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Body size Evolution in Leptomeryx and Rhinocerotinae (Subhyracodon and Trigonias) Across 

the Eocene – Oligocene (Chadronian – Orellan) boundary 

Thesis directed by Assistant Professor Jaelyn J. Eberle 

 

Research has shown that there was dramatic climate change, specifically a 

significant drop in temperature, across the Eocene – Oligocene (Chadronian – Orellan) 

boundary.  However, few studies have looked at the effects of this climatic cooling on 

the terrestrial vertebrate fauna.  My study focused on changes in mammalian body size 

across the Chadronian – Orellan transition, in particular within the small artiodactyl 

Leptomeryx and the large rhinocerotine perissodactyls, based upon fossils from the White 

River Group in the Northern Plains (Colorado, Wyoming, Nebraska, and South Dakota).  

Specifically, I tested whether Bergmann’s Rule (which suggests that in a given taxon, 

those individuals inhabiting colder climates will be larger-bodied than those living in a 

warmer climate) occurred with climatic cooling across the Chadronian-Orellan boundary.  

With regard to the rhinocerotines, I used Trigonias, Subhyracodon, and specimens identified 

as Rhinocerotinae gen. indet.  Rhinocerotineae gen.indet. specimens are missing their 

anterior dentition (which is what differentiates teeth of Trigonias from Subhyracodon), and 

consequently were simply identified only as Rhinocerotinae genus indet.  Length and 

width measurements of upper and lower molars were used as a proxy for body size of 

both Chadronian and Orellan representatives of two lineages of Leptomeryx, (L. speciosus – 

L. evansi lineage and L. yoderi – L. mammifer – L. exilis lineage).  The two lineages of 
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Leptomeryx showed a statistically significant decrease in tooth size in the Orellan.  The 

Rhinocerotinae show a significant decrease in tooth size across the Chadronian – Orellan 

transition.  Although other researchers have noted that only one Leptomeryx lineage 

survived the Eocene-Oligocene transition, this research suggests that both lineages 

survived this boundary. The decrease in body size with decrease in temperature in 

Leptomeryx and Rhinocerotinae is opposite of the expected pattern of Bergmann’s Rule.  

My data suggest that other factors, besides climatic cooling, also need to be considered in 

mammalian body size evolution across the Eocene-Oligocene boundary. 
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I. Introduction 

The Eocene – Oligocene transition (EOT, ~33.7 Ma), which correlates with the 

boundary between the Chadronian and Orellan North American Land Mammal ‘Ages’ 

(NALMA) (Prothero 1995; see discussion in Biostratigraphy section), was a time of 

global cooling (Zachos et al., 2001) that saw a drop in mean annual temperature (MAT) 

of approximately 8.2±3.1°C in Wyoming, South Dakota, and Nebraska (Zanazzi et al. 

2007).  This drop in temperature seems to have coincided with a change in the 

environment that is preserved in the White River sequence1 of Wyoming, South Dakota, 

and Nebraska.  Specifically, the vegetation shifted from woodlands to grasslands 

(Evanoff et al. 1992; Retallack 1986, 1992; Terry 2001) with exception of northeastern 

Colorado which Hembree and Hasiotis (2007) have hypothesized shifted from 

grasslands to woodlands.  As the environment changed, organisms need to adapt to the 

new conditions, disperse to other regions, or face extinction (Meynecke 2004). 

Previous studies on terrestrial mammalian faunas spanning the EOT have 

focused on changes in the community structure.  In North America, Stucky (1992) found 

that the diversity of mammalian predators remained stable, although soricomorph 

insectivores replaced erinaceomorph insectivores, and true carnivores replaced 

creodonts.  Herbivorous mammals increased in diversity, increased the height of their 

molar crowns, and developed more robust co-ossified metapodials and elongated limbs, 

all three of which are hypothesized adaptations for more efficient food processing and 

living in more open habitats.  In the Plains of North America, Prothero and Heaton 

(1996) looked for morphologic changes over the EOT in mammalian taxa and 
                                                 
1 Formation in Wyoming and Colorado, Group in South Dakota and Nebraska, see Stratigraphic Range 
section 
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concluded that most species remained static and only size changes were noted in a few 

species such as Miniochoerus.  In Europe, the changes at the EOT were more pronounced, 

with a drop in total number of species in Britain (Hooker 1992), and faunal turnover in 

mammalian faunas of France such that rodents became more important to diversity 

relative to ungulates (Lengendre 1986; Legendre and Hartenberger 1992).  However, in 

the Fayum, Africa, there did not seem to have been any dramatic extinction event or 

faunal turnover associated with the EOT (Rasmussen et al. 1992).  Zanazzi and Kohn 

(2008) looked at the changes in diet and habitat for specific ungulate taxa from the White 

River sequence and concluded that only Leptomeryx changed its habitat (see below for 

more Leptomeryx results and Subhyracodon results).  The present study concentrates on the 

change in body size at different taxonomic levels in faunal assemblages of 

Rhinocerotinae (subfamily and genus levels) and Leptomeryx (species lineage levels) 

recovered from the White River sequence cropping out in northeastern Colorado, 

eastern Wyoming, western South Dakota, and western Nebraska.   

Following Bergmann’s Rule – the hypothesis that larger species in a genus will 

inhabit cooler climates or higher latitudes (interspecific; Bergmann 1847 as translated in 

James 1970), and that larger populations in a lineage will inhabit cooler climates or higher 

latitudes (intraspecific; Mayr 1956, 1963) – an increase in body size is predicted for most 

mammals during the EOT when climate cooled (Zanazzi et al. 2007).  Bergmann’s Rule 

has been recognized in a variety of modern mammalian taxa, ranging from Artiodactyla 

to Cetacea, Carnivora, Hyracoidea, Rodentia, Lagomorpha, Primates, Insectivora, and 

Monotremata (Meiri and Dayan 2003; Ashton et a. 2000; and references therein).  Using 

dental measurements as a proxy for body size, I compare Chadronian-aged specimens of 

the small artiodactyl Leptomeryx and the perissodactyl subfamily Rhinocerotinae with their 
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Orellan counterparts.  Teeth were used in preference over post-cranial bones because 

they can be identified to genus and species level, whereas postcranial elements generally 

cannot unless they are found in association with cranial and dental remains.  Additionally 

teeth are typically more numerous in the fossil record than diagnostic post-cranial bones.  

I chose to study rhinocerotines and Leptomeryx because they were abundant 

during late Eocene and early Oligocene time, as evidenced by their large sample size in 

numerous North American fossil vertebrate collections (compared to other mammals 

similar in size), and equations for their body mass estimates are readily available (e.g. 

Damuth 1990, Fortelius 1990; Janis 1990).  Even though Bergmann’s Rule has been 

examined more often in carnivores than herbivores (Klein and Scott 1989; Klein 1986; 

Dayan et al. 1991; Meiri et al. 2007; Meiri et al. 2004; Meiri and Dayan 2003; McNab 

1971; Ashton et al. 2000), carnivores are rarer in the fossil record than herbivores such 

as rhinocerotines and Leptomeryx.  Davis (1981) looked at Bergmann’s Rule for some 

modern artiodactyls (e.g. gazelle, fallow deer, aurochs, wild goat, and wild boar), but 

modern perissodactyls have not been analyzed for Bergmann’s Rule.  The rarity (small 

population sizes) and low diversity of living perissodactyls, such as zebras, tapirs, and 

rhinos, in the wild (IUCN 2009) may be one reason for the lack of analysis.  Bergmann’s 

Rule is not expected to apply to non-wild populations (i.e. zoo and domesticated animals 

such as horses) due to artificial breeding and living in microhabitats (Davis 1981).  With 

the possible exception of zebras, Bergmann’s rule cannot easily be tested on today’s 

populations of perissodactyls for the above reasons.  During the Eocene and Oligocene, 

rhinocerotines were relatively common and abundant with multiple lineages (Prothero 

2005), providing a unique opportunity to examine populations of perissodactyls with 

respect to Bergmann's rule during a time of climatic cooling. 
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Figure 1. White River outcrop and specimen 
locations in the four states of my study area: South 
Dakota, Wyoming, Nebraska, and Colorado.  
Circles represent general locations where 
specimens came from based upon databases at the 
particular institution.  Modified from Terry (2001). 

 All specimens utilized 

in my study are from the 

White River sequence of the 

High Plains (northeastern 

Colorado, Nebraska, 

Wyoming, and South Dakota) 

(Figure 1), from ~40.5°N to 

~44.25°N latitude, which 

should reduce latitudinal 

influence on body size.  Due 

to small sample size (<30) for 

most datasets, non-parametric 

statistics such as Mann-

Whitney U and Kolmogorov-Smirnov tests were utilized to estimate the amount of 

difference in various dental measurements between Chadronian and Orellan populations 

of Leptomeryx and rhinocerotines.   

To date, few studies have tested Bergmann’s Rule on North American fossil land 

mammals, and no studies have specifically looked at Leptomeryx or rhinocerotines.  The 

conclusions of this research will provide a direction for future research on modern and 

fossil ungulates and will add to the body of literature concerning the biotic impacts of 

climate and environmental change. 
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1. The Eocene – Oligocene Cooling Event 

On a worldwide scale, the Eocene – Oligocene transition (EOT, ~33.7 Ma 

Prothero et al. 2004; Berggren et al. 1995) marked a major cooling event (Zanazzi et al. 

2007).  Although climatic cooling started approximately 50 Ma during the Duchesnean 

NALMA, there was a marked decrease in temperature near the Eocene – Oligocene 

boundary of approximately 8°C (Zanazzi et al. 2007) that lasted approximately 400,000 

years and is hypothesized to have been initiated by the sudden appearance of large 

continental ice sheets on Antarctica (Zachos et al. 1992; Zachos et al. 2007; Hambrey et 

al. 1991).  The decrease in temperature during the EOT, estimated using oxygen and 

carbon isotope ratios, was larger on land than in the marine record (~8°C on continental 

North America versus 2-3° in the oceans; Lear et al. 2000; Zachos et al. 1994), despite the 

hypothesis that the continental climatic transition occurred up to 400,000 years after the 

climatic transition in the marine realm (Zanazzi et al. 2007). 

In the marine record, there was a noticeable faunal change around the boundary 

between middle and late Eocene time, (~40 Ma, P14/P15 foraminifera zone boundary, 

Keller et al. 1992; and NP17/NP18 calcareous nannoplankton biochronal boundary; 

Aubry 1992).  In the terrestrial realm, there were less noticeable faunal changes amongst 

mammalian taxa across the EOT, although reduction in body size was noted for some 

taxa (e.g.Miniochoerus, Palaeolagus) (Prothero and Heaton 1996, Alroy 1998).  The 

terrestrial animals that seemed most affected by the climate change at the EOT were 

amphibians and snails that had larger faunal turnovers across the EOT (Hutchison 1992; 

Evanoff 1990).  
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Numerous studies have looked at the changes in aridity and temperature across 

the EOT.  Many have found a decrease in temperature and increase in aridity to various 

degrees (e.g. Retallack 1986; Hutchison 1992; Zanazzi et al. 2007), suggesting an 

ecosystem transition from woodland to grassland (Evanoff et al. 1992; Retallack 1986, 

1992; Terry 2001).  On average, the western Plains states of Wyoming, South Dakota, 

and Nebraska saw a temperature decrease of approximately 8°C based upon isotope data 

(Zanazzi et al. 2007), although these authors noted no resolvable change in aridity.  The 

mean annual temperature (MAT) in the Chadronian (latest Eocene) in the Big Badlands 

area was around 15.6°C (60°F) based upon analyses of lateritic weathering of the 

underlying sediments (Clark et al. 1967). Winter temperature is estimated to have been 

mostly above freezing due to the presence of small alligators in the Chadronian (Clark et 

al. 1967).  According to oxygen isotope analysis, the mean annual range in temperature 

(MART), and hence seasonality, in these three states may have increased, but not 

significantly (Zanazzi et al. 2007). 

The Big Badlands area in South Dakota also preserved evidence for groundwater 

lakes and ponds, mostly restricted to the Chadronian with very few in the Orellan (Evans 

and Welzenbach 1998).  The Chadronian is estimated to have been more humid than the 

Orellan, with mean annual rainfall decreasing from a range of approximately 500 to 700 

mm in the Chadronian to a range of approximately 500 to 600 mm in the Orellan 

(Retallack 1992).  Further south in Nebraska, the mean annual precipitation (MAP) 

decreased from approximately 852 mm in the late Eocene (35.3 Ma) to 260 mm in the 

early Oligocene (30.3 Ma), based upon study of chemical weathering and calcic horizons 

of paleosols (Sheldon and Retallack 2004).  In the Douglas area of Wyoming, the 

gastropod fauna suggests an increase in aridity with only a minor decrease in temperature 
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near the EOT (Evanoff et al. 1992).  A shift from fluvial deposits in the Chadron 

Member (Chadronian) to eolian deposits in the Brule Member (Orellan) near Douglas, 

Wyoming also suggests a change to more arid conditions (Evanoff et al. 1992).  In 

contrast, paleosol analyses of Chadronian-Orellan exposures of the White River 

Formation in northeastern Colorado seem to indicate a contrasting environmental 

change at the EOT.  Based upon analyses of paleovegetation and rhizoliths, the White 

River exposures around Logan County changed from grasslands and shrublands during 

the late Chadronian to savannahs and woodlands during Orellan time (Hembree and 

Hasiotis 2007).  However, similar to the other exposures of the White River Group, the 

amount of soil moisture decreased as did the water table based upon paleosol data 

(Hembree and Hasiotis 2007). 

Although the cooling at the EOT was worldwide (Miller et al. 1987), the amount 

of cooling, precipitation changes, and biotic reactions to the cooling cannot be assumed 

to be uniform.  My study uses specimens from multiple states (Colorado, Wyoming, 

South Dakota, and Nebraska) in order to test whether there were differences among the 

states in the amount or direction of body size change. 

2. Bergmann’s Rule 

Bergmann (1847, as translated by James 1970) first proposed the hypothesis that 

two species or two populations of homeothermic animals that differ only in body size, 

the smaller-sized population will live in warmer climates while the larger-sized 

population will live in colder climates.  This idea, coined Bergmann’s Rule, incorporates 

relative temperature as the independent, climatic variable in the rule.  Although 

Bergmann (1847) did correlate temperature to latitude, many subsequent studies have 
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used latitude as a proxy for temperature (e.g. Blackburn et al. 1999; McNab 1971; Meiri 

et al. 2004).  Subsequently, there have been two main discussions regarding testing the 

validity of Bergmann’s Rule.  One is whether the rule should be applied to only 

intraspecific populations (individuals within a given population or taxon) or interspecific 

populations (multiple species or populations within a higher taxon) (Blackburn et al. 

1999; Mayr 1956, 1963; Rensch, 1938).  The second concern is whether the mechanism 

that Bergmann (1847) first proposed to explain Bergmann’s Rule (decrease of volume to 

surface area ratio decreases heat loss; discussed below) is necessarily part of the rule 

(Geist 1990; Blackburn et al. 1999; Mayr 1956).  Both Mayr (1956) and Rensch (1938) 

stated that the interpretation of the rule as intraspecific was not Bergmann’s original 

intent, and that their definition of the rule as intraspecific was based upon subsequent 

studies.  For instance, Mayr (1958) stated “It has long been known, for instance, that the 

validity of the so-called ecological rules (Bergmann’s rule, Allen’s rule, etc.), so far as it 

exists at all, is restricted to intraspecific variation” (p.167).  Rensch (1938) similarly noted 

“…within a Rassenkreis [complexes of races] of warm-blooded animals the races living 

in colder climates are generally larger than the races living in warmer regions” (p. 282).   

In modern studies, the intraspecific variation of Bergmann’s Rule is used within 

the species; either individuals are treated as data points and are measured and plotted 

versus temperature (or latitude) with a negative slope (positive for latitude) of the best-fit 

line indicating compliance with Bergmann’s Rule (Freckleton et al. 2003); or populations 

of races are compared to each other (Mary 1956, 1963).  In contrast, the interspecific 

variation compares the average body mass of multiple closely related species across 

temperature gradients (Bergmann 1847as translated in James 1970); the interspecific 

variation can also be studied by comparing the average body mass of communities across 
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a temperature gradient (Blackburn and Hawkins 2004).  These are the strict biological 

definitions.  However, when looking at Bergmann’s Rule in the paleontological record, 

the definitions must be modified to take into account the uncertainties of the 

relationships among fossil species, which are identified by morphological characters 

preserved in the fossils and do not necessarily correlate with biological species.  Often in 

paleontological collections, specimens are fragmentary and cannot be identified to 

species level, and consequently are simply identified as genus or even subfamily.  Due to 

the inability to identify biological species in the fossil record, the intraspecific variation of 

Bergmann’s Rule can be used for a lineage of closely related species, genera, and maybe 

at its broadest definition, subfamily.  In this study, I am using two species-lineages of 

Leptomeryx, the subfamily Rhinocerotinae, and the genus Subhyracodon to test the 

occurrence of Bergmann’s Rule at the intraspecific level. Specifically I am asking: do 

individuals of Leptomeryx and Rhinocerotinae lineages get larger across the Eocene – 

Oligocene boundary as temperatures cooled? 

Bergmann (1847) did not specify whether he was looking at mean annual, winter 

minimum, or summer maximum temperature.  Other studies have since been more 

specific with regard to the relationship between temperature and Bergmann’s Rule, for 

instance: mean annual temperature (MAT) (Rodríguez et al. 2008; Brown and Lee 1968; 

Smith et al. 1995); minimum winter/January temperature (Meiri et al. 2007; Yom-Tov 

and Geffen 2006; Davis 1977); mean summer/July temperature (Davis 1977; Smith et al. 

1995).  Yom-Tov and Geffen (2006) found that species did not follow Bergmann’s Rule 

when minimum January temperature was used, but did follow the rule when using 

maximum June temperature, whereas Rensch (1939, as translated in Mayr 1956) found 

the bird Parus montanus did follow Bergmann’s Rule when temperatures from the coldest 
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months were used but not when MAT was used.  Here I use MAT because previous 

studies that have examined the change in temperatures over the EOT have estimated 

MAT (Zanazzi et al. 2007) 

In Bergmann’s (1847) original paper, he gave a mechanism for this phenomenon: 

an increase in size would cause a decrease in the surface area to volume ratio of the 

animal and hence decrease the amount of body heat lost (Bergmann 1847, as translated 

by James 1970).  This mechanism, by itself, does not seem to be correct (Geist 1987, 

1990; Ashton et al. 2000; McNab 1971), and some have thrown out the whole rule 

because of it (Geist 1990, 1987).  However, invalidating Bergmann’s Rule because the 

mechanism seems incorrect would be equivalent to throwing out all of Darwin’s ideas on 

evolution because he got the mode of transmission wrong.  Therefore, many researchers 

(Blackburn et al. 1999; Mayr 1956, 1963; Rensch 1938; Dayan 1991; Rodríguez et al. 

2008; Blackburn and Hawkins 2004) decided that the rule should be interpreted in only 

the empirical sense, and that the mechanism should not be part of the rule.  Of course, 

they concluded that the determination of the mechanism is an important area of study.  

Other hypothesized mechanisms for an inverse relationship between body size and 

temperature/latitude have been proposed.  One hypothesis states that larger animals 

generally retain more fat and therefore have a greater resistance to starvation and a 

greater fasting endurance.  This enables larger animals to subsist with the smaller annual 

food source at higher latitudes (Blackburn et al. 1999; Ashton et al. 2000).  Mass might 

not be the primary trait affected by temperature, but could possibly be coupled with 

another trait that is affected by temperature of latitude (Blackburn et al. 1999).  Life-

history characteristics such as delayed maturity, larger offspring, and litter size may be 

such traits (Ashton et al. 2000).  Some mechanisms predict larger body mass in the 
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middle latitudes, in which case we would see Bergmann’s Rule in the lower latitudes 

(smaller animals in the lower latitude/hotter climates with larger animals in the middle 

latitude/cooler climates) but would see the inverse in the high latitudes (smaller animals 

in the higher latitudes colder climates with larger animals in the middle latitude warmer 

climates).  These mechanisms include an increase in the duration of the productivity 

pulse and hence more resources in middle latitudes (Geist 1987; Blackburn et al. 1999), 

and a combination of available resources and competition for those resources (Ashton et 

al. 2000; Blackburn and Hawkins 2004).  It has also been hypothesized that the change in 

body size may not be influenced by only temperature, but also by precipitation and 

humidity (Yom-Tov and Geffen 2006).   

Theoretical models predict that, based upon heat loss, relatively small-bodied 

species will follow Bergmann’s Rule more so than relatively large-bodied species because 

increasing fur density in larger species should be a more effective insulation than 

increasing body size, whereas smaller species should compensate for changes in 

temperature with an increase in body size (Steudel et al. 1994).  However, Meiri and 

Dayan (2003) observed the opposite to be true in mammals (larger mammals with a mass 

> 0.5 kilograms conformed to Bergmann’s Rule more so than small mammals whose 

mass < 0.5 kilograms) (Meiri and Dayan 2003).  In looking at intraspecific populations, 

Freckleton et al. (2003) similarly observed that larger mammals (mass > 0.16 kilograms) 

better conform to Bergmann’s Rule.  Conversely, Blackburn and Hawkins (2004), who 

looked at communities of mammals, found that relatively small-bodied species follow 

the interspecific version of Bergmann’s rule more strongly than relatively large-bodied 

species.  Ashton et al. (2000) found broad support for Bergmann’s Rule for mammals 

regardless of body size.  The discrepancies in these results could be because the studies 
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are looking at different variations of Bergmann’s Rule.  For example, Meiri and Dayan 

(2003), Freckleton et al. (2003), and Ashton et al. (2000) looked at the intraspecific 

variation, whereas Blackburn and Hawkins (2004) looked at the interspecific variation.  

Additionally, the boundaries between large and small body size are not standardized and 

have been placed at different masses.  Meiri and Dayan (2003), Ashton et al. (2000), and 

Frekleton et al. (2003) looked at numerous studies that reported on a variety of mammals 

including Artiodactyla, Cetacea, Carnivora, Hyracoidea, Rodentia, Lagomorpha, 

Primates, Insectivora, and Monotremata.  Blackburn and Hawkins (2004) looked at all of 

the mammals in the communities. 

Test of the applicability of Bergmann’s Rule in non-homeothermic animals 

found that salamanders, turtles, and ostracodes follow the rule, while lizards and snakes 

follow the inverse and frogs do not seem to trend in either direction (Ashton 2002; 

Ashton and Feldman 2003; Hunt and Roy 2006).  Other studies have examined whether  

the ranges in body sizes of the taxa of interest affect the probability of a taxon following 

the rule (Ashton et al. 2000; Meiri and Dayan 2003; Blackburn and Hawkins 2004).  

Within Mammalia, species living in microclimates such as burrowers are not as affected 

by differences in temperatures as are other mammals, and therefore are not expected to 

follow Bergmann’s Rule (Mayr 1956, 1963; Meiri and Dayan 2003), although some 

studies have found that certain burrowing genera do follow Bergmann’s Rule (Brown 

and Lee 1969).  Mammals that hibernate or go into torpor also can be challenging to 

interpret in terms of Bergmann’s Rule because they behaviorally avoid extremely cold 

ambient temperatures (Meiri and Dayan 2003; Blackburn and Hawkins 2004).  However, 

Panteleev et al. (1998) found “that Bergmann’s ecogeographic rule is equally applicable 

to hibernating species, including marmots”. 
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Bergmann’s Rule has also been examined over temporal intervals in the geologic 

past to determine whether body size change corresponded to past climatic change (e.g. 

Gingerich 2003; Klein and Scott 1989; Klein 1986; Davis 1981; Wilson 2005).  Gingerich 

(2003) observed a change in the size of the mammalian ‘condylarth’ genera Ectocion and 

Copecion that inversely correlated with a significant temperature increase at the Paleocene-

Eocene boundary (coined the Paleocene-Eocene Thermal Maximum of PETM).  Klein 

and Scott (1989) studied spotted hyenas (Crocuta crocuta) during the Pleistocene glacial 

and interglacial intervals and similarly noted an inverse relationship between body size 

and temperature in which spotted hyenas were larger during glacial intervals and smaller 

during interglacials, confirming Bergmann’s Rule.  Further, Davis (1981) reported a 

decrease in body size of fox, wild boar, gazelle, and goat in the area now known as Israel 

at the end of the Pleistocene epoch during global warming; however, body size of fallow 

deer did not show any trend.  Wilson (2005), studying the interspecific variation of 

Bergmann’s Rule, looked at the mammalian fauna of the latest Cretaceous Hell Creek 

Formation in northeastern Montana and found that the ratio of large-sized mammalian 

species relative to small-sized mammalian species increased during cool periods and 

decreased during warm periods, following Bergmann’s Rule.   

Bergmann’s Rule has also been used as a paleothermometer, wherein a change in 

body size of fossil mammals is used as a proxy for paleotemperature (e.g. Davis 1981, 

1977; Klein 1986; Klein and Scott 1989; Gingerich 2003).  Klein (1986) tried to quantify 

the correlation of body size to temperature in modern carnivores so as to use the 

equations to estimate paleotemperatures (body size of carnivores was inferred from 

mean carnassial tooth length).  Klein and Scott (1988) and Gingerich (2003) used similar 

equations to estimate temperature change, but concluded that their results did not match 
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with temperature estimates based upon other paleobiological, geomorphic, and stable 

isotope data.  Caution should be taken in using Bergmann’s Rule to estimate past 

temperature change for a few reasons.  The mechanism of Bergmann’s Rule is not 

known with certainty and different taxa are not expected to respond to environmental 

change in the same way.  In addition, fossil species that evolved at the same time may 

well have responded in different ways to the same climatic change, and the populations 

of a particular species with different geographic locations may have dissimilar responses 

(Dayan et al. 1991).  Therefore, caution should be taken in using Bergmann’s Rule to 

estimate past temperature change.  More research is needed in order to demonstrate the 

utility of this technique. 

I am using Bergmann’s Rule in the relative sense, with no implied mechanism, 

and at the intraspecific level (within a lineage of the subfamily Rhinocerotinae and within 

species-lineages of Leptomeryx).  The Rhinocerotinae are considered large mammals 

whose mass ranged from approximately 238 kg to 517 kg (Damuth 1990).  In contrast, 

Leptomeryx are much smaller, weighing approximately 3.0 kg to 3.2 kg (Damuth 1990), 

but these artiodactyls would still fall within the large-bodied category of Freckleton et al. 

(2003) (mass>0.16 kg) and Meiri and Dayan (2003) (mass>0.5 kg).  However, I am 

following Legendre’s (1986) divisions for body-size – small <0.5 kg; 0.5 kg < medium < 

8 kg; and large > 8kg – because his study also looked at body size during the late Eocene 

and Oligocene.  Specifically, I test whether the two Chadronian-Orellan spanning 

lineages of Leptomeryx (it is hypothesized that L. speciosus evolved into L. evansi (Heaton 

and Emry 1996); and L. mammifer evolved into L. exilis (Korth and Diamond 2002)) and 

the subfamily Rhinocerotinae (lineage contains two genera in the Chadronian, one genus 
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Figure 2. Timescale 
and correlation of the 
Duchesnean to the 
Arikareean NALMA 
(Eocene-Oligocene 
Epochs) to 
magnetostratigraphy 
and 40Ar/39Ar dating, 
from Prothero and 
Swisher 1992. 

in the Orellan) followed Bergmann’s Rule and became larger with the decreasing 

temperature that others have associated with the Eocene-Oligocene transition (EOT). 

3. Background to Biostratigraphy 

The Chadronian North American Land Mammal ‘Age’ (NALMA) which 

corresponds to latest Eocene time (Prothero 1995) derives 

its name from the Chadron Formation of northwestern 

Nebraska and southwestern South Dakota (Wood et al., 

1941).  An age range of 37-33.7 Ma is based upon 

magnetostratigraphy and 40Ar/39Ar ages of the many tuffs 

used to correlate the magnetochrons with the Berggren et 

al. (1995) time scale (Prothero and Emry 2004).  The 

Chadronian was originally considered to be earliest 

Oligocene, but Berggren et al. (1995) subsequently revised 

the age of the Eocene/Oligocene boundary based upon the 

European marine record, while Prothero and Swisher 

(1992) revised the age of the Chadronian/Orellan 

boundary.  Both revisions moved the Chadronian from the 

Early Oligocene to the Late Eocene (Prothero 1995) 

(Figure 2).  The revised 40Ar/39Ar calibrations place the 

Chadronian in magnetochrons C16n to C13n (Prothero 

and Swisher 1992). 

The Chadronian was originally defined as the time 

interval when Mesohippus and titanotheres coexisted (Wood 
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et al., 1941).  A revised definition published by Prothero and Emry (1996) used the first 

appearance datum (FAD) of Bathygenys (Order: Artiodactyla) to define the beginning of 

the Chadronian with artiodactyl taxa Merycoidodon dunagani (oreodont) and Archaeotherium 

(entelodont) and the carnivore Brachyrhynchocyon dodgei as characterizing taxa.  The use of 

these taxa is based upon their occurrence in the Little Egypt Local Fauna in the Trans-

Pecos region of Texas (Vieja Group) and from the Flagstaff Rim Area (White River 

Formation: Chadron Member) in Wyoming (Prothero and Emry 1996).  The Chadronian 

is subdivided into four biostratigraphic zones: Earliest Chadronian, Late Early 

Chadronian, Middle Chadronian, and Late Chadronian (Prothero and Emry 1996, 2004).  

These zones have been radiometrically dated using 40Ar/39Ar dating and are correlated to 

the Geomagnetic Polarity Time Scale (Prothero and Emry 2004, 1996).   

Latest Eocene-aged specimens measured in this study come from localities of 

Middle and Late Chadronian age of the White River sequence.  The type section for the 

Middle Chadronian Leptomeryx mammifer Interval Zone is at the main Flagstaff Rim 

section, Wyoming (Prothero and Emry 2004).  The Middle Chadronian correlates with 

magnetochrons C15n-C15r, and is approximately a million years in duration, from 34.7 

to 35.7 Ma (Prothero and Emry 1996, 2004).  The Late Chadronian Miniochoerus 

chadronensis Interval Zone correlates to magnetochrons C13r-C15n, ranging in age from 

34.7 to 33.7 Ma, and its type section is in the Boner Ranch section of Wyoming 

(Prothero and Emry 1996, 2004).  

The end of the Chadronian, and hence beginning of the Orellan NALMA, is 

traditionally defined by the last appearance of brontotheres (=titantotheres).  However, 

due to the low abundance of brontotheres directly before the boundary, Prothero and 

Whittlesey (1998) redefined the end of the Chadronian, and therefore the onset of the 
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Orellan, as the Hypertragulus calcaractus Interval Zone, characterized by the FAD of the 

artiodactyls Hypertragulus calcaratus and secondarily by FADs of Leptomeryx evansi 

(artiodactyl), Palaeolagus intermedius (rabbit), and Miniochoerus chadronensis (oreodont), and 

last appearance datum (LAD) of Poebrotherium eximium (camel) and Miohippus grandis 

(horse).  

The Chadronian – Orellan boundary lies approximately seven meters above the 

‘5 tuff’ ash layer at Douglas, Wyoming, as well as at the persistent white layer (also 

known as the purplish-white layer and the PWL) ash layer near Lusk, Wyoming 

(Prothero and Whittlesey 1998).  The Chadronian – Orellan boundary near Douglas, WY 

occurs in magnetochron C13r, about halfway between the boundary of magnetochron 

C13r and C13n and the ‘5 tuff’ and PWL ash layers (Prothero and Whittlesey 1998), and 

gives an age close to the Eocene – Oligocene boundary of 33.7 Ma (Prothero and Emry 

2004). 

The Orellan NALMA, once thought to represent the middle Oligocene, is now 

considered to be earliest Oligocene (Berggren et al. 1995) (Figure 2).  The Orellan occurs 

between the Chadronian (ending in latest Eocene ~33.7 Ma, Prothero and Whittlesey 

1998), and the Whitneyan NALMA (beginning ~32.0 Ma, Prothero and Whittlesey 

1998), and is named for the fauna contained within the Orella member of the Brule 

Formation of northwestern Nebraska, southwestern South Dakota, and eastern 

Wyoming (Prothero and Emry 2004).  The first appearance of the artiodactyl 

Hypertragulus calcaratus was chosen to define the beginning of the Orellan because there 

are no known occurrences of Hypertragulus in the Chadronian part of the White River 

Group, and this species appears suddenly at the onset of the Orellan with no reliable 

reported finds from the Chadronian (Prothero and Whittlesey 1998, Prothero and Emry 
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1996).  The magnetostratigraphy shows that the lower boundary of the Orellan falls 

within the upper part of magnetochron C13r, while its upper boundary occurs in the 

middle of magnetochron C12r (Swisher and Prothero 1990).  

The Orellan is also subdivided into four biostratigraphic zones: Earliest Orellan, 

Late Early Orellan, Early Late Orellan, and Latest Orellan (Prothero and Whittlesey 

1998).  The specimens used in my research come from all four biostratigraphic zones.  

Earliest Orellan is known as the Hypertragulus calcaratus Interval Zone, named after the 

species that marks the beginning of the Orellan (Prothero and Emry 2004).  The type 

section for the Earliest Orellan is at the Reno Ranch East section in Converse County, 

Wyoming (Prothero and Whittlesey 1998).  The biostratigraphic zone falls in the later 

part of magnetochron C13r and the earliest part of magnetochron C13n and ranges in 

age from 33.7 to 33.4 Ma (Prothero and Emry 2004).  The Late Early Orellan, type 

section Boner Ranch section of Wyoming, is the Miniochoerus affinis Interval Zone 

(Prothero and Whittlesey 1998) and is within magnetochron C13n ranging in age from 

33.4 to 33.1 Ma (Prothero and Emry 2004).  The Early Late Orellan, Miniochoerus gracilis 

Interval Zone, also has its type section at Boner Ranch in Wyoming (Prothero and 

Whittlesey 1998); it began in the latest magnetochron C13n, ended in the early part of 

magnetochron C12r, and lasted just over half a million years from 33.1 to 32.5 Ma 

(Prothero and Whittlesey 1998, Prothero and Emry 2004).  The Latest Orellan is 

designated the Merycoidodon bullatus Interval Zone with the type section located on the 

east side of Sheep Mountain Table in South Dakota.  This zone falls within the early part 

of magnetochron C12r, and its age ranged from 32.0 to 32.5 Ma.  

The Whitneyan NALMA (middle Oligocene, ~31.0 Ma to 30.0Ma) occurs after 

the Orellan (Prothero and Whittlesey, 1998) (Figure 2).  Magnetostratigraphy places the 
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lower boundary within the middle of magnetochron C12r, while the upper boundary is at 

the top of magnetochron C11n.  My research does not use specimens from the 

Whitneyan because they are too young to be relevant for my study of mammalian size 

change associated with the climate change at the Eocene–Oligocene transition. 

4. Sedimentology and Stratigraphy 

The White River sequence (Figure 3) consists of stream-channel sandstones, 

fresh-water limestone deposits, sheet-flood deposits, volcanic ash beds, and eolian 

deposits (Wanless 1922) deposited during the upper Eocene and lower Oligocene in the 

Great Plains and central Rocky Mountains, including Colorado, Nebraska, Wyoming, 

South Dakota, North Dakota, and Montana (Larson and Evanoff 1998).  When 

deposited, the White River sequence covered an area of approximately 400,000 km2 and 

has a thickness ranging from a feather edge to greater than 300 meters (Larson and 

Evanoff 1998).  The non-volcanic, non-carbonate sediments are derived from the 

unroofing of the Black Hills uplift (Evans and Welzenbach 1998; Evans 1999).  The 

limestone deposits are found in only the Chadronian sediments (Evans and Welzenbach 

1998).  The volcanic sediments are thicker to the west, indicating the source to be from 

the west; specifically, Larson and Evanoff (1998) considered the volcanoes in the Great 

Basin of eastern Nevada and western Utah to be the primary source for the ash 

deposited in the White River sequence.    

    

 

 

 



 

 

 

20

 

Originally defined as a Formation (Meek and Hayden 1857), the White River 

sequence is now usually regarded as a Group, except in Wyoming (Emry 1973; Evanoff 

1990; Evanoff et al. 1992) and northeastern Colorado (Galbreath 1953; Hembree and 

Hasiotis 2007) where it remains a formation.  The White River Group consists of three 

formations: the Chamberlain Pass Formation, the Chadron Formation, and the Brule 

Formation (Terry 1998, Terry and LaGarry 1998, Evans and Welzenbach 1998; Evans 

1999) spanning the length of the Chadronian and Orellan (~5 Ma).  None of the 

specimens used in this study came from the Chamberlain Pass Formation, and 

consequently this formation is not discussed any further.  In Wyoming, the White River 

Formation consists of the Chadron and Brule Members (Evanoff 1990; Evanoff et al. 

1992).  In Colorado, the White River Formation consists of the Horsetail Creek, Cedar 

Creek, and Vista Members (Galbreath 1953).   

 
Figure 3. Stratigraphic Column of the White River sequence in the four states of 
my area of study.  Colorado and Wyoming are separate from Nebraska and South 
Dakota because of the stratagraphic nomenclature (based on Galbreath 1953, 
Evanoff et al. 1992, Terry and LaGarry 1998, Terry 1998, and others).  Not drawn 
to scale, all boundaries relationships are approximate.  Hashed boxes represent 
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The early Oligocene (Orellan and Whitneyan– aged) Brule Formation cropping 

out in Nebraska and South Dakota, (restricted to a member of the White River 

Formation in Wyoming by Evanoff et al. 1992) is the stratigraphically highest formation 

of the White River Group.  Darton named the formation in 1899, although no type 

section was designated (Darton 1899).  The formation consists of interbedded siltstone 

and sandstone overlaid by siltstone (LaGarry 1998) with interstratified ash layers (Evans 

and Welzenbach 1998).  In the eastern side of the Brule Formation’s geographical range, 

Nebraska and South Dakota, the Brule Formation is approximately 177 and 137 meters 

thick respectfully (Evans and Welzenbach 1998).  The upper boundary of the Brule 

Formation, and hence the White River Group, is the abrupt unconformity between the 

overlaying sandstones of the Arikareean-aged Arikaree Formation (late Oligocene and 

early Miocene) and the underlying siltstones of the “brown siltstone” member (LaGarry 

1998). 

The latest Eocene (Chadronian– aged) Chadron Formation of Nebraska and 

South Dakota (considered a member of the White River Formation in Wyoming by 

Evanoff et al. 1992) is stratigraphically below the Brule Formation (Darton 1899, 

Galbreath 1953, Hoganson et al. 1998, Terry and LaGarry 1998).  Darton (1899) also 

named this formation, and once again did not designate a type section.  In 1929, Osborn 

designated the type section on Bear Creek, northwest of the town of Scenic (Harksen 

and Macdonald 1969a).  Due to the fact that the type section does not show all of the 

Chadron Formation, Harksen and Macdonald (1969b) suggested that a section three 

miles to the southeast of the type section be considered a reference section as it is the 

closest outcrop that preserves the entirety of the Chadron Formation (Harksen and 

Macdonald, 1969b).  On whole, the Chadron Formation has fewer volcanic clastics 
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(Larson and Evanoff 1998) and more lacustrine sediments that the overlying Brule 

Formation (Evans and Welzenbach 1998).   

I discuss Nebraska, South Dakota, Wyoming, and Colorado in more detail below 

because the specimens used in this study come from these states. 

a. Nebraska 

In Nebraska, the Brule Formation is subdivided into three members (in order of 

youngest to oldest): “brown siltstone” member; Whitney Member; and the Orella 

Member.  The Orella Member (Orellan in age) consists of sandstone sheets, massive and 

laminated volcaniclastic clayey siltstones, occasional volcaniclastic silty claystones, and 

volcanic ash (Swinehart et al. 1985; LaGarry 1998).  The Whitney Member and the 

“brown siltstone” member (originally included in the Gering Formation by Vondra et al. 

(1969), but now considered to be part of the Brule Formation (Swinehart et al. 1985)) are 

mainly Whitneyan (middle Oligocene) in age (Wood et al., 1941).  Therefore, any 

specimens from the Whitney Member or the overlying “brown siltstone” member are 

too young to be used in this study.  

Terry and LaGarry (1998) revised and redescribed the Chadron Formation of 

Nebraska, naming a new member the Big Cottonwood Creek Member, which sits on top 

of, and intertongues with the Peanut Peak Member.  The Big Cottonwood Creek 

Member contains pedogenic and lacustrine limestone interbeds, as well as pedogenic 

calcrete, gypsum, and volcanic ash within volcaniclastic silty claystones and sandstones 

(Terry and LaGarry 1998).  The Big Cottonwood Creek Member extends into South 

Dakota to the town of Oelrichs, but does not extend to the Big Badlands of South 

Dakota (Terry 1998).  The rest of the Formation consists of claystones and mudstones 

with areas of sandstones and conglomerates underlying the claystones and mudstones 



 

 

 

23

(Swinehart 1985).  There are also layers of rhyolitic and rhyodactic tuffs throughout the 

Chadron Formation (Larson and Evanoff 1998)  

b. South Dakota 

In South Dakota, the Brule Formation contains the lower Scenic Member and 

the upper Poleslide Member.  The Scenic Member (Orellan in age) is similar to the 

Orella Member of Nebraska except the Scenic member also contains abundant nodules 

(LaGarry 1998; Retallack 1983).  The magnetostratigraphy shows the Scenic Member 

starting near the end of magnetochron C13n and ending in the first half of chron 

magnetoC12r (Prothero & Swisher 1992).  The Poleside Member (end of Chron C12r to 

beginning of C11n, Prothero and Swisher 1992) contains fossils belonging to the 

Whitneyan NALMA (Schultz and Stout 1955; Retallack 1983) and because the 

Whitneyan NALMA is too young to be included in the is study that focuses on the 

EOT,, no specimens from the Poleside Member of the Brule Formation were measured.  

The upper contact of the Brule Formation in South Dakota is at the base of the white 

Rockyford Ash Member of the Sharps Formation (Harksen and Macdonald 1969b).   

The Chadron Formation fills paleovalleys and blankets the surrounding area of 

the paleovalleys (Evans 1999; Evans and Welzenbach 1998; Terry 1998).  The 

paleovalleys cut through the underlying early Chadronian–age Chamberlain Pass 

Formation and Interior Zone Paleosol and the Crecaceous– aged Yellow Mounds 

Paleosol and Pierre shale (Terry 1998; Evans 1999).  Inside the paleovalleys the 

sediments progress through three members named by Clark (1954), with the standard 

section in the Big Badlands by the south fork of Indian Creek, Pennington County, 

South Dakota (Clark 1954).  The lowest Ahearn Member is multistory, pebbly, sandstone 

rich channel fills; the middle is the transitional Crazy Johnson Member consisting of 
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massive clays with intermittent limestone bands; and the Peanut Peak Member, a single-

storey, avulsion-dominated sandstone with limestone lenses tops off and the paleovalleys 

and surrounding floodplains (Evans 1999; Terry 1998).  Due to this backfilling of 

paleovalleys, the thickness of the Chadron Formation ranges from approximately 2.5 

meters (8 feet, Clark et al. 1967) to approximately 55 meters (180ft, Harksen and 

Macdonald 1969a).   

c. Wyoming 

In the Douglas area of Wyoming, the White River Formation can be separated 

into the Brule and Chadron Members.  The Brule Member consists of sandy mudstones 

and sandy siltstones with occasional ribbon sandstones and conglomeratic sheet 

sandstones and layers of glass-rich tuff (Evanoff et al. 1992).  Similar to the Brule 

Formation in South Dakota, the Brule Member in Wyoming starts near the end of 

magnetochron C13n and ends in the middle of magnetochron C12r, making it Orellan in 

age (Evanoff et al. 1992).  In the Douglas area of Wyoming, the Chadron Member 

(Chadronian–aged) consists of clayey mudstones, typically nodular sandy mudstones, 

thin sheet sandstones, and many thick ribbon sandstones (Evanoff et al. 1992).   

Farther west, in the Flagstaff Rim area of Wyoming, the deposited White River 

Formation is only of Chadronian age and cannot be differentiated into members 

although it can be divided into two parts based on lithology (Emry 1973).  The lower 

part consists of interbedded silty claystones separated by tongues of conglomeratic 

sandstone while the upper part consists of massive tuffaceous siltstones with occasional 

thin lenses of claystone and thick lenses of coarse channel sandstones (Emry 1973).  The 

White River Formation near Flagstaff Rim has a maximum thickness of 243 meters (800 

feet) (Emry 1973). 
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d. Colorado 

The oldest White River Formation unit in Colorado, the Chadronian-aged 

Horsetail Creek Member, sits unconformably on Cretaceous rocks and in some places is 

separated by overlying the Cedar Creek Member by an erosional unconformity.  The 

Horsetail Creek Member was considered the Horsetail Creek facies of the Chadron 

Formation by Wood et.al (1941) (Wood et al., 1941).  Similar to other Chadronian strata 

of the White River sequence, the Horesetail Creek Member contains beds of lacustrine 

limestone with interfingering siltstone (Galbreath 1953).  The Orellan-aged Cedar Creek 

Member overlays the Horestail Creek Member and consists of channel deposits of fine-

grained sandstones interfingering with massive, coarser sandstone, progressively 

thinning, and capped by a massive siltstones (Galbreath 1953).  Galbreath (1953) 

proposed the name ‘Cedar Creek Member’ for the strata containing fossils of Orellan 

age.  The stratigraphically highest member of the White River Formation in Colorado is 

the Vista Member.  Although the Vista Member can lithologicially be separated from the 

underlying Cedar Creek Member, the boundary was chosen arbitrarily and has no real 

stratigraphic significance (Galbreath 1953).  Instead, Galbreath (1953) proposed this 

member for deposits of Whitneyan (middle Oligocene) age fauna in Logan County 

Colorado (Galbreath 1953).  Because my study does not include fossils from the 

Whitneyan NALMA, no fossils from the Vista Member of the White River Formation of 

Colorado were measured.  The member is simply noted here for completeness. 

5. Mammalian Taxa used in this study 

As discussed in Section II, Bergmann’s Rule has been supported more in large-

bodied animals than to small-bodied animals (Meiri and Dayan 2003, Frekleton et al. 
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2003).  In order to test whether the intraspecific variation of Bergmann’s Rule is evident 

in a temporal sequence from latest Eocene through earliest Oligocene time (Chadronian 

– Orellan NALMA), I analyzed the large-bodied perissodactyl Rhinocerotinae (Trigonias 

and Subhyracodon), and the small-bodied, though more abundant, artiodactyl (cloven-

hoofed mammal) Leptomeryx.   

a. Rhinocerotinae 

Rhinoceroses were chosen as the representative for large-bodied mammals 

because they are the largest mammal found in the Orellan and are only second in size to 

brontotheres in the Chadronian (Prothero 2005).  They are also the most common large 

(>100kg) mammals from White River Orellan strata (Mead and Wall 1998a), and are very 

abundant in the museum collections of the Denver Museum of Nature & Science and 

the University of Colorado Museum of Natural History.  Subhyracodon is the only genus 

of rhinocerotids that crossed the Chadronian – Orellan boundary and is found in Orellan 

strata according to Prothero (2005).  The genus Amphicaenopus also crossed the 

Chadronian – Orellan boundary, but no specimens have been found in Orellan strata 

although some have been found in the overlying Whitneyan strata (Prothero 2005).  This 

genus is rare and therefore was not included in my study.  The genus Trigonias has been 

found only in Chadronian strata and was included in my study of the Rhinocerotinae 

subfamily population.  There are difficulties in differentiating between check teeth 

dentitions of Subhyracodon and Trigonias as explained below. 

The subtribe Caenopina in the subfamily Rhinocerotinae contains seven genera: 

Prohyracodon, Trigonias, Amphicaenopus, Subhyracodon, Epiaceratherium, Ronzotherium, and 

Moschoedestes (McKenna and Bell 1997), two of which were used in my study – 

Subhyracodon and Trigonias.  The two genera differ postcranially, specifically Subhyracodon 
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has lost the 5th metacarpal while the more primitive Trigonias still retains it.  The two 

genera also show differences in the skull (Scott 1941), and in the presence (or absence) 

of the anterior teeth.  In particular, Trigonias retains all anterior teeth except for the lower 

canine while Subhyracodon has lost both canines and the upper and lower 3rd incisor.  The 

challenge with identifying an individual as belonging to either genus occurs when only 

cheek teeth are preserved because the cheek teeth by themselves are indistinguishable for 

these two genera.  This is partly due to the similarity in size of the cheek teeth (Scott 

1941) as well as the variability of the morphology of the premolars of Trigonias (Prothero 

2005).  Previously, fragmentary specimens from both Trigonias and Subhyracodon 

specimens were placed in the genus Caenopus.    The genus Caenopus was sunk into 

Trigonias and Subhyracodon by Prothero (2005) as most specimens referred to Caenopus are 

actually either Trigonias or Subhyracodon.  Specimens only identified to Rhinocerotinae 

indet. were also include in this study because of their inclusion in the subfamily 

Rhinocerotinae. 

i. Subhyracodon 

Brandt (1878) initially erected the name Subhyracodon as a subgenus in the genus 

Aceratherium based upon the species A. mite, A. occidentale (originally placed in the extant 

genus Rhinoceros), and A. quadriplicatum (Prothero 2005).  In 1927, H. E. Wood raised 

Subhyracodon from subgenus to genus rank (Wood, H. E. 1927).  The type species for the 

genus Subhyracodon is S. occidentalis.  Currently, three species of Subhyracodon are 

recognized: S. occidentalis, S. mitis, and S. kewi (Prothero 2005).  However only two of 

these – S. occidentalis and S. mitis – fall into my temporal and geographic range.   

S. occidentalis, the larger of the two species, lived from the late Chadronian to the 

late Orellan.  Most specimens have been found in the Plains states (Colorado to North 
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Dakota) and in the Rocky Mountains of Wyoming, although a specimen has been 

documented in Mississippi (Prothero 2005).  The smaller species, S. mitis, has a shorter 

time span from the late Chadronian to the early Orellan with a geographic range from 

Colorado and Nebraska to Montana, and therefore overlapping the range of S. occidentalis 

(Prothero 2005).   

Subhyracodon was a small to medium rhinoceros (Prothero 2005) which had a 

body mass greater than 100kg (Mead and Wall 1998a).  They were a hornless rhino and a 

selective mixed feeder that probably consumed high-fiber vegetation and succulent 

browse, based on dental and skull morphology (Mead and Wall 1998a, 1998b).  The 

genus has been excavated from former stream margins, near-stream floodplains, and in 

the dry floodplain deposits further from streams, and therefore probably occupied 

riparian forests and the surrounding wooded habitats in the Orellan (Retallack 1983; 

Clark et al. 1967).  Zanazzi and Kohn (2008) interpreted δ13C values of Subhyracodon 

enamel to indicate a preference for the open plains and/or xeric areas. 

ii. Trigonias 

F.A. Lucas (1900) erected the genus Trigonias, based upon USNM 3924 from the 

Eocene of South Dakota as the type specimen and Trigonias osborni as the type species 

(Lucas 1900).  The original paper lists the age as Miocene, specifically found in the 

Lower Titanotherium Beds which is now considered to be part of the Chadron 

Formation and hence Chadronian in age (Schultz and Stout 1955.)  Gregory and Cook 

(1928) named additional species based upon specimens gathered at the Trigonias Beds 

Quarry in Weld County, Colorado.  In 1931, Wood studied the same specimens as 

Gregory and Cook (1928) and synonymized three species, while naming one new species 

(Wood 1931).  Also in 1931, W. D. Matthew published a paper stating, “There is every 
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reason to believe on ecologic and other grounds that this series [from the Trigonias Beds 

Quarry] represents one genus and one species…” (Matthew, 1931, p.5).  A decade later, 

Scott (1941) published a monograph where he discussed this controversy and recognized 

two species T. osborni and T. taylori, and one subspecies Trigonias osborni wellsi from the 

Colorado and South Dakota material (Scott 1941).  More recently, Prothero (1998) stated 

that there are only two valid species, the type T. osborni and the much larger T. wellsi.  The 

Trigonias specimens that I measured for this study were identified as Trigonias sp. or 

Trigonias osborni.        

The first appearance of Trigonias questionably occurred in the Duchesnean 

NALMA (middle Eocene; precedes the Chadronian; Robinson et al. 2004).  However, by 

the Chadronian, Trigonias was quite common in the Great Plains (Scott 1941).  By the 

Orellan, Trigonias had gone extinct while Subhyracodon did not and hence became the most 

common rhinocerotid in North America (Prothero 2005).  The north to south range for 

Trigonias is from Canada to Colorado.  Trigonias ranged from the Plains region to 

California (Prothero 2005).    

Trigonias fossils have been excavated from stream channels and near-stream 

deposits (Retallack 1983).  They were medium sized for rhinoceroses (Prothero 2005) 

with short, heavy limbs and perhaps semi-aquatic (Clark et al. 1967), although δ18O 

values (N=1) do not support a semi-aquatic lifestyle (Zanazzi and Kohn 2008).  There 

are no known body mass estimates specifically for the genus Trigonias. 

b. Leptomeryx 

I chose the genus Leptomeryx as a representative of medium-bodied mammal 

because of its abundance in the White River Formation/Group.  Second only to 

oreodonts, the most common mammals in the Orellan are the smaller deerlike 
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late Chadronian-aged L. mammifer, which in turn is larger than the Orellan-aged L. exilis 

(Heaton and Emry 1996; Korth and Diamond 2002).  At Flagstaff Rim in Wyoming, one 

of L. yoderi’s descendents, L. mammifer is limited to, and the index fossil for, the Middle 

Chadronian biostratigraphic interval (Prothero and Emry 2004).  However, even though 

some researchers have stated that the Leptomeryx Y/M lineage died out in the Chadronian 

(Heaton and Emry 1996), this cannot be accurate because L. exilis, which clearly belongs 

to the Y/M lineage on the basis of its m3 posterolopid morphology, has been found in 

Orellan and Whitneyan-aged strata in Nebraska, South Dakota, Colorado, and Wyoming 

(Korth and Diamond 2002, this research).  Korth and Diamond (2002) also consider the 

Whitneyan species L. obliquidens to be descended from this lineage.  L. obliquidens is 

differentiated from L. exilis by its larger size. 

Differentiation of the species of the S/E lineage is based upon morphology, 

which is consistent with the differences in age.  Individuals with the S/E entoconulid 

from the Chadronian belonging to L. speciosus have a small percentage of individuals with 

paleomeryx folds, while individuals with the S/E entoconulid from the Orellan assigned 

to L. evansi have a much higher percentage of paleomeryx folds.  Paleomeryx folds are 

small lophs that extend posteriorly off of the protoconid and run down the posterior 

slope of the protoconid; they are found only in individuals within the S/E lineage (Korth 

and Diamond 2002; see figure 4).  Korth and Diamond (2002) also noted that L. evansi 

specimens possessed a paleomeryx fold on all of the m1s, 90% of the m2s, and 83% of 

the m3s.  Korth and Diamond (2002) identified a second species from the Orellan with 

the S/E entoconulid – L. elissae; this species lacks paleomeryx folds on all of its lower 

molars, making it difficult to identify unless the complete molar row is present.  Heaton 

and Emry (1996) also used the labial ridge posterior to the protoconid on p3 to 
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differentiate between L. evansi and L. speciosus.  However, Korth and Diamond (2002) 

found this character to be extremely variable and not useful for differentiating species. 

Leptomeryx were small (rabbit–sized), deer-like, hornless, browsing ruminant 

artiodactyls (Wall and Collins 1998, Webb 1998).  During the Orellan, Leptomeryx 

probably lived in savannas and grassy woodlands on terraces or floodplain areas away 

from streams (Retallack 1983), although a few specimens have been found in near-

stream deposits of the lower nodular zone of the Brule Formation in the Badlands (Clark 

et al. 1967).  Leptomeryx was most likely an active runner on dry ground that entered 

forests and streams, but preferred the open plains (Clark et al. 1967).  There is an 

indication based upon δ13C values that through the EOT, Leptomeryx changed its 

preferred habitat from woodlands to grasslands (Zanazzi and Kohn 2008).  Dentally, 

Leptomeryx specimens from the Chadronian have less occlusal enamel than specimens 

from the Orellan (Mathis 2008), possibly indicating a change in feeding habit from soft 

leaves to coarse grass.  
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II. Materials and Methods 

Dental Abbreviations used in this study include: 

L – Left side of jaw or maxilla  

R – Right side of jaw or maxilla 

NC – Sample size of Chadronian 

specimens 

NO – Sample size of Orellan specimens

Uppers – 1st premolar: P1 

2nd premolar: P2 

4th premolar: P4 

1st molar: M1 

2nd molar: M2 

3rd molar: M3 

 

Lowers – 1st premolar: p1 

2nd premolar: p2 

4th premolar: p4 

1st molar: m1 

2nd molar: m2 

3rd molar: m3

Institutional Abbreviations used in this study include:  

UCM – University of Colorado at Boulder Museum of Natural History  

DMNS – Denver Museum of Nature & Science  

FMNH – Field Museum of Natural History  

SDSM – South Dakota School of Mines and Technology Geology Museum 

 

Artiodactyl terminology (Figure 5) comes from Heaton and Emry (1996).    

 Perissodactyl dental terminology (Figure 6) follows Hooker (1989).   



34 

 

 

Figure 6. Cusp and loph terminology for 
Perissodactyla, modified from Hooker 
(1989) A: Upper left molar; B: Lower 
right molar 

Figure 5. Cusp terminology of Leptomeryx (Artiodactyla); A: Upper right 
dentition picture, modified from Webb (1998). B: Cusp terminology for 
the lower left dentition of Leptomeryx, from Heaton and Emry (1996)  

 
 I only used dental measurements in 

this study because of the ability to 

identify teeth to a lower taxonomic 

level with more certainty than 

postcranial material, and because teeth 

are more often preserved (and 

therefore more abundant) than 

diagnostic bones, including the skull.   

The Leptomeryx and 

Rhinocerotinae specimens used in this 

study were collected by field parties 

from the University of Colorado Museum of Natural History (UCM) in Boulder, the 

Denver Museum of Nature & Science (DMNS), the Field Museum of Natural History 

(FMNH) in Chicago, and the South Dakota School of Mines and Technology (SDSM) in 
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Rapid City over the course of many decades and are housed in four museum collections: 

UCM, DMNS, FMNH, and SDSM.  The Leptomeryx specimens came from all four 

museums, with the most specimens coming from UCM, followed by DMNS, then 

FMNH and SDSM (Appendix 2).  The specimens housed at UCM are from the Chadron 

Member and Brule Member of the White River Fm. in Wyoming; the Chadron and 

Orella Members of the Brule Fm. in Nebraska; the Cedar Creek and Horsetail Creek 

Members of the White River Fm. in Colorado; and the Scenic Member of the Brule Fm. 

in South Dakota.  The DMNS specimens were collected from the Chadron Member of 

the White River Fm. in Wyoming; the Chadron Formation of Nebraska; the Cedar Creek 

and Horsetail Creek Members of the White River Formation of Colorado; and the 

Chadron Member of White River Fm. in Wyoming.  The FMNH specimens were 

collected from the Brule Formation of Nebraska and the Peanut Peak and Crazy 

Johnson Members of the Chadron Formation of South Dakota.  The SDSM specimens 

were collected from the Chadron Formation in South Dakota. 

The Rhinocerotinae specimens also came from all four museums, with Trigonias 

specimens coming from UCM, DMNS, and FMNH and Subhyracodon specimens coming 

from UCM, DMNS, and SDSM (Appendix 3).  Specimens identified only down to the 

subfamily (Rhinocerotinae) or identified as Caenopus (nomen dubium) came from 

DMNS, SDSM, and UCM.  The specimens housed at UCM are from the Chadron Fm. 

and the Orella Member of White River Fm. in Nebraska; the Brule Member of the White 

River Fm. in Wyoming; the Horsetail Creek Member of White River Fm. in Colorado; 

and the Scenic Member of the Brule Formation in South Dakota.  The DMNS 

specimens come from the Horsetail Creek and Cedar Creek Members of the White River 
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Formation in Colorado.  The FMNH specimens were collected from the Chadron 

Formation, and the Peanut Peak, the Crazy Johnson, and Ahearn Members of the 

Chadron Formation in South Dakota, and the Horsetail Creek Member of the White 

River Fm. in Colorado.  The SDSM specimens were collected from the Brule Formation 

and the Scenic Member of the Brule Formation, and the Chadron Formation in South 

Dakota.  

For the rhinoceratine specimens from DMNS and UCM, digital calipers with a 

maximum measurement of 120 mm and a 0.01 mm resolution were used to take length 

and width measurements.  The rhinoceratine specimens from FMNH were measured 

with a metric dial caliper with a 0.05 resolution.  All of the Leptomeryx specimens were 

measured using digital calipers.  There were a few specimens where the M2/m2 length 

could not be accurately measured with the calipers; for these specimens, a SPOT camera 

and associated computer software were used to determine the length.  In order to make 

sure that the computer and calipers would give equivalent measurements, I used the 

computer to measure certain Leptomeryx specimens that could also be accurately 

measured with digital calipers and compared the results. 

For this study, I took the following eight measurements of upper and lower 

dentitions of the rhinoceratine taxa Trigonias, Subhyracodon, and Rhinocerotinae indet.: 

length and width of right and left m2 and M2; length of the right and left molar tooth 

rows; and length of the right and left post-canine tooth row.  Maximal values for each 

dimension were used following Damuth (1990).  The m2 width is the widest point of the 

tooth measured through the apices of the metaconid and protoconid (Figure 7a).  The 

m2 length was measured from the point of contact between m1 and m2 to the point of 
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Figure 7. Lower dentition measurements of Rhinocerotinae (UCM 89771); A 
(dashed): m2 width; B (two dashes one dot): m2 length; C (dots): premolar row; D 
(one dash two dots): molar row.  Post-canine tooth row is the molar row plus the 
premolar row (D + C). 

contact between m2 and m3 (Figure 7b); for worn teeth, where the contact is a line and 

not a point, the measurement is from the middle of the contact line between the teeth.  

The length of the lower molar row (m1-m3) was measured from the contact between p4 

and m1 to the posterior margin of m3 (Figure 7d).  The length of the post-canine tooth 

row (p1-m3) – the longest measurement – was measured from the anterior margin of the 

p1 to the posterior margin of the m3 (Figure 7c+d).  However, due to the size 

limitations of the calipers, the post-canine tooth row was measured in two parts - the 

molars and the premolars – which were simply added together.  I used the anterior 

margin in the rhinocerotids length of the lower molar row as the posterior margin when 

measuring the premolar row (Figure 7c) in order to limit the amount of overlaps and/or 

gaps.   

 
With regard to measurements on the upper dentition, the M2 length is the length 

of the ectoloph, parallel with the line of the loph (Figure 8b), whereas the M2 width is 

the widest distance from the apices of the paracone and the protocone (protoloph) 

(Figure 8a).  The upper molar row length (M1-M3) is the widest part from the anterior 

margin of the ectoloph of the first molar to the posterior margin of the M3 hypocone 
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Figure 8. Upper dentition measurements of Rhinocerotinae (UCM 89765); A 
(dashed): m2 width; B (two dashes one dot): m2 length; C (dots): premolar row; 
D (one dash two dots): molar row.  Post-canine tooth row is the molar row plus 
the premolar row (D + C).

(Figure 8d).  The length of the upper post-canine tooth row (P1-M3) is defined here as 

the longest distance from the anterior margin of the first premolar to the posterior 

margin of the M3 hypocone (Figure 8c+d).  Due to the size limitations of the calipers 

that I used, the post-canine tooth row was measured in two parts - the molars and the 

premolars – and these two measurements were simply added together.  I used the 

anterior margin in the rhinoceratines’ molar row length as the posterior margin when 

measuring the premolar row (Figure 8c) in order to limit the amount of overlaps and/or 

gaps.  However, due to small sample size, I was not able to use the lower post-canine 

tooth row in my statistical analysis.  

 
For Leptomeryx, measurements were similar to those of the rhinocerotines.  

Specifically, I measured length and width of right and left m2 and M2, length of the 

upper and lower molar tooth row, and length of the upper and lower post-canine tooth 

row.  The m2 width is the greatest transverse width through the protoconid and 

metaconid apices (Figures 9a).  The M2 width is the greatest transverse width through 

the apies of the protocone and paracone (Figure 10a).  The length of m2 is the longest 
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distance measured along the lingual side of the tooth through the apices of the 

metaconid and entoconid (Figure 9b, which is similar to Heaton and Emry 1996), 

whereas the M2 length is the longest distance as measured through the paracone and 

metacone (Figure 10b).  The lower molar row length (m1-m3) is measured from the 

anterior margin of the metaconid on m1 to the most posterior margin of the m3 through 

the hypoconulid (Figure 9d).  The length of the upper molar row (M1-M3) is the 

distance from the anterior margin of the paracone on M1 to the posterior margin of the 

metacone on M3 (Figure 10d).  Due to presence of a diastema between p1 and p2 and 

the caniniform morphology of p1, the lower cheek teeth row is defined here as the 

distance from the anterior margin of p2 to the posterior margin of the m3 measured 

through the hypoconulid (Figure 9c).  The length of the upper cheek tooth row is the 

distance from the anterior margin of P2 to the posterior margin of the metacone on M3 

(Figure 10c).  However, due to small sample size, I was not able to use the post canine 

tooth row measurements in my statistical analysis, leaving a maximum of 12 variables for 

statistical analysis.  

 

Figure 9. Lower dentition measurements of Leptomeryx (UCM 87459); A 
(dashed): m2 width; B (two dashes one dot): m2 length; C (dots): post-canine 
row; D (one dash two dots): molar row. 

 



40 

 

 

 

 The 16 possible measurements are: right M2 width (RM2 w); right M2length (R 

M2 l); right upper molar row length (RM1-3); right upper post-canine row length (RP1-

M3 or RP2-M3); left M2 width (RM2 w); left M2 length (RM2 l); left upper molar row 

length (RM1-3); left upper post-canine row length (RP1-M3 or RP2-M3); right m2 width 

(Rm2 w); right m2 length (Rm2 l); right lower molar row length (Rm1-3); right post-

canine row length (Rp1-m3 or Rp2-m3); left m2 width (Rm2 w); left m2 length (Rm2 l); 

left lower molar row length (Rm1-3); left post-canine row length (Rp1-m3 or Rp2-m3). 

 Some of these measurements are not independent of each other; however a 

correlation of the measurements show that although all four measurement (second molar 

width and length, molar row length, post-canine row length) in each post-canine tooth 

row (right upper, right lower, left upper, left lower) are highly correlated, they are not 

necessarily correlated to any of the other post-canine tooth rows.  For the Leptomeryx this 

is probably due to the fragmentary nature of most of the specimens; most of the 

specimens containing teeth from the right side did not preserve teeth on the left side and 

vice versa, similarly specimens where the mandible was preserved often did not have the 

skull preserved.  The rhinocerotines often had both sides of the jaw or skull preserved, 

although there were not many skulls with associated jaws, and there is a high correlation 

Figure 10. Upper dentition measurements of Leptomeryx (UCM 87475); A 
(dashes): M2 width; B (two dashes one dot): M2 length; C (dots): post-canine 
row; D (one dash two dots): molar row. 
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between the left and the right sides but not the upper and lower dentitions.  Therefore, I 

am looking at multiple sample populations of Chadronian and Orellan Leptomeryx and 

rhinocerotines. 

1. Age Categories 

Specimens of Trigonias and Subhyracodon were subdivided into four age categories 

based upon tooth eruption and wear.  These categories are arbitrarily based on the 

second molar since that is the only tooth I studied individually.  These categories are also 

objective in that each specimen can clearly be place in the appropriate category.  In the 

youngest individuals (juveniles), M2/m2 were not erupted and consequently these 

specimens were not measured for this study and are not figured.  The youngest group 

used in my study was the adolescent/young adult age class.  These individuals bore a 

fully erupted M2/m2, but either M3/m3 had not yet erupted or it had erupted but lacked 

wear (Figure 11).  The middle group – adults – had wear on M3/m3 but M2/m2 still 

retained a semblance of the loph pattern, pi-shape on the uppers and the V and 

backwards J patterns on the lower molars (Figure 12).  The third group comprised the 

oldest individuals – the seniors – bore M2/m2s that were worn down to the dentine and 

there was no enamel left on the occlusal surface of the M2/m2s (Figure 13). 

 

Figure 11. Adolescent Rhinocerotinae, A: upper dentition (UCM 43697), notice 
the minimal wear on M2 and the erupting M3; B: lower dentition (UCM 87461), 
notice the lack of wear on /m2 and that /m3 is just erupting.



42 

 

 

 

 

As with the rhinocerotines, specimens of Leptomeryx were initially divided into 

four age groups – juvenile, adolescent, adult, and senior.  The juveniles were not 

measured because the second molar had not yet erupted, and consequently I did not 

include figures of them.  The adolescents were identified as those individuals with a fully 

erupted M2/m2, but not a fully erupted M3/m3, or if fully erupted, it was absolutely 

unworn (Figure 14).  If the M3/m3 was not present, the age of the individual at death 

was subjectively based upon the wear of M2/m2.  The adults had a fully erupted M3/m3 

that showed wear, but still retained the posterior lake between the metacone and 

hypocone on M2, and the hypoconid and entoconid on m2 (Figure 15).  The teeth of 

seniors were worn down to the point that there was no longer a lake between the 

metacone and hypocone on M2 and between the hypoconid and entoconid for m2 

(Figure 16).  These wear stages are similar to the wear stages defined by Clark and 

Guensburg (1970), with their infant and juvenile stages equating to my (unmeasured) 

 
Figure 13. Senior Rhinocerotinae; A: upper dentition (DMNS 1860), notice the pi-
shape of M2 is no longer visible; B: lower dentition (UCM 89771), notice the 
upside-down ‘v’ is no longer visible on the m2.

Figure 12. Adult Rhinocerotinae; A: upper dentition (UCM 68915), notice the pi-
shape is still on M2; B: lower dentition (UCM 68913), notice the upside-down ‘v’ 
is still visible on the m2. 
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juvenile group.  Their adolescence stage equates with my adolescent group.  These 

authors’ young adulthood and middle age stages fall into my adult group, as do some 

individuals of their senility stage because I used the elimination of the posterior lake of 

m2 instead of the m1 as the means for differentiating between adults and seniors.  

 

 

 
 

2. Methods for Estimating Body Mass 

Weight-bearing, postcranial bones generally give more accurate body mass 

estimates than teeth (Damuth and MacFadden 1990), which may undergo selection for 

 
Figure 16. Senior Leptomeryx. A: upper dentition (UCM 36015); B: lower 
dentition (UCM 20781), noticed on both pictures the teeth are worn flat. 

 
Figure 15. Adult Leptomeryx. A: upper dentition (UCM 52288); B: 
lower dentition UCM (20947).

 
Figure 14. Juvenile Leptomeryx. A: upper dentition (UCM 87494), notice that M3 has no 
wear; B: lower dentition (UCM 87461), notice that m3 is not fully erupted.
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sample size included fewer than three specimens.  A total of 446 Leptomeryx and 205 

Rhinocerotinae specimens were measured, although due to incompleteness of many 

specimens, not all could be used in every statistical analysis.  The sample size for each 

analysis is listed in the appropriate table (Tables 2-11).  Even though the upper and lower 

post-canine tooth row and the left upper molar row of Leptomeryx were measured, the 

sample sizes (NC≤ 2) were too small to be included in the statistical analysis.  However, 

these measurements are included in Appendix 1 for the sake of completeness and in the 

hopes that future researchers may find them useful.  All significance levels are at the 95% 

confidence interval (CI), unless otherwise stated.   

Since I am using non-parametric, rank-based statistical tests, all p-values based 

upon body mass estimates will be the same as the p-values based upon the actual 

measurements of the teeth.  Therefore, only p-values for the dental measurements are 

given.  Results for body mass are given in kilograms with two standard deviations. 
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III. Results 

1. Leptomeryx 

To increase the sample size for Leptomeryx, I used a combined dataset of both the 

right and left jaws.  If both sides of the jaw were preserved from the same individual, I 

used measurements from only the left side to prevent replication in the datasets.  I chose 

the left side because I have more measurements of individuals with just the left jaw 

preserved.  Prior to combining the samples, I tested for significant differences in size 

between the medians of the right and left sides.  Results presented in Table 1 verify that 

there are no significant size differences between teeth from the left and right side within 

the Chadronian and Orellan datasets. 

Table 1: Comparison of the right and left sides of the skull and jaws in all Leptomeryx 
used in this study 

 
 
Each of the two lineages of Leptomeryx were analyzed separately to test the 

intraspecific variation of Bergmann’s Rule in Leptomeryx.  Table 2 shows the results for 

the L. speciosus – L. evansi lineage; Table 3 shows the results for the L. mammifer – exilis 

lineage.   

NALMA       M2 width M2 length M1-3 
length 

m2 width m2 length m1-3 
length 

Chadronian p=0.7593 
T=83 
NR=20, 
NL=9 

p=0.3384   
T=76.5 
NR=22,  
NL=9

p=0.1147  
D=0.8333 
NR=6, 
NL=2

p=0.7732 
T= 585.5 
NR=33, 
NL=37

p=0.9779  
T=660 
NR=34, 
NL=39 

p=0.9755 
D=0.2308 
NR=13, 
NL=5

Orellan p=0.6149 
T=1367 
NR=46, 
NL=63 

p=0.2197 
T=1180 
NR=45, 
NL=61

p=0.1614 
T=353 
NR=28, 
NL=32

p=0.8234 
T=6698 
NR=94, 
NL=145

p=0.6526  
T=6662 
NR=92, 
NL=150 

p=0.3334 
T=515 
NR=26, 
NL=46

All p-values based upon Mann-Whitney U comparison of median test except for N < 7 samples 
(upper and lower molar row of the Chadronian specimens), where the Kolmogorov-Smirnov 
comparison of distributions test was used.  T is the test statistic for the Mann-Whitney U test; D is the 
test statistic for the Kolmogorov – Smirnov test.
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Table 2: Statistical analysis of dental elements of L. speciosus – L. evansi used in this 
study 
Dental 
element

NC=Chadronian, 
NO=Orellan

Trend of the size 
change

RM2 width --- 0.154 0.61 NC=3, NO=41 Decrease (note N<7)

RM2 length --- 0.017 0.829 NC=3, NO=41 Decrease (note N<7)

Rm2 width 0.324 436.5 0.743
0.179

NC=17, NO=61 Decrease

Rm2 length 0.072 374.5 0.008 0.431 NC=18, NO=58 Decrease

Rm1-m3 0.528 84 0.586 0.288 NC=9, NO=22 Decrease

Lm2 width 0.136 729 0.141 0.283 NC=18, NO=104 Decrease

Lm2 length 0.002 523.5 0.009 0.403 NC=18, NO=106 Decrease

Lm1-3 --- 0.179 0.592 NC=3, NO=40 Decrease (note N<7)

m2 width 0.044 2133 0.047 0.252 NC=34, NO=161 Decrease

m2 length 0.002 1792 <0.001 0.364 NC=34, NO=160 Decrease

m1-m3 0.093 231.5 0.056 0.416 NC=11, NO=62 Decrease

Kolmogorov-
Smirnov 
(distribution)

Numbers is the upper left corners are p-values, test statistics (T for Mann-Whitney U, D for 
Kolmogorov-Smirnov) are in the lower right corners.  Statistics were not run on samples of N < 3.  
Note when N < 7, Mann-Whitney test is not statistically valid (Hammer, Harper, and Ryan 2009)

Mann-
Whitney 
(median)
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Table 3: Statistical analysis of dental elements of L. mammifer – L. exilis lineage used 
in this study 
Dental 
element

NC=Chadronian, 
NO=Orellan

Trend of the size 
change

Rm2 width --- 0.152 0.152 NC=5, NO=7 Decrease (note N<7)

Rm2 length --- 0.010 0.857 NC=5, NO=7 Decrease (note N<7)

Lm2 width --- 0.188 0.523 NC=5, NO=13 Decrease (note N<7)

Lm2 length --- 0.003 0.857 NC=5, NO=14 Decrease (note N<7)

m2 width 0.099 62 0.021 0.550 NC=10, NO=20 Decrease

m2 length <<0.001 18 <<0.001 0.86 NC=10, NO=21 Decrease

Numbers  in the upper left corners  are p-values , tes t s tatis tics  (T for Mann-W hitney U, D for 
Kolmogorov-Smirnov) are in the lower right corners .  Statis tics  were not run on samples  of N < 3.  
Note for N < 7, Mann-W hitney tes t is  not s tatis tically valid (Hammer, Harper, and Ryan 2009).

Kolmogorov-
Smirnov 
(distribution)

Mann-
Whitney 
(median)

 
In the L. speciosus – L. evansi lineage only eight variables (11 including the 

combined datasets) could be compared due to small sample size; these are: RM2 width 

and length, R and L2 width and length, R and Lm1-3 (Table 2).  The length of the RM2 

showed a significant difference in the distributions of the Chadronian and Orellan 

datasets, while the width of the same tooth did not.  However, because the sample size 

for each Chadronian dataset is tiny (N=3), neither result is very conclusive.  Further, 

combining the right and left sides of the upper dentition would only add a single data 

point to my Chadronian dataset bringing my sample size to four, which is still too small 

for a reliable statistical analysis.  In the lower dentition, only the m2 length showed a 

significant difference, although there is a significant difference in the distribution of the 

Rm2 length but not the median.  When the sample size is increased by combining the 

right and left sides, and using the lefts for individuals that preserved both sides, there is 

significant change in both the m2 width and length.  The lower molar row does not 
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show a significant difference at the 95% CI, but does at the 90% CI.  All of the 11 

results from dental measurements trend towards decreased size in the L. speciosus – L. 

evansi lineage across the Chadronian-Orellan boundary. 

Only the m2 width and length could be analyzed from the L. mammifer – exilis 

lineage (Table 3).  Separately, both the right and left side saw a significant change in the 

distribution of the length but not the width.  Combined (i.e. both sides), there was a 

significant change in the length and distribution of the width, but not the median of the 

width at the 95% CI; there is significant change in the median of the width at the 90% 

CI.  All of these comparisons have a small Chadronian sample size (N ≤ 10), which may 

account for why there is only a significant change in length but not width for the L. 

mammifer – L. exilis lineage.  This is also seen in the left m2 of the L. speciosus – L. evansi 

lineage, but not Leptomeryx as a whole.  

A recent study suggests that the vegetation of Colorado from the Chadronian to 

the Orellan responded in the opposite fashion (grassland to woodlands) to the other 

White River areas (Hembree and Hasiotis 2007, see EOT chapter).  Another recent 

paper (Zanazzi and Kohn 2008) suggests that Leptomeryx, as a genus, may have changed 

its diet in South Dakota, Nebraska, and Wyoming (no specimens in their study came 

from Colorado)  Therefore, I analyzed the specimens from Colorado separately from the 

specimens from South Dakota, Nebraska, and Wyoming combined (Tables 4 and 5).  

Due to small sample size, I combined the two lineages and included specimens that 

could only be identified to genus level.  The mixing of two lineages means I am not 

testing Bergmann’s Rule with this analysis, but rather just looking at body size change in 

Leptomeryx in two areas with difference vegetation changes.  For Colorado specimens, 
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only the left m2 width and length and the combined m2 width and length datasets are 

compared due to small sample size (Table 4).  All four comparisons show significant 

differences between the Colorado Chadronian dataset and the Colorado Orellan dataset, 

reflecting a decrease in size.  The non-Colorado dataset (South Dakota, Nebraska, and 

Wyoming) also shows a statistically significant change in size in those four variables, as 

well as in six other variables: RM2 width, Rm2 width and length, and the combined 

datasets variables M2 width and length, and m1-m3 (Table 5).  All of the variables 

trended towards a size decrease including RM2 length, RM1-M3, LM2 width and length, 

Rm1-m3, Lm1-m3, and the combined dataset variable M1-M3, which were not 

statistically significantly different.  

_____________________________________________________________________ 

Table 4: Statistical analysis of dental elements of Colorado Leptomeryx used in this 
study
Dental 
element

NC=Chadronian, 
NO=Orellan

Trend of the 
size change

Lm2 width 0.019 64 0.025 0.025 NC=14, NO=18 Decrease

Lm2 length 0.001 38 <0.001 0.680 NC=14, NO=19 Decrease

m2 width 0.021 134.5 0.037 0.037 NC=16, NO=29 Decrease

m2 length <0.001 69 <0.001 0.650 NC=16, NO=30 Decrease

Numbers in the upper left corners are p-values, test statistics (T for Mann-Whitney U, D for 
Kolmogorov-Smirnov) are in the lower right corners.  Statistical analyses were not run on 
samples of N < 3.  

Mann-
Whitney 
(median)

Kolmogorov-
Smirnov 
(distribution)
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Table 5: Statistical analysis of dental elements of non-Colorado Leptomeryx used in 
this study 
Dental 
element

NC=Chadronian, 
NO=Orellan

Trend of the size change

RM2 width 0.037
249.5

0.041
0.38

NC=17, NO=45 Decrease

RM2 length 0.084
302

0.468
0.224

NC=19, NO=44 Decrease

RM1-M3 --- 0.482
0.352

NC=6, NO=27 Decrease (note N < 7)

LM2 width 0.234
186

0.227
0.269

NC=8, NO=63 Decrease

LM2 length 0.771
228

0.966
0.176

NC=8, NO=61 Decrease

Rm2 width 0.023
916

0.025
0.303

NC=31, NO=82 Decrease

Rm2 length <0.001
601.5

<0.001
0.45

NC=32, NO=80 Decrease

Rm1-m3 0.112
96

0.197
0.357

NC=13, NO=22 Decrease

Lm2 width 0.002
880

0.013
0.349

NC=23, NO=128 Decrease

Lm2 length <0.001
830.5

0.001
0.416

NC=25, NO=132 Decrease

Lm1-3 --- 0.278
0.476

NC=4, NO=41 Decrease (note N < 7)

M2 width 0.004
789.5

0.005
0.373

NC=25, NO=101 Decrease

M2 length 0.029
948

0.113
0.253

NC=27, NO=97 Decrease

M1-M3 0.097
113

0.105
0.458

NC=7, NO=53 Decrease

m2 width <<0.001
3441

0.001
0.306

NC=52, N=206 Decrease

m2 length <<0.001
2892

<<0.001
0.403

NC=55, N=208 Decrease

m1-m3 0.015
328

0.008
0.434

NC=17, N=63 Decrease

Numbers in the upper left corners are p-values, test statistics (T for Mann-Whitney U, D for Kolmogorov-Smirnov) 
are in the lower right corners.  Statistics were not run on samples of N < 3.  Note when N < 7, Mann-Whitney test is 
not statistically valid (Hammer, Harper, and Ryan 2009).

Mann-Whitney 
(median)

Kolmogorov-
Smirnov 
(distribution)

 

I also separately ran the adult specimens to determine if the age and wear of the 

specimen would bias my results.  This analysis included both of the lineages combined 

and the results are located in Appendix 1.  I did not perform a statistical analysis of only 
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Figure 17. Diamond box and dot plot of Leptomeryx body mass estimates (in 
kilograms) based upon m2 length measurements.  The dot plots show the 
distribution of the data points.  The ends of the whiskers on the diamond box plots 
are 1.5 standard deviations away from the mean (the hollow box in the diamond).  
The diamonds’ endpoints are at the 25th and 75th percentile and the horizontal line 
inside the diamond is the median.  The solid triangles above and below the box 
plot show the minimum and maximum values, while the hollow triangles with a 
line through them show the 99% and 1% confidence intervals.  Figure made with 
OriginPro8. 
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Sample size (N<7) for length of the lower post-canine tooth row was small, precluding 

use of the Mann-Whitney U test.  However, the distributions (Kolmogorov-Smirnov 

test) of the Chadronian and Orellan lower post-canine tooth row datasets were not 

significantly different, but they did trend towards an increase in size.  This result 

contrasts the other results, but must be treated with caution given the small Orellan 

sample size (N =3 for both right and left).  I did not combine the right and left sides of 

the Rhinocerotinae because most of the individuals measured included both right and 

left jaws.  Therefore, inclusion of both right and left sides would effectively double the 

same size, but would represent only half the number of individuals.  
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Table 7: Statistical analysis of dental elements of all Rhinocerotinae used in this study 
Dental 
element

NC=Chadronian, 
NO=Orellan

Trend of the size 
change

RM2 width 0.002 199 <0.001 0.618 NC=55, NO=15 Decrease

RM2 length 0.006 221 <0.001 0.576 NC=55, NO=15 Decrease

RM1-M3 0.020 107 0.006 0.545 NC=33, NO=12 Decrease

RP1-M3 0.855 105 0.916 0.200 NC=22, NO=10 Decrease

LM2 width <0.001 141 <0.001 0.621 NC =53, NO=15 Decrease

LM2 length 0.008 205.5 0.005 0.492 NC=55, NO=14 Decrease

LM1-M3 0.002 0.636 0.001 0.636 NC=33, NO=11 Decrease

LP1-M3 0.560 113 0.285 0.346 NC=26, NO=10 Decrease

Rm2 width 0.002 419 0.017 0.017 NC=82, NO=19 Decrease

Rm2 length 0.026 555.5 0.015 0.382 NC=87, NO=19 Decrease

Rm1-m3 0.333 272 0.529 0.225 NC=47, NO=14 Decrease

Rp1-m3 --- 0.759 0.381 NC=14, NO=3 Increase (note N<7)

Lm2 width <0.001 305.5 <<0.001 0.577 NC=78, NO=18 Decrease

Lm2 length 0.005 439.5 0.011 0.403 NC=85, NO=18 Decrease

Lm1-3 0.483 289 0.530 0.240 NC=51, NO=13 Decrease

Lp1-m3 --- 0.824 0.360 NC=13, NO=3 Increase (note N<7)

Numbers in the upper left corners are p-values, test statistics (T for Mann-Whitney U, D for Kolmogorov-
Smirnov) are in the lower right corners.  Statistical analyses were not run on samples of N < 3.   Note of N 
< 7, Mann-Whitney test is not statically valid (Hammer, Harper, and Ryan 2009). 

Kolmogorov-
Smirnov 
(distribution)

Mann-Whitney 
(median)

 
As mentioned above, a recent study suggests that Colorado had a different 

vegetation change across the EOT than in other states (Hembree and Hasiotis 2007); 

therefore, I ran the data excluding the Colorado specimens (Table 8).  I was not able to 

run just the Colorado samples because there was only one Orellan specimen from 

Colorado.  In order to attain a sample size of seven, I combined right and left jaws, 
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giving preferential treatment to the left side for individuals that preserved both.  Only 

the m2 had enough data points to make a comparison.  Neither the width nor the length 

showed a statistically significant change in distribution; the median could only be 

compared in the m2 width sample and showed no statistically significant change; there is, 

however, a trend towards an increase in size. 

 
Table 8: Statistical analysis of dental elements of non-Colorado Rhinocerotinae used 
in this study 
Dental 
element

NC=Chadronian, 
NO=Orellan

Trend of the size 
change

m2 width 0.162 51.5 0.137 0.466 NC=7, NO=23 Increase

m2 length --- 0.627 0.319 NC=6, NO=23 Increase (note N<7)

Kolmogorov-
Smirnov 
(distribution)

Numbers in the upper left corners are p-values, test statistics (T for Mann-Whitney U, D for 
Kolmogorov-Smirnov) are in the lower right corners..  Note of N < 7, Mann-Whitney test is not 
statically valid (Hammer, Harper, and Ryan 2009).  

Mann-
Whitney 
(median)

 
When only adult specimens were compared, all of the p-values increased from all 

of the Rhinocerotinae comparisons (Table 7), except for the left lower molar row and 

post-canine tooth row which had lower p-values that their counterparts in all of the 

Rhinocerotinae statistical analysis, although they were still not statistically significant 

(Table 9).  The increase in p-values leaves only the width of all of the second molars as 

statistically significant at the 95% CI, although the lower left second molar length and 

the upper molar row lengths are statistically significant at the 90% CI.  The adolescents 

and seniors were not analyzed by themselves due to the absence of Orellan seniors and 

small sample size or Orellan adolescents (N=5).  
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Table 9: Statistical analysis of dental elements of all adult Rhinocerotinae used in this 
study 
Dental 
element

NC=Chadronian, 
N=O rellan

Trend of the size 
change

RM2 w idth 0 .009 37 0 .001 0 .703 NC=13, N=14 Decrease

RM2 length 0 .182 63 0 .062 0 .478 NC=14, N=13 Decrease

RM1-M3 0.091 38 0 .083 0 .492 NC=11, N=12 Decrease

RP1-M3 0.838 42 0 .980 0 .200 NC=9, N=10 Decrease

LM2 w idth 0 .008 32 0 .002 0 .692 NC=13, N=13 Decrease

LM2 length 0 .115 58 0 .048 0 .495 NC=14, N=13 Decrease

LM1-M3 0.081 33 0 .028 0 .583 NC=12, N=10 Decrease

LP1-M3 0.804 50 0 .525 0 .333 NC=12, N=9 Decrease

Rm2 w idth 0 .036 127 0 .054 0 .414 NC=30, N=14 Decrease

Rm2 length 0 .121 159 0 .039 0 .429 NC=32, N=14 Decrease

Rm1-m3 0.348 148 0 .474 0 .269 NC=28, N=13 Decrease

Rp1-m3 --- 0 .826 0 .367 NC=10, N=3 Increase (note N<7)

Lm2 w idth 0 .002 104 <0.001 0 .613 NC=32, N=15 Decrease

Lm2 length 0 .065 170 0 .132 0 .345 NC=34, N=15 Decrease

Lm1-3 0 .177 131 0 .155 0 .367 NC=30, N=12 Decrease

Lp1-m3 --- 0 .534 0 .500 NC=6, N=3 Increase (note N<7)

Numbers  in  the upper left co rners  are p -values , tes t s tatis tics  (T fo r M ann-W hitney  U, D fo r 
Kolmogorov-Smirnov) are in  the lower righ t corners .  Note o f N < 7, M ann-W hitney  tes t is  no t 
s tatically  valid  (Hammer, Harper, and  Ryan  2009). 

Mann-
Whitney 
(median)

Kolmogorov-
Smirnov 
(distribution)

 
Unlike the subfamily Rhinocerotinae, which may not be testing Bergmann’s Rule, 

the genus Subhyracodon is a valid test of the intraspecific variation of Bergmann’s Rule. 

After combining the right and left sides, giving preferential treatment to the left side, 

there were enough data points of m2 width and length to test the genus Subhyracodon by 

itself (Table 10).  Similar to specimens outside of Colorado, there was no statistically 
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my Chadronian dataset is 834.41 kg, and for the Orellan rhinos, the mean body mass is 

724.16 kg.  In comparison, the equation from Damuth (1990) gives a mean mass 

estimate of 600.13 kg for the Chadronian rhinocerotines and for the Orellan, the mean 

body mass is 521.59 kg.  There is a body mass decrease of about 13% regardless of 

whose equation is used (110.25 kg using Damuth, 1990, versus 78.54 kg using Janis 1990).  

These mean body mass results are much higher than values given by Zanazzi and Kohn 

(2008) for Trigonias and Subhyracodon (250 kg for both).  However, these authors took 

their body mass values from Janis (1982) who listed the now invalid taxon Caenopus (see 

chapter Taxa Studied: Rhinocerotinae) as 250kg, but unfortunately did not include her 

calculations of body mass.  Even with the decrease in body mass among rhinocerotines 

across the EOT, the range recorded by the Orellan specimens falls within the range of 

the Chadronian dataset, as can be seen in Figure 18.  
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Figure 18. Box and dot plot of Rhinocerotinae body mass estimates (in 
kilograms) based upon equations from Janis (1990) and Damuth (1990) that 
utilize m2 length measurements.  The dot plots show the distribution of the 
data points.  The ends of the whiskers on the box plots are 1.5 standard 
deviations away from the mean (the hollow box inside the square).  The 
squares’ endpoints are at the 25th and 75th percentile and the horizontal line 
inside the square is the median.  The solid triangles above and below the box 
plot show the minimum and maximum values as well as the 1% and 99% 
confidence  intervals.  Figure made using OriginPro8. 
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IV. Discussion and Conclusions 

Based upon the dramatic decrease in mean annual temperatures (MAT) reported 

for the EOT by Zanazzi et al. (2007), I predicted that both species-lineages of Leptomeryx 

and members of the Rhinocerotinae would increase in body size across the EOT.  This 

prediction follows from Bergmann’s Rule, which states that an increase in body size will 

occur within a mammalian lineage as temperatures become cooler.  However, in 

measuring 446 Leptomeryx and 205 rhinocerotine (including Subhyracodon, Trigonias, and 

Rhinocerotinae gen. indet.) specimens from both sides of the EOT, my study does not 

support Bergmann’s Rule for the small artiodactyl Leptomeryx (at the lineage or generic 

level), nor does the study support Bergmann’s Rule for the subfamily Rhinocerotinae.  

The m2 length and width of the rhinocerotine genus Subhyracodon does show a 

statistically non-significant trend towards an increase in body size across the EOT, but 

the sample size was small (N=7 for Chadronian m2 width and N=6 for Chadronian m2 

length).  My results for Leptomeryx agree with Heaton and Emry (1996) as well as Korth 

and Diamond (2001), both of whom stated that the Orellan species of Leptomeryx  were 

relatively smaller than their Chadronian predecessors were, although neither study 

quantified this size difference.  My study builds upon these earlier works by quantifying 

the size change in the genus as a whole; the Orellan species of Leptomeryx were on 

average approximately 23% smaller than their Chadronian predecessors. 

It is difficult to test Bergmann’s Rule in the strict sense in the paleontological 

record due to the uncertainty of the relationships among fossils species.  Whereas in the 

modern record it can be easy to tell two rhinocerotine genera from each other, it can be 

very difficult in the fossil record.  Species in the paleontological sense are morphologic 
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species, meaning there is some difference in morphology, while biological species are 

defined as an interbreeding population able to produce viable offspring (Queiroz 2007).  

It is impossible to know if two morphologic species, such as L. speciosus and L.mammifer, 

are two biologic species.  It is also difficult to know the gender of the fossil which can 

cause problems in species that are sexual dimorphic.  Another problem with looking at 

Bergmann’s Rule in the paleontological record is that sample sizes are smaller than in 

modern biological studies. 

The statistically significant decrease in body size in Rhinocerotinae for some 

dental measurements may not be accurately testing Bergmann’s Rule and are biased.  As 

mentioned earlier in the section on Bergmann’s Rule, there is no reason to expect 

different animals to respond to climate change in the same way.  By mixing two closely 

related, but different genera I could be obscuring the actual changes that occurred in 

either genus.  This is probably the case with Trigonias going extinct at the end of the 

Chadronian and Subhyracodon surviving into the Orellan.  Therefore, my results for the 

subfamily Rhinocerotinae may be an artifact of extinction.  According to Prothero 

(2005), Trigonias was a small to medium-sized rhinocerotid, while Subhyracodon was small-

sized, although the size ranges overlap for most dental variables.  The extinction of the 

larger-bodied Trigonias at the Chadronian-Orellan boundary could explain why we see a 

decrease in body size in rhinocerotines in Orellan time (hypothesized explanations for 

the extinction of Trigonias at the EOT are discussed below).  In contrast, Subhyracodon 

does not show a statistically significant change in body size (inferred from dental 

measurements), although the sample size is small (NC=7, NO=21).  This is the only 

unbiased assessment of Bergmann’s Rule for rhinocerotines because it is a single lineage 
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crossing the EOT.  Although two species of Subhyracodon have been found in my study 

area, due to the size ranges I believe all of my specimens to be from one species. 

This study merely tests the validity of Bergmann’s Rule for the two species-

lineages of Leptomeryx, the subfamily Rhinocerotinae, and the genus Subhyracodon during 

the EOT; these results cannot be used in invalidate Bergmann’s Rule as a whole.  In light 

of my results that do not demonstrate Bergmann’s Rule within these two taxa during the 

EOT, alternative explanations for the trend towards decreasing body size must be 

considered.  For instance, minimum January temperature or maximum July temperature 

may be correlated to body size changes instead of MAT (Rensch 1939, as translated in 

Mayr 1956; Yom-Tov and Geffen 2006). Other factors that may have affected the body 

size of Leptomeryx and rhinocerotines include changes in precipitation and other shifts in 

the environment that can alter the vegetation and ecosystems.  It is important to note 

that the environment consists of many factors, and therefore one environmental variable 

such as MAT may not be the only cause for a change in body size, but it may still be an 

important factor. 

The particular temperature variable used can also influence the likelihood of an 

organism to follow Bergmann’s Rule.  As mentioned in the chapter on Bergmann’s Rule, 

Bergmann (1847) did not state which temperature to which he was referring (e.g., MAT 

versus maximum summer versus minimum winter, etc.), although some subsequent studies 

use the MAT (e.g. Rodriguez et al. 2008; Brown and Lee 1968; Smith et al. 1995), which 

I have done as well.  Body size clines may follow other temperature variables, such as 

minimum winter and maximum summer, but this remains to be shown for the Eocene – 

Oligocene transition. 
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Precipitation and humidity directly affect annual food productivity pulse, which, 

in turn, affects body size in herbivorous mammals (Geist 1987; Gingerich 2003).  Yom-

Tov and Geffen (2006), Blackburn and Hawkins (2004), and Burnett (1983) found 

precipitation to be positively correlated with body size.  As concluded by Retallack 

(1986, 1992), Hutchison (1992), Sheldon and Retallack (2004), and Hembree and 

Hasiotis (2007), there is evidence for a decrease in precipitation across the Chadronian – 

Orellan boundary which may explain the change in vegetation from woodland to 

grassland that has been hypothesized for my study area (Evanoff et al. 1992; Retallack 

1986, 1992; Terry 2001).  Therefore, it is possible this decrease in body size in Leptomeryx 

and the subfamily Rhinocerotinae is correlated to the decrease in precipitation.  Isotope 

analyses suggest that Leptomeryx changed its habitat preference from woodlands to 

grasslands, and possibly started to incorporate more C4 plants (Zanazzi and Kohn 2008), 

thereby decreasing their nutritional intake (Barbehenn et al. 2004).  Because body size is 

partly dependant on access to quality food (Geist 1987; Gingerich 2003), the decrease in 

body mass of Leptomeryx may be due to a decrease in nutritional intake as a result of 

feeding on C4 plants.  It is interesting to note though that despite ecological differences 

between Colorado and the rest of the Great Plains (Hembree and Hasiotis 2007) under 

analysis, statistical trends in body size change of the Colorado Leptomeryx parallel the 

trend observed in the South Dakota, Nebraska, and Wyoming dataset, and when the 

datasets from all four states are analyzed.  Leptomeryx from all areas trend towards 

decreased body size across the Chadronian–Orellan (Eocene–Oligocene) boundary. 

In contrast, Subhyracodon, for which there is no isotopic evidence for changing 

habitat or feeding preference (Zanazzi and Kohn 2008), did not show a significant 
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change in body size.  The rhinocerotine Trigonias, hypothesized as semi-aquatic based 

upon short stocky limb bones and fossil occurrence in fluvial sediments (Clark et al. 

1967), went extinct at the E–O boundary (Prothero 2005), which may be the result of 

habitat loss (i.e., moist woodlands or forests).  This hypothesis has also been suggested 

for the extinction of the large brontothere Brontops (Zanzaai and Kohn 2008).   

As mentioned above (see Taxa Studied section), the occlusal enamel of 

Leptomeryx increased over the EOT (Mathis 2008), which could correspond to a change 

in diet.  It is reasonable to suggest that Leptomeryx and the rhinocerotines may have 

adapted to the changing environment with morphologic changes more so than body size 

change.  Using the evolution of horses in North America as a parallel (MacFadden, 

1992), I would expect to see an increase in tooth crown height (more hypsodont 

dentition) and longer, more slender limbs with fewer toes in both Leptomeryx and 

rhinocerotines with a change from a relatively closed woodland habitat to more open 

grassland environment.  We do see the extinction of the more primitive, 5-toed Trigonias 

while the not quite so primitive 3-toed Subhyracodon survived the EOT.   

Geist (1987) hypothesized that for smaller mammals an increase in fur length or 

density is more energy efficient to stay warm than an increase in body size.  Using a 

different model, Steudel et al. (1994) found that small animals have little leeway for 

changing fur length or density.  It is possible that Leptomeryx compensated for the 

decrease in temperature by increasing the density or length of its fur, but unfortunately, 

this is not feasible to test in the paleontological record.  Although mammalian body 

fossils of hair, fur, and skin impressions have been found at Jurassic (Ji et al. 2006) and 
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Cretaceous (Ji et al. 2002) aged localities, they are rare, and as far as I am aware, there are 

no fossils of hair for mammals crossing the EOT in North America. 

Sexual dimorphism can obscure body size patterns and changes.  If one sex if 

larger than the other sex, a difference in the proportion of males to females (such as just 

females on one side of the boundary and just males on the other side) could bias the 

results.    However, I do not think that any of the groups I looked at are sexually 

dimorphic.  None of my samples produced bimodal curves, which you would expect to 

see in a dimorphic population.  Also, most rhinocerotine genera are known to not be 

sexually dimorphic (Prothero 2005).  

1. Future Research 

Future research areas include increasing the sample size of the rhinocerotine 

Subhyracodon in order to determine if the non-statistically significant trend of size increase 

is an artifact of small sample size.  This will be made challenging by the observation that 

cheek teeth of Subhyracodon are very similar to those of Trigonias, and complete dentitions 

and skulls (with anterior teeth preserved) are necessary to distinguish these two genera.  

Further, a comprehensive review of Eocene and Oligocene rhinocerotines would need to 

be completed to differentiate specimens in other museum collections.  Another area of 

future research is to use post-cranial material, especially weight-bearing elements such as 

femora and humeri, to estimate body mass, instead of the teeth.  Finding a statistically 

valid sample size for the use of post-cranial material to test the intraspecific variation of 

Bergmann’s Rule will be difficult; however, certain groups of mammals have a skeletal 

element or two that are diagnostic (i.e. complete limb bones) and could be used to test 

the intraspecific variation of Bergmann’s Rule (Scott, 1990).  In a different direction, 
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future research should look at the climatic and environmental variables other than MAT 

to test whether they may be related to the decrease in body mass of Leptomeryx and the 

rhinocerotines. 

As mentioned above, climatic and environmental changes at the EOT may be 

manifested in changes in dental and postcranial morphology more so than in body size 

evolution.  Analyses of the tooth crown height can help to determine if the taxa changed 

their diet and add to those ecologic studies that are based upon isotopic analysis (e.g., 

Zanazzi and Kohn 2008).  Analyses of the post-cranial elements can add to the body of 

literature on habitat preferences by providing insight into changes in locomotion. 

This future research will help us to understand how mammals reacted to climatic 

and environmental changes in the past.  Understanding the past is key to predicting the 

future.  As such, understanding morphologic change (including body size) in mammalian 

taxa that span past intervals of climate change will help us to predict biotic changes in 

mammals due to climatic and environmental changes going on today.  



71 

 

 

V. Bibliography 
Alroy, John. 1998. Cope’s Rule and the Dynamics of Body Mass Evolution in North 
American Fossil Mammals. Science. 280:731-734 

Alroy, John 2008. Cut Down to Size: body mass, diet, and background extinction rates in 
fossil mammals. Journal of Vertebrate Paleontology. 28 (supplement to No. 3):44A 

Ashton, Kyle G. 2002. Do amphibians follow Bergmann’s rule?. Canadian Journal of 
Zoology. 80:708-716 

Ashton, Kyle G. and Chris R. Feldman. 2003. Bergmann’s Rule in Nonavian Reptiles: 
Turtles Follow it, Lizards and Snakes Reverse it. Evolution. 57 (5):1151-1163 

Ashton, Kyle G., Mark C. Tracy, and Alan de Queiroz. 2000. In Bergmann’s Rule Valid 
for Mammals?. The American Naturalist. 156 (4):390-415 

Aubry, Marie-Pierre. 1992. Late Paleogene Calcareous Nannoplankton EvoltuionL A 
Tale of Climatic Deterioration; pp. 272-309 in D. R. Prothero and W. A. Berggren (eds.) 
Ecoence-Oligocene Climatic and Biotic Evolution. Princeton Univ. Press, Princeton, N. 
J. 

Barbehenn, Raymond V., Zhong Chen, David N. Karowe, and Angela Spickard. 2004. 
C3 grasses have higher nutritional quality that C4 grasses under ambient and elevate 
atmospheric CO2. Global Change Biology. 10:1565-1575 

Berggren, William A., Dennis V. Kent, Carl C. Swisher III, and Marie-Pierre Aubry. 
1995. A Revised Cenozoic Geochronology and Chronostratigraphy; pp. 129-212 in 
William A. Berggren, Dennis V. Kent, Marie-Pierre Aubry and Jan Hardenbol (eds.) 
Geochronology, Time Scales and Global Stratigraphic Correlation. SEPM Special 
Publication No.54 

Berggren, William A., Donald R. Prothero 1992. Ecoence-Oligocene Climatic and Biotic 
Evolution: An Overview; pp. 1-28 in D. R. Prothero and W. A. Berggren (eds.) Ecoence-
Oligocene Climatic and Biotic Evolution. Princeton Univ. Press, Princeton, N. J. 

Bergmann, C. 1847. Über die verlhältnisse der wärmeökonomie der thiere zu ihrer 
grösse. Göttinger Studien. 3:595-708 

Blackburn, Tim M., Kevin J. Gaston, and Natasha Loder. 1999. Geographic gradients in 
body size: a clarification of Bergmann’s rule. Diversity and Distributions 5:165-174 

Blackburn, Tim M., and Bradford A. Hawkins. 2004. Bergmann’s rule and the mammal 
fauna of northern North America. Ecography 27:715-724 

Brandt, J. Ff. 1878. Tentamen synopseos rhinocerotidum viventium et fossilium. 
Mémoires de l’Académie Iimperiale de Science de St. Pétersbourg. 7 (5):1-66 
Brown, James H. and Anthony K. Lee. 1969. Bergmann’s Rule and Climatic Adaptation 
in Woodrats (Neotoma). Evolution. 23:329-338 

Burnett, Christopher D. 1983 Geographic and climatic correlates of morphological 
variation in Eptesicus fuscus. Journal of Mammalogy. 64 (3):437-444 



72 

 

 

Clark, John. 1954. Geographic Designation of the Members of the Chadron Formation 
in South Dakota. Annual Reports of the Carnegie Museum. 33:197-198 

Clark, John, James R. Beerbower, and Kenneth K. Kietzke. 1967 Oligocene 
Sedimentation, Stratigraphy, Paleoecology and Paleoclimatology in the Big Badlands of 
South Dakota. Fieldiana: Geology Memoirs. 5:1-158 

Clark, John, and Thomas E. Guensburg. 1970. Population Dynamics of Leptomeryx. 
Fieldiana – Geology 16 (16)411:451 

Damuth, John. 1990. Problems in estimating body mass of archaic ungulate using dental 
measurements. pp. 229-253 in John Damuth and Bruce J. MacFadden (eds.) Body Size in 
Mammalian Paleobiology: Estimation and Biological Implications. Cambridge University 
Press, New York, New York 

Damuth, John, and Bruce J. MacFadden. 1990. Introduction: body size and its 
estimation; pp.1-10 in John Damuth and Bruce J. MacFadden (eds.) Body Size in 
Mammalian Paleobiology: Estimation and Biological Implications. Cambridge University 
Press, New York, New York 

Darton, N. H. 1899. Relations of Tertiary Formations in the Western Nebraska Region. 
The American Geologist. 23:94 

Davis, John C. 2002. Statistics and Data Analysis in Geology, 3rd edition. John Wiley & 
Sons, New York, NY 

Davis, Simon. 1977. Size variation of the fox, Vulpes vulpes in the palaearcti region today, 
and in Israel during the late Quaternary. Journal of zoology: porceddings of the Zoological Society 
of London 182:343-351 

Davis, Simon. 1981. The effects of temperature change and domestication on the body 
size of Late Pleistocene to the Holocene mammals of Israel. Paleobiology. 7 (1):101-114 

Dayan, Tamar, Daniel Simberloff, Eitan Tchernov, and Yoram Yom-Tov. 1991. 
Calibrating the paleothermometer: climate, communities, and the evolution of size. 
Paleobiology. 17 (2):189-199. 

Emry, Robert J. 1973. Stratigraphy and Preliminary Biostratigraphy of the Flagstaff Rim 
Area, Natrona County, Wyoming. Smithsonian Contributions to Paleobiology 18:1-43 

Evanoff, Emmett. 1990. Late Eocene and early Oligocene paleoclimates as indicated by 
the sedimentology and nonmarine gastropods of the White River Formation near 
Douglas, Wyoming [Ph.D. thesis]. University of Colorado, Boulder, Colorado, 440 pp. 

Evanoff, Emmett, Donald R. Prothero, R. H. Lander. 1992. Eocene-Oligocene Climatic 
Change in North America: The White River Formation near Douglas, East-central 
Wyoming ; pp. 116-130 in D. R. Prothero and W. A. Berggren (eds.) Ecoence-Oligocene 
Climatic and Biotic Evolution. Princeton Univ. Press, Princeton, N. J. 

Evans, J. E. 1999. Recognition and implications of Ecoene tufas and travertines in the 
Chardron Formation, White River Broup, Badlands of South Dakota. Sedimentology 
46:771-789 



73 

 

 

Evans, J. E. and L. C. Welzenbach. 1998. Episodes of carbonate deposition in a 
siliciclatic-dominated fluvial sequence, Eocene-Oligocene White River Group, South 
Dakota and Nebraska; pp. 93-116 in D. O. Terry Jr., H.E. LaGarry and R. M. Hunt Jr. 
(eds.) Depositional Environments, Lithostratigaphy, and Biostratigraphy of the White 
River and Arikaree Groups (Late Eocene to Early Miocene, North America). Geological 
Society of America Special Paper 325. 

Fortelius, Mikael. 1990. Problems with using fossil teeth to estimate body sizes of extinct 
mammals. pp. 207-228 in John Damuth and Bruce J. MacFadden (eds.) Body Size in 
Mammalian Paleobiology: Estimation and Biological Implications. Cambridge University 
Press, New York, New York 

Freckleton, Robert P., Paul H. Harvey, and Mark Pagel. 2003. Bergman’s rule and Body 
Size in Mammals. The American Naturalist. 161 (5):821-825 

Galbreath, Edwin C. 1953. A Contribution to the Tertiary Geology and Paleontology of 
Northeastern Colorado. University of Kansas Paleontological Contributions: Vertebrata. 4:1-120 

Geist, V. 1987. Bergmann’s rule is invalid. Canadian Journal of Zoology. 65:1035-1038 

Geist, V. 1990. Bergmann’s rule is invalid: a reply to J. D. Paterson. Canadian Journal of 
Zoology. 68:1613-1615 

Gingerich, P. D. 2003. Mammalian responses to climate change at the Paleocene-Eocene 
boundary: Polecat Bench record in the northern Bighorn Basin, Wyoming. pp. 463-478 
in Wing, S. L., P. D. Gingerich, B. Schmitz, and E. Thomas (eds.) Causes and 
Consequences of Globally warm Climates in the Early Paleogene. Geological Society of 
America Special Paper 369 

Gregory, W. K., and H. J. Cook. 1928. New Material for the Study of Evolution: A 
Series of Primitive Rhinoceros Skulls (Trigonias) from the Lower Oligocene of Colorado. 
Proceedings of the Colorado Museum of Natural History 8:1-32. 

Hambrey, Michael J., Werner U. Ehrmann, and Birger Larsen. 1991. Cenozoic Glacial 
Record of the Prydz Bay Continental Shelf, East Antarctica; pp.77- 132 in Barron, J., B. 
Larsen, et al. (eds.) Proceedings of the Ocean Drilling Program, Scientific Results, Vol. 
119. College Station, TX (Ocean Drilling Program, 771-794  

Hammer, Øyvind, D. A. T. Harper, and P. D. Ryan. 2009. PAST – PAlaeontological 
STatistics, ver. 1.89 manual. http://folk.uio.no/ohammer/past/past.pdf  

Harksen J. C. and J. R. Macdonald. 1969a. Guidebook to the Major Cenozoic Deposits 
of Southwestern South Dakota. South Dakota Geological Survey, Vermillion, South 
Dakota. 103 pp.  

Harksen, J. C. and J. R. Macdonald. 1969b. Type Sections of the Chadron and Brule 
Formations of the White River Oligocene in the Big Badlands, South Dakota. South 
Dakota Geological Survey Report of Investigations. 99:1-23 

Heaton, T. H. and R. J. Emry. 1996. Leptomerycidae; pp.581-608 in D. R. Prothero and 
R. J. Emry (eds.) The Terrestrial Eocene-Oligocene Transition in North America. 
Cambridge University Press, New York, NY  



74 

 

 

Hembree, Daniel I., and Stephen T. Hasiotis. 2007. Paleosols and Ichnofossils of the 
White River Formation of Colorado: Insight into Soil Ecosystems of the North 
American Midcontinent During the Eocene-Oligocene Transition. Palaios 22:123-142 

Hoganson, J. W., E. C. Murphy, and N. F. Forsman. 1998. Lithostratigraphic, 
paleontology, and biochronology of the Chadron, Brule, and Arikaree Formations in 
North Dakota; pp. 185-196 in D. O. Terry Jr., H.E. LaGarry and R. M. Hunt Jr. (eds.) 
Depositional Environments, Lithostratifaphy, and Biostratigaphy of the White River and 
Arikaree Groups (Late Eocene to Early Miocene, North America). Geological Society of 
America Special Paper 325. 

Hooker, J. J. 1989. Character polarities in early perissodactyls and their significance for 
Hyracotherium and infraordinal relationships; pp. 79-101 D. R. Prothero and R. M. Schoch 
(eds.) The Evolution of Perissodactyls, Oxford University Press, New York, NY 

Hooker, J. J. 1992. British Mammalian Paleocommunities Across the Eocene-Oligocene 
Transition and their Environmental Implications; pp.494-514 in D. R. Prothero and W. 
A. Berggren (eds.) Ecoence-Oligocene Climatic and Biotic Evolution. Princeton Univ. 
Press, Princeton, N. J. 

Hutchison, J. Howard. 1992. Western North American Reptile and Amphibian Record 
across the Eocene/Oligocene Boundary and Its Climatic Implications; pp.451-463 in D. 
R. Prothero and W. A. Berggren (eds.) Ecoence-Oligocene Climatic and Biotic 
Evolution. Princeton Univ. Press, Princeton, N. J. 

Hunt, Gene, and Kaustuv Roy. 2006. Climate change, body size evolution, and Cope’s 
Rule in deep-sea ostracodes. PNAS. 103 (5):1347-1352 

IUCN 2009. IUCN Red List of Threatened Species. Version 2009.1. 
www.iucnredlist.org. Downloaded on 01 August 2009. 

James, Frances C. 1970. Geographic Size Variation in Birds and Its Relationship to 
Climate. Ecology 51 (3):363-390 

Janis, Christine M. 1982. Evolution of Horns in Ungulate: Ecology and Paleoecology. 
Cambridge Philosophical Society Biological Reviews 57 (2):261-318 

Janis, Christine M. 1990. Correlation of cranial and dental variables with body size in 
ungulates and macropodoids. pp. 255-299 in John Damuth and Bruce J. MacFadden 
(eds.) Body Size in Mammalian Paleobiology: Estimation and Biological Implications. 
Cambridge University Press, New York, New York 

Ji, Qiang, Zhe-Xi Juo, Chong-Wi Yuan, John R Wible, Jian-Ping Zhang, and Justin 
A.Georgi. 2002. The earliest known eutherian mammal. Nature. 416:816-822 

Ji, Qiang, Zhe-Xi Juo, Chong-Wi Yuan, and Alan R. Tabrun. 2006. Middle Jurassic and 
Ecomorphological Diversification of Early Mammals. Science. 311:1123-1127 

Keller, Gerta, Norman MacLeod, and Enriqueta Barrera. 1992. Eocene-Oligocene 
Faunal Turnover in Planktic Foraminifera, and Antarctic Glaciation; pp. 218-244 in D. 
R. Prothero and W. A. Berggren (eds.) Ecoence-Oligocene Climatic and Biotic 
Evolution. Princeton Univ. Press, Princeton, N. J. 



75 

 

 

Klein, Richard G. 1986. Carnivore Size and Quaternary Climatic Change in Southern 
Africa. Quaternary Research. 26:153-170 

Klein, Richard G. and Katharine Scott. Glacial/Interglacial Size Variation in Fossil 
Spotted Hyenas (Crocuta crocuta) from Britain. Quaternary Research. 32:88-95 

Korth, William W., and Margaret E. Diamond. 2002. Review of Leptomeryx (Artiodactyla, 
Leptomeryicidae) form the Orellan (Oligocene) of Nebraska. Annals of Carnegie Museum. 
71 (2):107-129 

LaGarry, Hannan E. 1998. Lithostratigraphic revision and redescription of the Brule 
Formation (White River Group) of northwestern Nebraska; pp. 63-91 in D. O. Terry Jr., 
H.E. LaGarry and R. M. Hunt Jr. (eds.) Depositional Environments, Lithostratifaphy, 
and Biostratigaphy of the White River and Arikaree Groups (Late Eocene to Early 
Miocene, North America). Geological Society of America Special Paper 325. 

Larson, E. E., and Emmett Evanoff. 1998. Tephrostratigraphy and source of the tuffs of 
the White River sequence; pp. 1-14 in D. O. Terry Jr., H. E. LaGarry, R. M. Hunt Jr. 
(eds.) Depositional Environments, Lithostratigraphy, and Biostratigraphy of the White 
River and Arikaree Groups (Late Eocene to Early Miocene, North America).Geological 
Society of America Special Paper 325. 

Lear, C. H., H. Elderfield, and P. A. Wilson. 2000. Cenozoic Deep-Sea Temperatures 
and Global ice Volumes from Mg/Ca in Benthic Foraminiferal Calcite. Science 287:269-
272 

Legendre, Serge. 1986. Analysis of Mammalian Communities from the Late Eocene and 
Oligocene of Southern France. Palaeovertebrata. 16 (4):191-212 

Legendre, Serge, and Jean-Louis Hartenberger. 1992. Evolution of Mammalian Faunas in 
Europe During the Eocene and Oligocene; pp.516-528 in D. R. Prothero and W. A. 
Berggren (eds.) Ecoence-Oligocene Climatic and Biotic Evolution. Princeton Univ. 
Press, Princeton, N. J. 

Leidy, J. 1853. Remarks on a collection of fossil Mammalia from Nebraska. Proceedings of 
the Academy of Natural Sciences of Philadelphia. 6:392-294 

Lucas, F. A. 1900. A new rhinoceros, Trigonias osborni, from the Miocene of South 
Dakota. United States National Museum Proceedings 23:221-224. 

Mathis, Julie. 2008. Quantification of evolution of Leptomeryx enamel across Eocene-
Oligocene Transition.  Journal of Vertebrate Paleontology. 28(supplement to No. 3):113A 

Matthew, W. D. 1931. Critical Obervations on the Phylogeny of the Rhinoceroses. 
University of California Publications Bulletin of the Department of Geological Sciences. 20 (1):1-9. 

Mayr, Ernst. 1956. Geographical Character Gradients and Climatic Adaptation. Evolution 
10 (1):105-108 

Mayr, Ernst. 1958. Change of Genetic Environment and Evolution; pp. 157-180 in 
Julian Huxley, A. C. Hardy, and E. B. Ford (eds.) Evolution as a Process. George Allen 
and Unwin Ltd. London, England. 



76 

 

 

Mayr, Ernst. 1963. Animal Species and Evolution. The Belknap Press of Harvard 
University Press, Cambridge, Massachusetts. 797pp. 

McNab, Brian K. 1971. On the Ecological Significance of Bergmann’s Rule. Ecology 52 
(5):845-854 

McKenna, Malcolm C., and Susan K. Bell. 1997. Classification of Mammals Above the 
Species Level. Columbia University Press. New York, NY 

Mead, Alfred J. and William P. Wall. 1998a. Dietary Implications of Jaw Biomechanics in 
the Rhioncerotoids Hyracodon and Subhyracodon from Badlands National Park, South 
Dakota. pp. 23-28 in National Park Service Paleontological Research Vol. 3 Technical 
Report NPS/NRGRD/GRDTR-98/1 

Mead, Alfred J. and William P. Wall. 1998b. Paleoecological Implications of the 
Craniodental and Premaxilla Morphologies of two Rhinoceroroids (Perissodactyla) from 
Badlands National Park, South Dakota. pp. 18-22 in National Park Service 
Paleontological Research Vol. 3 Technical Report NPS/NRGRD/GRDTR-98/1 

Meek, F. B. and F. V. Hayden. 1857. Descriptions of new species of fossils and genera of 
fossils, collected by Dr. F. V. Hayden in Nebraska Territory; with some remarks on the 
Tertiary and Cretaceous formations of the Northwest. Proceedings of the Academy of Natural 
Sciences of Philadelphia. 9:117-148  

Métais, G. and I. Vislobokova. 2007. Basal Ruminants; pp. 189-212 in D. R. Prothero 
and S. E. Foss (eds.) The Evolution of Artiodactyls. The Johns Hopkins University 
Press, Baltimore, MD 

Meiri, Shai, and Tamar Dayan. 2003. On the validity of Bergmann’s rule. Journal of 
Biogeography 30:331-351 

Meiri, Shai, Tamar Dayan, and Daniel Simberloff. 2004. Carnivores, biases and 
Bergmann’s rule. Biological Journal of the Linnean Society. 81:579-588 

Meiri, Shai, Yoram Yom-Tov, and Eli Geffen. 2007. What determines conformity to 
Bergmann’s rule?. Global Ecology and Biogeography. 16:788-794 

Meynecke, Jan-Olaf. 2004. Effects of global climate change on geographic distributions 
of vertebrates in North Queensland. Ecological Modeling 174:347-357 

Miller, Kenneth G., Richard G. Fairbanks, Gregory S. Mountain.1987. Tertiary oxygen 
isotope synthesis, sea level history, and continental margin erosion. Paleoceanography. 
2(1):1-19 

Panteleev, P. A., M. Le Berre, A. N. Terekhina, and R. Ramouz. 1998. Application of 
Bergmann’s Rule to Hibernating Animals: an Example of the Genus Marmota. Russian 
Journal of Ecology. 29 (3): 192-196 

Prothero, D. R. 1995. Geochronology and Magnetostratigraphy of Paleogene North 
American Land Mammal “Ages”: An Update; pp. 305-315 in William A. Berggren, 
Dennis V. Kent, Marie-Pierre Aubry and Jan Hardenbol (eds.) Geochronology, Time 
Scales and Global Stratigraphic Correlation. SEPM Special Publication No.54 



77 

 

 

Prothero, D. R. 1998. Rhinocerotidae; pp. 595-605 in Christine M. Janis, Kathleen M. 
Scott and Louis L. Jacobs (eds.) Evolution of Tertiary Mammals of North America, 
volume 1: Terrestrial Carnivores, Ungulates, and Ungulatelike Mammals. Cambridge 
University Press, Cambridge,  U.K. 

Prothero, D. R. 2005. The Evolution of North American Rhinoceroses. Cambridge 
University Press, New York, New York. 218 pp. 

Prothero, D. R., and R. J. Emry. 2004. The Chadronian, Orellan, and Whitneyan North 
American Land Mammal Ages; pp. 156-168 in Michael O. Woodburne (ed.) Late 
Cretaceous and Cenozoic Mammals of North America. Columbia University press, West 
Sussex, New York. 

Prothero, D. R., and R.J. Emry. 1996. Summary; pp. 644-683 in D. R. Prothero and R. J. 
Emry (eds.) The Terrestrial Eocene-Oligocene Transition in North America. Press 
Syndicate of the University of Cambridge, New York, NY. 

Prothero, D. R., and Timothy H. Heaton. 1996. Faunal stability during the Early 
Oligocene climatic crash. Palaeogeography, Palaeoclimatology, Palaeoecology. 127:257-283 

Prothero, D. R., and Carl C. Swisher III. 1992. Magnetostratigraphy and Geochronology 
of the Terrestrial Eocene-Oligocene Transition in North America; pp. 46-73 in D. R. 
Prothero and W. A. Berggren (eds.) Ecoence-Oligocene Climatic and Biotic Evolution. 
Princeton Univ. Press, Princeton, N. J. 

Prothero, D. R., and Karen E. Whittlesey. 1998 Magnetic stratigraphy and 
biostratigraphy of the Orellan and Whitneyan land-mammal "ages" in the White River 
Group; pp. 39-61 in D. O. Terry Jr., H.E. LaGarry and R. M. Hunt Jr. (eds.) 
Depositional Environments, Lithostratifaphy, and Biostratigaphy of the White River and 
Arikaree Groups (Late Eocene to Early Miocene, North America). Geological Society of 
America Special Paper 325. 

Queiroz, Kevin de. 2007. Species Concepts and Species Delimitation. Systematic Biology. 
56(6)876-886 

Rasmussen, D. Tab, Thomas M. Bown, and Elwyn L. Simons. 1992. The Eocene-
Oligocene Transition in Continental Africa; pp. 548-566 in D. R. Prothero and W. A. 
Berggren (eds.) Ecoence-Oligocene Climatic and Biotic Evolution. Princeton Univ. 
Press, Princeton, N. J. 

Rensch, Bernhard. 1938. Some Problems of Geographical Variation and Species-
Formation. Proceedings of the Linnean Society of London. 150:275-285 

Rensch, Bernhard. 1939. Klimatische Auslese von Größenvarianten. Arch. F. Naturgesch., 
NF. 8:89-129 

Retallack, Greg J. 1983. Late Eocene and Oligocene paleosols from Badlands National 
Park, South Dakota. Geological Society of America Special Paper 193 pp.1-82 

Retallack, Greg J. 1986. Fossil Soils as Grounds for Interpreting Long-term Controls on 
Ancient Rivers. Journal of Sedimentary Petrology 56 (1):1-18 



78 

 

 

Retallack, Greg. J. 1992. Paleosols and Changes in Climate and Vegetation across the 
Ecoene/Oligocene Boundary; pp. 382-398 in D. R. Prothero and W. A. Berggren (eds.) 
Ecoence-Oligocene Climatic and Biotic Evolution. Princeton Univ. Press, Princeton, N. 
J. 

Robert, P., G. F. Gunnell, S. L. Walsh, W. C. Clyde, J. E. Storer, R. K Stucky, D. J. 
Froehlich, I. Ferrusquia-Villafranca, and M. C. McKenna. 2004. Wasatchian Through 
Duchesnean Biochronology; pp. 106-155 in in Michael O. Woodburne (ed.) Late 
Cretaceous and Cenozoic Mammals of North America. Columbia University press, West 
Sussex, New York. 

Rodríguez, Miguel Á., Miguel Á. Olalla-Tárraga, and Bradford A. Hawkins. 2008. 
Bergmann’s rule and the geography of mammal body size in the Western Hemisphere. 
Global Ecology and Biogeography. 17:274-283. 

Schultz, C. Bertrand, and Thompson M. Stout. 1955. Classification of Oligocene 
Sediments in Nebraska: A Guide for the Stratigraphic Collection of Fossil Mammals. 
Bulletin of The University of Nebraska State Museum. 4 (2)00:17-52 

Scott, Kathleen M. 1990. Postcranial dimensions of ungulates as predictors of body 
mass; pp. 301-335 in John Damuth and Bruce J. MacFadden (eds.) Body Size in 
Mammalian Paleobiology: Estimation and Biological Implications. Cambridge University 
Press, New York, New York 

Scott, W.B. 1941. Part V: Perrissodactyla; pp. 747-980 in William Berryman Scott, Glenn 
Lowell Jepsen and Albert Elmer Wood (eds.) The Mammalian Fauna of the White River 
Oligocene. The American Philosophical Society, Philadelphia, Pennsylvania. 

Sheldon, Nathan D., and Gregory J. Retallack. 2004. Regional Paleoprecipitation 
Records from the Late Eocene and Oligocene of North America. The Journal of Geology 
112:487-494 

Smith, Felisa A., Julia L. Betancourt, and James H. Brown. 1995. Evolution of Body Size 
in the Woodrat over the Past 25,000 Years of Climate Change. Science. 270:2012-2014 

Steudel, K., W. P. Porter, and D. Sher. 1994. The biophysics of Bergmann’s rule: a 
comparison of the effects of pelage and body size variation on metabolic rate. Canadian 
Journal of Zoology. 72 (1):70-77 

Stucky, Richard K. 1992. Mammalian Faunas in North America of Bridgerian to Early 
Arikareean “Ages” (Eocene and Oligocene); pp. 464-493 in D. R. Prothero and W. A. 
Berggren (eds.) Ecoence-Oligocene Climatic and Biotic Evolution. Princeton Univ. 
Press, Princeton, N. J. 

Swinehart, James B., Vernon L. Souders, Harold M. DeGraw, and Robert F. Diffendal, 
Jr. 1985. Cenozoic Paleogeography of Western Nebraska; pp. 209-229 in Flores, R. M. 
and S. S. Kaplan (eds.) Cenozoic Paleogeography of West-Central United States. 
S.E.M.P. Rocky Mountain Section, Rocky Mountain Paleogeography Symposium 3  

Swisher, Carl C. III, D. R. Prothero. 1990. Single-Crystal 40Ar/39Ar Dating of the 
Eocene-Oligocene Transition in North America. Science 249 (4970):760-762 



79 

 

 

Terry, D. O. Jr. 1998. Lithostratigraphic revision and correlation of the lower part of the 
White River Group: South Dakota to Nebraska; pp. 15-37 in D. O. Terry Jr., H.E. 
LaGarry and R. M. Hunt Jr. (eds.) Depositional Environments, Lithostratifaphy, and 
Biostratigaphy of the White River and Arikaree Groups (Late Eocene to Early Miocene, 
North America). Geological Society of America Special Paper 325. 

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. Jr. and H. E. LaGarry. 1998. The Big Cottonwood Creek Member: A new 
member of the Chadron Formation in northwestern Nebraska; pp. 117-141 in D. O. 
Terry Jr., H.E. LaGarry and R. M. Hunt Jr. (eds.) Depositional Environments, 
Lithostratifaphy, and Biostratigaphy of the White River and Arikaree Groups (Late 
Eocene to Early Miocene, North America). Geological Society of America Special Paper 
325. 

Vondra, Carl F., C. Bertrand Schultz, and Thompson M. Stout. 1969. New Members of 
the Gering Formation (Miocene) in Western Nebraska. Nebraska Geological Survey Paper 
18:1-18 

Wall, William P. and Christopher M. Collins. 1998. A Comparison of Feeding 
Adaptations in two Primitive Ruminants, Hypertragulus and Leptomeryx, from the 
Oligocene deposits of Badlands National Park. pp.13-17 in National Park Service 
Paleontological Research Vol. 3 Technical Report NPS/NRGRD/GRDTR-98/1 

Wanless, Harold R. 1922. Lithology of the White River Sediments. American Philosophical 
Society Proceedings 61:184-203 

Webb, S. David. 1998. Hornless ruminants; pp. 463-476 in Christine M. Janis, Kathleen 
M. Scott, and Louis Jacobs (eds.) Evolution of Tertiary Mammals of North America, 
Volume 1: Terrestrial Carnivores, Ungulates, and Ungulatelike Mammals. Cambridge 
University Press, New York, NY 

Wilson, Gregory P. 2005. Mammalian Faunal Dynamics During the Last 1.8 Million 
Years of the Cretaceous in Garfield County, Montana. Journal of Mammalian Evoluiton. 23 
(1/2):53-76 

Wood, H. E. 1927. Some Early Tertiary Rhinoceroses and Hyracodonts. Bulletins of 
American Paleontology 13 (50):5-105 

Wood 2nd, H. E. 1931 Lower Oligocene Rhinoceroses of the Genus Trigonias. Journal of 
Mammalogy 12 (4):414-428. 

Wood 2nd, H. E., Ralph W. Chaney, John Clark, Edwin H. Colbert, Glenn L. Jepsen, 
and John B Reeside Jr. 1941. Nomenclature and Correlation of the North American 
Continental Tertiary. Bulletin of the Geological Society of America 52:1-48. 

Yom-Tov, Yoram, and Eli Geffen. 2006. Geographic variation in body size: the effects 
of ambient temperature and precipitation. Oecologia. 148:213-218 



80 

 

 

Zachos, James, James R. Breza, and Sherwood W. Wise. 1992. Early Oligocene ice-sheet 
expansion on Antarctica: Stable isotope and sedimentological evidence from Kerguelen 
Plateau, southern Indian Ocean. Geology 20:569-573 

Zachos, James, Mark Pagani, Lisa Sloan, Ellen Thomas, and Katharina Billups. 2001. 
Trends, Rhythms, and Aberrations in Global Climate 65 Ma to Present. Science 292 
(5517):686-693. 

Zachos, James, Lowell D. Stott, and Kyger C. Lohmann. 1994. Evolution of early 
Cenozoic marine temperatures. Paleoceanography 9 (2)353:387 

Zanazzi, Alessandro, and Matthew J. Kohn. 2008. Ecology and physiology of White 
River mammals based on stable isotope ratios of teeth. Palaeogeography, Palaeoclimatology, 
Palaeoecology. 257:22-37 

Zanazzi, Alessandro, Matthew J. Kohn, Bruce J. MacFadden, and Dennis O. Terry Jr. 
2007. Large temperature drop across the Eocene-Oligocene transition in central North 
America. Nature 445:639-642.



81 

 

 

VI. Appendix 1. 
Statistical analysis of dental elements of all adult Leptomeryx used in this study 
Dental 
element

NC=Chadronian, 
NO=Orellan

Trend of the size 
change

RM2 width 0.074
243.5

0.081
0.35

NC=17, NO=41 Decrease

RM2 length 0.206
301.5

0.541
0.214

NC=19, NO=40 Decrease

RM1-M3 --- 0.482
0.482

NC=6,  NO=27 Decrease (note N<7)

LM2 width 0.163
178

0.241
0.241

NC=9,  NO=56 Decrease

LM2 length 0.346
194.5

0.699
0.241

NC=9,  NO=54 Decrease

Rm2 width 0.057
928

0.068
0.272

NC=29, NO=84 Decrease

Rm2 length <0.001
605

<0.001
0.429

NC=30, NO=82 Decrease

Rm1-m3 0.212
111

0.390
0.3

NC=12, NO=25 Decrease

Lm2 width 0.015
1544

0.038
0.265

NC=34, NO=125 Decrease

Lm2 length <<0.001
1128

<<0.001
0.449

NC=36, NO=120 Decrease

Lm1-3 --- 0.033
0.683

NC=4,  NO=45 Decrease (note N<7)

M2 width 0.005
745

0.003
0.386

NC=26, NO=90 Decrease

M2 length 0.029
871

0.147
0.241

NC=28,  NO=86 Decrease

M1-M3 0.037
114

0.033
0.512

NC=8,  NO=53 Decrease

m2 width 0.001
4549

0.003
0.255

NC=61, NO=205 Decrease

m2 length <<0.001
3314

<<0.001
0.407

NC=64, NO=208 Decrease

m1-m3 0.008
321.5

0.007
0.449

NC=16, NO=70 Decrease

Kolmogorov-
Smirnov 
(distribution)

Mann-Whitney U 
(median)

Numbers in the upper left corners are p-values, test statistics (T for Mann-Whitney U, D for Kolmogorov-
Smirnov) are in the lower right corners.  Statistical analyses were not run on samples of N < 3.  Note when N < 7, 
Mann-Whitney test is not statistical
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