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ABSTRACT

ii

Climate change across the terrestrial Eocene-Oligocene boundary of the Great
Plains is recorded by shifts in sediments, facies, paleosols, and isotopic records, and is
interpreted as a shift to overall cooler and drier conditions. As an independent test of
paleoenvironmental shifts caused by climatic change, I compared microwear on M2
molars of Leptomeryx from the White River Group (WR) at Toadstool Park, Nebraska (n
= 9) and Flagstaff Rim, Wyoming (n = 11). Comparisons of microwear were made
through time at each section. Various measurements of microwear were quantified on
original, uncoated specimens using environmental scanning electron microscopy and
Microware 4.0 software, and evaluated with ANOVA and Kruskal-Wallis statistical tests.
Values of the scratch:pit ratio, scratch number, feature major:minor axis ratio, feature
vector length, major axis standard deviation, major:minor axis standard deviation, and
feature orientation standard deviation for Leptomeryx M2 molars are significantly
different (p<0.05) between Wyoming and Nebraska. Microwear patterns suggest
paleoecological differences between the two locations, possibly related to differences in
Leptomeryx diet or in amount or character of sediment adhering to ingested vegetation.
Little fossil evidence of vegetation type is preserved at either locality, other than clayfilled root traces or occasional rhizoliths or silicified fragments. However, sediments of
the WR are a mixture of volcaniclastic enriched mudstone, siltstone, and sandstone, with
generally coarser overall particle sizes in Wyoming that reflect proximity to siliciclastic
sources. The degree of overall volcaniclastic enrichment and number of airfall tuffs is
also higher at Flagstaff Rim. Paleosols suggest a shift from closed canopy forest to

progressively open conditions at each locality and, although microwear differences

iii

could result from differences in vegetation or particle sizes of adhered sediments on
plants, no or very low correlations between microwear features and stratigraphic level
were detected at either locality, indicating that any changes in paleoecology over time did
not significantly alter the diets of Leptomeryx, although diet may have been
geographically different.
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INTRODUCTION

The global Eocene-Oligocene transition (EOT) from hothouse to icehouse
conditions occurred from 34.0 to 33.5 Ma (Zachos et al., 2001; Ivany et al., 2006; Sahy et
al., 2015; Shackleton and Kennett, 1975 in Sahy et al., 2015;). In the marine realm,
temperatures in the deep ocean cooled and the amount of ice in the Antarctic increased in
an occurrence called the Oi-1 event (Coxall et al., 2005; Pearson et al., 2008 in Sahy et
al., 2015; Sahy et al., 2015). In the terrestrial realm, previous research suggests that the
climate of the Great Plains region of North America changed from warmer and more
humid to cooler and drier at or just before the Eocene-Oligocene boundary (Retallack,
1983; 1992; Evanoff et al., 1992; Prothero and Berggren, 1992; Janis et al., 2000; Terry,
2001; Prothero et al., 2003; Zanazzi et al., 2009; Prothero, 1994 in Prothero, 2012; 2006
in Prothero, 2012; 2012; Sahy et al., 2015). In addition, the transition between the
Chadronian and Orellan North American land mammal ages (NALMAs) occurred at
approximately the same time as the Eocene-Oligocene boundary, according to 40Ar/39Ar
dating of volcanic tuffs and magnetostratigraphy from the White River Group (Prothero
and Swisher, 1992; Sahy et al., 2015; Swisher and Prothero, 1990 in Sahy et al., 2015).
Although the pattern of climate change at the Eocene-Oligocene boundary is uncertain,
previous studies have hypothesized diachronous cooling from west to east (Evanoff et al.,
1992; Retallack, 1992; Terry, 2001; Sahy et al., 2015). As climate cooled and dried, it is
likely that vegetation changed. Previous research indicates that forested environments of
the late Eocene changed to more open environments during the Oligocene in both

Wyoming and Nebraska (Prothero et al., 1983; Retallack, 1983; Prothero and
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Swisher, 1992; Terry, 2001; Sahy et al., 2015), and there was a lower sedimentation rate
in Nebraska than Wyoming, indicated by paleosols within penecontemporaneous
intervals between the two study sites being better developed in Nebraska (Terry, 2001;
Griffis, 2011).
Herbivore teeth may have differences in dental microwear patterns caused by
differences in vegetation and sediments they may ingest. Microwear manifests as
scratches and pits on teeth resulting from mastication of substances with different
textures, particularly vegetation or sediment adhering to the vegetation at the time it was
ingested (Valli and Palombo, 2008). If vegetation changed from the Eocene to the
Oligocene, microwear patterns on the teeth of herbivorous taxa may also have changed.
Sediment sizes also changed through time from clay-dominated to silt-dominated
units in both Flagstaff Rim and Toadstool Park (Emry, 1973; LaGarry, 1998; Terry,
1998; Terry and LaGarry, 1998; Sahy et al., 2015). This transition occurred between 35.8
and 35.5 Ma in Wyoming and before 35.5 Ma in Nebraska (Sahy et al., 2015). According
to Sahy et al. (2015), the transition between clay- and silt-sized particles occurred 200 kyr
earlier in Wyoming than in Nebraska.
The fossils for this study were previously collected from the Eocene-Oligocene
White River Group at Toadstool Park, Nebraska, and the late Eocene White River
Formation at Flagstaff Rim, Wyoming (Figure 1). My study focuses on regional and
stratigraphic variations in tooth microwear within the genus Leptomeryx from deposits in
Wyoming and Nebraska, as well as deposits across the Eocene-Oligocene boundary in
Nebraska, as a proxy for regional paleoecological variation before and during this

dramatic global climate event at the Eocene-Oligocene boundary. Given the recent
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revision of geochronological relationships between Wyoming and Nebraska (Sahy et al.,
2015), microwear patterns on the teeth of Leptomeryx can be used to test the following
hypotheses:
1. Microwear patterns will change up-section at each study locality in response
to changes in paleoenvironments.
2. Changes in microwear will appear earlier in Wyoming.

Figure 1: Map showing the distribution of the White River Group/Formation (WR), and
the locations of study sites at Toadstool Park, Nebraska and Flagstaff Rim, Wyoming.
Figure modified from Sahy et al. (2015).

CHAPTER 2
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GEOLOGY AND PALEONTOLOGY

2.1 Stratigraphy
The White River sequence of sedimentary strata across the Great Plains region of
North America preserves material from the late Eocene and Oligocene Epochs and the
Chadronian, Orellan, and Whitneyan NALMAs (Prothero and Emry, 1996; Prothero and
Heaton, 1996; Prothero and Whittlesey, 1998; Sahy et al., 2015; Wood et al., 1941 in
Sahy et al., 2015). It is classified as a group in Nebraska and a formation in Wyoming.
Fossils from two study sites, Toadstool Park, Nebraska and Flagstaff Rim,
Wyoming were examined in this study. Toadstool Geologic Park is just north of
Crawford, Nebraska (Figure 1). The White River Group at Toadstool Park contains the
late Eocene Chamberlain Pass and Chadron Formations and Oligocene Brule Formation
(Heaton and Emry, 1996; Prothero and Emry, 1996; Terry, 1998; Terry and LaGarry,
1998; Zanazzi et al., 2009). The Chamberlain Pass Formation, which overlies the marine
Cretaceous Pierre Shale Group, represents the first phase of fluvial deposition in this
region above an unconformity of almost 30 million years, and is composed of siltstone,
pale olive and reddish overbank claystones and white channel sandstones (Evans and
Terry, 1994; Terry and Evans, 1994; Terry, 1998). The Chadron Formation contains the
claystone-dominated Peanut Peak Member and the volcaniclastic silty claystones and
sandstones of the Big Cottonwood Creek Member (Terry, 1998; Terry and LaGarry,
1998; Griffis, 2011; Sahy et al., 2015). The overlying Brule Formation contains the
Orella Member, consisting of volcaniclastic claystones and siltstones as well as

sandstones; the Whitney Member, consisting of siltstone; and the Brown Siltstone

5

Member (LaGarry, 1998; Sahy et al., 2015). The White River Group contains fossils of
the late Chadronian to Whitneyan NALMAs (Prothero and Whittlesey, 1998; Sahy et al.,
2015). However, other research has found fossils from NALMAs as early as the late early
Chadronian in the White River Group (Zanazzi et al., 2009). The boundary between the
Chadronian and Orellan is near the top of the Chadron Formation at this location (Figure
2; Zanazzi et al., 2009; Sahy et al., 2015).
The late Eocene White River Formation at Flagstaff Rim, Wyoming was
deposited over the Cretaceous Cody Shale and is unconformably overlain by the Miocene
Split Rock Formation. Lithologies at Flagstaff Rim include mostly volcaniclastic
siltstones, sandstones, tuffs, and mudstones. Most of the formation is siltstone, with
channel sandstones, sheet sandstones, and volcanic ash layers found throughout the
sequence, although ash beds and channel sandstones are more abundant at the bottom of
the sequence than at the top (Figure 2; Emry, 1973; Sahy et al., 2015). The base of the
sequence contains conglomerate and arkose, which are overlain by claystone, sandstone,
and conglomerate. Siltstones, claystones, and sandstones are found further up-section
(Emry, 1973; Griffis, 2011). Overall, grain sizes become coarser up-section, changing
from clay- to silt-dominated, similar to Toadstool Park (Terry and LaGarry, 1998; Sahy
et al., 2015). The White River Formation at Flagstaff Rim contains fossils from the late
early Chadronian to late Chadronian NALMAs (Prothero and Emry, 1996; 2004; Sahy et
al., 2015).

A
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Figure 2: Stratigraphy of the study locations. A- Lithostratigraphy and
magnetostratigraphy of Flagstaff Rim (Prothero and Swisher, 1992; Sahy et al., 2015); BLithostratigraphy and magnetostratigraphy of Toadstool Park. BCCM- Big Cottonwood
Creek Member, UPW- Upper Purplish White Layer, LWA- Lower Whitney Ash, UWAUpper Whitney Ash, 1- Age, 2- NALMA, 3- Formations (Prothero et al., 1983; Sahy et
al., 2015). Note correlation of tephra layers between Flagstaff Rim and Toadstool Park.
Modified from Sahy et al. (2015). Red and green stars represent original stratigraphic
locations of Leptomeryx specimens examined in this study. *The Tipps Trench Paleosol,
representing a forested environment, is approximately 19 m below the base of Flagstaff
Rim’s stratigraphic column, based on data from Griffis (2011).

Paleosols differ between Toadstool Park and Flagstaff Rim. At Toadstool
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Park, paleosol types include alfisols, soils commonly found in forests; mollisols, soils
typically found in grasslands; andisols, soils that contain or form in volcanic or
volcaniclastic materials; inceptisols, weakly developed soils that occur in areas with large
amounts of erosion exposing unweathered sediment or deposition of unweathered
sediment; and entisols, soils that form in areas with large amounts of erosion, deposition
of alluvium or ash, or large amounts of inert or slowly soluble rock (Figure 2; Soil
Survey Staff, 1999; Terry, 2001; Kennedy, 2011; Lukens, 2013). The Big Cottonwood
Creek Member contains alfisols, entisols, andisols, and mollisols (Terry, 2001; Kennedy,
2011; Lukens, 2013); the Orella Member contains entisols, inceptisols, and mollisols,
with inceptisols being most common (Kennedy 2011; Lukens, 2013); and the Whitney
member contains inceptisols, entisols, and alfisols (Lukens, 2013). Although alfisols are
found both high and low in the section, only those low in the section appear to be from a
forested environment based on root size (Terry, 2001; Lukens, 2013). Overall, entisols
are found throughout the section, mollisols are more common lower in the section, and
inceptisols are more common higher in the section (Terry, 2001; Kennedy, 2011; Lukens,
2013). Sedimentation rates increased overall throughout the Chadron Member and most
of Orella Member, with a decrease in the Whitney Member (Lukens 2013; Sahy et al.,
2015).
At Flagstaff Rim, the paleosols in the Chadron Member are silty and contain
fossils of plants with small leaves that would have grown in dry climates (Wing, 1987;
Retallack, 1992; Sahy et al., 2015). Alfisols, entisols, and inceptisols are found near the

base of the section at Flagstaff Rim, whereas only entisols and inceptisols are found 8
near the top (Figure 2; Griffis, 2011). This could represent an increased sedimentation
rate higher in the section or may possibly be related to a decrease in mean annual
precipitation decreasing or increase in seasonality (Griffis, 2011). Overall, paleosols at
Flagstaff Rim are less developed than those at Toadstool Park, likely due to a greater
sedimentation rate leading to less soil formation.
Several volcanic ash layers are preserved at both Flagstaff Rim and Toadstool
Park that provide isochronous timelines for direct comparisons of sedimentological and
paleopedological characteristics between the two study sites (Figure 2). Ash G from
Flagstaff Rim correlates with TP-1 from Toadstool Park at approximately 35.2 Ma (Sahy
et al., 2015). The closest paleosol to Ash G is the Ash F paleosol, which is a haplustept
overlying an ustifluvent (Figure 3; Griffis, 2011). The Ash F paleosol suggests that
Flagstaff Rim was a savanna at this time with an ustic, somewhat dry, moisture regime
(Griffis, 2011). The closest paleosol to TP-1 at Toadstool Park is the Hayden Pedotype, a
petrocalcic paleustalf that directly underlies TP-1 (Figure 4; Terry, 2001). The Hayden
Pedotype contains argillic and petrocalcic horizons. According to calculations by Terry
(2001), the mean annual precipitation was 1137 mm. This paleosol was likely formed in a
forest, based on phosphorous distributions and root trace sizes (up to 2 cm in diameter)
(Terry, 2001).
Ash J from Flagstaff Rim and TP-2 from Toadstool Park also correlate at
approximately 34.4-34.5 Ma (Figure 2; Sahy et al., 2015). The closest paleosol to Ash J is
the Ash J paleosol profile, which is an ustifluvent that overlies a calciustept (Figure 3;
Griffis, 2011). The Ash J paleosol formed in a proximal floodplain location within a
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Figure 3: Photos and profiles of Ash F and Ash J from Flagstaff Rim (xxx=ash beds).
Each tick mark on the left side of the profiles represents 10 cm. Modified from Griffis
and Terry (2010).
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TP-2

Figure 4: Photo showing TP-1 and TP-2 at Toadstool Park and profiles of the Hayden
Pedotype and the paleosol underlying TP-2. Modified from Terry (2001).

savanna environment with an ustic moisture regime, an interpretation supported by
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the presence of carbonate rhizoliths and overprinted crevasse splay deposits. This
environment replaced an earlier one with an ustic moisture regime and redoximorphic
features, an interpretation supported by iron oxide mottling and carbonate glaebules and
rhizoliths (Griffis, 2011). The paleosol directly underlying TP-2 is similar to an
ustifluvent, and likely formed on a proximal floodplain position (Terry, pers. com.). From
TP-1 to TP-2 at Toadstool Park, the climate appears to have become drier, as indicated by
the increased presence of calcium carbonate glaebules, increased calcium carbonate
shallower in paleosol profiles, and smaller root traces (Terry, 2001). The soils higher in
the section at Toadstool Park represent increasingly more open environments from the
Eocene into the Oligocene, as they are mostly inceptisols and entisols and root traces are
small (Terry, 2001; Lukens, 2013).
Environmental changes are apparent at Flagstaff Rim as well. Although there is
no change vertically in the general type of environment visible in the correlative soils
within the upper part of the Flagstaff Rim section, it is visible when looking at older
paleosols. The Tipps Trench paleosol, an endoaqualf, occurs lower in the section and is
indicative of a forested environment. The drying of the environment at Flagstaff Rim
gradually occurred through time after the formation of the Tipps Trench paleosol (Griffis,
2011). All specimens from Toadstool Park and most specimens from Flagstaff Rim were
from open environments. The possible exceptions from Flagstaff Rim were specimens
low in the section, just above the Tipps Trench paleosol (Figure 2).

2.2 Climate
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The terrestrial late Eocene of central North America is characterized by a decrease
in precipitation (Hutchison, 1982; Evanoff et al., 1992; Retallack, 1992; Zanazzi and
Kohn, 2008; Zanazzi et al., 2009), with associated cooling and an increase in seasonal
precipitation. Global average temperatures during the early Eocene were warm, but
starting in the late Eocene, overall temperatures decreased (Retallack, 1983; 1992;
Prothero and Berggren, 1992; Janis et al., 2000; Zachos et al., 2001; Terry, 2001;
Prothero et al., 2003; Zanazzi, et al., 2009; Prothero, 1994 in Prothero, 2012; 2006 in
Prothero, 2012; 2012). The amount of cooling and drying is still uncertain. Some studies
estimate 8-12oC (Wolfe, 1971; 1978; 1998; Prothero, 2012), approximately 8oC (Wolfe,
1994; Sahy et al., 2015), 7.1 ± 3.1oC (Zanazzi et al., 2009), or 5oC (Hutchison, 1982;
Retallack, 1992). The exception to this cooling trend was a brief period of warming
during the late Eocene associated with a change in precipitation patterns in western North
America, which resulted in a drier climate (Wolfe, 1978; Janis et al., 2000). Studies of
climatic drying show that the mean annual precipitation in North America decreased by
200-500 mm between 36 Ma and 27 Ma (Retallack, 1992; 2007; Sheldon and Retallack,
2004).
As climate changed, the environments present in the Great Plains region changed.
Due to drying of the climate, areas dominated by woodlands in the Eocene became open,
wooded plains or scrublands in the Oligocene (Clark et al., 1967; Retallack, 1983; 1992;
Janis et al., 2000; Terry, 2001; Zanazzi and Kohn, 2008; Zanazzi et al. 2009; Prothero,
2012). According to previous research, the climate change between the Chadronian and
Orellan NALMAs started in the west (Evanoff et al., 1992; Terry, 2001; Zanazzi et al.,

2009; Griffis, 2011; Sahy et al., 2015) and gradually transitioned to the east 1.5 Myr 13
later, taking ca. 200 kyr to occur in Wyoming and Nebraska (Sahy et al., 2015). This is
supported by mixed fluvial-eolian deposition replacing fluvial deposition, replacement of
larger-shelled land snail taxa with snails with smaller shells (Emry, 1992; Evanoff et al.,
1992; Hutchinson, 1992; Terry, 2001; Zanazzi et al., 2009; Sahy et al., 2015), and a
decrease in the numbers of aquatic amphibians and reptiles (Emry, 1992; Evanoff et al.,
1992; Hutchinson, 1992; Terry, 2001; Sahy et al., 2015).

2.3 Paleontology
Leptomeryx were rabbit-sized, browsing, deer-like ruminants whose habitats
varied over time to gradually more open settings (Figure 5; Clark et al., 1967; Retallack,
1983; Retallack, 1992; Prothero and Whittlesey, 1998; Wall and Collins, 1998; Terry,
2001; Benner et al., 2002; Zanazzi and Kohn, 2008; Mathis and MacFadden, 2010;
Lukens, 2013; Benton et al., 2015). My study uses Eocene and Oligocene Leptomeryx
specimens, which correspond to the Chadronian and Orellan NALMAs respectively
(Zanazzi et al., 2009; Boardman and Secord, 2013). Three Leptomeryx species, L. yoderi,
L. mammifer, and L. speciosus, lived during the Chadronian (Prothero and Whittlesey,
1998; Zanazzi et al., 2009). At Toadstool Park, L. yoderi, L. speciosus, and L. mammifer
are found near the early Chadronian-middle Chadronian boundary, and L. mammifer
disappears from the fossil record in the later middle to late Chadronian (Heaton and
Emry, 1996; Prothero and Emry, 1996; Zanazzi et al. 2009). An Orellan species of
Leptomeryx, L. evansi, is also found at Toadstool Park (Heaton and Emry, 1996;
Prothero and Whittlesey, 1998; Zanazzi et al., 2009; Boardman and Secord, 2013). Two

Chadronian Leptomeryx species have been found at Flagstaff Rim (L. yoderi and L.
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mammifer) in strata older than at Toadstool Park (Prothero and Emry, 1996; Prothero and
Emry, 2004 in Sahy et al., 2015; Sahy et al., 2015).
Leptomeryx has a selenodont dentition (elongated cusps on the molars), and a 0/3 1/1
3/4 3/3 dental formula: no incisors, one pair of canine teeth, three pairs of premolars, and
3 pairs of molars in the upper jaw and three pairs of incisors, one pair of canines, four
pairs of premolars, and three pairs of molars in the lower jaw (Scott, 1940 in Wall and
Collins, 1998; Wall and Collins, 1998; Webb, 1998 in Mathis and MacFadden, 2010;
Mathis and McFadden, 2010). Analysis of δ13C in tooth enamel suggests that Leptomeryx
was a browser that may have eaten approximately 90% C3 plants, although Oligocene
Leptomeryx (δ13C = – 8.5± 0.5‰) may have eaten more C4 plants than Eocene
Leptomeryx (δ13C= − 9.8 ± 1.1‰), since average δ13C values were higher (Prothero and
Whittlesey, 1998; Wall and Collins, 1998; Benner et al., 2002; Zanazzi and Kohn, 2008).

Figure 5: Photograph of a Leptomeryx skeleton from Altondooley (2012). Leptomeryx
was a small ruminant about the size of a rabbit or domestic cat (Prothero and Whittlesey,
1998; Wall and Collins, 1998; Benner et al., 2002; Zanazzi and Kohn, 2008; Benton et
al., 2015).

2.4 Microwear
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Microwear is defined as microscopic scratches or pits on teeth caused during use
(Valli and Palombo, 2008). Pits are microwear features with less than a 4:1 ratio of length
to width whereas scratches have a ratio of greater than 4:1 (Ungar et al., 2001; Organ et
al., 2005; Joomun et al., 2008). Previous microwear research using SEM has quantified
the number of total microwear features, scratches, and pits to calculate various statistical
values; minimum, maximum, and average numbers of total microwear features, scratches,
and pits in a group of specimens; standard error of the mean numbers of total microwear
features, scratches, and pits (Solounias and Moelleken, 1992a); percentages of scratches,
pits, or both out of the total number of features; scratch orientations (Solounias and
Moelleken, 1992a; Organ et al. 2005; Joomun et al., 2008); widths and lengths of
microwear features (Rivals and Deniaux, 2003; Organ et al., 2005; Joomun et al., 2008);
feature major axis length; feature minor axis length; feature orientation; feature
major:minor axis ratios; feature vector length (Joomun et al., 2008); microwear density
(number of features/area); and standard error of the mean microwear density (Rivals and
Deniaux, 2003). Pits and scratches can be divided into additional categories, such as
small pits, large pits, fine scratches, coarse scratches, isolated scratches, and parallel
scratches, based on their size and location relative to other microwear features (Joomun et
al., 2008). The diet of a particular animal is classified based on the numbers and relative
numbers of scratches and pits on their teeth (Solounias and Moelleken, 1992a; Solounias
and Moelleken, 1992b; Solounias and Semprebon, 2002; Rivals and Deniaux, 2003;
Joomun et al., 2008). The number of scratches used as a boundary between dietary
categories can be arbitrary, such as the value of 30 scratches used by Solounias and

Moelleken (1992a). Analyses in other studies did not specify numbers of microwear 16
features required to fit into different herbivore dietary categories. Some studies use
statistical tests, such as Student’s t test, ANOVA, and post hoc Tukey’s multiple
comparisons tests, to determine significant differences in microwear when comparing
different groups of animals (Organ et al., 2005; Joomun et al., 2008).
The teeth of browsers tend to have many pits relative to scratches and show a
lower scratch:pit ratio than grazers, (Figure 6A, Solounias et al. 1988; Solounias and
Moelleken 1992a, 1992b, 1993; Solounias and Semprebon, 2002; Ungar et al., 2007;
Joomun et al, 2008). Although the plants ingested by browsers tend to be structurally
weaker than those eaten by grazers, browse can vary and may be hard or brittle (Ungar et
al., 2007). The pitted structure on the teeth of browsers is caused by the vertical motion
of chewing (Rensberger, 1973; Franz-Odendaal et al. 2003; Ungar et al., 2007).
Grazers tend to have a larger scratch:pit ratio than browsers (Figure 6B; Solounias
and Moelleken, 1992a; Solounias and Moelleken, 1992b; Solounias and Semprebon,
2002; Joomun et al., 2008). This microwear pattern is caused by the grinding motion of
chewing (Rensberger, 1973; Franz-Odendaal et al., 2003; Ungar et al., 2007). Modern
grazers eat grass, which has cell walls containing cellulose and phytoliths that are thought
to contribute to microwear (Baker et al., 1959 in Ungar et al., 2007; Demment and Van
Soest, 1985; McNaughton et al., 1985; Ungar et al., 2007). However, other research
suggests that phytoliths are not hard enough to cause microwear; instead, dust and grit
would cause microwear (Sanson et al., 2007).
Mixed feeders, which both browse and graze (Fortelius and Solounias, 2000; Joomun et
al., 2008), have large numbers of pits and scratches on their teeth, with the number of
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A

Fig. 3 Photosimulations of microwear surface texture of a grazer (above) andJa Mammal
browser (below)
generated
from
172
Evol (2007)
14:163–181
point cloud data. The sampled area is 100×140 μm.

1990). Individual grass blades may also be too thin to store sufficient energy to allow cracks to
spread freely through them (Sanson 2006). As a final note, grasses may have very high
concentrations of abrasive silica, as endogenous phytoliths, and/or exogeneous grit adherent to
individual blades (Baker et al. 1959; McNaughton et al. 1985; Sanson et al. 2007).
Browse is much more difficult to characterize because it includes a broader variety of food
items. Still, browse items tend to have thinner cell walls and more readily accessible nutrients.
They are often weaker than grasses, affording less resistance to fracture propagation. Browse
components may be more brittle, requiring less work to propagate a crack through them. On
the other hand, some browse items are also harder than grass, requiring greater stress to initiate
a fracture.
The basic contrast between “stress delimited” (hard) and “displacement delimited” (tough)
foods (Ashby 2005) can have important implications for the biomechanics of chewing (Lucas
2004), and by implication, patterns of dental microwear. Tough grasses would tend to involve
more lateral movement of opposing occlusal surfaces relative to one another (e.g., “shearing,”
or grinding), whereas harder, more brittle foods may require more vertical contacts of opposing
surfaces with food items crushed between them. More parallel tooth–food–tooth interactions
should produce microscopic striations as opposing teeth slide past one another, dragging
abrasives across their surfaces (Rensberger 1973; Franz-Odendaal et al. 2003). This can also

B

Figure 6: Image of microwear patterns in browsers (A) and grazers (B) showing different
patterns of microwear. Browsers have a mix of scratches and pits, while grazers have
more oriented scratches. Both Hippotragus niger, the sable antelope, and Litocranius
walleri, the gerenuk, are extant species. The area shown in the figure is 100 x 140
micrometers. Image from Ungar et al. (2007).
scratches showing a bimodal frequency (Solounias and Moelleken, 1992a; Solounias and
Fig. 3 Photosimulations of microwear surface texture of a grazer (above) and a browser (below) generated from
point cloud data. The sampled area is 100×140 μm.

Semprebon, 2002; Semprebon et al. 2004; Joomun et al., 2008).
1990). Individual grass blades may also be too thin to store sufficient energy to allow cracks to
spread freely through them (Sanson 2006). As a final note, grasses may have very high
concentrations of abrasive silica, as endogenous phytoliths, and/or exogeneous grit adherent to
individual blades (Baker et al. 1959; McNaughton et al. 1985; Sanson et al. 2007).
Browse is much more difficult to characterize because it includes a broader variety of food
items. Still, browse items tend to have thinner cell walls and more readily accessible nutrients.
They are often weaker than grasses, affording less resistance to fracture propagation. Browse
components may be more brittle, requiring less work to propagate a crack through them. On
the other hand, some browse items are also harder than grass, requiring greater stress to initiate
a fracture.
The basic contrast between “stress delimited” (hard) and “displacement delimited” (tough)
foods (Ashby 2005) can have important implications for the biomechanics of chewing (Lucas
2004), and by implication, patterns of dental microwear. Tough grasses would tend to involve
more lateral movement of opposing occlusal surfaces relative to one another (e.g., “shearing,”
or grinding), whereas harder, more brittle foods may require more vertical contacts of opposing
surfaces with food items crushed between them. More parallel tooth–food–tooth interactions
should produce microscopic striations as opposing teeth slide past one another, dragging
abrasives across their surfaces (Rensberger 1973; Franz-Odendaal et al. 2003). This can also

Tooth microwear can also be assessed using microwear texture analysis, which

uses scale-sensitive fractal analysis and confocal microscopy (Ungar et al., 2003; Scott et
al., 2006; Ungar et al., 2007). Microwear texture analysis results in less observer error
than SEM-based microwear analysis (Grine et al., 2002 in Scott et al., 2006; Ungar et al.,
2003; Scott et al., 2005 in Scott et al., 2006; Scott et al., 2006; Ungar et al., 2007).
Differing SEM settings can also affect SEM-based microwear analysis (Gordon, 1988 in
Scott et al., 2006; Pastor, 1993 in Scott et al., 2006; Scott et al., 2006). Microwear texture
analysis uses complexity, anisotropy, textural fill volume, heterogeneity, and scale of

maximal complexity to describe microwear patterns (Scott et al., 2005 in Scott et al., 18
2006; Scott et al., 2006; Ungar et al., 2007). According to Ungar et al. (2007), complexity
and anisotropy are the most useful for categorizing browsers and grazers. Overall, the
molars of grazers have more anisotropy (preferred orientation) to their microwear
patterns, whereas, browsers show more complexity and variability of overlapping pits
and scratches at different scales than grazers (Figure 6B, Solounias et al. 1988; Solounias
and Moelleken 1992a, 1992b, 1993; Scott et al., 2006; Ungar et al., 2007).
Microwear patterns are studied from the occlusal patterns of enamel, since dentin
can manifest various features related to tooth structure. The enamel is easily recognized
as darker bands along the tooth row of Leptomeryx compared to the lighter dentin (Figure
7; Bremer and Weatherford, 1944; Maximow and Bloom, 1953; McEwen, 1957). In
images under high magnification, the rod-like structure of enamel may be visible as
semiparallel grooves on the surfaces of teeth (Figure 8; Bremer and Weatherford, 1944;
Maximow and Bloom, 1953; McEwen, 1957).
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m1

Lingual

m2

m3

p2
Mesial
Labial/Buccal

Distal

p1
Figure 7: Photograph of Leptomeryx lower jaw containing two premolars (p1-2) and three
molars (m1-3). Enamel is darker than dentin in fossilized specimens. Lingual- toward
inside of mouth, labial- toward outside of mouth, mesial- toward front of jaw, distaltoward back of jaw.
A

B

50 µm

50 µm

Figure 8: Example of microwear feature image analysis from Microware 4.0 software.
Both images show a mix of pits and scratches marked with red lines. Underlying
structure of semiparallel grooves is due to enamel rods (Bremer and Weatherford, 1944;
Maximow and Bloom, 1953; McEwen, 1957). A) Example of microwear on a specimen
from Nebraska (UNSM 60728). B) Example of microwear on a specimen from Wyoming
(USNM 441150).
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METHODS

Twenty Leptomeryx molars were analyzed in this study (Table1; Table 2;
Appendix A; Appendix B). Nine specimens loaned from the University of Nebraska State
Museum (UNSM) were collected at Toadstool Park, Nebraska. Eleven specimens loaned
from the Smithsonian National Museum of Natural History (USNM) were collected at
Flagstaff Rim, Wyoming. Eocene and Oligocene Leptomeryx specimens were used in this
study, without differentiating between species due to the small sample size. All
specimens are located stratigraphically relative to defining marker beds. Ages of
individual specimens were determined using the ages of individual ash beds and
sedimentation rates from Sahy et al. (2015). For all specimens, microwear was analyzed
on the distobuccal enamel band on the mesial cuspid of m2, the second lower molar
(Figure 7; Figure 9; Ungar et al. 2007). The same location on the same tooth was
examined for all specimens to maintain consistency.
Teeth were cleaned with a toothbrush prior to analysis to remove sediment.
Images of microwear were collected using an FEI Quanta 400i scanning electron
microscope (SEM) in scanning electron mode at West Chester University. All images
were taken with a magnification of 500x in low vacuum mode (80 Pa) with a resolution
of 2048 x 1768 pixels. Bitmap images from the SEM were analyzed with Microware 4.0,
a microwear analysis computer program developed by Ungar (2001) to record
measurements of microwear features (Figure 8). Details on the surfaces of teeth were
enhanced by adjusting the brightness and contrast of photomicrographs using Microsoft
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Figure 9: Scanning electron photomicrograph of a Leptomeryx molar. The white box
outlines the distobuccal enamel band on the mesial cuspid. Lingual- toward inside of
mouth, labial- toward outside of mouth, mesial- toward front of jaw, distal- toward back
of jaw.
Office Picture Manager before analysis with Microware 4.0. Images were also cropped
before importing into Microware 4.0 in order to better position microwear features for
analysis.
Numerous microwear features were measured (N=3448 total features for all
specimens, n=2350 from Wyoming, n=1098 from Nebraska), including the numbers of
pits and scratches, total numbers of microwear features, preferred orientations of
microwear features, major and minor axis measurements, ratios between major and minor
axis lengths, vector lengths, pit lengths and widths, scratch lengths and widths, scratch
orientations, scratch length vectors, standard deviations of the ratios between the major
and minor axis, major and minor axis standard deviations, standard deviations of

preferred orientations, standard deviations of pit lengths and widths, standard

22

deviations of scratch lengths and widths, and standard deviations of the orientation of
scratches (Figure 8). Vector lengths were scaled from 0 to 1, with greater values
representing more parallel features (Ungar, 2001; Purnell et al., 2006). The numbers of
scratches and pits on different specimens were normalized to account for differing areas
analyzed on each specimen by calculating the numbers of pits and scratches per 0.05
mm2. For many teeth, some parts of the photomicrographs were unable to be analyzed
due to an unknown material covering areas of the enamel, damage to the enamel, or a
change in the slope of the tooth surface. The absolute values of the microwear feature
orientation and scratch orientation data are not useful data, as they are arbitrary relative to
the SEM photomicrographs. However, the standard deviations of the orientation
measurements, showing variation in the directions of measurements, are still useful.
Results were compiled as blind analyses, with location and stratigraphic position
withheld to prevent bias.
For each measurement from Microware 4.0, statistical tests, including analysis of
variance (ANOVA), Kruskal-Wallis, Fisher’s LSD, and Tukey-Kramer tests, were run
using PAST or NCSS (Hammer et al., 2001; Hintze, 2007). For all tests, p<0.05 was
considered to be statistically significant. The ratios of scratches to pits were not recorded
by Microware 4.0, but were calculated using the tabulated results from the software.
Notched box plots were generated using NCSS to visualize the differences between
statistically distinct data sets (Figure 10). The boxes include 25 to 75 percent of the data,
with the median at 50%. The whiskers on the plot extend from 10 to 90 percent. The
notches include a 95 percent confidence limit of the median (Hintze, 2007).

Additionally, the numbers of scratches and pits, ratios of scratches to pits,
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and standard deviations of orientations of features and scratches were graphed as a
function of stratigraphic position and age using Microsoft Excel and PSI-Plot to
determine whether microwear varied over time, between study locations, or as a function
of lithology. Graphs were generated in Microsoft Excel for most measurements, but PSIPlot was used to plot the stratigraphic age against the scratch:pit ratio and against the
standard deviations of the orientations of microwear features (Poly Software
International, Inc., 2008).

CHAPTER 4
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RESULTS

Results of Leptomeryx tooth wear measurements are presented in Table 1, with
results of statistical tests showing significant differences summarized in Tables 2 and 3.
Due to the small number of samples in this study (nine from Nebraska, eleven from
Wyoming), bimodality of the frequency of scratches could not be accurately determined;
it was only possible to compare the relative amounts of grazing and browsing. Although
most microwear data appear normally distributed, because of the small sample size,
results from both parametric (ANOVA) and non-parametric tests (Kruskal-Wallis) are
presented in Table 2. The scratch:pit ratio in samples from Wyoming is significantly
greater (p<0.05) than samples from Nebraska (Table 2; Figure 10A; Figure 11). The
scratch:pit ratios of Leptomeryx from both localities were low compared to those of
browsers from other studies (Solounias and Moelleken, 1992a; Joomun et al., 2008). Like
the scratch:pit ratio, the number of scratches per 0.05 mm2 (Table 2; Figure 10B),
major:minor axis ratio (Table 2 ; Figure 10C), feature vector length (Table 2; Figure
10D), and feature major axis standard deviation (Table 2; Figure 10E) are significantly
greater (p<0.05) for samples from Wyoming. The feature orientation standard deviation
is significantly greater (p<0.05) in Nebraska (Table 2; Figure 10F; Figure 12). Although
the feature major:minor axis standard deviation is not normally distributed, the KruskalWallis test indicates that it is significantly greater (p<0.05) in Wyoming (Table 3).
Standard deviations of orientations were used since the absolute angles of orientations on
SEM photomicrographs were not calibrated (Table 2; Table 10F; Figure 12).

The scratch:pit ratio values do not vary systematically with stratigraphic
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level at either locality (Table 4; Figure 11). Significant correlations between stratigraphic
level and pit and scratch numbers and ratios, or standard deviations of feature and scratch
orientations within each locality, are also absent. R2 values were consistently low when
examining trends in microwear in samples from each site over time (Table 4). However,
the scratch:pit ratios and standard deviations of feature orientations are significantly
different between Wyoming and Nebraska (Table 2; Figure 10A; Figure 10F; Figure 11;
Figure 12).
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14.846
19.964

22.813
34.449
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36.494

13.946
17.021
10.78
13.118

25.045
26.099

8.18
5.04
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6.39
5.11

4.75
5.54

8.13
7.37
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7.53

7.01
7.9
5.77
6.33
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8.1

Measurements of Leptomeryx jaw specimens. MajorX= major feature axis; MajorSD= major feature axis standard deviation; MinorX= minor feature axis;
MinorSD= minor feature axis standard deviation; OrientX= feature preferred orientation; OrientSD= feature preferred orientation standard deviation;
Maj/MinX= major:minor axis ratio; Maj/MinSD= major:minor axis ratio standard deviation; R= feature vector length; N= number of total features; PitN=
number of pits; PitLenX= pit length; PitLenSD= pit length standard deviation; PitWidX= pit width; PidWidSD= pit width standard deviation; ScratchN=
number of scratches; ScratchLenX= scratch length; ScratchLenS= scratch length standard deviation; ScratchWidX= scratch width; ScratchWidSD=
scratch width standard deviation; ScratchOrX= scratch orientation; ScratchOrSD= scratch orientation standard deviation; Scratch R= scratch vector
length. Elevations from base of stratigraphic columns and ages of specimens from each locality. Ages determined using graph of time and stratigraphic
position from Sahy et al. (2015). Ages of specimens located below lowest point on stratigraphic column inferred, assuming constant rate of deposition.
Specimen
Image File
Elevation (m) Age (Myr)
MajorX
MajorSD
MinorX
UNSM 60642
150925_60642_m2_500x_enhanced_cropped
45
33.7
13.17
10.579
5.51
UNSM 60728
150925_60728_m2_500x_enhanced_cropped
65
33.3
24.92
28.421
9.56
UNSM 64800
150925_64800_m2_500x_2_enhanced_cropped
78
33
12.25
11.991
4.86

Table 1.
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USNM 366210
USNM 366217
USNM 437093
USNM 437105
USNM 337240
USNM 437248
USNM 437335
USNM 437348
USNM 437359
USNM 437513
USNM 441150

Specimen
UNSM 60642
UNSM 60728
UNSM 64800
UNSM 64195
UNSM 64265
UNSM 123869
UNSM 123967
UNSM 124154
UNSM 124411

9.082
6.266
7.822
16.879
4.104
6.128
6.579
6.591
7.355
5.051
5.797

36.08
64.43
123.27
95.27
99.15
44.08
100.93
27.88
132.21
87.6
127.44

28.36
37.329
43.802
39.416
30.657
38.148
49.58
51.33
26.936
39.628
34.677

4.05
4.69
4.55
3.72
3.43
3.69
4.23
3.86
3.51
3.29
3.97

4.907
6.858
7.651
3.844
4.385
4.582
5.944
4.782
5.446
3.263
11.574

MinorSD OrientX
OrientSD
Maj/MinX
Maj/MinSD R
5.259
14.04
43.31
3.24
3.223
9.204
138.06
41.005
3.69
7.637
3.843
95.63
59.461
3.07
2.924
10.559
83.93
58.24
3.94
5.781
9.003
136.96
46.834
3.56
5.161
4.871
53.11
45.947
2.56
2.443
7.85
165.05
43.234
3.24
3.389
4.589
93.73
39.566
3.07
2.158
3.792
168.89
41.845
2.99
2.357
0.612
0.427
0.31
0.388
0.564
0.412
0.223
0.2
0.642
0.384
0.48

0.318
0.359
0.116
0.126
0.262
0.276
0.32
0.385
0.344

N

140
172
393
74
149
226
112
197
137
400
350

71
159
189
175
122
90
173
77
42

PitN

106
122
289
56
116
163
83
148
110
309
271

57
128
149
131
101
78
137
59
33

17.21
14.82
15.41
16.75
8.69
11.49
12.36
9.6
16.96
9.87
11.99

PitLenX
11.92
17.8
9.5
18.29
15.15
12.56
16.03
12.46
12.03

Measurements of Leptomeryx jaw specimens. MajorX= major feature axis; MajorSD= major feature axis standard deviation; MinorX= minor feature axis;
MinorSD= minor feature axis standard deviation; OrientX= feature preferred orientation; OrientSD= feature preferred orientation standard deviation;
Maj/MinX= major:minor axis ratio; Maj/MinSD= major:minor axis ratio standard deviation; R= feature vector length; N= number of total features; PitN=
number of pits; PitLenX= pit length; PitLenSD= pit length standard deviation; PitWidX= pit width; PidWidSD= pit width standard deviation; ScratchN=
number of scratches; ScratchLenX= scratch length; ScratchLenS= scratch length standard deviation; ScratchWidX= scratch width; ScratchWidSD= scratch
width standard deviation; ScratchOrX= scratch orientation; ScratchOrSD= scratch orientation standard deviation; Scratch R= scratch vector length. Heights
from base of stratigraphic columns and ages of specimens from each locality. Ages determined using graph of time and stratigraphic position from Sahy et al.
(2015). Ages of specimens located below lowest point on stratigraphic column inferred, assuming constant rate of deposition.
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USNM 366210
USNM 366217
USNM 437093
USNM 437105
USNM 337240
USNM 437248
USNM 437335
USNM 437348
USNM 437359
USNM 437513
USNM 441150

Specimen
UNSM 60642
UNSM 60728
UNSM 64800
UNSM 64195
UNSM 64265
UNSM 123869
UNSM 123967
UNSM 124154
UNSM 124411

17.613
12.174
19.375
35.134
6.28
14.148
13.982
10.444
18.715
9.332
12.51

9.29
8.11
8.09
8.78
5.1
6.3
6.54
5.29
8.82
5.42
6.53

9.951
6.747
8.45
19.229
4.139
6.795
6.861
7.214
7.746
5.512
6.306

34
50
104
18
33
63
29
49
27
91
79

PitLenSD PitWidX
PitWidSD
ScratchN
10.204
6.24
5.585
14
16.163
10.4
9.852
31
7.984
5.34
4.004
40
20.043
9.93
11.746
44
12.437
8.97
9.52
21
10.501
7.32
5.063
12
14.839
8.77
8.504
36
9.771
6.32
5.04
18
7.44
6.47
3.733
9
39.77
54.29
44.23
38.85
26.27
28.14
53.25
41.52
40.39
25.37
31.05

28.427
51.462
32.304
36.527
25.094
26.838
48.461
50.49
32.152
16.598
34.192

4.5
5.55
5.44
3.62
3.53
3.57
5.96
4.58
5.54
3.74
3.45

ScratchLenX ScratchLenS ScratchWidX
18.26
10.925
2.53
54.34
45.138
6.07
22.48
17.747
3.07
38.29
31.898
4.54
41.52
52.375
3.9
34.29
18.859
4.98
32.28
18.794
4.59
24.37
8.87
4
33.34
16.091
5.81

3.805
4.456
5.288
2.403
3.785
3.192
5.783
4.201
4.739
2.636
2.294

21.28
54.42
137.99
75.49
99.2
42.69
73.03
17.2
134.04
108.08
135.25

ScratchWidSD ScratchOrX
1.639
12.86
4.434
138.56
2.486
110.37
3.426
48.55
3.847
164.31
2.723
19.57
2.755
143.69
1.77
81.06
4.192
18.13

Measurements of Leptomeryx jaw specimens. MajorX= major feature axis; MajorSD= major feature axis standard deviation; MinorX= minor feature axis;
MinorSD= minor feature axis standard deviation; OrientX= feature preferred orientation; OrientSD= feature preferred orientation standard deviation;
Maj/MinX= major:minor axis ratio; Maj/MinSD= major:minor axis ratio standard deviation; R= feature vector length; N= number of total features; PitN=
number of pits; PitLenX= pit length; PitLenSD= pit length standard deviation; PitWidX= pit width; PidWidSD= pit width standard deviation; ScratchN=
number of scratches; ScratchLenX= scratch length; ScratchLenS= scratch length standard deviation; ScratchWidX= scratch width; ScratchWidSD= scratch
width standard deviation; ScratchOrX= scratch orientation; ScratchOrSD= scratch orientation standard deviation; Scratch R= scratch vector length. Heights
from base of stratigraphic columns and ages of specimens from each locality. Ages determined using graph of time and stratigraphic position from Sahy et al.
(2015). Ages of specimens located below lowest point on stratigraphic column inferred, assuming constant rate of deposition.
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ScatchOrSD
41.133
24.719
41.854
44.882
54.432
50.447
33.028
40.396
22.875

27.14
29.879
39.912
33.354
32.423
27.82
44.915
32.051
23.708
38.116
28.07

Specimen
UNSM 60642
UNSM 60728
UNSM 64800
UNSM 64195
UNSM 64265
UNSM 123869
UNSM 123967
UNSM 124154
UNSM 124411

Scratch R
Scratch/Pit Ratio Area analyzed (mm2)
Pits Per 0.05 mm2
Scratches Per 0.05 mm2
0.356
0.245614035
0.0627
45.45454545
11.16427432
0.689
0.2421875
0.0665
96.2406015
23.30827068
0.343
0.268456376
0.0634
117.5078864
31.54574132
0.293
0.335877863
0.0756
86.64021164
29.1005291
0.164
0.207920792
0.0862
58.58468677
12.18097448
0.212
0.153846154
0.0358
108.9385475
16.75977654
0.514
0.262773723
0.0594
115.3198653
30.3030303
0.37
0.305084746
0.0275
107.2727273
32.72727273
0.727
0.272727273
0.0384
42.96875
11.71875

USNM 366210
USNM 366217
USNM 437093
USNM 437105
USNM 337240
USNM 437248
USNM 437335
USNM 437348
USNM 437359
USNM 437513
USNM 441150

0.638
0.58
0.378
0.507
0.527
0.624
0.292
0.534
0.71
0.412
0.618

0.320754717
0.409836066
0.359861592
0.321428571
0.284482759
0.386503067
0.34939759
0.331081081
0.245454545
0.294498382
0.291512915

0.0594
0.0773
0.0773
0.0743
0.0486
0.0805
0.0765
0.0519
0.0767
0.1169
0.0763

89.22558923
78.91332471
186.9340233
37.68506057
119.3415638
101.242236
54.24836601
142.5818882
71.70795306
132.1642429
177.5884666

28.61952862
32.34152652
67.27037516
12.11305518
33.95061728
39.13043478
18.95424837
47.2061657
17.60104302
38.92215569
51.76933159

Measurements of Leptomeryx jaw specimens. MajorX= major feature axis; MajorSD= major feature axis standard deviation; MinorX= minor feature axis;
MinorSD= minor feature axis standard deviation; OrientX= feature preferred orientation; OrientSD= feature preferred orientation standard deviation;
Maj/MinX= major:minor axis ratio; Maj/MinSD= major:minor axis ratio standard deviation; R= feature vector length; N= number of total features; PitN=
number of pits; PitLenX= pit length; PitLenSD= pit length standard deviation; PitWidX= pit width; PidWidSD= pit width standard deviation; ScratchN=
number of scratches; ScratchLenX= scratch length; ScratchLenS= scratch length standard deviation; ScratchWidX= scratch width; ScratchWidSD= scratch
width standard deviation; ScratchOrX= scratch orientation; ScratchOrSD= scratch orientation standard deviation; Scratch R= scratch vector length. Heights
from base of stratigraphic columns and ages of specimens from each locality. Ages determined using graph of time and stratigraphic position from Sahy et al.
(2015). Ages of specimens located below lowest point on stratigraphic column inferred, assuming constant rate of deposition.

Table 1 (continued).
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Table 2
Means, medians, standard deviations, and p-values for statistically significant differences
in measurements between NE and WY. NNe=9, NWY= 11. p<0.05. Significant results
highlighted in red box. Orientation angles are arbitrary, measured relative to individual
photographs.
Scratch Scratch:pit Major:minor Vector
Major axis
Orientation
Number ratio
axis ratio
length
standard
standard
Per 0.05
(µm)
deviation
deviation
mm2
(µm)
(degrees)
NE mean 22.09
0.25
3.26
0.28
17.44
46.60
NE
23.31
0.26
3.24
0.32
13.95
43.31
median
NE
9.18
0.053
3.91
0.097
7.12
7.31
standard
deviation
WY mean 35.26
0.33
3.91
0.42
25.07
38.17
WY
33.95
0.32
3.86
0.41
23.79
38.15
median
WY
16.24
0.048
0.45
0.15
7.73
7.94
standard
deviation
p
0.044
0.0050
0.0038
0.021
0.035
0.025
(ANOVA)
p
0.0037
0.0088
0.0049
0.025
0.044
0.025
(KruskalWallis)
p
0.0040
0.021
0.036
0.025
(Tukey’s
pairwise)

Table 3
Means, medians, standard deviations, and p-values for
the major:minor axis standard deviation. p<0.05.
Feature major:minor axis
standard deviation
NE mean
3.90
NE median
3.22
NE standard
1.89
deviation
WY mean
5.75
WY median
4.91
WY standard
2.31
deviation
p (Kruskal-Wallis) 0.044
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Figure 10: Box plots showing significant statistical differences of microwear features on
Leptomeryx molars from Wyoming and Nebraska. A) Scratch:pit ratios. B) Scratch
numbers per 0.05 mm2. C) Major:minor axis ratios. D) Feature vector lengths. E)
Standard deviations of major axes of microwear measurements. F) Standard deviations of
orientations of microwear measurements.
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Figure 11: Stratigraphic age vs. scratch:pit ratio for teeth from Wyoming and Nebraska.
The scratch:pit ratio is significantly less in the younger samples from Nebraska, as
indicated by ANOVA and Kruskal-Wallis tests (Table 2). There are fewer scratches
relative to pits in Nebraska than in Wyoming. Orange dotted line shows EoceneOligocene boundary (Shackleton and Kennett, 1975; Zachos et al., 2001; Ivany et al.,
2006; Sahy et al., 2015). Green dashed line represents marine ∂18O shift, which occurred
between 33.8 and 33.6 Ma (Katz et al., 2008; Wade et al., 2012; Zanazzi et al., 2015).
Short, vertical lines represent time ranges of the Eocene-Oligocene transition and δ18O
shift to cooler conditions.
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Figure 12: Stratigraphic age vs. standard deviation of microwear orientation on
Leptomeryx teeth from Nebraska and Wyoming. Greater variation (less anisotropy) is
present in the orientations of microwear features for Nebraska than Wyoming (Table 2;
Figure 10F). Orange dotted line shows Eocene-Oligocene boundary occurring 34.0-33.5
Ma (Shackleton and Kennett, 1975; Zachos et al., 2001; Ivany et al., 2006; Sahy et al.,
2015). Green dashed line represents marine δ18O shift, which occurred between 33.8 and
33.6 Ma (Katz et al., 2008; Wade et al., 2012, Zanazzi et al., 2015). Short, vertical lines
represent time ranges of the Eocene-Oligocene transition and δ18O shift to cooler
conditions. Other studies place the isotopic shift at 33.6 Ma during the Oi-1 event or in
steps from 34.0-33.5 Ma (Coxall et al., 2005; Cramer et al., 2009; Pälike et al., 2006;
Lear et al., 2008; Zanazzi et al., 2009; Sahy et al., 2015).

Table 4
R2 values for correlations between stratigraphic level and scratch numbers, pit
numbers, scratch:pit ratios, standard deviations of feature orientations, and
standard deviations of scratch orientations. Critical R2 values are 0.44 for
Nebraska and 0.36 for Wyoming (Critical values of r).
Scratch
Pit
Scratch:pit
Feature
Scratch
number
number
ratio
orientation
Orientation
per 0.05
per 0.05
standard
Standard
2
2
mm
mm
deviation
deviation
WY
0.093
0.24
0.18
0.13
0.092
R2
NE
0.037
0.071
0.0032
0.18
0.0013
R2
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DISCUSSION

Significant differences in microwear between Leptomeryx at Flagstaff Rim,
Wyoming and Toadstool Park, Nebraska suggest that there may have been differences in
diet or amount of ingested sediment. There is little to no stratigraphic overlap of
specimens between localities. All Nebraska specimens are younger than the Wyoming
specimens. Therefore, it is impossible to completely separate geographic and temporal
signals, although the lack of significant changes in microwear within each section implies
that the geographic signal is stronger than the temporal signal. The greater scratch:pit
ratio, scratch number, and vector length, and lower orientation standard deviation in
Wyoming could mean that Leptomeryx from Wyoming grazed more than Leptomeryx
from Nebraska. Although differences in textures of plants eaten by Leptomeryx in
different localities may have caused differences in microwear, root traces are the only
evidence of vegetation at either locality (Terry, 2001; Griffis, 2011), with the exception
of small leaves at Flagstaff Rim (Wing, 1987; Retallack, 1992; Sahy et al., 2015) and
phytoliths of dicotyledons, conifers, and ferns; silica short cells of bambusoid grasses;
silicified plant fragments; calcified root fragments; mineralized voids; clay infills; and
rhizoliths in from Nebraska (Retallack, 1983; Meehan, 1994; Terry and Evans, 1994;
Terry et al., 1995; Terry, 2001; Strömberg, 2004). Because most examples of direct
evidence for vegetation types were only found in one of the study localities, and since
root traces cannot provide specific botanical information, they are not useful for
comparing the diets of herbivores between study sites. It is impossible with current data
to determine whether plants found in one locality were also present in the other.

Thus, without more evidence of plant taxa between study sites, it is impossible to
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determine potential paleobotanical differences. However, regional variation in forage
may explain the significant differences in microwear between localities.
Variation in sediment texture between study locations does not explain microwear
differences. Although rock types are similar in each locality, Flagstaff Rim has larger
sediment particles, larger amounts of volcaniclastic materials, and more airfall tuffs than
Toadstool Park (Emry, 1973; Sahy et al., 2015). Within the time range between the
deposition of correlative ash layers, sediment deposited at Flagstaff Rim contained more
silt than sediment deposited at Toadstool Park, suggesting regional differences in
paleoenvironments (Sahy et al., 2015). Thus, the abrasive effect of ingested sediment at
each location could have resulted in at least some of the differences seen in the
microwear of Leptomeryx, such as the significantly greater number of scratches and
greater scratch:pit ratio on teeth from Wyoming (Table 1; Mainland, 2006). The sediment
particle size increased up-section on both Toadstool Park and Flagstaff Rim, containing
progressively more silt higher in each section (Emry, 1973; Sahy et al., 2015). However,
due to the lack of change in microwear stratigraphically with increase in sediment
particle size, it is unlikely that sediment had an effect on microwear between localities.
The variation in the directions of microwear, seen in this study as the standard
deviations of feature orientations of Leptomeryx, supports previous interpretations that
Leptomeryx was a browser and was likely ingesting C3 plants (Prothero and Whittlesey,
1998; Wall and Collins, 1998; Benner et al., 2002; Ungar et al., 2007; Zanazzi and Kohn,
2008), and did not have a diet of grass-like plants that would have formed oriented
scratches (Rensberger, 1973; Solounias et al. 1988; Solounias and Moelleken 1992a,

1992b, 1993; Franz-Odendaal et al., 2003; Ungar et al., 2007). It is possible that
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Eocene and Oligocene grazers may have eaten types of plants other than C4 grasses, such
as brackens, since C4 grasses were not widespread at this time (Fox and Koch, 2003;
Zanazzi and Kohn, 2008). If grazers ate less C4 plants, it is possible that their microwear
patterns would appear more similar to modern browsers. However, using current
classification methods for browsers and grazers, Leptomeryx is classified as a browser
(Wall and Collins, 1998; Zanazzi and Kohn, 2008). Even though Leptomeryx are
classified as browsers according to previous research (Prothero and Whittlesey, 1998;
Wall and Collins, 1998; Benner et al., 2002; Zanazzi and Kohn, 2008), the greater
scratch:pit ratios, greater scratch numbers, greater vector lengths, and smaller standard
deviations of feature orientations on the teeth of Leptomeryx from Wyoming suggest a
tougher diet compared to Nebraska and suggest that Leptomeryx in Wyoming grazed
more than those in Nebraska (Scott et al., 2006; Ungar et al., 2007). This may be related
to climate change occurring earlier in Wyoming than Nebraska that drove an increase in
numbers of C4 plants and subsequent changes in the diet of Leptomeryx (Evanoff et al.,
1992; Retallack, 1992; Terry, 2001; Sahy et al., 2015). However, scratch:pit ratios for
Leptomeryx in this study are less than those of herbivores in other studies (Solounias and
Moelleken, 1992a; Joomun et al., 1998). Scratch:pit ratios calculated for herbivores
studied by Solounias and Moelleken ranged from 0.52 to 3.31 for browsers, 1.38 to 2.5
for mixed feeders, and 3.67 to 19.33 for grazers (Solounias and Moelleken, 1992a). This
could potentially be due to small body size, dietary differences, observer error, or a
combination of these factors. Dietary differences could also be related to differences in

types of phytoliths ingested, or to a lower percentage of C4 plants at this time on the 39
Great Plains relative to studies of other grazers.
The sedimentology and paleopedology of Flagstaff Rim and Toadstool Park
changed significantly over time, while microwear remained static. Microwear on the
teeth of Leptomeryx differed significantly between localities, but did not show many
significant changes over time at either locality (Tables 2-4; Figure 10-12). Although
Wyoming is composed of greater volumes of volcaniclastics than Nebraska, and grain
sizes become siltier overall up-section, all correlations between the stratigraphic positions
of individual specimens at each location and microwear features were weak to
nonexistent. Eocene Leptomeryx lived in woodlands, while Oligocene Leptomeryx lived
in more open or xeric, seasonally dry, habitats (Clark et al., 1967; Retallack, 1983; Soil
Staff Survey, 1999; Zanazzi and Kohn, 2008). A change from forested to more open
environments, as indicated by changes in paleosols, are recorded at both localities, but
these changes in paleoecology did not correlate with significant changes in microwear
over time at either locality (Clark et al., 1967; Retallack, 1983; Janis et al., 2000; Terry,
2001; Zanazzi and Kohn, 2008; Zanazzi et al. 2009; Griffis, 2011; Prothero, 2012; Sahy
et al., 2015).

CHAPTER 6
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CONCLUSIONS

The microwear patterns on the teeth of Leptomeryx from Flagstaff Rim, WY and
Toadstool Park, NE did not change stratigraphically at either location, but did differ
between locations (Table 2-4; Figures 10-12). Potential causes for differences in
microwear between study sites include differences in browse, especially given the
likelihood of diachronous climate change between Wyoming and Nebraska, or
sediment/soil particles adhering to ingested vegetation (Evanoff et al., 1992; Terry, 2001;
Zanazzi et al., 2009; Griffis, 2011; Sahy et al., 2015). It is impossible to clarify the effects
of vegetation on microwear at either locality due to the near absence of plant fossils in
either location, but given the significant differences for some microwear features between
study sites, such as the number of scratches or scratch:pit ratios, differences in vegetation
are a likely cause. Further research, such as a detailed assessment of phytolith
assemblages at each study site, is required to quantify the potential effects of
paleovegetation on the microwear of these specimens. Significant differences in the
number of microwear features over time are absent at either locality, suggesting that the
vegetation ingested by Leptomeryx either survived as the climate became cooler and drier
during the change from forested to open conditions, or the diets changed with the climate,
although the texture of their diet remained constant.
Sediment/soil particle sizes are unlikely to have caused differences in microwear
between Nebraska and Wyoming. The transition from clay- to silt- dominated
environments occurred earlier in Wyoming than Nebraska, resulting in different grain

sizes at each locality within the same time intervals (Sahy et al., 2015). The
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specimens from Flagstaff Rim were found in both claystones and siltstones, with
claystones lower in the section than siltstones, while the specimens from Toadstool Park
were found in mudstones and siltstones, with mudstones lower in the section (Emry,
1973; LaGarry, 1998; Terry, 1998; Terry and LaGarry, 1998; Sahy et al., 2015).
Although both locations show an overall coarsening upward trend in grain size and a
change in paleoecology, significant differences in microwear were not observed up
section at either locality.
The evidence is insufficient at this time to determine whether diet, sediment, or a
combination of the two was the primary factor in creating the microwear on the teeth of
Leptomeryx from Flagstaff Rim, Wyoming and Toadstool Park, Nebraska. Regardless of
cause, microwear was consistent over time at each locality, but different between
localities. Additional paleobotanical data is required to better constrain the influence of
vegetation on microwear. Microwear patterns of different taxa of Leptomeryx, other
artiodactyls, and perissodactyls should also be compared between these two locations. In
addition, further research is needed to determine the cause of the low scratch:pit ratios for
Leptomeryx relative to other browsers. This could include comparing microwear on the
teeth of modern artiodactyls of various sizes with known diets to determine whether
microwear varies with herbivore body size.
Although we can determine that microwear patterns did not vary up-section at
each study locality, the hypothesis stating that changes would appear earlier in Wyoming
than Nebraska cannot be supported or contradicted due to lack of stratigraphic overlap
between Leptomeryx specimens from Nebraska and Wyoming. Further microwear

research using specimens of the same age would be required to determine whether
changes would occur earlier in Wyoming than Nebraska.
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MICROWEAR IMAGES

50 µm

Figure 13: SEM photomicrograph of UNSM 60642. Although, there are scratches and
pits on the lower part of the image, they appear to be on a substance coating the enamel
and not the enamel itself. There is also damage to the enamel.

50 µm
Figure 14: SEM photomicrograph of UNSM 64800. The dark scratches and pits on the
right and left sides of the images (general areas shown by arrows) appear to be due to
damage to the enamel and not related to microwear.
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50 µm

Figure 15: SEM photomicrograph of UNSM 64195.

50 µm
Figure 16: SEM photomicrograph of UNSM 64265.
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50 µm
Figure 17: SEM photomicrograph of UNSM 123869. The lower part of the image is
coated with an unknown substance and conceals microwear.

50 µm
Figure 18: SEM photomicrograph of UNSM 123967.
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50 µm
Figure 19: SEM photomicrograph of UNSM 124154. Most of the specimen was coated
with an unknown material that obscured the enamel and microwear.

50 µm
Figure 20: SEM photomicrograph of UNSM 124411. Most of the specimen was covered
with an unknown material that obscured the enamel and microwear.
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50 µm
Figure 21: SEM photomicrograph of USNM 366210. Microwear is not visible on the
lower part of the image due to a change in slope on the tooth surface and an unknown
material that obscured the enamel.

50 µm
Figure 22: SEM photomicrograph of USNM 366217.
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50 µm
Figure 23: SEM photomicrograph of USNM 437093.

50 µm
Figure 24: SEM photomicrograph of USNM 437105. Some areas appear to have damage
to the enamel that is deeper than microwear.
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50 µm
Figure 25: SEM photomicrograph of USNM 337240. The left side of the image is coated
with an unknown material that covers the enamel. Scratches on this material were not
counted as microwear.

50 µm

Figure 26: SEM photomicrograph of USNM 437248.
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50 µm

Figure 27: SEM photomicrograph of USNM 437335. The top right and bottom left
corners of the image appear to have a coating covering the microwear.

50 µm
Figure 28: SEM photomicrograph of USNM 437348. Microwear is not visible in the
bottom part of the image due to the changing slope of the tooth surface and a coating on
the enamel.

63
50 µm

Figure 29: SEM photomicrograph of USNM 437359.

m

50 µm
Figure 30: SEM photomicrograph of USNM 437513. Note that the enamel is covered by
an unknown material (m) in the left center of the photomicrograph.
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STRATIGRAPHIC LOCATIONS AND MICROWARE 4.0 ANALYSIS DATA
Table 5.
Specimen numbers listed with locations relative to marker beds or
names of quarries. UNSM specimens are from Toadstool Park, NE.
USNM specimens are from Flagstaff Rim, WY. UPW= Upper Purplish
White Layer.
Specimen
Location Relative to Marker Bed or Name of Quarry
UNSM 60642
6 m above UPW
UNSM 60728
26 m above UPW
UNSM 64800
39 m above UPW
UNSM 64195
3 m above UPW
UNSM 64265
18 m above UPW
UNSM 123869 2 m below UPW
UNSM 123967 21 m below UPW
UNSM 124154 5 m below UPW
UNSM 124411 9 m above UPW
USNM 366210 Dry Hole Quarry (12 m below base of section)
USNM 366217 Dry Hole Quarry (12 m below base of section)
USNM 437093 B-44' Quarry (13.4 m below Ash B)
USNM 437105 B-44' Quarry (13.4 m below Ash B)
USNM 337240 Low Pocket (15 m below base of section)
USNM 437248 Low Pocket (15 m below base of section)
USNM 437335 4.6-9 m below Ash D
USNM 437348 4.6 m above Ash D
USNM 437359 7.6 m below Ash C
USNM 437513 7.6-10.7 m above Ash G
USNM 441150 1.5-4.6 m above Ash D
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Table 6.
ANOVA test for scratch:pit ratio, comparing Leptomeryx in Wyoming and
Nebraska.
Test for equal means
Sum of

df

Mean

sqrs

square

Between groups:

0.0255596 1

0.0255596

Within groups:

0.0451495 18

0.00250831

Total:

0.0707091 19

omega2:

0.3148

Levene´s test for

p (same):

0.9451

p (same):

0.9683

F

p (same)

10.19 0.005049

homogeneity of variance,
from means
Levene´s test, from medians

Welch F test in the case of unequal variances: F=9.978, df=16.42, p=0.005926

Table 77.
Tukey’s pairwise test for scratch:pit ratio showing a significant
difference.
NEScratchPitRatio WYScratchPitRatio
NEScratchPitRatio
WYScratchPitRatio

0.005214
4.514
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Table 8.
Kruskal-Wallis test for scratch:pit ratio showing a significant
difference.
Kruskal-Wallis test for equal medians
H (chi2):

6.87

Hc (tie corrected):

6.87

p (same):

0.008765

There is a significant difference between sample medians

Table 9.
ANOVA for feature major:minor axis ratio showing a significant difference between
the two Leptomeryx populations.
Test for equal means
Sum of

df

sqrs

Mean

F

p (same)

11

0.003832

square

Between groups:

2.06546

1

2.06546

Within groups:

3.37852

18

0.187696

Total:

5.44397

19

omega2:

0.3334

Levene´s test for homogeneity

p (same):

0.7091

p (same):

0.7024

of variance, from means
Levene´s test, from medians

Welch F test in the case of unequal variances: F=11.19, df=17.68, p=0.003679
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Table 10.
Tukey’s pairwise test for feature major:minor axis
ratio showing a significant difference.
UNSM
USNM
Maj/MinX
UNSM Maj/MinX
USNM Maj/MinX

Maj/MinX
0.00399

4.691

Table 11.
Kruskal-Wallis test for feature major:minor axis ratio
showing a significant difference.
Kruskal-Wallis test for equal medians
H (chi2):

7.902

Hc (tie corrected):

7.92

p (same):

0.00489

There is a significant difference between sample
medians
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Table 13.
ANOVA for feature vector length showing a significant difference.
Test for equal means
Sum of sqrs

df

Mean

F

p (same)

square
Between groups:

0.102011

1

0.102011

Within groups:

0.287518

18

0.015973

Total:

0.389529

19

omega2:

0.2122

Levene´s test for homogeneity

p (same):

0.277

p (same):

0.2839

6.386 0.02108

of variance, from means
Levene´s test, from medians

Welch F test in the case of unequal variances: F=6.927, df=17.39, p=0.01726

Table 14.
Tukey’s pairwise test for feature vector
length showing a significant difference.
UNSM R
USNM R
UNSM R
USNM R

0.02123
3.574
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Table 15.
Kruskal-Wallis test for feature vector length showing a
significant difference.
Kruskal-Wallis test for equal medians
H (chi2):

5.023

Hc (tie corrected):

5.023

p (same):

0.02501

There is a significant difference between sample medians

Table 16.
ANOVA test for the major axis standard deviation showing a significant difference.
Test for equal means
Sum of

df

sqrs

Mean

F

p (same)

5.168

0.03549

square

Between groups:

287.955

1

287.955

Within groups:

1002.89

18

55.716

Total:

1290.84

19

omega2:

0.1725

Levene´s test for homogeneity of

p

variance, from means

(same):

Levene´s test, from medians

p

0.773

(same):

3

0.867

Welch F test in the case of unequal variances: F=5.258, df=17.7, p=0.03432
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Table 17.
Tukey’s pairwise test for the major axis
standard deviation showing a significant
difference.
UNSM
USNM
MajorSD
UNSM MajorSD
USNM Major SD

Major SD
0.03562

3.215

Table 18.
Kruskal-Wallis test for the major axis standard deviation
showing a significant difference.
Kruskal-Wallis test for equal medians
H (chi2):

4.053

Hc (tie corrected):

4.053

p (same):

0.04408

There is a significant difference between sample medians
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Table 19.
ANOVA test for the feature orientation standard deviation showing a significant
difference. The orientation is not a useful measurement, as its absolute values are
arbitrary, relative to the photomicrograph.
Test for equal means
Sum of

df

sqrs

Mean

F

square

Between groups:

352.214

1

352.214 5.995

Within groups:

1057.49

18

58.7492

Total:

1409.7

19

omega2:

0.1998

Levene´s test for homogeneity

p (same):

0.818

p (same):

0.6889

of variance, from means
Levene´s test, from medians

Welch F test in the case of unequal variances: F=6.101, df=17.71, p=0.02392

Table 20.
Tukey’s pairwise test for the feature orientation
standard deviation showing a significant
difference. The orientation is not a useful
measurement, as its absolute values are
arbitrary, relative to the photomicrograph.
UNSM
USNM
OrientSD
UNSM OrientSD
USNM OrientSD

OrientSD
0.02496

3.463

p (same)
0.02482
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Table 21.
Kruskal-Wallis test for the feature orientation standard deviation showing a
significant difference. The orientation is not a useful measurement, as its
absolute values are arbitrary, relative to the photomicrograph.
Kruskal-Wallis test for equal medians
H (chi2):

5.023

Hc (tie corrected):

5.023

p (same):

0.02501

There is a significant difference between sample medians

Table 22.
ANOVA test for scratch number per 0.05 mm2 showing a significant difference.
Test for equal means
Sum of sqrs

df

Mean

F

p (same)

4.67

0.04442

square
Between groups:

858.811

1

858.811

Within groups:

3310.33

18

183.907

Total:

4169.14

19

omega2:

0.155

Levene´s test for

p (same):

0.2294

p (same):

0.2453

homogeneity of variance,
from means
Levene´s test, from medians

Welch F test in the case of unequal variances: F=5.206, df=16.24, p=0.03632
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Table 23.
Tukey’s pairwise test for scratch number per 0.05 mm2
showing a significant difference.
NEScratchN0.05 WYScratchN0.05
NEScratchN0.05
WYScratchN0.05

0.04455
3.056

Table 24.
Kruskal-Wallis test for scratch number per 0.05 mm2
showing a significant difference.
Kruskal-Wallis test for equal medians
H (chi2):

4.365

Hc (tie corrected):

4.365

p (same):

0.03668

There is a significant difference between sample
medians

