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Figure 21. Modified from Fortelius and Solounias (2000), the figure shows the percent sharp, 

percent round, and percent blunt against hypsodonty index for both browsers and mixed feeders. 

Points in color represent the three Orellan artiodactyls in this study, plotted in both categories for 

comparison. Red corresponds with Hypertragulus calcaratus, green with Hypisodus minimus, 

and blue with Leptomeryx evansi. 
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 A more conclusive study might use additional taxa, however, including a variety of taxa 

that encompass multiple feeding behaviors. A study on the Miocene, where C4 vegetation 

occurred would be useful. Additionally, a source of error could occur in that I used the m3 rather 

than the M2. The M2 was used in Fortelius and Solounias (2000) because upper molars generally 

show less wear than lowers; gravity wears the lower molars down more. Lower molars 

consistently score rounder than upper molars (Fortelius and Solounias, 2000) and a lower molar 

index for mesowear should be developed to accurately use the data I collected.  While other 

studies have tried to extend which teeth can be used to score mesowear analysis, such as P4-M3, 

results were not consistent enough to prove viable (Kaiser and Fortelius, 2003).  

In this study, I did not use the M2 for several reasons. First, I cannot identify either 

Hypertragulus or Leptomeryx to species by upper molars. Additionally, I would not be able to 

pinpoint upper molars to correlate to the lower molars of the same animal unless there was 

exceptional preservation that yielded a skull with both the maxilla and mandible. Finally, this 

study focused on m3s that would yield results for hypsodonty index and volume. So overall, 

mesowear can be a proxy to determine feeding behavior, but for this study the results may have 

sources of error. Further studies would be better if they used M2 to better match the index 

provided by Fortelius and Solounias (2000), or to expand on the study and try to create one with 

lower molars. For both of those options, it would be better to use a larger number of taxa. 

 

Occlusal surface area 

In addition to parsing through the dietary proxies of these Orellan artiodactyls, a second 

part of my study was to test the accuracy of these means of gathering data, specifically by testing 
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the three different methods of measuring the occlusal surface area: Keyence software polygon 

area feature, Janis (1988) method, and the Seyler (2018) formula derived for this study.  

Before I looked at how my formula compares to what I consider to be the most accurate 

surface area (the polygon area measured using the Keyence software), I looked at how the Janis 

(1988) method of occlusal area values compared to the occlusal surface area values calculated by 

the Keyence software. The area (Keyence) is the sum of the polygon areas (Figure 10), compared 

to how Janis’ (1988) calculated area (product of occlusal m3 length and width of selene 1 

(measured from metaconid to protoconid) (Figure 3)). 
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Figure 22. Graph of the occlusal area calculated using methods from Janis (1988) (x-axis), 

plotted against the Keyence area- a sum of the polygon areas measured using the Keyence VHX-

2000 Digital Microscope (y-axis). See discussion below.  

 

 

 

 

 

 

 

 

 



65 

 

The graph demonstrates how the data calculated using Janis’s (1988) method compare 

with the results of the two alternative methods of collecting occlusal surface area used in my 

study (i.e., Keyence software, Seyler formula). To start, this graph shows a definitive clumping 

of occlusal surface area values by species (each species is represented by red, green, or blue 

circles on the graph), inferring that each Orellan species has a distinct range of m3 volumes, 

supported by Figure 15. Next, the line of best fit (pink) shows a close correlation between the 

two methods of measuring surface area – Janis’s (1988) method (x-axis) and the values that I 

obtained using the Keyence VHX2000 Digital Microscope (y-axis).  

The r2 value represents how well the data fits with the line of best fit on a scale of 0 to 1, 

where 0 represents no fit and 1 represents a perfect fit with the model The r2 value of Figure 22 is 

.961, showing a remarkable fit between the model and its line of best fit.  The r2 value is not to 

be confused with the slope of the line of best fit, but rather it accounts for the accuracy of the 

slope. If Janis’s (1988) method was perfectly accurate, we would expect a slope of 1. A slope m 

> 1 on Figure 18 indicates the Keyence area is roughly m times greater than the Janis (1988) 

estimated value and vice versa with a slope m < 1, assuming a y-intercept of 0. A y-intercept of 0 

on the line of best fit indicates the null value where a non-existent tooth would have an occlusal 

surface area of 0. While in Figure 22 the line of best fit does not pass precisely through 0, it is 

rather close and could be corrected in further studies with a larger sample of data and/or use of 

smaller specimens. For the purposes of this paper, I consider the actual value of the y-intercept: 

640,765.34 µm2, small enough to be negligent.  

It should be noted that there is a great benefit of using the original method of Janis (1988) 

to calculate occlusal surface area or volume. Because only the length of the molar and width 

from the metaconid to protoconid (selene 1) is required, the tooth need not be as complete to 
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derive an estimate of tooth volume. If the base of the crown is preserved well enough to 

accurately measure the molar length, the Janis (1988) method for estimating tooth volume only 

needs the occlusal surface of selene 1 to also be preserved. My formula is constructed where 

both selenes and the posterolophid must be preserved to measure the width and length of each to 

then be summed into a total occlusal surface area. In two UCM specimens (UCM 35889: 

Hypisodus minimus and UCM 41499: Hypertragulus calcaratus), surface area could be 

calculated using the two measurements of the Janis (1988) method, given broken/partial teeth. 

However, the challenges with using broken/partial molars occurred with only 7 of the 71 

specimens analyzed; calculations were performed on only the specimens that had all relevant 

measurements taken. Additionally, the implications from Figure 22 may provide a fourth 

alternative method (see Modified Janis (1988) below).  

Seyler (2018) formula 

For this study, I derived, 𝐴 =
2𝑊1𝐿1

3
 , to calculate the occlusal surface area of the m3 (See 

Materials and Methods: Formula Derivation). This formula takes into account the unique 

parabolic shape of the selenes rather than a rectangular shape, which is what Janis (1988) 

modeled her formula after. The reason I focus on occlusal area in this section rather than volume 

is because the most notable change would be the area of the occlusal surface of the molar. 

Below, Figure 19 plots the values of occlusal surface area calculated by the Keyence software 

against values calculated using my formula. 
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Figure 23. Occlusal surface area (Keyence) plotted against the occlusal surface area calculated 

by Seyler (2018) formula. 
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The r2 value of the line of best fit is 0.973, showing a remarkable fit with the model, 

similar to the fit found in Figure 22. However, the line of best fit has a slope of m = 1.126, 

showing the Seyler (2018) formula is not perfect. If the Seyler (2018) formula were to yield the 

Keyence occlusal surface area, the slope would be m = 1.0. Given that, it appears the Seyler 

(2018) formula overestimates the occlusal surface area by approximately  

12.6%. While the method is not as accurate as using the Keyence software to draw a polygon 

area, it provides another method to measure occlusal surface area, that takes into account the 

unique parabolic shape of the selenodont molars of artiodactyls. 

I also chose to look at the percent area per selene to get a closer look at the accuracy of 

this formula. The percent error of the total area was calculated by taking the sum of the 

calculated areas of the individual selenes and posterolophid and comparing to the sum of the 

Keyence areas, rather than taking an average of the percent errors of each individual selene. This 

way, I can more closely analyze how accurate the formula is per selene as it relates to each taxon 

in this study. Table 4. summarizes these values. 

There does not appear to be any major trend per selene, although it seems the formula 

was most accurate for selene 2 of Hypertragulus calcaratus and least accurate for selene 1 of 

Hypertragulus calcaratus, which appear to balance each other out overall and best fit the model 

in Figure 23. The overall large percent error in the Hypisodus minimus may be accounted for by 

the small occlusal surface area to begin with, leaving more room for error between the two 

methods.  
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Figure 25. This figure is a summary of two of the methods to calculate surface area. The orange 

represents the polygon area that would be measured using Keyence software. The brown 

parabola represents the individual length and widths that were measured to use the Seyler (2018) 

formula, 𝐴 =
2𝑊1𝐿1

3
  . 

 

 

 

 

 



74 

 

 

 

V. 

 

CONCLUSIONS AND FUTURE RESEARCH 

The purpose of my Masters research was to explore if there are dietary differences among 

the three extinct hornless ruminant artiodactyls Hypertragulus calcaratus, Hypisodus minimus, 

and Leptomeryx evansi. These artiodactyls occurred in the early Oligocene (Orellan NALMA) at 

one locality found in the UCM paleontology holdings (UCM loc. 77271). This locality is in 

northwest Nebraska, in Toadstool Geologic Park; it is in the Orella Member of the Brule 

Formation, part of the White River Group. 

Using paleodiet proxies of hypsodonty index, mesowear, and tooth volume, I was able to 

use these to confirm a browsing diet (Wall and Collins, 1998; Zanazzi and Kohn, 2008), yet 

these species may have been utilizing unique parts of their environment. This was most obvious 

when plotting a box and whiskers plot of the values of hypsodonty index by species and 

comparing it to the mean and range of three unique diet types found in extant ungulates provided 

by Janis (1988) (Figures 12 and 13). However, when plotting mesowear against hypsodonty 

index on a figure provided by Fortelius and Solounias (2000) (Figure 17), it appears the 

mesowear values more closely fit with mixed feeders. When hypsodonty index was plotted 

against volume, distinct zones formed between species (Figure 20). While this alone does not 

serve as a proxy for diet, it provides the possibility these species can be differentiated 

morphometrically (with further confirmation of identification morphologically).  
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This study also explored new methods to measure the occlusal surface area. Before this 

paper, the primary published method to find surface area would be to treat the m3 as a 

rectangular prism, calculating occlusal surface area by multiplying the m3 length by the width of 

selene 1 (Janis, 1988). This paper introduces three additional methods, all considerably more 

accurate. The first, most accurate, is to use the Keyence VHX-2000 software, a digital 

microscope that has the capability to draw a polygon area onto an image; the area is then 

calculated by the Keyence software and provided in µm2. After comparing the Keyence occlusal 

surface area to the methods of Janis (1988), an additional method was created: the modified Janis 

(1988) method. This modified method uses the same measurements as Janis (1988), but the 

product of length and width is also multiplied by 0.622, a number derived from the slope of the 

line of best fit (Figure 22). One final method to calculate surface area was to use a formula I 

derived for this study that takes into account the parabolic shape of selenodont teeth found in 

some artiodactyls. This formula, 𝐴 =
2𝑊1𝐿1

3
  , requires the measurements of each selene and the 

posterolophid, then a summation of values to find the overall occlusal surface area.  

Further studies on these three early Oligocene artiodactyls could include multiple 

localities that correlate to the same time interval to see if there are further differences by locality. 

Another study could work with either a singular locality or multiple localities over a period of 

time, such as spanning the Eocene-Oligocene boundary. However, this would be difficult to 

perform with the exact three artiodactyls in this study as only one (Hypisodus minimus) occurs in 

the late Eocene (Chadronian NALMA). Leptomeryx evansi had predecessors in the late Eocene 

(Leptomeryx speciosus), so a study could work since they are closely related, or a different time 

interval could be studied. Given the many species of Leptomeryx that occur throughout the 

Chadronian (late Eocene) such as Leptomeryx mammifer, Leptomeryx yoderi, and Leptomeryx 
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speciosus, it would be interesting to conduct a similar study that focuses on hypsodonty index 

and volume to see if one could morphometrically differentiate between the species. These 

species of Leptomeryx through the Chadronian all appear relatively equal in size, yet so did 

Leptomeryx evansi and Hypertragulus calcaratus. The data shows the primary difference 

between the two taxa was the much higher occlusal width of selene 1 found in Leptomeryx 

evansi which simultaneously increased overall volume and lowered hypsodonty index values. 

Further studies could more accurately look at mesowear, using the M2 as Fortelius and 

Solounias (2000) did. Using the Fortelius and Solounias (2000) mesowear index as a guide, it 

would be interesting to further apply mesowear into paleontological studies using studies from 

the Miocene where grassland environments led to grazing mammals to differentiate from 

browsing mammals. A study along this line of thought would require many more taxa to be 

observed.  

Although lots of studies have been conducted on the White River Group fauna, my study 

shows there is still much more to learn about these taxa. Expanded studies that include more 

taxa, cover both sides of the Eocene-Oligocene boundary, and utilize a combination of non-

destructive proxies and isotope analysis could yield unexpected results and more closely define 

the dietary differences amongst taxa. 

 

 

 

 

 



77 

 

REFERENCES 

Boardmoan, Grant S., "PALEOECOLOGY OF NEBRASKA’S UNGULATES DURING THE 

EOCENE-OLIGOCENE CLIMATE 

TRANSITION" (2013). Dissertations & Theses in Earth and Atmospheric Sciences. Paper 36. 

 

Boardman, G.S. and Secord, R., 2013. Stable isotope paleoecology of White River ungulates 

during the Eocene–Oligocene climate transition in northwestern Nebraska. Palaeogeography, 

Palaeoclimatology, Palaeoecology, 375, pp.38-49. 

 

Boyd, C.A. and Welsh, E., 2014. Description of an earliest Orellan fauna from Badlands 

National Park, Interior, South Dakota and implications for the stratigraphic position of the 

Bloom Basin Limestone Bed. In Proceedings of the 10th Conference on Fossil Resources. 

Dakoterra (Vol. 6, pp. 124-147). 

 

Cook, H.J., 1934. New artiodactyls from the Oligocene and lower Miocene of Nebraska. 

American Midland Naturalist, pp.148-165. 

 

Cope, E.D., 1873. On Menotherium lemurinum, Hypisodus minimus, Hypertragulus calcaratus, 

Hypertragulus tricostatus, Protohippus, and Procamelus occidentalis. Proceedings of the 

Philadelphia Academy of Natural Sciences, 25, pp.410-420. 

 

Damuth, J. and Janis, C.M., 2011. On the relationship between hypsodonty and feeding ecology 

in ungulate mammals, and its utility in palaeoecology. Biological Reviews, 86(3), pp.733-758. 

 

Fortelius, M. and Solounias, N., 2000. Functional Characterization of Ungulate Molars Using the 

Abrasion-Attrition Wear Gradient: A New Method for Reconstructing Paleodiets. American 

Museum Novitates, 3301, pp.1–36. 

 

Franz-Odendaal, T.A. and Kaiser, T.M., 2003, January. Differential mesowear in the maxillary 

and mandibular cheek dentition of some ruminants (Artiodactyla). In Annales Zoologici Fennici 

(pp. 395-410). Finnish Zoological and Botanical Publishing Board. 

 

Gazin, C.L., 1955. A review of the upper Eocene Artiodactyla of North America. 

 

Heaton, T.H. and Emry, R.J., n.d. Leptomerycidae. The Terrestrial Eocene-Oligocene Transition 

in North America, pp.581–608. 

 

Hofmann R. R. & Stewart D. R. M., 1972. - Grazer or browser; a classification based on the 

stomach structure and feeding habits of East African ruminants. Mammalia., 36: 226-240. 

 

Hughes, Stephen W. 2005. Archimedes Revisited: a Faster, Better, Cheaper Method of 

Accurately Measuring the Volume of Small Objects. Physics Education, vol. 40, no. 5, pp. 468–

474. 

 



78 

 

Janis, C.M., 1988. An estimation of tooth volume and hypsodonty indices in ungulate mammals, 

and the correlation of these factors with dietary preferences. Mémoires du Museum National 

d'Histoire Naturelle, 53, pp.367-387. 

 

Janis, C.M., 1997. Ungulate teeth, diets, and climatic changes at the Eocene/Oligocene boundary. 

Zool. Anala. Complex Syst. 100, 203-220. 

 

Janis, C.M., Damuth, J. and Theodor, J.M., 2002. The origins and evolution of the North 

American grassland biome: the story from the hoofed mammals. Palaeogeography, 

Palaeoclimatology, Palaeoecology, 177(1-2), pp.183–198. 

 

Kaiser, T.M. and Fortelius, M., 2003. Differential mesowear in occluding upper and lower 

molars: opening mesowear analysis for lower molars and premolars in hypsodont horses. Journal 

of Morphology, 258(1), pp.67-83. 

 

Kaiser, T.M., Müller, D.W., Fortelius, M., Schulz, E., Codron, D. and Clauss, M., 2013. 

Hypsodonty and tooth facet development in relation to diet and habitat in herbivorous ungulates: 

implications for understanding tooth wear. Mammal Review, 43(1), pp.34-46. 

 

Kennedy, R.C., 2011. Local variability in Early Oligocene paleosols as a result of ancient soil 

catenary processes, Brule Formation, Toadstool Park, Nebraska. Temple University. 

 

Korth, W.W., 1989. Stratigraphic occurrence of rodents and lagomorphs in the Orella Member, 

Brule Formation (Oligocene), northwestern Nebraska. Rocky Mountain Geology, 27(1), pp.15-

20. 

 

Korth, W.W. and Diamond, M.E., 2002. Review of Leptomeryx (Artiodactyla, Leptomeryicidae) 

from the Orellan (Oligocene) of Nebraska. Annals of Carnegie Museum, 71(2), pp.107-129. 

 

Lagarry, H. E. (1998). Lithostratigraphic revision and redescription of the Brule Formation 

(White River Group) of northwestern Nebraska. Special Paper 325: Depositional Environments, 

Lithostratigraphy, and Biostratigraphy of the White River and Arikaree Groups (Late Eocene to 

Early Miocene, North America), 63-91. doi:10.1130/0-8137-2325-6.63 

 

Leopold, E. B., and Liu, G., and Clay-Poole, S., 1992, Low biomass vegetation in 

the Oligocene?; in Prothero, D. R., and Berggren, W. A., eds., Eocene-Oligocene 

climatic and biotic evolution: Princeton, New Jersey, Princeton Press, p. 399- 

420. 

 

Liu, Z.-H., Pagani, M., Zinniker, D., DeConto, R., Huber, M., Brinkhuis, H., Shah, S.R., 

Leckie, R.M., Pearson, A., 2009. Global Cooling During the Eocene-Oligocene 

Climate Transition. Science 323, 1187-1190. 

 

Lukens, W.E., 2013. Paleopedology and paleogeomorphology of the early Oligocene Orella and 

Whitney Members, Brule Formation, White River Group, Toadstool Geologic Park, Nebraska. 

Temple University. 



79 

 

 

Matthew, W.D., 1902. The Skull of Hypisodus, the Smallest of the Artiodactyla: With a Revision 

of the Hypertragulidae. order of the Trustees, American Museum of Natural History. 

 

MEEHAN, T. and MARTIN, L.D., 2004. EMENDED GENUS DESCRIPTION AND A NEW 

SPECIES OF HYPISODUS (ARTIODACTYLA: RUMINANTIA: HYPERTRAGULIDAE). 

Paleogene Mammals: Bulletin 26, 26, p.137. 

 

Métais, G. and Vislobokova, I., 2007. Basal ruminants. Pp. 189À212 in DR Prothero & SC Foss 

(eds) The evolution of artiodactyls. 

 

Miller, K.G., Fairbanks, R.G. and Mountain, G.S., 1987. Tertiary oxygen isotope synthesis, sea 

level history, and continental margin erosion. Paleoceanography, 2(1), pp.1–19. 

 

Miller, K.G., Wright, J.D. and Fairbanks, R.G., 1991. Unlocking the Ice House: Oligocene-

Miocene oxygen isotopes, eustasy, and margin erosion. Journal of Geophysical Research: Solid 

Earth, 96(B4), pp.6829–6848. 

 

Nowak, R., Paradiso, J. 1983. Walker’s Mammals of the World. Chicago: John Hopkins 

University Press. 

 

Pearson, P.N., Foster, G.L. and Wade, B.S., 2009. Atmospheric carbon dioxide through the 

Eocene-Oligocene climate transition. Nature, 461(7267), p.1110. 

 

Potts, R. and Behrensmeyer, A. K., 1992, Late Cenozoic terrestrial ecosystems; in 

Behrensmeyer, A. K., Damuth, J. D., DiMichele, W. A., Potts, R., Sues, H.-D., 

and Wing, S. L., eds., Terrestrial Ecosystems through Time: Chicago, University 

of Chicago Press, p. 419-541. 

 

Prothero, D. R. and Emry, R.J., 2004. Late Cretaceous and Cenozoic Mammals of North 

America: Biostratigraphy and Geochronology. Columbia University Press. 

 

Prothero, D.R. and Heaton, T.H., 1996. Faunal stability during the Early Oligocene climatic 

crash. Palaeogeography, Palaeoclimatology, Palaeoecology, 127(1-4), pp.257–283. 

Prothero, D.R. and Whittlesey, K.E., 1998. Magnetic stratigraphy and biostratigraphy of the 

Orellan and Whitneyan land mammal" ages" in the White River Group. SPECIAL PAPERS-

GEOLOGICAL SOCIETY OF AMERICA, pp.39-62. 

 

Reig, O.A., 1977. A proposed unified nomenclature for the enamelled components of the molar 

teeth of the Cricetidae (Rodentia). Journal of Zoology, 181(2), pp.227-241. 

 

Retallack, G. J., 1983, Late Eocene and Oligocene paleosols from Badlands National 

Park, South Dakota: Geological Society of America, Special Paper, v. 

193, p. 1-82. 

 

Retallack, G. J., 1997, Neogene expansion of the North American prairie: Palaios, 



80 

 

v. 12, p. 380-390. 

 

Rivals, F., Mihlbachler, M.C. and Solounias, N., 2007. Effect of ontogenetic-age distribution in 

fossil and modern samples on the interpretation of ungulate paleodiets using the mesowear 

method. Journal of Vertebrate Paleontology, 27(3), pp.763-767. 

 

Schultz, C.B., Stout, T.M., 1955. Classification of Oligocene sediments of Nebraska. 

Bulletin of the University of Nebraska State Museum 4, 17-52. 

 

Scott, W.B. and Jepsen, G.L., 1940. The Mammalian Fauna of the White River Oligocene: Part 

IV. Artiodactyla. Transactions of the American Philosophical Society, 28(4), pp.363-746. 

 

Shackelton, A.L., 2016. Regional and stratigraphic variability of microwear on the molars of 

Leptomeryx from eocene-oligocene strata of Wyoming and Nebraska. Temple University. 

 

Strömberg, C.A., 2002. The origin and spread of grass-dominated ecosystems in the late Tertiary 

of North America: preliminary results concerning the evolution of hypsodonty. 

Palaeogeography, Palaeoclimatology, Palaeoecology, 177(1-2), pp.59-75. 

 

Tedford, R.H., Albright III, L.B., Barnosky, A.D., Ferrusquia-Villafranca, I., Hunt Jr, R.M., 

Storer, J.E., Swisher III, C.C., Voorhies, M.R., Webb, S.D. and Whistler, D.P., 2004. 

Mammalian biochronology of the Arikareean through Hemphillian interval (late Oligocene 

through early Pliocene epochs). Late Cretaceous and Cenozoic mammals of North America: 

biostratigraphy and geochronology, pp.169-231. 

 

Terry, D.O. Jr., 2001. Paleopedology of the Chadron Formation of northwestern 

Nebraska: implications for paleoclimatic change in the North American 

midcontinent across the Eocene-Oligocene boundary. Palaeogeography, 

Palaeoclimatology, Palaeoecology 168, 1-38. 

 

Terry, D. O., 1998. Special Paper 325: Depositional Environments, Lithostratigraphy, and 

Biostratigraphy of the White River and Arikaree Groups (Late Eocene to Early Miocene, North 

America). (1998). doi:10.1130/0-8137-2325-6 

 

Terry, D.O. and LaGarry, H.E., 1998. The Big Cottonwood Creek member: a new member of the 

Chadron formation in Northwestern Nebraska. Geological Society of America Special Papers, 

325, pp.117-141. 

 

Troxell, E.L., 1920. A tiny Oligocene artiodactyl Hypisodus alacer sp. nov. American Journal of 

Science, (294), pp.391-398. 

 

Vislobokova, I. and Daxner-Höck, G., 2001. Oligocene-Early Miocene Ruminants from the 

Valley of Lakes (Central Mongolia). Annalen des Naturhistorischen Museums in Wien. Serie A 

für Mineralogie und Petrographie, Geologie und Paläontologie, Anthropologie und Prähistorie, 

pp.213-235. 

 



81 

 

Vislobokova, I.A. and Dmitrieva, E.L., 2000. Changes in enamel ultrastructure at the early stages 

of ruminant evolution. PALEONTOLOGICAL JOURNAL C/C OF PALEONTOLOGICHESKII 

ZHURNAL, 34(SUPP/2), pp.S242-S249. 

 

Wall, W.P. and Collins, C., 1998. A comparison of feeding adaptations in two primitive 

ruminant, Hypertragulus and Leptomeryx, from the Oligocene deposits of Badlands National 

Park. National Park Service Paleontological Research, 3, pp.13-17. 

 

Webb S.D., 1983.- The rise and fall of the late Miocene ungulate fauna in North America. In: 

Coevolution, Nitecki M. H., Ed., University of Chicago Press, Chicago: 267-306. 

 

Webb, S. D., 1998. Hornless ruminants. Evolution of Tertiary Mammals of North America, 463-

476. doi:10.1017/cbo9780511529924.033 

 

Webb, S.D. and Taylor, B.E., 1980. The phylogeny of hornless ruminants and a description of 

the cranium of Archaeomeryx. Bulletin of the AMNH; v. 167, article 3. 

 

Wolfe, J. A., 1985, Distribution of major vegetational types during the Tertiary: 

Geophysical Monograph, v. 32, p. 357-375. 

 

Woodburne, M. O. (2004). Late cretaceous and cenozoic mammals of North America: 

Biostratigraphy and geochronology. Columbia University Press. 

 

Zanazzi, A., Judd, E., Fletcher, A., Bryant, H. and Kohn, M.J., 2015. Eocene–Oligocene 

latitudinal climate gradients in North America inferred from stable isotope ratios in perissodactyl 

tooth enamel. Palaeogeography, Palaeoclimatology, Palaeoecology, 417, pp.561-568. 

 

Zanazzi, A. and Kohn, M.J., 2008. Ecology and physiology of White River mammals based on 

stable isotope ratios of teeth. Palaeogeography, Palaeoclimatology, Palaeoecology, 257(1), 

pp.22-37. 

 

Zanazzi, A., Kohn, M.J., MacFadden, B.J. and Terry, D.O., 2007. Large temperature drop across 

the Eocene-Oligocene transition in central North America. Nature, 445(7128), p.639. 

 

Zanazzi, A., Kohn, M.J. and Terry, D.O., 2009. Biostratigraphy and paleoclimatology of the 

Eocene-Oligocene boundary section at Toadstool Park, northwestern Nebraska, USA. Geological 

Society of America Special Papers, 452, pp.197-214. 

 

 

 

 

 

 

 



82 

 

APPENDIX A. Key to abbreviations for Appendices II, III, and IV 

 

 

Abbreviation Description 

UCM # The specimen number assigned by the University of Colorado Museum of 

Natural History 

S1 Selene 1 (Figure 3) 

S2 Selene 2 (Figure 3) 

P Posterolophid (Figure 3) 

H Height 

L Length 

W Width 

B Height specific to the buccal pillar (Figure 8) 

R Length of ridge (Figure 7) 

m3 Lower third molar 

Pa Polygon area (Figure 10) 

g  Gumline 

 

A note on how the abbreviations are used: what is being measured (e.g. length, width, height) 

comes first, then location. 

Several examples: 

H_B_S1_S2: Height of buccal pillar between selenes 1 and 2 

H_g_P: Height between the gumline and posterolophid 

R_S1_S2: Length of ridge between selenes 1 and 2 
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Appendix B. Labial view measurements. All measurements are in µm. 

UCM # Species H_B_S1_S2 H_B_S2_P H_S1 H_S2 H_P H_g_S1 H_g_S2 H_g_P 

36020 Hypertragulus calcaratus 1578 807 4178 3983 2362       

36022 Hypertragulus calcaratus 1947   4401 4256 2987       

36026 Hypertragulus calcaratus 1732   3094 3163 2349 439 379   

36028 Hypertragulus calcaratus     5300 3706 3086       

36029 Hypertragulus calcaratus 1680 996 4086 4167 2538       

36036 Hypertragulus calcaratus 2040 1556 3983 4301 2655       

36038 Hypertragulus calcaratus     1758 2015 702 1028 1116 1563 

36040 Hypertragulus calcaratus 506 325 3511 3122 2611       

36041 Hypertragulus calcaratus 1842 1482 3603 3739 2618       

36042 Hypertragulus calcaratus 1020 478 4689 4841 2550       

36062 Hypertragulus calcaratus 2113 1497 4234 3977 2718       

36067 Hypertragulus calcaratus 2054 706 3742 4009 3365       

36080 Hypertragulus calcaratus 1684   3963 3364         

38525 Hypertragulus calcaratus 1504   3265 3125 2219       

38648 Hypertragulus calcaratus     3144 2986 2439       

38652 Hypertragulus calcaratus 1930 1556 4019 3920 2980       

38654 Hypertragulus calcaratus 129   4148 3431 2792       

38655 Hypertragulus calcaratus 1878 1050 4937 5001 3290       
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38656 Hypertragulus calcaratus     2688 2622 1734       

38660 Hypertragulus calcaratus 1974 1695 3208 3068 2635       

41493 Hypertragulus calcaratus     2422 2722 1882       

41495 Hypertragulus calcaratus 2517 1593 5234 4457 2854       

41497 Hypertragulus calcaratus 1967 1306 4215 4096 2884       

41499 Hypertragulus calcaratus 2363 1952 4485 4262 2608       

41712 Hypertragulus calcaratus 1453 793 4016 3738 2600       

47255 Hypertragulus calcaratus 2605 2033 4868 4807 4001       

49301 Hypertragulus calcaratus 1761 1277 3249 3419 2274       

35885 Hypisodus minimus     1857 1306 778       

35886 Hypisodus minimus     1571 1307 750       

35888 Hypisodus minimus     2400 2439 1921       

35889 Hypisodus minimus     3075 2944 2389       

35890 Hypisodus minimus     1801 1814 3555       

35893 Hypisodus minimus     1990 2111 1808       

35898 Hypisodus minimus     2247 1965 1498       

35901 Hypisodus minimus     1856 1372 1551       

35902 Hypisodus minimus     2804 2476 1906       

41510 Hypisodus minimus     2675 2326 1805       

41511 Hypisodus minimus     1984 1913 1527       
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41722 Hypisodus minimus     1769 2139 2030       

41724 Hypisodus minimus     2420 2140 1713       

47249 Hypisodus minimus     1872 1783 1644       

47252 Hypisodus minimus     2092           

47983 Hypisodus minimus     3021 2430 2286       

49305 Hypisodus minimus     1980 1804 1549       

57614 Hypisodus minimus     1595 1570 1161       

35909 Leptomeryx evansi 616 720 2781 2791 2345 616 720 1408 

35914 Leptomeryx evansi 1501   2550 3337 3200 585     

35915 Leptomeryx evansi 1378 949 3531 3645 3139 480     

35916 Leptomeryx evansi 1627   2834 2919 2551 485 684 657 

35917 Leptomeryx evansi 1278   4392 4468 4354       

35919 Leptomeryx evansi 808   3876 4006 2714       

35920 Leptomeryx evansi 2219   3891 4024 3681     1037 

35924 Leptomeryx evansi 1577   3311 3016 2501       

35938 Leptomeryx evansi 1243   3312 3489 2940 591 405   

35939 Leptomeryx evansi 1972   4398 4188 4529       

38639 Leptomeryx evansi 1399   3673 3798 2877       

41472 Leptomeryx evansi 1299 633 3174 2864 2385       

41481 Leptomeryx evansi 921   3535 3428 2775       
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41693 Leptomeryx evansi     2500 2247 1780 754 629   

41696 Leptomeryx evansi 1173   3313 3406 2759       

41702 Leptomeryx evansi     3721 3965 3253       

47134 Leptomeryx evansi     2931 2862         

47262 Leptomeryx evansi 1463   4596 4320 2336       

47266 Leptomeryx evansi 1230   3047 2321 2777       

47267 Leptomeryx evansi 880   2099 2818 2306 1406 1245 953 

47268 Leptomeryx evansi 1314   4270 3931 3165       

49294 Leptomeryx evansi     2418 2936 1879 1492 1394 1671 

57367 Leptomeryx evansi     3636 4075 3043 870 365   

57630 Leptomeryx evansi 1200 938 4294 4104 2718       

57636 Leptomeryx evansi     1780 1633 1861 864 549 542 
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Appendix C. Lingual view measurements. All measurements are in µm. 

UCM # Species R_S1_S2 R_S2_P L_m3 H_S1 H_S2 H_P H_g_S1 H_g_S2 H_g_P 

36020 Hypertragulus calcaratus 1626 1929 8776 4109 3962 2642       

36022 Hypertragulus calcaratus 1558 1565 8270 4063 3853 3239       

36026 Hypertragulus calcaratus 1769 1410 8203 2738 2793 2544 983 793 553 

36028 Hypertragulus calcaratus 2355 2579 9355 5105 4870 3017       

36029 Hypertragulus calcaratus 1666 1856 7756 4006 4014 2862       

36036 Hypertragulus calcaratus 2041 1510 8805 4109 3626 3221       

36038 Hypertragulus calcaratus   1850 8181   1692 744   1435 1870 

36040 Hypertragulus calcaratus 1880 1739 8020 3991 3984 2785       

36041 Hypertragulus calcaratus 1386 1671 7323 3964 3541 2915       

36042 Hypertragulus calcaratus 1714 2006 7954 4094 3215 2413       

36062 Hypertragulus calcaratus 1945 1718 7785 4243 3988 3009       

36067 Hypertragulus calcaratus 2292 2304 8651 4779 4399 2884       

36080 Hypertragulus calcaratus 2305 1615 6619 4913 4245 3100       

38525 Hypertragulus calcaratus 1594 1564 8607 3381 3133 2370       

38648 Hypertragulus calcaratus 1894 1901 9304 2723 2341 1725       

38652 Hypertragulus calcaratus 1942 1710 8520 3574 3577 3070       

38654 Hypertragulus calcaratus 1962 1500 8093 3857 4024 2998       

38655 Hypertragulus calcaratus 2066 2278 8321 4087 3746 2033       
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38656 Hypertragulus calcaratus 1967 1868 8453 3597 3417 2304       

38660 Hypertragulus calcaratus 1847 1713 8981 3508 3952 3945       

41493 Hypertragulus calcaratus 1418 1852 7881 2582 2555 2121       

41495 Hypertragulus calcaratus 2013 2088 7859 3955 4016 2418       

41497 Hypertragulus calcaratus 2113 2016 8277 4165 3872 3199       

41499 Hypertragulus calcaratus 2226 1973   3441 3911 3277       

41712 Hypertragulus calcaratus 1991 2016 7719 3866 3090 1868       

47255 Hypertragulus calcaratus 2088 1771 8952 4435 4235 3355       

49301 Hypertragulus calcaratus 2005 1854 7816 3471 3454 2192       

35885 Hypisodus minimus 1132 1085 4784 2077 1703 1270       

35886 Hypisodus minimus 649 935 4564 2021 1907 1410       

35888 Hypisodus minimus 960 837 5356 2146 1702 1571       

35889 Hypisodus minimus 720 1047 6281 2457 2423 2050       

35890 Hypisodus minimus 1202 991 5283 2528 3237 3284       

35893 Hypisodus minimus 1044 1037 5452 185 1662 1187       

35898 Hypisodus minimus 1152 784 4858 1971 1639 1043       

35901 Hypisodus minimus 613 726 3632 2703 2475 1705       

35902 Hypisodus minimus 1041 1097 4769 1974 1872 1485       

41510 Hypisodus minimus 1394 788 4887 2054 1399         

41511 Hypisodus minimus 1052 763 4968 2032 1631 1098       
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41722 Hypisodus minimus 1138 956 4982 1766 1306 995       

41724 Hypisodus minimus 1140 909 5232 2328 2807 5802       

47249 Hypisodus minimus 1110 978 4725 2146 1738 1451       

47252 Hypisodus minimus 329 615 2003 2289 2267 1815       

47983 Hypisodus minimus 1365 1298 5305 3884 6982 6041       

49305 Hypisodus minimus 1425 1115 5517 2164 1585 1190       

57614 Hypisodus minimus 1077 1000 5241 1933 1534 1069       

35909 Leptomeryx evansi 1647 1641 10163 4531 4358 3679       

35914 Leptomeryx evansi 2083 1665 8922 2672 2788 2543 793 602   

35915 Leptomeryx evansi 2086 1963 8559 4005 4106 2909 560 364 177 

35916 Leptomeryx evansi 1896 2134 9647 3363 3160 2965 1066 1290 970 

35917 Leptomeryx evansi 2263 1804 9010 3736 3704 2979 868 407   

35919 Leptomeryx evansi 2224 2105 8823 4582 4133 2182 758 561 466 

35920 Leptomeryx evansi 2426 2494 9724 4473 4476 3447 793 740   

35924 Leptomeryx evansi 1578 1862 8372 3693 3513 2860 667 728 474 

35938 Leptomeryx evansi 2076 1829 9295 3499 3490 2871 792 583   

35939 Leptomeryx evansi 1692 1518 8021 4332 4123         

38639 Leptomeryx evansi 1888 1858 9284 3961 3979 2371       

41472 Leptomeryx evansi 2181 2181 8317 3247 3809 2097 1027 485   

41481 Leptomeryx evansi 1771 1716 7867 3780 3857 2937 638 352   
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41693 Leptomeryx evansi 1846 1905 9274 2576 2981 2392 1497 1550 1468 

41696 Leptomeryx evansi 1765 1908 10372 3598 3445 2758       

41702 Leptomeryx evansi 1648 1593 8372 4044 4043 3976       

47134 Leptomeryx evansi 1913   10042 3501     1019     

47262 Leptomeryx evansi 3196 1509 7504 4009 3312 2623 586     

47266 Leptomeryx evansi 1850 1880 8174 2422 2611 2177 1267 1426 1077 

47267 Leptomeryx evansi 1748 1786 8878 3022 3003 2216 1376 1122 1788 

47268 Leptomeryx evansi 1813 1325 6040 3821 2874 2437 341     

49294 Leptomeryx evansi 2230 2290 9845 3901 3571 2585 802 794 1026 

57367 Leptomeryx evansi 2389 2154 9064 4272 4051 3037 755 341   

57630 Leptomeryx evansi 2630 2444 8350 4661 3960 2550       

57636 Leptomeryx evansi 1405 1844 8768 2342 2776 2887 2108 2076 1361 
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Appendix D. Occlusal View Measurements. Polygon area measurements are taken in µm2. Length and width are in µm. 

UCM # Species pa_S1 pa_S2 pa_P L_S1 L_S2 L_P W_S1 W_S2 W_P 

36020 Hypertragulus calcaratus 4391049 4278468 2959204 2686 2588 2480 2312 2531 2178 

36022 Hypertragulus calcaratus 4421954 3938624 2042616 2434 2791 1765 2092 2422 1704 

36026 Hypertragulus calcaratus 6779109 5842331 5025995 2535 2789 2564 3373 3158 2676 

36028 Hypertragulus calcaratus 7433545 4186131 3115935 3061 2605 2685 2366 2385 1623 

36029 Hypertragulus calcaratus 4051528 3853555 3005184 2466 2396 2177 2104 2596 2005 

36036 Hypertragulus calcaratus 4483333 4706395 2908594 2645 3107 2211 1689 2002 1869 

36038 Hypertragulus calcaratus 6174637 5470129 4205675 2596 3002 2324 2791 3135 2368 

36040 Hypertragulus calcaratus 4689920 4684805 1837806 2653 2609 2232 1984 2033 1488 

36041 Hypertragulus calcaratus 4975923 5373700 1996313 2566 2691 1728 2100 1975 1842 

36042 Hypertragulus calcaratus 3448295 4226888 2096457 2371 2848 2390 1697 1904 1749 

36062 Hypertragulus calcaratus 5929122 5430179 3036843 2497 2706 2144 2436 2490 1616 

36067 Hypertragulus calcaratus 3950879 3336499 2303637 2376 2829 2413 2296 2337 2239 

36080 Hypertragulus calcaratus 6932609 5603762   2919 2659   2659 1963   

38525 Hypertragulus calcaratus 4264685 3127188 3084115 2625 2230 2457 1489 2034 2105 

38648 Hypertragulus calcaratus 8127554 8717274 4878848 2350 3528 2762 3699 3659 2769 

38652 Hypertragulus calcaratus 4354491 5021365 3506766 2419 3067 2309 2627 2201 1945 

38654 Hypertragulus calcaratus 3826097 3057625 1435237 2590 2416 1863 1933 1975 1650 

38655 Hypertragulus calcaratus 4111669 4154311 2641543 2690 3045 2445 1822 1949 1708 
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38656 Hypertragulus calcaratus 6276719 5927023 4433960 2499 2649 2778 3033 3231 2520 

38660 Hypertragulus calcaratus 4977754 4776173 2790682 2643 2863 1943 2622 2123 2065 

41493 Hypertragulus calcaratus 7610413 7321233 4424538 2488 3105 2480 3555 2980 2605 

41495 Hypertragulus calcaratus 3683203 3246607 2295884 2480 2560 2151 2078 1805 1569 

41497 Hypertragulus calcaratus 4921544 4447851 2735764 2568 2603 2588 2041 2297 1792 

41499 Hypertragulus calcaratus 6157300 4610882   2593 3230   2970 2236   

41712 Hypertragulus calcaratus 4002318 3407214 3260605 2516 2575 2583 1878 1743 1960 

47255 Hypertragulus calcaratus 3638946 3889198 2067814 2853 3164 2452 1584 1703 1366 

49301 Hypertragulus calcaratus 6306709 6354735   2282 2744   3346 3055   

35885 Hypisodus minimus 2742979 2630828 364449 2392 1539 932 1941 1665 500 

35886 Hypisodus minimus 3647452 2978479 492806 1954 1523 945 2592 2065 864 

35888 Hypisodus minimus 2069429 1663092 1502161 1784 1820 1596 1648 1538 1165 

35889 Hypisodus minimus 2820994 2645096 2764838             

35890 Hypisodus minimus 2157621 1632510 1120160 1783 1426 1450 1454 1432 1260 

35893 Hypisodus minimus 2183518 1939780 1655070 1600 1489 1534 1701 1702 1486 

35898 Hypisodus minimus 1846474 1534789 1290513 1677 1532 1524 1400 1503 1159 

35901 Hypisodus minimus 1661207 1110523 172991 1596 1532 452 1175 1344 348 

35902 Hypisodus minimus 1187784 1194461 1027984 1086 1254 1296 1284 1409 1505 

41510 Hypisodus minimus 1821169 2225029 1364813 2122 1568 1376 1741 1644 1137 

41511 Hypisodus minimus 1878994 1202860 1048606 1771 1483 1497 1063 1154 820 
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41722 Hypisodus minimus 2717889 2224922 1796025 1627 1722 1431 1977 1976 1485 

41724 Hypisodus minimus 1636225 1301227 948354 1806 1517 1501 1169 1284 991 

47249 Hypisodus minimus 1528328 1191876 1047313 1828 1405 1264 1146 1146 1096 

47252 Hypisodus minimus 580943 622204 361757 886 576 752 1183 1085 863 

47983 Hypisodus minimus 1917436 1691951 1710903 1848 1759 1795 1511 1566 1362 

49305 Hypisodus minimus 2709974 1697658 1854927 1829 1944 1702 1908 1941 1707 

57614 Hypisodus minimus 2494851 1914083 1437977 2057 1539 1595 1651 1617 1429 

35909 Leptomeryx evansi 11973884 9950190 5367786 3035 3165 2298 4689 4521 3218 

35914 Leptomeryx evansi 9757164 8175293 5488382 3108 2781 2663 4139 4027 3073 

35915 Leptomeryx evansi 6546946 6758563 4343023 2399 2524 2490 3181 3915 2816 

35916 Leptomeryx evansi 11187777 10270934 6504092 3154 3249 2714 4629 4675 3530 

35917 Leptomeryx evansi 8736022 9568363 4346886 3133 2727 2354 3828 3909 2981 

35919 Leptomeryx evansi 8527182 8870500 4993927 2977 3214 2453 3420 3696 3146 

35920 Leptomeryx evansi 7624463 7714759 4015156 3078 2910 2842 3186 3398 2300 

35924 Leptomeryx evansi 9133300 8126041 5024106 2954 2433 2191 3773 3436 3007 

35938 Leptomeryx evansi 9801950 8697393 6599700 3068 2813 3271 4005 3866 2854 

35939 Leptomeryx evansi 8998822 6872036 5373581 2489 2885 3073 3359 3468 2159 

38639 Leptomeryx evansi 3922325 3884179 2201872 3132 2640 2270 1829 2034 2043 

41472 Leptomeryx evansi 8028260 6734540 4233171 2561 2616 2426 3662 3598 2995 

41481 Leptomeryx evansi 7088361 6230427 2776845 2753 2572 2453 3323 3304 2402 
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41693 Leptomeryx evansi 10351211 8273919 5614410 3224 2869 2006 4062 4060 3405 

41696 Leptomeryx evansi 10409758 7574486 4172933 3436 3451 2887 3649 2856 2547 

41702 Leptomeryx evansi 5387825 5666801 285626 2918 2879 2508 2061 2028 1884 

47134 Leptomeryx evansi 12537751     3211     5251     

47262 Leptomeryx evansi 7359128 6742628 2478796 2980 2777 2099 3033 3043 2139 

47266 Leptomeryx evansi 9712620 7249397 4210234 2836 2548 2118 4059 3910 3465 

47267 Leptomeryx evansi 9863998 8744110 5731385 2923 355 4161 4556 3952 2985 

47268 Leptomeryx evansi 6376736 5292821 2890077 2785 2505 1877 2876 2674 2097 

49294 Leptomeryx evansi 9610614 8770909 4721952 3313 3306 2957 3882 3848 3230 

57367 Leptomeryx evansi 9097327 8503401 5449391 3158 3066 2023 3962 3972 2929 

57630 Leptomeryx evansi 8590076 8241446 5663904 3022 2606 2311 3744 4053 3422 

57636 Leptomeryx evansi 8693168 7663213 4622602 2968 2769 2641 3593 3612 3297 
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Appendix E. Mesowear Scores 

UCM # Species Mesowear Score 

36020 Hypertragulus calcaratus 0 

36022 Hypertragulus calcaratus 0 

36026 Hypertragulus calcaratus 2 

36028 Hypertragulus calcaratus 1 

36029 Hypertragulus calcaratus 0 

36036 Hypertragulus calcaratus 1 

36038 Hypertragulus calcaratus 2 

36040 Hypertragulus calcaratus 1 

36041 Hypertragulus calcaratus 0 

36042 Hypertragulus calcaratus 1 

36062 Hypertragulus calcaratus 0 

36067 Hypertragulus calcaratus 1 

36080 Hypertragulus calcaratus 0 

38525 Hypertragulus calcaratus 2 

38648 Hypertragulus calcaratus 3 

38652 Hypertragulus calcaratus 1 

38654 Hypertragulus calcaratus 1 

38655 Hypertragulus calcaratus 0 
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38656 Hypertragulus calcaratus 1 

38660 Hypertragulus calcaratus 1 

41493 Hypertragulus calcaratus 3 

41495 Hypertragulus calcaratus 1 

41497 Hypertragulus calcaratus 0 

41499 Hypertragulus calcaratus 0 

41712 Hypertragulus calcaratus 1 

47255 Hypertragulus calcaratus 1 

49301 Hypertragulus calcaratus 2 

35885 Hypisodus minimus 1 

35886 Hypisodus minimus 0 

35888 Hypisodus minimus 2 

35889 Hypisodus minimus 2 

35890 Hypisodus minimus 0 

35893 Hypisodus minimus 1 

35898 Hypisodus minimus 1 

35901 Hypisodus minimus 1 

35902 Hypisodus minimus 0 

41510 Hypisodus minimus 1 

41511 Hypisodus minimus 0 
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41722 Hypisodus minimus 2 

41724 Hypisodus minimus 1 

47249 Hypisodus minimus 0 

47252 Hypisodus minimus 2 

47983 Hypisodus minimus 1 

49305 Hypisodus minimus 1 

57614 Hypisodus minimus 0 

35909 Leptomeryx evansi 1 

35914 Leptomeryx evansi 1 

35915 Leptomeryx evansi 0 

35916 Leptomeryx evansi 1 

35917 Leptomeryx evansi 0 

35919 Leptomeryx evansi 1 

35920 Leptomeryx evansi 0 

35924 Leptomeryx evansi 1 

35938 Leptomeryx evansi 1 

35939 Leptomeryx evansi 2 

38639 Leptomeryx evansi 1 

41472 Leptomeryx evansi 0 

41481 Leptomeryx evansi 1 
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41693 Leptomeryx evansi 1 

41696 Leptomeryx evansi 1 

41702 Leptomeryx evansi 2 

47134 Leptomeryx evansi 1 

47262 Leptomeryx evansi 1 

47266 Leptomeryx evansi 1 

47267 Leptomeryx evansi 1 

47268 Leptomeryx evansi 0 

49294 Leptomeryx evansi 1 

57367 Leptomeryx evansi 0 

57630 Leptomeryx evansi 0 

57636 Leptomeryx evansi 2 

 

 


