopted when considering the ubiquitous dental char-
acters used to diagnose equids ofMiohippus-grade.

Some species of Miohippus are distinguished based on
non-dental characters, which were not present in this analysis. It
may be possible to analyze the John DayMiohippus population
more completely once sufficient non-dental material is acquired
and appropriate methods are developed. However, these
characters may prove to be less useful in light of statistical
methods. Future work should focus on non-dental morphology
if sufficient material is collected.

Statistical methods will better inform analyses that address
the continent-wide issue of distinguishing Mesohippus from
Miohippus. These two genera are difficult to distinguish
(Stirton, 1940), but are considered distinct based on the presence
and condition of the articular facet on the third metatarsal, which
articulates with the cuboid; larger hypostyles; a longer face; and
a deeper facial fossa (Prothero and Shubin, 1989; MacFadden,
1998). The paleopopulation of John Day Miohippus is not
adequate in addressing this issue because there are only five
occurrences of Mesohippus in the entire assemblage. Very few
specimens from the Turtle Cove assemblage were identified as
Mesohippus, and those that were identified as such were
determined to be statistically different from the specimens of
Miohippus. In the end, a larger sample size of all equid taxa from
the John Day Formation would be necessary to get at more
nuanced differences among these genera and species. In the
geographically limited area of this study where many species
have previously been reported, there is no statistically sig-
nificant evidence for the presence of more than a single species
of Miohippus. Applying these techniques to the Miohippus
recovered from the Great Plains would likely lead to reduction
in the number of species. The results from the t tests between
M. bardii of the Great Plains do suggest that multiple species are
present within that population, warranting further analyses.
Statistical analyses of dental variation have shown great utility
in assessing species-level diversity in the small, geographically
constrained, paleopopulation of the Turtle Cove assemblage,
therefore the application of these methods to the continent-wide
issue seems promising.

The dental variation of Miohippus considered herein from
the Turtle Cove Member is not statistically different from other
populations of similar perissodactyls, both extinct and extant.
The hypostyle condition cannot be used to differentiate species
in this population because it is dependent on wear. It is clear that
the confounding effects of wear on dental morphology need to
be considered even in low-crowned equids likeMiohippus. Two
species of equid in the Turtle Cove Member of the John Day
Formation can be recognized based on analysis of dental char-
acters, which have been used to diagnose species of Miohippus
and Mesohippus in the Great Plains. Based on the available
dental material, there is no statistical or morphological variation
in the sample of Turtle Cove Miohippus in excess of the varia-
tion seen in a single analog species. Specimens of Mesohippus
do represent a different species, as do the specimens from
the Kimberly Member, which include Archaeohippus and
Miohippus longiceps. As a result, only Miohippus annectens,
the genotype and first species recognized in the Turtle Cove
Member, can be recognized as the sole species of equid in the
Turtle Cove assemblage (Marsh, 1874).
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