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CHAPTER I 
 

 

INTRODUCTION 

 

The vertebrate fossil record is comprised almost entirely of skeletal and dental elements. 

Paleontologists, therefore, rely on these elements to reconstruct the complex evolutionary 

histories of extinct taxa. Skeletal morphology can be influenced by genetic evolution, climate, 

biome, and behavior. Because of this, researchers often use the skeleton to construct phylogenetic 

relationships (e.g., Brochu, 2012; King and Wallace, 2014; Wang et al., 1999), interpret past 

biomes and climate (e.g., Meachen et al., 2015; Meloro et al., 2013; Polly, 2010), and infer 

behavior (e.g., Meachen-Samuels and Van Valkenburgh, 2009; Samuels and Van Valkenburgh, 

2008; Van Valkenburgh, 1987). But the interaction effect of each of these variables can be quite 

difficult to interpret in the fossil record, making these studies particularly challenging. Extant 

species provide an excellent framework for determining how skeletal morphology evolves in 

response to genetics, climate, biome, and behavior because each of these variables can be 

measured directly. Further, many living species are represented in the Pleistocene fossil record, 

providing a means of quantifying morphological evolution through time. This dissertation seeks 

to understand how skeletal limb morphology evolves in response to biome, climate, and genetics 

using North American pine martens, Martes, as a model. This taxon is ideal for such a study 

because it occupies three biomes and experiences a wide range of climate (Banfield, 1974; Clark 

et al., 1987, Nowak, 1999), its genetics have been studies across portions of its range 
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(Dawson et al., 2017; Kyle et al., 2000; Kyle and Strobeck, 2003; Small et al., 2003; Stone et al., 

2002a), and it is well represented in the fossil record (Bell, 1995; Eshelman and Grady, 1986; 

Grady, 1984; Guilday and Hamilton, 1978; Long, 1971; Mead and Mead, 1989; Sinclair, 1907; 

Tankersley, 1997; Wetmore, 1962). 

North American pine martens, Martes, are within the order Carnivora and the family Mustelidae 

and are most closely related to the Japanese marten, Martes melampus, and the beech marten, M. 

foina (Sato et al., 2012). Although initially separated into two species, M. americana and M. 

caurina, based on skeletal characters (Merriam, 1890), this classification was not adopted due to 

the high degree of morphological variation seen across their geographic range. This variation 

resulted in the recognition of eight subspecies (Clark et al., 1987). Researchers studying the 

mitochondrial DNA of Martes found two distinct genetic clades, which were designated as the M.  

americana americana and M. americana caurina groups (Stone et al., 2002a). Recent nuclear 

DNA (Dawson and Cook, 2012) and parasitological evidence (Hoberg et al., 2012), however, has 

resulted in the elevation of the taxonomic status of these groups, and North American Martes are 

now recognized as two species, M. americana and M. caurina. 

Pleistocene glacial cycles are thought to have played a primary role in the speciation of North 

American martens. The common ancestor of both species is hypothesized to have entered North 

America via the Bering land bridge during the early Pleistocene and then spread across North 

America throughout the many glacial interglacial periods of this time (Stone and Cook, 2002; 

Stone et al., 2002a). The North American marten fossil record is comprised of three distinct 

morphotypes of martens during the Late Pleistocene. Two of these morphotypes have been 

assigned to either M. americana or M. caurina. The third morphotype, which is now extinct, 

remains contended and has been assigned as a unique species, M. nobilis, a subspecies of M. 

americana, or synonymous with M. caurina (Anderson, 1994; Hughes, 2009; Meyers, 2007; 

Youngman and Schueler, 1991). The fossil record indicates that martens were present in isolated 
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regions of the Appalachian and Rocky Mountains during the Late Pleistocene, coinciding with the 

Wisconsinan glaciation. This isolation is hypothesized to have resulted in the genetic divergence 

of M. americana and M. caurina (Brace et al., 2012; Stone and Cook, 2002; Stone et al., 2002a), 

and culminating in the morphological variation seen among living populations of these two 

species. 

Today, M. americana and M. caurina are distributed across northern portions of North America 

in three different biomes, where they exhibit a wide range of behaviors. M. americana is 

distributed across Canada, Alaska, New England, and the Great Lakes region, while M. caurina is 

restricted to the western U.S. and Canada as well as some Alaskan islands (Banfield, 1974; Clark 

et al., 1987; Nowak, 1999). Within this distribution, M. americana occupies both temperate 

broadleaf deciduous forest and boreal forest biomes (Banfield, 1974; Clark et al., 1987; Nowak, 

1999). M. caurina is found only in coniferous forest biomes (Banfield, 1974; Clark et al., 1987; 

Nowak, 1999). Within each biome, these species prefer habitats with 70% canopy cover (Clark et 

al., 1987), although researchers have found they will occupy meadows, riparian regions, and 

recently disturbed forests (Banfield, 1974; Spencer et al., 1983; Steventon and Major, 1982). 

These species also experience a wide variety of climates with temperatures ranging from -35.8° C 

to 29.4° C between seasons and by geographic region and annual precipitation between 19.6 cm 

and 200.8 cm depending on the region (U.S. Department of Commerce National Oceanic and 

Atmospheric Administration). These species exhibit a diverse range of locomotor and hunting 

behaviors. M. americana and M. caurina are both capable of climbing, swimming, running, and 

digging (Banfield, 1974; Clark et al., 1987; Nowak, 1999). They also have a broad diet, which 

includes voles, rabbits, squirrels, amphibians, birds, insects, and fruit (Zhou et al., 2011; Zielinski 

and Duncan, 2004). These species are particularly well suited for navigating and hunting within 

the tunnels of the subnivium (Nowak, 1999). Such variation in biome, climate, and behavior 

could have contributed to the morphology of extant populations. 
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Living populations have been subject to many anthropogenic influences as well. Recent 

anthropogenically-induced changes in climate, particularly across northern latitudes, have 

resulted in increased annual temperatures (Serreze et al., 2000) and non-snow precipitation 

(Knowles et al., 2006), as well as longer growing seasons (Myneni et al., 1997; Smith et al., 2004; 

Stone et al., 2002b). The combination of these factors have resulted in shifts in biomes 

(Euskirchen et al., 2009; Klein et al., 2005; Lloyd and Fastie, 2002; Myneni et al., 1997). The fur 

trade also effected marten populations, peaking in the 1940’s with nearly 180,000 martens 

trapped yearly (Banfield, 1974). While these numbers have declined, they still remain a primary 

fur species and continue to be trapped (Wiebe et al., 2013). Selective pressures placed by these 

anthropogenic factors may also be influencing the morphology of M. americana and M. caurina. 

Overall, this project seeks to determine how the skeletal limb morphology of M. americana 

and M. caurina evolved by answering the following questions: 

1. Does the skeletal limb morphology of M. americana and M. caurina differ between 

biomes and does it correlate with climate? 

 

 Using 3D geometric morphometric (GM) landmark data collected from 

six skeletal limb elements of contemporaneous M. americana and M. caurina, I sought to 

determine whether limb bone shape differed between specimens collected from different 

biomes. I also collected limb proportion data from the same specimens and tested for a 

correlation between limb length and climate. I compared forelimb and hindlimb 

proportions to mean, minimum, and maximum annual temperatures, as well as annual 

non-snow precipitation and annual snowfall. 

2. How long of a DNA sequence is necessary to produce accurate phylogenetic 

relationships? 
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DNA degrades over time and at differing rates depending on tissue type and 

preservation (Allentoft, 2012; Campos, 2012). This can make it challenging to amplify 

and sequence entire genes. Because many of the specimens used in this study were 

historic, collected after 2000, and were bone tissue, I sought to determine how long of a 

gene sequence would be necessary to produce accurate phylogenetic relationships among 

specimens. I tested this on four mitochondrial genes commonly used in phylogenetic 

studies: 12S, 16S, cytochrome b (cytb), and Dloop. I subsampled complete sequences of 

each gene and tested the resulting tree topologies against a complete gene topology using 

an SH test. Those gene lengths whose topologies significantly differed from the complete 

gene were interpreted as insufficient in length to produce accurate phylogenetic 

relationships. 

 

3. What are the phylogenetic relationships of extant M. americana and M. caurina and 

when did these species diverge? 

Applying the results of the previous analysis, I constructed a maximum 

likelihood and a Bayesian phylogeny from a concatenated sequence of the 12S, 16S, cytb 

and Dloop mitochondrial genes from M. americana and M. caurina. The Bayesian 

phylogeny was node calibrated using the fossil record of M. americana and M. caurina. 

This allowed me to estimate when these species diverged and whether lineage 

diversification coincided with Pleistocene glaciation, as has been previously hypothesized 

(Stone and Cook, 2002; Stone et al., 2002a). 

4. Was the skeletal limb morphology of M. americana and M. caurina influenced by genetic 

diversification or biome during the Pleistocene? 
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Using the constructed Bayesian phylogeny as a framework, I tested whether 

skeletal limb morphology of M. americana and M. caurina evolved in response to biome 

or genetic divergence during the Pleistocene. I collected GM landmark data from the limb 

elements of the same specimens included in the phylogeny. I then tested whether the 

landmark data and centroid size reflected underlying phylogenetic relationships using 

Kmult (Adams, 2014a), Blomberg’s K (Blomberg et al., 2003), and Pagel’s λ (Pagel, 

1999). I also tested whether limb bone shape evolved at different rates between biomes 

(Adams, 2014b). Finally, to determine whether the potential disparity of these species 

changed through time in correlation with genetic divergence or Pleistocene glacial cycles, 

and thus novel biomes, I calculated disparity through time (Harmon et al., 2003).  

5. Is M. americana undergoing changes in skeletal limb morphology in response to Alaska’s 

recent climate change? 

Recent anthropogenically induced climate change has resulted in extreme 

changes in Alaska’s biomes and climate (Dye, 2002; Euskirchen et al., 2009; Klein et al., 

2005; Myneni et al., 1997; Serreze et al., 2000; Stone et al., 2002b). I sought to determine 

whether the limb morphology of Alaskan M. americana has evolved in response to these 

changes. I first tested whether the limb morphology, quantified using 3D GM landmark 

data, of specimens collected before and after 1970 differed. I then created a Bayesian 

phylogeny of the 12S, cytb, and Dloop mitochondrial genes sequenced from the same 

specimens whose morphologies were measured. This phylogeny provided a framework to 

test for underlying phylogenetic signal and evolutionary rates in limb morphology. I 

tested whether limb morphology reflected underlying phylogenetic relationships using 

Kmult (Adams, 2014a), Blomberg’s K (Blomberg et al., 2003), and Pagel’s λ (Pagel, 

1999). I then compared rates of morphological evolution between specimens collected 
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before and after 1970 to determine whether climate change influenced rates of evolution 

(Adams, 2014b). 

 

 This study is unique in that it compares the morphology, genetics, climate, and biome of 

the exact same specimens. This allows for a level of precision that can be lacking in other studies 

focusing on phenotypic evolution (e.g., Law et al., 2018; Rüber and Adams, 2001; Slater et al., 

2010). In addition, this research will provide the first phylogeny of M. americana and M. caurina 

that includes specimens from the eastern U.S. and from this phylogeny the first estimate of 

genetic divergence between the two species. This study will also expand our understanding of 

how the morphology of North American Martes evolved, which can be compared and applied to 

other extant and extinct species. 
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CHAPTER II 
 

 

SKELETAL LIMB MORPHOLOGY OF NORTH AMERICAN PINE MARTENS, MARTES 

AMERICANA AND M. CAURINA, CORRELATES WITH BIOME AND CLIMATE 

 

Introduction 

Animals respond to variation in habitat and climate through changes in behavior and phenotype. 

Skeletal limb proportions and morphology have been shown to correlate with biome, habitat, and 

climatic variables (Klein et al., 1987; Lindsay, 1987; Meloro et al., 2013; Polly, 2010; Schellhorn 

and Sanmugaraja, 2014; Weaver and Ingram, 1969). Many of these relationships were measured 

in mammals that do not have an elongated body. Mustelids, however, have proportionally 

shortened limbs and elongated bodies compared to many other mammals. Does the skeletal 

morphology of mustelids respond to variation in climate and biome in the same predictable ways 

as other mammals? I addressed this question in the North American pine marten, Martes, which 

has a wide geographic distribution across North America and inhabits a variety of climates and 

biomes. Using linear and morphometric data, I sought to determine whether the limb proportions 

and limb bone shapes of M. americana and M. caurina correlated with their respective climates 

and biomes. 

Body size and limb proportions have been shown to correlate with temperature as a result of 

epigenetic effects on bone growth early in postnatal development (Serrat, 2013). These 

relationships have been summarized in climatic rules such as Bergmann’s and Allen’s Rules.  
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Bergmann’s Rule states that animals living in a colder environment will be larger than that same 

species found in a warmer environment (Bergmann, 1847). Allen’s Rule states that animals living 

in colder environments will have proportionally shorter appendages than in warmer regions 

(Allen, 1877). These rules are based on the understanding that animals with a high surface area to 

volume ratio will lose heat and thus energy more rapidly and, therefore, have a higher metabolism 

(Bergmann, 1847; Mayr, 1956; McNab, 1980; Tilkens et al., 2007). In colder climates, the 

resources needed to maintain a high metabolism might not be present year-round. It is, therefore, 

advantageous to be larger, with a lower surface area to volume ratio, and thus a lower metabolism 

to counter this shortage of resources. Bergmann’s Rule holds true in several mammals including 

Lepus americanus, Vulpes vulpes, Canis lupus, Lynx rufus, Puma concolor, and several species of 

murid rodents (e.g., Baker et al., 1978; McNab, 1971; Meiri and Dayan, 2003; Meiri et al., 2004; 

Nagorsen, 1985). Allen’s Rule has been tested and confirmed in mammals including Sus scrofa 

domesticus, Rangifer tarandus, and Tamiasciurus hudsonicus (Klein et al., 1987; Lindsay, 1987; 

Weaver and Ingram, 1969). Limb proportions and shape can also differ among taxa as a result of 

selective pressures imposed on non-physiological traits. 

Skeletal limb shape may differ among taxa as a result of differing selective pressures imposed by 

climate and biome. These variables are not mutually exclusive as temperature and precipitation 

influence vegetation type and density, which are used for biome classification (Smith and Smith, 

2001). Within each biome, species often adopt differing locomotor behaviors. For example, 

animals living in more openly vegetated biomes tend to exhibit cursorial modes of locomotion 

while those living in dense forests are more often arboreal. An animal’s posture, body mass, and 

gait can influence bone curvature, robusticity, and epiphyseal size (Biewener, 1983; 2005; 

Lieberman et al., 2003). There is often, then, a correlation between limb morphology and biome. 

Felids, for example, have proportionally shorter humeral heads and more gracile radius and ulna 

(Meloro et al., 2013; Schellhorn and Sanmugaraja, 2014) in habitats with denser vegetation. 
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Calcaneal morphology of several carnivoran species also correlates with vegetation density 

(Polly, 2010). 

Mustelids have a wide geographic distribution and inhabit a variety of climates and, therefore, 

biomes (Nowak, 1999). Mustelids also have an elongated bauplan (body plan), which creates a 

greater surface area to volume ratio than other mammals of equal mass and thus a higher 

metabolism (Brown and Lasiewski, 1972). Despite the expectation that they would follow 

ecogeographic rules, researchers have shown that most mustelid species do not follow 

Bergmann’s Rule (Lynch, 2016; McNab, 1971; Meiri and Dayan, 2003; Meiri et al., 2004) and 

that, instead, body size often correlates with local prey size (McNab, 1971). Allen’s Rule, 

however, remains to be tested in most mustelid species. In their respective biomes, mustelids 

exhibit a diverse range of behaviors and predation strategies. Considering the relationship 

between morphology, climate, and biome seen in other mammals, it may be expected that the 

skeletal morphology of mustelids would also correlate with climate and biome.  

M. americana and M. caurina are two species in which a correlation between limb morphology 

and climate may be expected. Across their North American range, M. americana occupies two 

biomes: temperate broadleaf and mixed forest (Broadleaf) in the northeastern US and Canada; 

and boreal forest and taiga (Boreal) in central Alaska (Figure 1) (Banfield, 1974; Clark et al., 

1987; Nowak, 1999). M caurina is restricted to a single biome, temperate coniferous forest 

(Coniferous) in central and northern Pacific US and Canada (Figure 1) (Banfield, 1974; Clark et 

al., 1987; Nowak, 1999). Each of these biomes differ greatly in dominant species, both plant and 

animal, annual precipitation, and temperature (Smith and Smith, 2001). In addition, each forest 

has undergone anthropogenic changes in association with industry and fire management (Martin 

et al., 2012). Although they prefer dense forested habitats with 70% canopy cover (Clark et al., 

1987), these species have also begun to occupy meadows, riparian regions (Banfield, 1974; 

Spencer et al., 1983), and recently disturbed forests (Steventon and Major, 1982). This variety of 
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habitats, then, requires an equally diverse range of locomotor behaviors such as climbing, 

swimming, half-bound gait, pouncing, and digging (Banfield, 1974; Harris and Steudel, 1997). In 

addition, M. americana and M. caurina have a higher rate of heat loss than other mammals of 

similar mass (Worthen and Kilgore, 1981). This suggests that they may not adapt to extremes in 

temperature the same way as other mammals. All of these factors suggest that habitat influences 

the behaviors of North American martens and that this may be reflected in the skeleton. 

 This study focuses on the interspecific skeletal limb morphology of M. americana and M. 

caurina across their U.S. geographic range, testing three hypotheses: 1) limb proportions differ 

between individuals living in colder and warmer climates; 2) limb proportions correlate with 

climatic variables; and 3) skeletal limb bone shape differs among specimens from the three 

biomes occupied by these species. If Martes follows Allen’s Rule, then limb proportions of 

individuals living in colder climates will be proportionally shorter and limb proportions will 

correlate with temperature. I tested these hypotheses by collecting linear measurements and 3D 

geometric morphometric landmark data of the skull, humerus, radius, ulna, femur, tibia, and 

fibula of 86 specimens of M. americana and M. caurina from across their U.S. range. 

 

Taxonomic Nomenclature 

North American pine martens, M. americana and M. caurina, were recently proposed as 

unique species based on mitochondrial, nuclear, morphological, and parasitic evidence (Dawson 

et al., 2017; Dawson and Cook, 2012; Hoberg et al., 2012; Merriam, 1890), but have not yet been 

recognized by the International Commission on Zoological Nomenclature. I have adopted these 

specific titles to retain consistency with recent literature. 

 



12 
 

Institutional Abbreviations 

East Tennessee State Museum of Natural History (ETMNH), Sam Noble Oklahoma 

Museum of Natural History (SNOMNH), New York State Museum (NYSM), Florida Museum of 

Natural History (FLMNH), Museum of Southwestern Biology (MSB), Burke Museum of Natural 

History and Culture (BMUW), University of Alaska Museum of the North (UAMN), 

Smithsonian Institution National Museum of Natural History (USNM), and University of 

Michigan Museum of Zoology (UMMZ). 

 

 

Materials and Methods 

Specimens 

I measured skeletal elements from a total of 70 individuals, some of which were 

incomplete, identified as M. americana and M. caurina including: 62 skulls, 70 femora, 38 

fibulae, 67 humeri, 61 radii, 68 tibiae, and 38 ulnae (Appendix I, Section A). This dataset 

comprised 56 specimens of M. americana and 14 specimens of M. caurina. Specimens were 

collected across the U.S. range of these species between 1940 and 2013. Specimens were not 

included from Canada due to a limited availability of postcranial elements within museum 

collections. I identified all specimens as adults based on full epiphyseal fusion, and both sexes 

were included in this study. Sexes were determined through museum identification and the 

presence of a baculum. The measured specimens are housed in the collections at ETMNH, 

SNOMNH, NYSM, FLMNH, MSB, BMUW, UAMN, USNM, and UMMZ.  
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Allen’s Rule 

To test for Allen’s Rule, I measured the length of 62 skulls, 53 humeri and radii, and 60 femora 

and tibiae (Figure 2) from 62 individuals. This dataset comprised 51 specimens of M. americana 

and 11 specimens of M. caurina. Skull length acted as a proxy for body mass (Van Valkenburgh, 

1990). I collected minimum temperature data for the county and year each specimen was 

collected from the U.S. Department of Commerce National Oceanic and Atmospheric 

Administration using the National Center for Environmental Information database.  

I calculated forelimb length as the combined length of the humerus and radius and hindlimb 

length as the combined length of the femur and tibia (Samuels et al., 2013). I conducted all 

statistical analyses in R (R Core Team, 2015). Prior to testing for Allen’s Rule, I tested for 

normality in both the forelimb and hindlimb datasets using a Shapiro-Wilk’s test and for equal 

variance between the two temperature bins using a Bartlett test for homogeneity. The hindlimb 

dataset did not have a normal distribution; however, due to the large sample size and near equal 

group sizes it is robust to this violation in a parametric t-test (Edgell and Noon, 1984; Havlicek 

and Peterson, 1976).  

Because this dataset consists of proportions it is inappropriate to test for a relationship between 

minimum temperature and limb proportions using a linear correlation as proportion data violates 

the assumptions of this analysis and can return incorrectly high correlation coefficients (Kuh and 

Meyer, 1955; Tu et al., 2004; Yule, 1910). I therefore determined whether North American 

martens follow Allen’s Rule by testing whether limb proportions differed between specimens 

assigned to two minimum temperature bins using a two-tailed, two-sample t-test. I assigned each 

specimen to one of two minimum temperature bins, ≤ -21˚C and > -21˚C, based on the minimum 

temperature data collected for each individual. I chose -21˚C as the threshold for binning because 
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it is the mean minimum temperature associated with all specimens. This resulted in 34 specimens 

in the ≤ -21˚C bin and 28 in the > -21˚C bin. 

 

Climate 

To determine whether limb proportions correlate with climate, I measured the length of 57 skulls, 

50 humeri and radii, and 56 femora and tibiae (Figure 2) from 57 individuals. This analysis 

included 46 specimens of M. americana and 11 specimens of M. caurina. These specimen 

numbers differ from those measured in the Allen’s Rule test due to a lack of available climate 

data for some specimens. I calculated limb to skull length proportions using the same length 

measurements and ratios used in the Allen’s Rule test. I collected climate data from the U.S. 

Department of Commerce National Oceanic and Atmospheric Administration using the National 

Center for Environmental Information database. I collected the minimum, maximum, and mean 

annual temperatures, as well as the annual non-snow precipitation and annual snowfall for the 

county and year each specimen was collected. 

I tested for a correlation between forelimb and hindlimb proportions and climate using a partial 

least squares (PLS) regression. This analysis is ideal for datasets in which there is covariance in 

the dependent variable, as seen here in the limb proportions (Abdi, 2010). A PLS regression 

produces a series of latent vectors which best explain the correlation between the dependent and 

independent variables. The results of this analysis area correlation coefficient for each latent 

vector, the percent of variance explained in both the independent and dependent variables by each 

vector, and a vector coefficient. This coefficient indicates which of the independent variables has 

the greatest weight in each vector and, therefore, which have the greatest influence on the 

variation seen in the dependent variable.  
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Biome 

I collected 3D shape data from the humerus, radius, ulna, tibia, and fibula of 39 specimens 

collected between 2000 and 2013. I chose specimens collected within a limited timeframe to 

avoid the confounding effect of accumulated shape variation that could develop over longer time 

periods. This dataset included 27 specimens of M. americana and 12 of M. caurina. I assigned 

each specimen to one of three biomes based on the geographic location from which it was 

collected: 1) Temperate broadleaf and mixed forest (Broadleaf); 2) Temperate coniferous forest 

(Coniferous); and 3) Boreal forest and taiga (Boreal) (Olson et al., 2001). 

I collected 3D geometric morphometric landmark data from each bone using a MicroScribe 

G2LX digitizer. This digitizer records the X, Y, and Z coordinates of a single point/landmark in 

space. All measured landmarks were homologous among specimens. I chose landmarks that 

would best capture the length and width of each element because size has been shown to change 

in mammals over time (e.g., Fabre et al., 2013b; Kolska Horwitz and Ducos, 1997; Meachen et 

al., 2014; Meachen and Samuels, 2012). I also chose landmarks that represented morphological 

characters frequently used in phylogenetic studies of carnivorans (Leach, 1977; Morlo and 

Peigné, 2010; Zrzavý and Řičánková, 2004) as these should reflect an underlying phylogenetic 

signal (Figure 3). I also chose landmarks previously used in ecomorphological studies (Fabre et 

al., 2013a; Fabre et al., 2015; Fabre et al., 2013b) to reflect locomotor variation. Where possible, I 

avoided landmarks associated with muscle attachments as these are highly plastic and are 

modified throughout an individual’s life (Currey, 2002; Wei and Messner, 1996) (Appendix 1, 

Section B). 

In addition, I tested landmarks for accuracy and repeatability. I collected all landmarks ten times 

on three different specimens, ETMNH 600, ETMNH 603, and ETMNH 607. I aligned landmarks 

using a generalized Procrustes analysis (GPA) and plotted these using a principal component 
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analysis (PCA). I then visually checked for greater interspecimen morphospace occupation within 

the first two principal components than intraspecimen. I then systematically removed one 

landmark from the dataset and reran the PCA for each iteration. If intraspecimen variation 

decreased but interspecimen variation remained the same, I interpreted the removed landmark to 

be inconsistent and removed it from the final dataset. Those landmarks included in this study 

were interpreted, therefore, as accurate and reproducible. I repeated this test for each limb 

element and all tests were conducted using the geomorph package (Adams and Otarola-Castillo, 

2013) in R (R Core Team, 2015). 

I tested for difference in limb shape in each limb element independently. First, I aligned 

landmarks using a GPA. I then calculated principal component (PC) scores from the aligned 

landmarks using a PCA. I ran these analyses using the geomorph package (Adams and Otarola-

Castillo, 2013) in R (R Core Team, 2015) (Appendix I, Section E). I then tested for 

morphological differences between biomes using the highest ranking PC scores, those explaining 

95% of the morphological variance (Zelditch et al., 2012). PC scores are commonly used in 

morphometric analyses as a proxy for shape and a means of reducing the number of variables in a 

statistical analysis (Carden et al., 2012; Fabre et al., 2013a; Meachen et al., 2016; Rychlik et al., 

2006). I tested for statistical differences in these scores among specimens collected from each of 

the three biomes using a PERMANOVA (α=0.05, permutation 9,999) (Polly, 2008; Rychlik et al., 

2006).This non-parametric analysis is robust to violations of multivariate normality and allows 

for more variables than specimens per group (Anderson, 2001), which occur in several of the 

datasets. In those elements with significant differences (p≤ 0.05) between biomes, I tested which 

biome bins were different from one another using a Bonferroni post-hoc test with corrected alpha 

values (α/6). Both the PERMANOVA and Bonferroni post hoc analyses were conducted in 

PAST3 (Hammer et al., 2001). I qualitatively evaluated which regions of the elements differed 

between specimens collected from the three biomes using both thin plate splines and 3D surface 
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models. First, I generated the mean shape of specimens from each biome. I then compared these 

mean shapes using thin-plate spline visualizations of both X, Y and Y, Z dimensions. Then, to 

visualize variation in shape in three dimensions, I created 3D surface models of each element 

using either a NextEngine HD 3D laser surface scanner or photogrammetry. I created surface 

models of each element for a single specimen, ETMNH 609, whose morphology was the closest 

to the mean shape of all of the measured specimens. I then warped each element’s surface into the 

mean shape of specimens from each biome. I also used these element surfaces to generate shape 

along PC axes. 

Bone size can have a tremendous effect on bone morphology (Bertram and Biewener, 1990; 

1992). Outomuro and Johansson (2017) found 88% of morphometric studies published in 2015 

could attribute morphological variation to allometry. Because M. americana and M. caurina 

exhibit sexual size dimorphism (Banfield, 1974; Clark et al., 1987; Nowak, 1999), I tested 

whether the morphological variation seen between biomes was a result of bone size using a 

Procrustes ANOVA/regression (Adams and Nistri, 2010; Bookstein, 1991; Drake and 

Klingenberg, 2008; Mitteroecker et al., 2004) between Procrustes aligned landmarks and bone 

centroid size. I also tested whether there was an allometric effect on bone shape using a 

Procrustes ANOVA/regression between Procrustes aligned landmarks and skull length, a proxy 

for body mass (Van Valkenburgh, 1990). 

 

 

Results 

Allen’s Rule 
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A significant difference was present in the proportional length of the forelimb (p=0.003, δ=0.08, 

1-β=0.88) and hindlimb (p=0.012, δ=0.11, 1-β=0.73) between specimens from the two 

temperature bins. Specimens in colder environments, however, have proportionally longer limbs 

than those in warm environments (Figure 4B and C). This is the inverse relationship to that 

proposed by Allen’s Rule. 

 

Climate 

I found a moderate correlation between forelimb and hindlimb to body size proportions and 

climate (Table 1). The correlation coefficient of the first latent vector was 0.43. The first latent 

vector explained 61.9% of the variance in climate and 17.8% of limb proportion variation. The 

vector coefficients indicated minimum and mean annual temperature as well as annual non-snow 

precipitation were the variables of greatest importance within the first vector (Figure 4A). There 

was a negative correlation between temperature and limb proportions for both the forelimb and 

hindlimb, with individuals living in colder regions having proportionally longer limbs (Figure 4B 

and C). There was also a negative correlation between annual non-snow precipitation and limb 

proportions such that individuals living in regions with higher annual rainfall had proportionally 

shorter limbs. (Figure 4D). Annual maximum temperature and snowfall were of little importance 

in the first vector (Table 1). 

 

Biome 

The number of PC scores composing 95% of the variance differs by bone: 18 humeral, 14 radial, 

16 ulnar, 18 femoral, 15 tibial and 11 fibular (Appendix 1, Section C). The results of the 

PERMANOVA and Bonferroni alpha-corrected post-hoc test indicate a significant difference in 
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morphology between specimens from Coniferous and Broadleaf forests in all the measured bones, 

except the humerus (p˂0.05) (Table 2). In addition, significant morphological differences are 

found in the ulna, femur, tibia, and fibula between specimens from Boreal and Coniferous forests 

(p˂0.01). Specimens from Coniferous forests consistently have the most robust bones, 

particularly in the forelimb, while specimens from Broadleaf forests are the most gracile (Figures 

5, 6, and 7; Appendix I, Section D). The radius of specimens from Coniferous forests have a 

longer distal epiphysis between the ulnar notch and styloid process, and the ulna has the largest, 

tallest, and widest olecranon process proportionally of the three groups (Figures 5 and 6). The 

femur of specimens from Coniferous forests has a slightly longer anatomical neck and slight 

anterior curvature in the distal shaft compared to those from both Broadleaf and Boreal forests 

(Figures 5 and 7). The tibia of specimens from Coniferous forests has a wider lateral condyle, a 

more proximal fibular notch, and greater lateral curvature in the distal shaft (Figures 5 and 7). 

Finally, the fibula of specimens from Coniferous forests has a very robust, boxy head compared 

to those from the other two biomes (Figures 5 and 7).  

There is a correlation between centroid size and shape in the femur, with approximately 9% of the 

variation explained by bone size (Table 3). There is also a correlation between bone shape and 

skull length in the femur and fibula, with between 6-9% of shape variation attributable to body 

size (Table 4). This indicates that limb shape is independent of the size differences exhibited 

between sexes and among specimens from different biomes. 

 

 

Discussion 

The limb proportions of North American Martes do moderately correlate with climate, 

particularly with minimum and mean annual temperature and annual non-snow precipitation. 
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Individuals living in regions with warmer annual minimum and mean temperatures, as well as 

higher annual non-snow precipitation have proportionally shorter limbs (Figure 4). Martes, then, 

exhibit the inverse relationship of that proposed by Allen’s Rule. This suggests that the 

metabolism of these species is not being influenced by temperature. Instead, climate may be 

influencing other aspects of behavior that are reflected through limb proportions. Regions with 

higher annual rainfall tend to have denser vegetation, often in the form of complex forests (Smith 

and Smith, 2001). Of the forest biomes considered here, Broadleaf forests have the warmest 

temperatures and greatest annual rainfall and also exhibit the greatest degree of understory 

complexity (Smith and Smith, 2001). Many mammals species that live in closed forest biomes 

have proportionally shorter appendages as a result of locomotor and predation strategies (Polly, 

2010; Samuels et al., 2013; Samuels and Van Valkenburgh, 2008; Van Valkenburgh, 1985). 

Researchers have found that M. americana and M. caurina will exhibit different behaviors among 

forest patches of varying complexity within a single biome (Andruskiw et al., 2008; Fuller et al., 

2005; Moriarty et al., 2015; Steventon and Major, 1982). It is, therefore, possible that the limb 

proportion variation seen here in M. americana and M. caurina correlate with climate as a result 

of differing modes of locomotion within each biome.  

Limb robusticity and epiphyseal size were the greatest differences between specimens 

from each biome, particularly between Broadleaf and Coniferous forests (Figures 6 and 7). 

Previous studies have shown that increases in limb robusticity correlate with an increase in body 

mass, (Martin-Serra et al., 2014; Martín-Serra et al., 2014); however, there is no allometric 

relationship between forelimb bone shape and body mass in the specimens used in this study. 

These traits in the forelimbs of other mustelid species have been shown to correlate with degrees 

of arboreality, with more arboreal species having gracile bones while more fossorial species have 

robust (Fabre et al., 2015; Iwaniuk et al., 1999; Samuels et al., 2013). In North American Martes, 

the most robust bones and largest epiphyses were in specimens from Coniferous forests. This 
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biome has been reduced in forest complexity and undergrowth density as a preventative measure 

against forest fires (Stephens et al., 2013; Stephens et al., 2012). This suggests that individuals 

living in Coniferous forests may be exhibiting fewer arboreal behaviors in response to decreased 

vegetation density, resulting in more robust limb morphologies. As with limb proportions, limb 

shape appears to be reflecting differences in behavior in association with vegetation density.  

 

Conclusions 

Limb morphology of North American pine martens differs in correlation with both climate and 

biome. Despite their elongated bauplan and high surface area to volume ratio, North American 

pine martens do not follow Allen’s Rule. Instead, vegetation density, which varies in response to 

temperature and non-snow precipitation, may be driving the locomotor behaviors of these species. 

This, in turn, results in differing skeletal limb morphologies among biomes. The morphological 

variation seen among specimens from each of the forest biomes also correlates with the 

distribution of M. americana and M. caurina. This suggests that biome may have acted as a 

selective pressure on limb shape, resulting in the genetic speciation and morphological 

differentiation of these two species. Future research on the mode of evolution in these species 

may shed light on how morphology has been influenced by climate through time. The skeletal 

limb morphology of M. americana and M. caurina appears to reflect similar ecomorphological 

signals as other carnivorans. If this pattern holds true in other mustelid species with wide 

geographic distributions, it is possible that mustelids may be good predictors of climate and 

biome in paleoenvironmental studies.  
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Tables 

Table 1. Results of PLS regression of limb proportions and climatic variables reported for the first 

two latent vectors. Climate values within each vector represent with importance of each variable 

to the vector. 

Variable Vector 1 Vector 2 

Mean temperature 
1.16 1.09 

Maximum temperature 
0.15 0.70 

Minimum temperature 
1.33 1.25 

Non-snow precipitation 
1.19 1.14 

Snow 
0.66 0.69 

Correlation coefficient 
0.43 0.22 

% variation in X 
0.62 0.17 

% variation in Y 
0.18 0.03 
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Table 2. Results of the PERMANOVA and Bonferroni α corrected post-hoc test on PC scores 

Element Biome Biome p 

Humerus Broadleaf Coniferous 0.07 

   Boreal 0.66 

  Boreal Coniferous 0.11 

Radius Broadleaf Coniferous <0.01 

   Boreal 1 

  Boreal Coniferous 0.08 

Ulna Broadleaf Coniferous <0.01 

   Boreal 0.07 

  Boreal Coniferous <0.01 

Femur Broadleaf Coniferous <0.01 

   Boreal 0.32 

  Boreal Coniferous <0.01 

Tibia Broadleaf Coniferous <0.01 

   Boreal 1 

  Boreal Coniferous 0.02 

Fibula Broadleaf Coniferous <0.01 

   Boreal 0.45 

  Boreal Coniferous <0.01 

 

 

 

 

 

Table 3. Results of Procrustes ANOVA/regression between Procrustes aligned landmarks and 

bone centroid size 

 Element r 2 F p 

Humerus 0.04 0.96 0.12 

Radius 0.02 1.18 0.52 

Ulna 0.03 0.89 0.28 

Femur 0.06 2.24 <0.01 

Tibia 0.03 1.44 0.19 

Fibula 0.02 1.05 0.36 
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Table 4. Results of Procrustes ANOVA/regression between Procrustes aligned landmarks and 

skull length 

 Element r2 F p 

Humerus 0.02 1.63 0.38 

Radius 0.03 0.87 0.22 

Ulna 0.02 1.15 0.54 

Femur 0.06 2.73 <0.01 

Tibia 0.04 1.30 0.13 

Fibula 0.06 2.07 0.02 
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Figures 

 

Figure 1. Geographic distribution of Martes americana and Martes caurina. Points represent 

location of specimens measured. Horizontal lines indicate the geographic distribution of M. 

americana and vertical lines indicate the geographic distribution of M. caurina (Clark et al., 

1987; Nowak, 1999). Forest biome ranges are designated by purple for Boreal, orange for 

Coniferous, and pink for Broadleaf forests (Olson et al., 2001). Note that M. americana does not 

occupy the entire Broadleaf forest biome. 
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Figure 2. Linear length measurements taken on the skull, humerus, radius, femur, and tibia of 

each specimen to test for Allen’s Rule. Length measurements based on Samuels et al. (2013). 
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Figure 3. Geometric morphometric landmarks on the humerus, radius, ulna, femur, tibia, and 

fibula used to test for morphological differences between specimens from the three biomes.  
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Figure 4. Results of the partial least squares (PLS) regression between limb proportions and 

climatic variables. A) Circle of correlations produced from PLS. Purple lines indicate the limb to 

skull length proportions and teal lines represent the climatic variables. Line length indicates the 

strength the of correlation. Variables whose lines are closest to forming a 180°angle with the line 

representing either forelimb or hindlimb proportions have the greatest importance in the first 

latent vector. Here, the most important variables within the first vector are mean and minimum 

annual temperature and annual non-snow precipitation. B) Scatterplots of mean annual 

temperature to forelimb proportions and hindlimb proportions. C) Scatterplots of minimum 

annual temperature to forelimb proportions and hindlimb proportions. D) Scatterplots of annual 

non-snow precipitation to forelimb proportions and hindlimb proportions. Points in each 

scatterplot represent specimens and are colored according to the biome from which each was 

collected. Purple represents individuals from Boreal forests. Orange are specimens from 



29 
 

Coniferous forests, and pink are from Broadleaf forests. The lines on each scatterplot denote a 

general linear trend within the data. 
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Figure 5. Principal component analysis (PCA) plots for the first two PC axes for the humerus, 

radius, ulna, femur, tibia, and fibula. Points are colored according to the biome from which each 

specimen was collected. Purple represents individuals from Boreal forests. Orange are specimens 

from Coniferous forests, and pink are from Broadleaf forests. The percent variance explained by 

each PC axis is indicated in the axis label. Bone images represent the morphology of each 

element at the extremes of each PC axis. In all of the bones except the humerus, the morphology 

of specimens from Coniferous forests (orange) significantly differed from specimens from 

Broadleaf (pink) and Boreal (purple) forests. 
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Figure 6. Mean shape of the radius and ulna of specimens from each biome. P-values indicate 

statistical differences in morphology between specimens from Broadleaf and Coniferous forests 

and specimens from Coniferous and Boreal forests, as there were no statistical differences 

between Broadleaf and Boreal specimens. Overlay depicts the mean epiphyseal morphology from 

all three biomes overlain. Biomes are designated by purple) Boreal, orange) Coniferous, and 

pink) Broadleaf forests. Note the overall increase in robusticity in specimens from Coniferous 

forests and more gracile nature of those from Broadleaf forests.  
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Figure 7. Mean shape of the femur, tibia, and fibula of specimens from each biome. P-values 

indicate statistical differences in morphology between specimens from Broadleaf and Coniferous 

forests and specimens from Coniferous and Boreal forests, as there were no statistical differences 

between Broadleaf and Boreal specimens. Overlay depicts the mean epiphyseal morphology from 

all three biomes overlain. Biomes are designated by: purple- Boreal; orange- Coniferous; and 

pink- Broadleaf forests. Note the overall increase in robusticity in specimens from Coniferous 
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forests and more gracile nature of specimens from Broadleaf forests. Asterisk on the femur and 

fibula indicates the morphology of these bones has an allometric relationship with body size; 

however, no more than 9% of the morphology is correlated with size. 
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CHAPTER III 
 

 

DETERMINING THE LENGTH OF DNA NECESSARY TO PRODUCE ACCURATE 

PHYLOGENETIC RELATIONSHIPS IN EXTINCT TAXA 

 

Introduction 

Many living species are diagnosed from complete genetic sequences. Since the 1980s the use of 

ancient DNA (aDNA) to determine phylogenetic relationships between living and extinct taxa has 

become more common. Due to taphonomic processes, however, aDNA is often degraded and 

fragmentary, and as a result, many aDNA studies rely on partial gene sequences. These partial 

sequences could lack phylogenetically informative regions, which may result in phylogenetic 

analyses that construct inaccurate evolutionary relationships. It is crucial, therefore, to determine 

how much of a gene is required to produce accurate phylogenetic relationships. I tested whether 

partial mitochondrial DNA sequences recovered from specimens of extant Martes americana and 

M. caurina produce phylogenetic relationships significantly different from those produced from 

complete and nearly complete genes.  

Studies using aDNA face challenges in sequencing complete genes due to the way in which DNA 

degrades. Increases in time, temperature, and moisture in the surrounding environment result in 

faster rates of denaturization and more fragmentary strands of DNA (Allentoft, 2012; Farrell et 

al., 2000; Murphy et al., 2007). For example, DNA preserved at 25°C will remain in only 2bp 

fragments after 10 ky, but if it is preserved at -5°C the strands of DNA average 683bp 
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(Allentoft, 2012). In addition, the secondary and tertiary structure of DNA cause regions with 

high mutation rates to be more susceptible to damage (Gilbert et al., 2005; Gilbert et al., 2003b). 

These taphonomic processes result in DNA strands that are short and that potentially lack the 

most phylogenetically informative regions. Consequently, the phylogenetic relationships 

hypothesized from these sequences may not be accurate. 

Phylogenetic relationships can depend heavily on the gene(s) from which they are constructed. 

Mitochondrial genes are often used in aDNA studies because they evolve at faster rates than 

nuclear DNA and can, therefore, provide a more long-term evolutionary history (Avise, 2000; 

Brown et al., 1979). These faster evolutionary rates are attributed to relaxed functional 

constraints, poor DNA repair mechanisms, and a lack of histones, which often constrain rates of 

evolution (Gillespie, 1986; Nedbal and Flynn, 1998; Richter, 1992; Wilson et al., 1985). But 

different mitochondrial genes evolve at differing rates and can, therefore, produce differing 

evolutionary histories among taxa. For example, cytochrome b (cytb) and control region (Dloop) 

genes are fast evolving and contain several mutation sites (Nabholz et al., 2008; Parsons et al., 

1997). These genes are frequently chosen by researchers for aDNA studies because this variation 

allows for detection of recent speciation events (Debruyne et al., 2008; Germonpre, 2009; Ozawa 

et al., 1997; Shapiro et al., 2004). The 12S and 16S mitochondrial genes are more conserved and 

evolve at slower rates than cytb and Dloop (Springer et al., 1995; Vences et al., 2005). By 

combining sequences from fast and slow evolving genes it is possible to obtain a more accurate 

depiction of mitochondrial and taxonomic evolution.   

In this study, I sought to determine the accuracy of phylogenetic relationships produced from 

fragmentary DNA by testing two null hypotheses: 1) that there is no difference between the 

phylogenetic tree topologies produced from the same gene at varying lengths; and 2) that tree 

topologies produced from concatenated gene sequences will not differ regardless of the genes 

included in the concatenation. I tested these hypotheses using sequences from the mitochondrial 
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12S, 16S, Dloop, and cytb genes of M. americana and M. caurina. These species are well 

represented in living populations (Banfield, 1974; Clark et al., 1987; Nowak, 1999), allowing for 

study of complete genes. They are also common in the fossil record of North America (Clark et 

al., 1987; Hall, 1926; Hall, 1981; Hughes, 2009), permitting future application of this study to 

aDNA. 

 

Taxonomic Nomenclature 

North American pine martens, M. americana and M. caurina, were recently proposed as unique 

species based on mitochondrial, nuclear, morphological, and parasitic evidence (Dawson et al., 

2017; Dawson and Cook, 2012; Hoberg et al., 2012; Merriam, 1890), but have not yet been 

recognized by the International Commission on Zoological Nomenclature. I have adopted these 

specific titles to retain consistency with recent literature. 

 

Institutional Abbreviations 

New York State Museum (NYSM), Florida Museum of Natural History (FLMNH), Burke 

Museum of Natural History and Culture (BMUW), University of Alaska Museum of the North 

(UAMN), and Smithsonian Institution National Museum of Natural History (USNM) 

 

 

Materials and Methods 

Genetic Sequences 
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Complete cytb sequences for M. americana and M. caurina were sourced from those published to 

GenBank (NCBI), comprising of 57 individuals (Appendix II, Section A). Sequences of 12S, 16S, 

and Dloop for these species were either unavailable or partial on GenBank. I, therefore, 

sequenced these genes from a total of 29 specimens of M. americana and M. caurina (Appendix 

II, Section B), housed in the collections at NYSM, FLMNH, BMUW, UAMN, and USNM. These 

specimens were collected across the U.S. range of both species between 1990 and 2013. This 

temporal range allowed me to extract DNA from recent specimens with soft tissue, which is 

relatively unaltered by degradation. In order to create a concatenated sequence of 12S, 16S, 

Dloop, and cytb, I also sequenced cytb from seven of these 29 specimens. In addition, I received 

sequences of 12S, 16S, cytb, and Dloop from two specimens of M. caurina from researchers at 

the Museum of Southwestern Biology (MSB) (Appendix II, Section C). To act as a reference 

genome and phylogenetic outgroup, I included complete 12S, 16S, Dloop, and cytb sequences 

from Martes foina published to GenBank (NCBI). 

 

DNA Extraction, Amplification, and Sequencing 

I collected soft tissue samples from all 29 specimens. DNA extractions were performed in batches 

of eight with one negative control per batch. I extracted genomic DNA from soft tissue using a 

phenol:chloroform:isoamyl (25:24:1) extraction protocol (for detailed protocol see Appendix VI). 

I quantified the amount of DNA present in all extractions using a ThermoFisherTM Qubit 

(Appendix II, Section D, Table 1). 

Using a polymerase chain reaction (PCR), I amplified DNA in overlapping fragments ranging 

from 139-1,012bp, depending on the DNA quality of each specimen. The 12S, 16S, cytb, and 

Dloop mitochondrial genes were targeted using primers designed to span the entirety of each gene 

(Table 1, Figure 1). I designed 12S, 16S, and Dloop primers to amplify approximately 250bp 
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regions with 50bp of overlap (Figure 1). I designed primers to have similar annealing 

temperatures, within 1°C, and with GC content of at least 60%. In some cases, the GC content 

criterion resulted in targeted priming sites that had less than 50bp of overlap (Figure 1). Primers 

for cytb were taken from (Stone and Cook, 2002). For all PCRs, I used a negative and positive 

control. I performed PCR amplifications in 20 µL volumes and amplified each gene using 1X 

PCR buffer, 2 mM MgCl2, 200 µM dNTP, 1 mg/ml BSA, 1.25 U ApexTM Taq, and 0.4 µM of 

each primer. The PCR was conducted on a Labnet International Inc., Multigene Optimax 

thermocycler and cycling conditions were as follows: 95°C for 10 min; 35 cycles of 95°C for 15 

s, 52-60°C for 90 s, 72°C for 30 s; 72°C for 5 min. I evaluated the success of each amplification 

by running 5 µL of dyed PCR product on a 2% agarose gel and imaging using a BioRad Gel Doc 

XR system (for detailed protocol see Appendix VII). 

I cleaned all PCR products using an Exo-Sap cleaning procedure and Sanger sequenced all 

forward and reverse strands on an Applied Biosystems 3130xl Genetic Analyzer (for detailed 

protocol see Appendix VIII). DNA sequences were then edited using CLC Main Workbench 

(Qiagen Bioinformatics). 

 

Alignment 

Sequences obtained for 12S, 16S, Dloop, and cytb were initially short amplicons which had to be 

assembled against a reference genome. Here, I used the mitochondrial genome of M. foina 

(HM106325.1) as a reference. I assembled all sequences using CLC Main Workbench (Qiagen 

Bioinformatics). Once assembled, I aligned the sequences for 12S, 16S, and Dloop independently 

against the mitochondrial genome of Martes foina (HM106325.1), which then acted as an 

outgroup in later phylogenetic analyses. I aligned all sequences using MEGA7 (Kumar et al., 

2016). I aligned the cytb genes obtained from GenBank without a reference genome as these 
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sequences had already been assembled prior to publication. I chose the ClustalW algorithm with 

the default parameters for all alignments and manually corrected any misalignments. 

 

Required Gene Length 

To determine the sequence length necessary to produce accurate phylogenetic relationships, I 

compared the topology and best-fit nucleotide substitution models of subsampled sequences. I did 

this for 12S, 16S, Dloop, and cytb independently. First, I subsampled each gene alignment in 

100bp increments from the 3’ end and saved each subsample as a new sequence (Figure 2A). This 

was done in each gene until approximately 100bp remained. I then determined the best-fit 

nucleotide substitution model for each subsampled sequence using a Neighbor-Joining (NJ) tree 

and Maximum Likelihood (ML) statistical method with complete site deletion. I chose the best-fit 

nucleotide substitution model as those with the lowest Akaike information criterion (AIC). Next, 

I ran a ML phylogeny for each subsampled sequence using the best-fit nucleotide substitution 

model with complete site deletion and 500 bootstrap replicates to determine nodal support (Figure 

2B). All analyses were run in MEGA7 (Kumar et al., 2016). Finally, I tested for statistical 

differences between tree topologies created from the complete and subsampled sequences using 

an SH test (Shimodaira, 1998; Shimodaira and Hasegawa, 1999) in PAUP*4.0b (Swofford, 

2002). This analysis treats each phylogeny as a model whose goodness of fit is tested against the 

full gene alignment by calculating a natural log-likelihood value. The natural log-likelihood 

values are then ranked and those topologies with values significantly different from the best-fit 

topology are assigned a significant p-value (α≤0.05) (Figure 2C). I then repeated each of these 

steps with sequences subsampled from the 5’ end. 

 

Required Gene in Concatenated Sequence 
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To determine which of the four genes was required in a concatenated sequence to produce 

accurate phylogenetic relationships, I concatenated 12S, 16S, Dloop, and cytb sequences from 

eight specimens of M. americana and M. caurina, with M. foina as an outgroup. I then 

subsampled this sequence four times, removing one gene each time, resulting in a concatenated 

sequence of three genes for each analysis (Figure 2A). I tested each subsampled concatenated 

sequence for the best-fit nucleotide substitution model using a NJ tree method and again chose 

the model with the lowest AIC. I then ran a ML phylogeny for each new sequence using the best-

fit nucleotide substitution model with complete site deletion and 500 bootstrap replicates (Figure 

2B). These analyses were run in MEGA7 (Kumar et al., 2016). Finally, I compared the tree 

topologies of each subsampled concatenated sequence to that produced from the full sequence 

using an SH test (Shimodaira, 1998; Shimodaira and Hasegawa, 1999) (Figure 2C). Again this 

analysis was conducted in PAUP*4.0b (Swofford, 2002). 

 

 

Results 

Genetic Sequences 

From the 29 sampled specimens, I successfully sequenced 12S in 19 individuals, 16S in 9 

individuals, and Dloop in 23 individuals. The published complete mitochondrial genome of M. 

americana indicates the length of these genes is as follows: 12S=959bp; 16S=1572bp; and Dloop 

approximately 500bp within the 1068bp of control region. I experienced difficulty in binding 

primers outside each gene that would amplify the beginning and end nucleotides. This is likely 

due to a high amount of genetic variation in the tRNA regions surrounding these genes. In 

addition, in some specimens there was no overlap in primer sets due to poor sequence quality at 

the beginning and end of reads. This resulted in some missing base pairs within the sequences. In 
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total, I sequenced all but approximately 200bp of each gene. While these missing sites remained 

in the gene alignments, missing sites were not considered in the ML phylogenetic analyses 

because I assigned a complete site deletion criterion. The final sequenced gene lengths were 

691bp of 12S, 1335bp of 16S, and 540bp of Dloop/control region. Cytb sequences were complete 

and were 1140bp in length. GC content within each gene was as follows: 46% in 12S; 40% in 

16S; 44% in Dloop; and 46% in cytb. 

As expected, each gene had a different amount of variation among specimens. There were 36 

polymorphic sites in 12S (Table 2), 93 in 16S (Table 3), 82 in Dloop (Table 4), and 51 in cytb 

(Table 5). Sites of variation were predominantly single nucleotide polymorphisms (SNPs) and 

were relatively evenly distributed throughout each gene. The genes averaged the following 

number of polymorphic sites per 100bp: 12S had 5; 16S had 7; Dloop had 13; and cytb had 4. In 

12S, 16S, and Dloop most of the polymorphic sites were between M. foina and the two American 

marten species. If these polymorphic sites are not considered, then between M. americana and M. 

caurina variation averaged 2 polymorphic sites in 12S, 4 sites in 16S, and 11 sites in Dloop per 

100bp. Some of the polymorphic sites contained ambiguous nucleotides. These may indicate 

heteroplasmy in an individual, which has been reported in other taxa (e.g., Chinnery et al., 2000; 

Magnacca and Brown, 2010; Paduan and Ribolla, 2008; Robison et al., 2015; Rokas et al., 2003), 

or they may be a result of poor sequence quality.  

 

Required Gene Length 

The best-fit genetic nucleotide substitution models for each gene differed as the gene was 

subsampled. In 12S, the best-fit nucleotide substitution model for both the 3’ and 5’ subsamples 

was TN93. This model changed, however, once the subsampled gene lengths decreased to 191bp 

in the 3’ cut and 291bp in the 5’ cut (Table 6). The 3’ subsamples of 16S transitioned from one 
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best-fit nucleotide substitution model to another after approximately one-half of the gene was 

removed. This transition was between TN93+G and HKY+G. The 5’ subsamples of 16S were 

much more variable in their best-fit nucleotide substitution models, transitioning between 

TN93+G, GTR+G, TN93, HKY, and TN92 (Table7). Dloop 3’ and 5’subsamples had a HKY+G 

best-fit nucleotide substitution model until the gene length decreased to 140bp. At this point, the 

model transitioned to TN93+I (Table 8). Finally, cytb 3’ subsamples had five best-fit nucleotide 

substitution models, HKY+G, TN93+G, TN93, HKY+Y, and HKY. These models transitioned 

frequently once the sequence length was approximately half of the original length. Once the gene 

length of the 5’ subsamples was ≤740bp the best-fit nucleotide substitution model transitioned 

from HKY+G to TN93 (Table 9). 

The SH test indicated that the required gene length to achieve a topology that did not differ from 

the best-fit topology varied widely between each gene (Figure 3). In 12S, the best-fit tree 

topology was at 591bp of the original 691bp for both the 3’ and 5’ cuts. In the 3’ cut none of the 

topologies differed significantly, while in the 5’ cut the topology produced from 491bp differed 

(Table 10). This topology had longer branch lengths and fewer nodes than the best-fit phylogeny 

(Figure 3). In 16S, the best-fit topology varied between the 3’ and 5’ cuts, with 735bp of the 

original 1335bp as the best-fit model in the 3’ cut and 535bp in the 5’ cut. There was no topology 

that significantly differed from the best-fit tree in the 3’ subsamples. In the 5’ subsamples, 

however, the topology produced from 135bp did significantly differ (Table 10), with incorrect 

placement of the outgroup (Figure 3). The 3’ and 5’ subsamples of Dloop both had a best-fit tree 

topology produced from 340bp of the original 540bp and significantly different topologies 

produced from ≤140bp (Table 10). Many of the nodes that were present in the best-fit topology 

were collapsed once the sequence length reached 140bp (Figure 3). Finally, analysis of cytb 

indicated the best-fit topology resulted from the entire gene, 1140bp. Those topologies produced 

from ≤340bp in the 3’ cut or ≤440bp in the 5’ cut significantly differed from the full gene 
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topology (Table 10). In both significantly different topologies, nodes were collapsed and branch 

lengths within some clades increased relative to the best-fit topology (Figure 3). 

 

Required Genes in Concatenated Sequence 

The best-fit nucleotide substitution model differed depending on which gene was removed from 

the concatenated sequence. When all four genes were present, the best-fit nucleotide substitution 

model was TN93+G. This model remained after cytb was removed from the concatenated 

sequence. The removal of either 12S or Dloop resulted in GTR+G and the removal of 16S 

resulted in HKY+G as the best-fit nucleotide substitution models (Table 11). 

The SH test indicated the removal of some genes from the concatenated sequence did alter the 

resulting topology. The best-fit tree topology was constructed using the complete concatenated 

sequence (Table 12). The topologies constructed from sequences missing 16S or cytb were 

significantly different from the best-fit topology. These topologies both differed in branch lengths 

and had a reduced number of clades compared to the best-fit tree (Figure 4). The removal of 12S 

and Dloop did not change the topology significantly (Table 12). 

 

 

Discussion 

The results of this study indicate that accurate phylogenetic relationships can be recovered from 

minimal lengths of the 12S, 16S, Dloop, and cytb mitochondrial genes. Tree topologies 

constructed from subsamples of 12S, 16S, and Dloop do not significantly differ in sequences 

exceeding 140bp in length, with the exception of 12S when cut from the 5’ end (Table 10). This 
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suggests short fragments of these genes are phylogenetically informative and that the 

evolutionary relationships hypothesized from partial aDNA sequences of these genes may be 

accurate. Cytb, however, required a greater sequence length, with sequences >340bp producing 

statistically similar topologies (Table 10). The genetic variation within cytb is similar to that in 

12S and 16S, averaging five SNPs per 100bp. The longer required gene length in cytb may be 

because this alignment lacked M. foina as an outgroup. It is possible the increased genetic 

variation introduced by M. foina in the 12S, 16S, and Dloop alignments resulted in statistically 

similar tree topologies at smaller sequence lengths. Future analyses including M. foina in the cytb 

alignment may result in shorter required gene lengths. If so, it suggests that the required gene 

lengths differ between interspecific and intraspecific datasets. 

Whether a sequence was sampled from the 3’ or 5’ end influenced which tree topologies were 

determined to be the best-fit and which significantly different from the best-fit. Most of the 

variation seen between individuals were SNPs. While these sites were fairly evenly distributed in 

each gene, there were some regions with higher variation. By subsampling each gene from both 

the 3’ and 5’ end, I removed these phylogenetically informative regions at different stages. This 

in turn resulted in differing required lengths within a single gene. For example, in 16S the best-fit 

tree topology was constructed from 735bp when subsampled from the 3’ end and 535bp when 

cropped from the 5’ end. In addition, 12S and cytb required longer sequences to produce accurate 

phylogenetic relationships when subsampled from the 5’ end. This is because there is a higher 

concentration of SNPs at the 3’ end of each of these genes. These SNPs are removed in the 3’ 

subsamples but not the 5’ subsamples, making 5’ subsamples more phylogenetically informative. 

The results of this study indicate that accurate phylogenetic relationships can be constructed when 

some genes are missing from specimens in a concatenated genetic sequence. The removal of 16S 

and cytb from the concatenated sequence resulted in significantly different tree topologies while 

the removal of 12S and Dloop did not. This suggests 16S and cytb are the most phylogenetically 
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informative of the sampled genes in M. americana and M. caurina. Because genes degrade at 

differing rates under different conditions (Gilbert et al., 2005; Gilbert et al., 2003b) it is often 

difficult to amplify the same genes consistently across many specimens. As a result, many 

specimens are removed from studies because they lack one or more of the targeted genes. The 

results found here, however, suggest that this removal may be unnecessary and that as long as the 

most informative genes are present at appropriate lengths, the evolutionary relationships of these 

specimens can still be recovered. This would allow for the inclusion of more specimens with less 

ideal DNA quality in aDNA studies. 

The topologies found to be significantly different from the best-fit tree had several collapsed 

nodes and variable branch lengths (Figures 3 and 4). Many researchers rely on aDNA sequences 

to determine the taxonomic status of extinct species, particularly of those thought to have recently 

diverged (e.g., Barnett et al., 2009; Orlando et al., 2013; Ozawa et al., 1997; Rohland et al., 2010; 

Willerslev et al., 2009), and to determine rates and timing of molecular and morphological 

evolution (e.g., Debruyne et al., 2008; Germonpré et al., 2009; Haile et al., 2010; Orlando et al., 

2013; Orlando et al., 2009). These studies rely on accurate node placement and branch lengths 

within a topology. The results of this study suggest that both accurate node placement and branch 

lengths can be recovered from minimal sequence lengths. This is again promising for aDNA 

studies and the potential inclusion of specimens with poor DNA quality.   

The required genes and gene lengths calculated here can be applied to aDNA studies in both 

initial gene targeting and in the post-sequencing pipeline. This study suggests primers and baits 

can be designed to capture portions rather than entire genes. This is advantageous because 

successfully targeting and capturing complete genes in degraded aDNA can be challenging 

despite recent advances in Next-Generation (Next-Gen) sequencing methods (Carpenter et al., 

2013; Horn, 2012; Rizzi et al., 2012). Instead, researchers can target regions that have less 

variation at binding sites, increasing the likelihood of successful amplification. Next-Gen 
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sequencing produces reads of multiple short fragments per sample, which are then concatenated 

to produce a more complete sequence (Gogol-Döring and Chen, 2012; Kircher, 2012; Magi et al., 

2010). Including a step in the post-sequencing pipeline that targets the required genes and 

removes all concatenated sequences that do not meet minimum length requirements may increase 

analytical accuracy. 

The effects of aDNA degradation on the accuracy of results has been recognized by other 

researchers (e.g., Axelsson et al., 2008; Ho et al., 2007; Ho et al., 2011; Rambaut et al., 2009). 

DNA degradation often results in the loss of amino groups, transforming one nucleotide into 

another. This process, called deamination, transforms cytosine (C) into uracil (U) and adenine (A) 

into guanine (G) (Gilbert et al., 2003a; Gilbert et al., 2005; Gilbert et al., 2003b; Hofreiter et al., 

2001). These transformations can appear as false variation between specimens, resulting in 

inaccurate interpretations of population size, evolutionary rate, genetic diversity, and 

phylogenetic relationships. To account for this, researchers have begun to implement both lab 

methods, such as sequence replication (Rambaut et al., 2009; Shapiro et al., 2004), and post-

sequencing priors that recognize and account for these potential errors (Ho et al., 2007; Mateiu 

and Rannala, 2008; Rambaut et al., 2009). Applying analyses such as these to sequences of 

appropriate lengths will result in more accurate interpretations of the evolution of ancient 

populations and species. 

While the required gene lengths calculated here are specific to M. americana and M. caurina, 

they may still be informative for other mammalian taxa. For example, within the cyt b gene of 

two closely related species of Martes, the Japanese marten (M. zibellina) and the sable (M. 

melampus), there are 72 polymorphic sites (Kurose et al., 1999). In another mustelid species, the 

Eurasian badger (Meles meles), cytb has 97 polymorphic sites among populations (Kurose et al., 

2001). In more distantly related species such as the Siberian chipmunk (Tamias sibiricus), 

populations exhibit 213 polymorphic sites in cytb (Lee et al., 2008). These examples suggest that 
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the number of cytb polymorphic sites seen in North American Martes (51), and perhaps in the 

other mitochondrial genes of these species, are conservative. Because accurate phylogenetic 

relationships can be produced from >340bp of cytb in M. americana and M. caurina, then even 

shorter sequences may be successful in taxa with more genetic variation. Future analysis of 

required sequence lengths across taxa with higher amounts of genetic variation will aid in 

determining whether Martes reflects a more conservative required gene length. 

 

 

Conclusions 

The results of this study suggest that the most commonly used mitochondrial genes in aDNA 

studies can produce accurate phylogenetic relationships from minimal sequence lengths. In North 

American Martes only about a quarter of the 12S, 16S, Dloop, and cytb genes are required. In 

addition, accurate phylogenetic relationships can be constructed from concatenated sequences 

that are missing genes, provided that the most informative genes are present. This is beneficial for 

aDNA studies, where DNA is often so fragmented it is difficult to amplify and sequence an entire 

gene. As Next-Gen full genome sequencing becomes more common, expansion of this type of 

study into other commonly used mitochondrial and nuclear genes may be beneficial. This will 

allow researchers to target shorter amplicons and place required length criteria within their post-

sequencing pipelines, ensuring only samples with the most phylogenetically informative genes at 

appropriate lengths are included in final analyses. Furthermore, by combining these methods with 

those used to correct for aDNA damage, it will be possible to produce more accurate phylogenetic 

relationships in extinct taxa. 
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Tables 

Table 1. Gene Primer Sequences and Annealing Temperatures 

Gene Primer Forward Sequence Reverse Sequence Annealing Temp C 

12S 1 GCCTAGAAGAGTC

ACAAGAC 

CACTGCTGTATCCCG

TGG 

60 

 2 GAGCGGGCATCAG

G 

CGCCGTGAGCCTAT

TAATTC 

52 

 3 CGTGCCAGCCACC GGCTGGGCATAGTG

G 

52 

 4 CTCCAACAACACG

ATAGCTG 

CGATTACAGAACAG

GCTCC 

60 

 5 GGACTTGGCGGTGC CATGGCCCTATTCA

ACTAAGC 

58 

 6 GGTCAAGGTGTAA

CCCATG 

GGTGTAAGCCAGGT

GC 

58 

16S 1 GCACCTGGCTTACA

CC 

CATCATTCCCTTGCG

GTAC 

52 

 2 CCAACTACCACGAC

ATCC 

CATAGGTAGCTCGT

CTGG 

50 

 3 GCTACCTATGAGCA

ATCCAC 

CTAAGCAAGGTTGT

TTCCTTG 

50 

 4 CCTAACGTATCACT

GGGC 

CAGTGCCTCCAATA

CTGAG 

52 

 5 GCACAAGCTTATAA

CAGTCAACG 

GGCCGTTAAACTAA

TGTCACTG 

52 

 6 CACAGGCGTGCAG

TAAG 

GTTAGACCTGGTTG

GTGG 

52 

 7 GACGAGAAGACCC

TATGGAG 

GATAGCTGCTGCAC

CATC 

54 

 8 GACCTCGATGTTGG

ATCAG 

CAATTACTGGGCTCT

GCC 

54 

Dloop 1 CAACAGCCCCGCC

ATC 

GTGRGGTGCACGGA

TGC 

58 

 2 CGTGCATTAATGGC

TTGCC 

GGATTGAGGACTTC

CATGGC 

58 

 3 CGTGTACCTCTTCT

CGCTC 

GAAGGATAAGCCCA

GCTACAAG 

58 

Cytb 1 CGAYYTACCTGCYC

CATC 

YAGGAACAGGCAGA

TGAAG 

60 

 2 YTCTTCATCTGCCT

GTTCCTG 

GCGAAGAATCGYGT

TAGGGTAG 

60 

 3 CTGAGGAGGATTCT

CGGTAGACAAGG 

GGATTAGGAATAGG

GCGCCTAGG 

60 

 4 CTAGGCGCCCTATT

CCTAATC 

CTGAGTGGGCGGAA

TATCAT 

60 

 5 CAATTRTCCCATTV

CTYCATAC 

RATGGCTGGCATRA

GGAYTAG 

60 
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Table 2. Polymorphic Sites in 12S 

Specimen 2 4 5 6 9 10 11 33 34 35 36 79 99 162 177 

M. foina A T A G T A C C C C A C C A C 

UAM101819 G A G C – · T · · · · T T · · 

UAM24805 G A G C C · · Y Y · · T T · · 

UAM59579 G A G C – · · · · · · T T · · 

UAM101851 – – – – – – – – – – – T T · · 

UAM22680 – A G C – · · · · · · T T · · 

UAM22736 G A G C – · · · · · · T T · · 

UAM101828 G A G C C · · · · · · T T · · 

UWBM81064 – – – – – – – – – – – – – W Y 

UWBM81688 G A G C C · M · Y · · T T · · 

UWBM81025 G A G C – · · · · · · T T · · 

UF31328 G A G C – · · · · · · T T · · 

NY14242 G A G C – · · · · · · T T · · 

USNM600580 – – – – – – – – – · · T T · · 

USNM600583 – A G C – · · · · · · T T · · 

USNM592896 – A G C – – – · T K K T T · · 

USNM592895 G A G C C · · · · · · T T · · 

USNM600579 G A G C – M M · T · · T T · · 

USNM592316 G A G C C · · · · · · T T · · 

USNM600581 G A G C – · · · · · · T T · · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 188 190 219 232 238 265 268 338 345 356 357 414 438 480 482 499 

M. foina A A T T C T C T T T A C A T A C 

UAM101819 · G · · T C C · C · G T G C · · 

UAM24805 · G · · T C C · C · G T G C M · 

UAM59579 · G · · T C C · C · G T G C · · 

UAM101851 · G · · T C C · C · G T G C · M 

UAM22680 · G · · T C C · C · G T G C · · 

UAM22736 · G · · T C C · C · G T G C · · 

UAM101828 · G · · T C C · C · G T G C · · 

UWBM81064 R G · Y T C C · C Y G · G C M Y 

UWBM81688 · G · · T C C · C · G · G C · · 

UWBM81025 · G · · T C C · C · G · G C · · 

UF31328 · G · · T C C · C · G T G C · · 

NY14242 · G D · T C C · C · G T G C · · 

USNM600580 · G · · T C C · C · G T G C M Y 

USNM600583 · G · · T C C C C · G T G C · · 

USNM592896 · G · · T C C · C · G T G C · · 

USNM592895 · G · · T C C · C · G T G C · · 

USNM600579 · G · · T C C · C · G T G C · · 

USNM592316 · G · · T C C · C · G T G C · · 

USNM600581 · G · · T C C · C · G T G C · · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 542 628 631 639 654 688 

M. foina T C T G C A 

UAM101819 C T · A T G 

UAM24805 C T – · – – 

UAM59579 C T · · – – 

UAM101851 C T · · – – 

UAM22680 C – – – – – 

UAM22736 C T · A T G 

UAM101828 C T · A T G 

UWBM81064 · – – – – – 

UWBM81688 · T · A T G 

UWBM81025 · T · A T G 

UF31328 C T · A T G 

NY14242 C T – A T – 

USNM600580 C – – – – – 

USNM600583 C T · A – – 

USNM592896 C T · A T G 

USNM592895 C T · A T G 

USNM600579 C T · A T G 

USNM592316 C T · A T G 

USNM600581 C T · A T G 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 3. Polymorphic Sites in 16S 

Specimen 10 13 17 25 43 49 116 119 139 149 178 187 188 198 205 

M. foina T A A – C C G T C G C G A G A 

UAM101828 C G T · G A A C A A T · · A C 

UAM24794 C G C · G A A C A A T · · A C 

NY14241 C G T · G A A C A A T · · A C 

UWBM81688 C G T A A · A C T A T · · A C 

USNM592316 C G T · G A A C A A T · T A C 

UF31427 C – – A A · A C T A T · · A C 

UAM101819 C G T · G A A C A A T A · A C 

MSB 197115 C G C · G A A C A A T · · A C 

MSB 196581 C G T A A · A C T A T · · A C 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 3 continued 

Specimen 207 222 223 233 234 235 276 285 286 287 291 292 294 303 305 

M. foina C G A G A G A G C A G T A C T 

UAM101828 T · G · · · · · · · · · · · · 

UAM24794 T · · · · · · · · · · · · · · 

NY14241 T · · · · · · · · · · · · · · 

UWBM81688 · · G · · T · · · · · · · · · 

USNM592316 T · · · G · · · · · · · · · · 

UF31427 · – · – – – W K Y R R K W M Y 

UAM101819 T A · K · · · · · · · · · · · 

MSB 197115 T · · · · · · · · · · · · · · 

MSB 196581 · · · · · · · · · · · · · · · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 3 continued 

Specimen 319 343 345 351 368 380 381 390 396 405 432 438 447 449 451 

M. foina A C C G G A A T T G G A C T T 

UAM101828 · T T A A – – · · A A · · · · 

UAM24794 · T T A A – – · · A A · · · K 

NY14241 · T T A A – – · · · A · · · · 

UWBM81688 · T T A A · – · · · A · · · · 

USNM592316 · T T A A – – · · · A T G A · 

UF31427 R T T A A – – K – – – – – – · 

UAM101819 · T T A A – – · · · A · · · · 

MSB 197115 · T T A A – – · · · A · · · · 

MSB 196581 · T T A A – – · · · A · · · · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 3 continued 

Specimen 460 465 469 471 477 478 497 511 513 514 516 526 535 557 564 

M. foina T A T G T A T T A C – C T T C 

UAM101828 · · T A · G C A C A T T C C T 

UAM24794 · R T A · G C A C A T T C C T 

NY14241 C · T A · G C A C A T T C C T 

UWBM81688 · · T A Y G C A C A T T C C T 

USNM592316 · · T A · Y C A C A T T C C T 

UF31427 · · T A · G C A C A T T C C T 

UAM101819 · · T A – G C A C A T T C C T 

MSB 197115 · · T A · G C A C A T T C C T 

MSB 196581 · · T A · G C A C A T T C C T 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 3 continued 

Specimen 645 677 754 805 824 827 829 859 880 881 898 899 903 909 910 

M. foina C C C T G T C C A T C A T G A 

UAM101828 T T T C A G T T G A · · C A G 

UAM24794 T T T C A G T T G A · · C A G 

NY14241 T T T C A G T T G A · · C A G 

UWBM81688 T T T C A A T T G A · · C A G 

USNM592316 T T T C A G T T G A · · C A G 

UF31427 T T T C A A T T G A A G C A G 

UAM101819 T T T C A G T T G A · · C A G 

MSB 197115 T T T C A G T T G A · · C A G 

MSB 196581 T T T C A A T T G A · · C A G 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 3 continued 

Specimen 923 924 984 990 1014 1131 1205 1233 1234 1263 1264 1278 1279 1284 1285 

M. foina A G T A C C C A C A A T A A A 

UAM101828 G A C · T T T · · M M Y M C T 

UAM24794 G A C · T T T · · · · · · · · 

NY14241 G A C · T T T · · · · · · · · 

UWBM81688 G G C T T · T G T · · · · · · 

USNM592316 G A C · T T T · · · · · · · · 

UF31427 G G C T T · T G T · · · · · · 

UAM101819 G A C · T T T · · · · · · · · 

MSB 197115 G A C · T T T · · · · · · · · 

MSB 196581 G G C T T · T G T · · · · · · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 3 continued 

Specimen 1286 1290 1329 

M. foina T T C 

UAM101828 · S · 

UAM24794 · · · 

NY14241 · · · 

UWBM81688 W · T 

USNM592316 · · · 

UF31427 W · T 

UAM101819 · · · 

MSB 197115 · · · 

MSB 196581 · · T 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 4. Polymorphic Sites in Dloop 

Specimen 45 51 52 56 58 59 61 65 68 77 81 85 88 93 95 

M. foina C T C – C A T A C A A C A G T 

UAM24805 T · T · T G C · · · · T C C · 

UAM101819 · · T · T G C · · · · T C C · 

UAM22680 T · T · T G C · · · · T C C A 

UAM22736 T · T · T G C · · · · T C C · 

UAM101828 T · T · T G C · · · · T C C C 

UAM47308 T · T · T G C · · · · T C C · 

UAM24794 T · T · T G C · · · · T C C · 

UAM24808 T · T · T G C · · · · T C C · 

UAM22678 T · T · T G C · · · · T C C · 

UAM59579 T · T · T G C · · · · T C C · 

UWBM81064 T C T C T · C · · · · T C C · 

UWBM81688 T C T C T · C · · · · T C C · 

UWBM81059 T C T C T · C · · · G T C C · 

UF31427 T C T C T · C · · · · T C C · 

NY14388 T · T · T G C V · · · T C C · 

NY14242 T · T · T G C · · · · T C C · 

NY14387 T · T · T G C · · · · T C C · 

NY14241 T · T · T G C · · · · T C C · 

USNM600583 T · T · T G C · · · · T C C · 

USNM592896 T · T · T G C · · · · T C C · 

USNM592316 T · T · T G C · · · · T C C · 

USNM600581 T · T · T G C · · · · T C C · 

USNM600584 T · T · W G Y · Y W · T M C · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 4 continued 

Specimen 97 100 101 102 117 133 138 141 145 149 177 178 183 189 192 

M. foina C – – – – C T A A T A C C T A 

UAM24805 · · · · C T · · · C · · · C G 

UAM101819 · · · · · T · · · C · T · C G 

UAM22680 · · · · · T · · · C · T · C G 

UAM22736 · · · · · T · · R C · T · C G 

UAM101828 · · · · · T · · · C G T · C G 

UAM47308 · · · · · T A · · C · T · C G 

UAM24794 · · · · · T · · · C · T · C G 

UAM24808 · · · · · T · · G C · T · C G 

UAM22678 · · · · · T · · · C · T · C G 

UAM59579 · · · · · T · · · C · T · C G 

UWBM81064 · · · · · T · · · C · · · C G 

UWBM81688 · · · · · T · · · C · T · C G 

UWBM81059 · · · · · T · M · · · T · C G 

UF31427 · · · · · T · · · C · T · C G 

NY14388 A C A G T T · · · C · T T C G 

NY14242 · · · · · T · · · C · T · C G 

NY14387 · · · · · T · · G C · T · C G 

NY14241 · · · · · T · · · C · T · C G 

USNM600583 · · · · · T · · · C · T · C G 

USNM592896 · · · · · T · · · C · T · C G 

USNM592316 · · · · · T · · · C · · · C G 

USNM600581 · · · · · T · · · C · · · C G 

USNM600584 · · · · · T · · · C · · · C G 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 4 continued 

Specimen 196 197 198 203 204 211 214 216 236 251 258 259 262 265 288 

M. foina C C A T C A T A T C T A C G A 

UAM24805 T A G · T G C · · · C C · · · 

UAM101819 T A G · · G C · · · C C T · · 

UAM22680 T G G · · G  · · · C C · · · 

UAM22736 T A G · · G C · · · C C T · · 

UAM101828 T A G C · G C · · · C C T · · 

UAM47308 T A G · · G C · · · C C T · · 

UAM24794 T A G C · G C · · · C C T · · 

UAM24808 T A G · · G C · · · C C T · · 

UAM22678 T A G C · G C · · · C C T · · 

UAM59579 T A G C · G C · · · C C · · · 

UWBM81064 T · G C T G · G · · C C · · · 

UWBM81688 · · G C · G · G · · C C · · · 

UWBM81059 · · G C · G · G · · C C · A · 

UF31427 · · G C · G · · · · C C · · · 

NY14388 T A G · · G C · C · C C · · · 

NY14242 T A G · · G C · · · C C · · M 

NY14387 T A G C · G C · · · C C · · · 

NY14241 T A G · · R C · · · C C · · · 

USNM600583 T A G C · G C · · T C C · · · 

USNM592896 T A G · · G C · · · C T · · · 

USNM592316 T A G · · G C · · · C C · · · 

USNM600581 T A G C · G C · · · C C · · · 

USNM600584 T A G C · G C · · · C C · · · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 4 continued 

Specimen 290 291 292 294 304 309 340 352 379 380 445 449 450 458 469 

M. foina A G C T T C T A T C A A T T T 

UAM24805 G A T · · A C · C T · · · C G 

UAM101819 G A T · · A C · C T · · · C G 

UAM22680 G A T · · A C · C T · · · C G 

UAM22736 G A T · · A C · C T · · · C G 

UAM101828 G A T · · A C · C T · · · C G 

UAM47308 G A T · · A · · C T · · · C G 

UAM24794 G A T · · A C · C T · · · C G 

UAM24808 G A T · · A C · C T · · · C G 

UAM22678 G A T · · A C · C T · · · C G 

UAM59579 G A T C · A C · C T · · · C G 

UWBM81064 · A · · · A · G C T · · · C G 

UWBM81688 · A · · · A · G C T · · · C G 

UWBM81059 · A · · · A · G C T · · · C G 

UF31427 · A · · · A · · C T · M W Y G 

NY14388 G A T · · A C · C T W · · C G 

NY14242 G A T · · A C · C T · – – – – 

NY14387 G A · · C A · · C T · · · C G 

NY14241 G A T · · A C · C T · · · C G 

USNM600583 G A T C · A C · C T · · · C G 

USNM592896 G A T · · A C · C T · · · C G 

USNM592316 G A T · · A C · C T · · · C G 

USNM600581 G A T C · A C · C T · · · C G 

USNM600584 G A T C · A C · C T · · · C G 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 4 continued 

Specimen 470 477 479 480 482 498 504 508 510 511 512 513 514 518 519 

M. foina A G G G C A G A G C C T C G C 

UAM24805 G A A A T G A · · · · · · · · 

UAM101819 G A A A T G A · · · · · · · · 

UAM22680 G A A A T G A · · · · · · · · 

UAM22736 G A A A T G A · · · · · · · · 

UAM101828 G A A A T G A · · · · · · · · 

UAM47308 G A A A T G A · · · · K S R · 

UAM24794 G A A A T G A · · · · · · · · 

UAM24808 G A A A T G A · · · · · · · · 

UAM22678 G A A A T G A · · · · · · · · 

UAM59579 G A A A T G A · · · · · · · · 

UWBM81064 G A A A T G · · · · · · · · · 

UWBM81688 G A A A T G · · · · · · · · · 

UWBM81059 G A A A T G A · C · T – – – – 

UF31427 G A A A T G G · C T – – – – – 

NY14388 G A A A T G A · A · – – – – – 

NY14242 – – – – – – – – – – – – – – – 

NY14387 G A A A T G A · · · · · · S · 

NY14241 G A A A T G A · · · · · · · · 

USNM600583 G A A A T G A R · · · · · N – 

USNM592896 G A A A T G A · · · · · · · · 

USNM592316 G A A A T G A · · · · · · R · 

USNM600581 G A A A T G A · · · · · · S M 

USNM600584 G A A A T G A · · · · · · – – 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 4 continued 

Specimen 521 522 523 525 527 531 539 

M. foina G T C G T T G 

UAM24805 R · · A · · · 

UAM101819 R · · A · · · 

UAM22680 · · · A · · · 

UAM22736 · · · A W · · 

UAM101828 · · · A · · · 

UAM47308 S · W A W W · 

UAM24794 · – – – – – – 

UAM24808 R W M A · · · 

UAM22678 R · · A · · · 

UAM59579 R · M A W · · 

UWBM81064 · · · A · · · 

UWBM81688 · · · A · – – 

UWBM81059 – – – – – – – 

UF31427 – – – – – – – 

NY14388 – – – – – – – 

NY14242 – – – – – – – 

NY14387 S M · A · · · 

NY14241 S · · A · · · 

USNM600583 – – – – – – – 

USNM592896 T W · A · · · 

USNM592316 A · · A · · · 

USNM600581 A · · A · · N 

USNM600584 – – – – – – – 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5. Polymorphic Sites in Cytochrome b 

Specimen 48 60 61 69 82 156 198 243 268 294 300 318 330 345 438 

AF154974.1 T C C C T C T C T C A T C T T 

AF154973.1 · · · · · · · · · · · · · · · 

AF154972.1 · · · · · · · · · · · · · · · 

AF154971.1 C · T T · T · · · T G · T · · 

AF154970.1 · · · · · · C · · · · · · · · 

AF154969.1 · · T T · · · · · T G · T · · 

AF154968.1 · · T T · · · · · T G · T · · 

AF154967.1 · · T T · · · · · T G · T · · 

AF154966.1 · · T T · · · · · T G · T · · 

AF154965.1 · · T T · · · · · T G · T · · 

AF154964.1 · · T T · · · · · T G · T · · 

NC020642.1 · · T T · · · · · T G · T · · 

AF057130.1 · · T T · · · · · T G · T · · 

HM106324.1 · · T T · · · · · T G · T · · 

AY121352.1 · · T T · · · · · T G · T · · 

AY121344.1 · · T T · · · · · T G · T · · 

AY121341.1 · · T T · · · · · T G · T · · 

AY121321.1 · · T T · · · · · T G · T · · 

AY121318.1 · · T T · · · · · T G · T · · 

AY121280.1 · · T T · · · · · T G · T · · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 continued 

Specimen 48 60 61 69 82 156 198 243 268 294 300 318 330 345 438 

AY121279.1 · · T T · · · · · T G · T · · 

AY121277.1 · · T T · · · · · T G · T · · 

AY121275.1 · · T T · · · · · T G · T · · 

AY121273.1 · · T T · · · · · T G · T · · 

AY121250.1 C · T T · · · · · T G · T · · 

AY121249.1 C · T T · · · · · T G · T · · 

AY121193.1 C · T T · · · · · T G · T · · 

AY121187.1 C · T T A · · · · T G · T · · 

EU873311.1 C · T T A · · · · T G · T · · 

EU873310.1 · · · · · · · · · · · · · · · 

EU873309.1 · · · · · · · T · · · · · · · 

EU873308.1 · · · · · · · · · · · · · · · 

EU873307.1 · · · · · · · · · · · · · · · 

EU873304.1 · · · · · · C · · · · · · · · 

EU873303.1 · · · · · · · · · · · · · C · 

EU873302.1 · · · · · · · · · · · · · C · 

EU873301.1 · · · · · · · · · · · · · · · 

EU873300.1 · · · · · · · · · · · · · · · 

EU873299.1 C · T T · T · · · T G · T · · 

EU873298.1 C · T T · · · · · T G · T · · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 continued 

Specimen 48 60 61 69 82 156 198 243 268 294 300 318 330 345 438 

EU873297.1 C · T T · · · · · T G · T · · 

EU873296.1 C · T T · · · · C T G · T · · 

EU873295.1 · · T T · · · · · T G · T · · 

EU873294.1 C · T T · · · · · T G · T · · 

EU873293.1 · · T T · · · · · T G · T · C 

EU873292.1 C · T T · · · · · T G · T · · 

EU873291.1 · · · · · · · · · · · · · · · 

EU873290.1 · · · · · · · · · · · · · · · 

EU873289.1 · · · · · · · · · · · · · · · 

EU873288.1 · · · · · · · · · · · C · · · 

EU873287.1 C · T T · · · · · T G · T ·  

AF448238.1 C · T T · · · · · T G · T ·  

AF448237.1 C · T T · · · · C T G · T ·  

AF268274.1 C T T T · · · · · T G · T ·  

AF268273.1 · · T T · · · · · T G · T ·  

AF268272.1 · · T T · · · · · T G · T ·  

AB051234.1 · · T T · · · · · T G · T ·  

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 continued 

Specimen 445 447 468 477 480 528 549 565 567 569 576 585 603 618 713 

AF154974.1 T G C T T G C A C C A T C T T 

AF154973.1 · · · · · · T · · · · · · · · 

AF154972.1 · · · · · · T · · · · · · · · 

AF154971.1 C A · C C · T · · T G A T · C 

AF154970.1 · · · · · · T · · · · · · · · 

AF154969.1 C A · · C A T G · T G A T · C 

AF154968.1 C A · · C A T G · T G A T · C 

AF154967.1 C A · · C A T G · T G A T · C 

AF154966.1 C A · · C A T G · T G A T · C 

AF154965.1 C A · · C A T G · T G A T · C 

AF154964.1 C A · · C A T G · T G A T · C 

NC020642.1 C A · · C A T G · T G A T · C 

AF057130.1 C A · · C A T G · T G A T · C 

HM106324.1 C A · · C A T G · T G A T · C 

AY121352.1 C A · · C A T G · T G A T · C 

AY121344.1 C A · · C A T G · T G A T · C 

AY121341.1 C A · · C A T G T T G A T · C 

AY121321.1 C A · · C A T G · T G A T · C 

AY121318.1 C A · · C A T G · T G A T · C 

AY121280.1 C A · · C A T G · T G A T · C 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 continued 

Specimen 445 447 468 477 480 528 549 565 567 569 576 585 603 618 713 

AY121279.1 C A · · C A T G · T G A T · C 

AY121277.1 C A · · C A T G · T G A T · C 

AY121275.1 C A · · C A T G · T G A T · C 

AY121273.1 C A · · C A T G · T G A T · C 

AY121250.1 C A · · C · T · · T G A T · C 

AY121249.1 C A · · C · T · · T G A T · C 

AY121193.1 C A · · C · T · · T G A T · C 

AY121187.1 C A · · C · T · · T G A T · C 

EU873311.1 C A · · C · T · · T G A T · C 

EU873310.1 · · · · · · T · · · · · · · · 

EU873309.1 · · · · · · T · · · · · · · · 

EU873308.1 · · · C · · T · · · · · · · · 

EU873307.1 · · · C · · T · · · · · · · · 

EU873304.1 · · · · · · T · · · · · · · · 

EU873303.1 · · · · · · T · · · · · · · · 

EU873302.1 · · · · · · T · · · · · · · · 

EU873301.1 · · · · · · T · · · · · · · · 

EU873300.1 · · · · · · T · · · · · · · · 

EU873299.1 C A · C C · T · · T G A T · C 

EU873298.1 C A T · C · T · · T G A T · C 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 continued 

Specimen 445 447 468 477 480 528 549 565 567 569 576 585 603 618 713 

EU873297.1 C A · · C · T · · T G A T · C 

EU873296.1 C A · · C · T · · T G A T · C 

EU873295.1 C A · · C A T G · T G A T C C 

EU873294.1 C A · · C · T · · T G A T · C 

EU873293.1 C A · · C A T G · T G A T · C 

EU873292.1 C A · · C · T · · T G A T · C 

EU873291.1 · · · · · · T · · · · · · · · 

EU873290.1 · · · · · · T · · · · · · · · 

EU873289.1 · · · · · · T · · · · · · · · 

EU873288.1 · · · · · · T · · · · · · · · 

EU873287.1 C A T · C · T · · T G A T · C 

AF448238.1 C A · · C · T · · T G A T · C 

AF448237.1 C A · · C · T · · T G A T · C 

AF268274.1 C A · · C · T · · T G A T · C 

AF268273.1 C A · · C A T G · T G A T · C 

AF268272.1 C A · · C A T G · T G A T · C 

AB051234.1 C A · · C A T G · T G A T · C 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 continued 

Specimen 722 732 770 783 792 810 813 841 843 897 898 910 918 921 987 

AF154974.1 C A T A G C A T A G G A G T A 

AF154973.1 T · · · · · · · · · · · · · · 

AF154972.1 T · · · · · · · · · A  A · · 

AF154971.1 T · · G A T G C G A · G · C G 

AF154970.1 T · · · · · · · · · · · · · · 

AF154969.1 T · · G A T G C G A · G · C · 

AF154968.1 T · · G A T G C G A · G C C · 

AF154967.1 T · · G A T G C G A · G C C · 

AF154966.1 T · · G A T G C G A · G C C · 

AF154965.1 T · · G A T G C G A · G C C · 

AF154964.1 T · · G A T G C G A · G C C · 

NC020642.1 T · · G A T G C G A · G C C · 

AF057130.1 T · · G A T G C G A · G C C · 

HM106324.1 T · · G A T G C G A · G C C · 

AY121352.1 T · · G A T G C G A · G C C · 

AY121344.1 T · · G A T G C G A · G C C · 

AY121341.1 T · · G A T  C G A · G · C · 

AY121321.1 T · · G A T G C G A · G C C · 

AY121318.1 T · · G A T G C G A · G C C · 

AY121280.1 T · · G A T G C G A · G C C · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 continued 

Specimen 722 732 770 783 792 810 813 841 843 897 898 910 918 921 987 

AY121279.1 T · · G A T G C G A · G C C · 

AY121277.1 T · · G A T G C G A · G C C · 

AY121275.1 T · · G A T G C G A · G C C · 

AY121273.1 T · · G A T G C G A · G C C · 

AY121250.1 T · · G A T G C G A · G · C G 

AY121249.1 T · · G A T G C G A · G · C G 

AY121193.1 T · · G A T G C G A · G · C G 

AY121187.1 T · · G A T G C G A · G · C G 

EU873311.1 T · · G A T G C G A · G · C G 

EU873310.1 T · · · · · · · · · · · · · · 

EU873309.1 T · · · · · · · · · A · A · · 

EU873308.1 T · · · · · · · · · · · · · · 

EU873307.1 T · · · · · · · · · · · · · · 

EU873304.1 T · · · · · · · · · · · · · · 

EU873303.1 T · C · · · · · · · · · · · · 

EU873302.1 T · C · · · · · · · · · · · · 

EU873301.1 T · C · · · · · · · · · · · · 

EU873300.1 T · C · · · · · · · · · · · · 

EU873299.1 T · · G A T G C G A · G · C G 

EU873298.1 T · · G A T G C G A · G · C G 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 continued 

Specimen 722 732 770 783 792 810 813 841 843 897 898 910 918 921 987 

EU873297.1 T · C G A T G C G A · G · C G 

EU873296.1 T · · G A T G C G A · G · C G 

EU873295.1 T · · G A T G C G A · G · C · 

EU873294.1 T · C G A T G C G A · G · C G 

EU873293.1 T · · G A T G C G A · G · C · 

EU873292.1 T · C G A T G C G A · G · C G 

EU873291.1 T · C · · · · · · · · · · · · 

EU873290.1 T · C · · · · · · · · · · · · 

EU873289.1 T · · · · · · · · · · · · · · 

EU873288.1 T · C · · · · · · · · · · · · 

EU873287.1 T · · G A T G C G A · G · C G 

AF448238.1 T · C G A T G C G A · G · C G 

AF448237.1 T · · G A T G C G A · G · C G 

AF268274.1 T · · G A T G C G A · G · C G 

AF268273.1 T · · G A T G C G A · G · C · 

AF268272.1 T G · G A T G C G A · G · C · 

AB051234.1 T · · G A T G C G A · G · C · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 continued 

Specimen 999 1065 1090 1095 1107 1129 

AF154974.1 C G G C C C 

AF154973.1 · · A · · · 

AF154972.1 · · A · · · 

AF154971.1 T A A T T T 

AF154970.1 · · · · · · 

AF154969.1 T A A T T T 

AF154968.1 T A A T T T 

AF154967.1 T A A T T T 

AF154966.1 T A A T T T 

AF154965.1 T A A T T T 

AF154964.1 T A A T T T 

NC020642.1 T A A T T T 

AF057130.1 T A A T T T 

HM106324.1 T A A T T T 

AY121352.1 T A A T T T 

AY121344.1 T A A T T T 

AY121341.1 T A A T T T 

AY121321.1 T A A T T T 

AY121318.1 T A A T T T 

AY121280.1 T A A T T T 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 continued 

Specimen 999 1065 1090 1095 1107 1129 

AY121279.1 T A A T T T 

AY121277.1 T A A T T T 

AY121275.1 T A A T T T 

AY121273.1 T A A T T T 

AY121250.1 T A A T T T 

AY121249.1 T A A T T T 

AY121193.1 T A A T T T 

AY121187.1 T A A T T T 

EU873311.1 T A A T T T 

EU873310.1 · · A · · · 

EU873309.1 · · A · · · 

EU873308.1 · · A · · · 

EU873307.1 · · A · · · 

EU873304.1 · · · · · · 

EU873303.1 · · A · · · 

EU873302.1 · · A · · · 

EU873301.1 · · A · · · 

EU873300.1 · · A · · · 

EU873299.1 T A A T T T 

EU873298.1 T A A T T T 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 continued 

Specimen 999 1065 1090 1095 1107 1129 

EU873297.1 T A A T T T 

EU873296.1 T A A T T T 

EU873295.1 T A A T T T 

EU873294.1 T A A T T T 

EU873293.1 T A A T T T 

EU873292.1 T A A T T T 

EU873291.1 · · A · · · 

EU873290.1 · · A · · · 

EU873289.1 · · A · · · 

EU873288.1 · · A · · · 

EU873287.1 T A A T T T 

AF448238.1 T A A T T T 

AF448237.1 T A A T T T 

AF268274.1 T A A T T T 

AF268273.1 T A A T T T 

AF268272.1 T A A T T T 

AB051234.1 T A A T T T 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 6. 12S Best-fit Nucleotide Substitution Model  

Cut Sequence Length (bp) Best-fit Model AIC 

3’ 691 TN93 1931.61 

 591 TN93 1226.52 

 491 TN93 1072.75 

 391 TN93 769.40 

 291 TN93 478.19 

 191 K2 190.19 

5’ 691 TN93 1931.61 

 591 TN93 1687.09 

 491 TN93 1393.98 

 391 TN93 1110.52 

 291 HKY 816.16 

 191 TN93 511.59 
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Table 7. 16S Best-fit Nucleotide Substitution Model 

Cut Sequence Length Best-fit Model AIC 

3’ 1335 TN93+G 1375.11 

 1235 TN93+G 3611.77 

 1135 TN93+G 3290.53 

 1035 TN93+G 2991.87 

 935 HKY+G 2677.59 

 835 TN93+G 2303.95 

 735 TN93+G 1969.15 

 635 TN93+G 1656.42 

 535 HKY+G 1365.91 

 435 HKY+G 1071.35 

 335 HKY+G 884.72 

 235 HKY+G 715.93 

 135 HKY+G 392.41 

5’ 1335 TN93+G 1375.11 

 1235 TN93+G 3681.41 

 1135 GTR+G 3313.30 

 1035 TN93 3169.57 

 935 TN93 2888.03 

 835 TN93 2734.23 

 735 HKY 2400.58 

 635 HKY 2102.10 

 535 HKY 1812.66 

 435 HKY 1460.90 

 335 TN92 1080.27 

 235 TN92 793.07 

 135 TN92 499.22 

 

 

 

 

 

 

 

 

 



 

79 
 

Table 8. Dloop Best-fit Nucleotide Substitution Model 

Cut Sequence Length Best-fit Model AIC 

3’ 540 HKY+G+I 1754.32 

 440 HKY+G 1738.12 

 340 HKY+G 1410.62 

 240 HKY+G+I 945.15 

 140 TN93+I 449.83 

5’ 540 HKY+G+I 1754.32 

 440 HKY+G 1738.12 

 340 HKY+G 1410.62 

 240 HKY+G+I 945.15 

 140 TN93+I 449.83 

 

 

Table 9. Cytochrome b Best-fit Nucleotide Substitution Model 

Cut Sequence Length Best-fit Model AIC 

3’ 1140 HKY+G 4029.16 

 1040 HKY+G 3688.20 

 940 HKY+G 3372.14 

 840 HKY+G 3036.91 

 740 HKY+G 2711.23 

 640 TN93+G 2336.18 

 540 TN93+G 1974.60 

 440 TN93+G 1682.03 

 340 TN93 1336.52 

 240 HKY+I 1003.40 

 140 HKY 659.28 

5’ 1140 HKY+G 4029.16 

 1040 HKY+G 3693.48 

 940 HKY+G 3386.47 

 840 HKY+G 3019.89 

 740 TN93 2668.47 

 640 TN93 2360.89 

 540 TN93 1986.27 

 440 TN93 1621.35 

 340 TN93 1312.23 

 240 TN93 959.76 

 140 TN93 658.85 
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Table 10. Results of SH Test for Single Gene Sequences 

Gene 3’ 5’ 

 

Best-fit ln Log 

Significantly 

Different 

(p<0.05) 

ln Log Best-fit ln Log 

Significantly 

Different 

(p<0.05) 

ln Log 

12S 591bp 1105.86 NA NA 591bp 1105.86 491bp 1126.34 

16S 735bp 2280.57 NA NA 535bp 2287.96 ≤135bp 2306.60 

Dloop 340bp 1230.44 ≤140bp 1317.83 340bp 1230.44 ≤140bp 1317.83 

Cytb 1140bp 1915.32 ≤340bp ≥2005.98 1140bp 1915.32 ≤440bp ≥2011.31 
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Table 11. Concatenated Sequence Best-fit Nucleotide Substitution Model 

Removed Gene Best-fit Model AIC 

None TN93+G 10265.09 

12S GTR+G 8125.24 

16S HKY+G 7106.24 

Dloop GTR+G 8396.03 

Cytb TN93+G 7141.73 

 

 

 

 

Table 12. Results of SH Test for Concatenated Gene Sequence 

Removed Gene ln Log p 

None 6217.79 Best-fit 

12S 6217.79 0.77 

16S 6246.05 0.02 

Dloop 6229.06 0.10 

Cytb 6246.05 0.02 
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Figures 
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Figure 1. Primer design overlap in 12S, 16S, Dloop, and cytb. Arrows indicate the region of each 

gene targeted by a primer set. Arrows pointing right represent forward primers and those pointing 

left are reverse primers. The length of the arrow represents the primer sequence length. Matching 

arrow colors within a gene represent primer pairs.  
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Figure 2. Methods used to determine the sequence length necessary in the 12S, 16S, Dloop, and 

cytb genes and a concatenated sequence of the four genes to produce accurate phylogenetic 

relationships. A) Complete or nearly complete gene sequences were subsampled in 100bp 

increments from the 3’ and 5’ ends independently. In addition, the concatenated sequence was 

subsampled by entirely removing one gene. B) I then ran a ML phylogeny for each complete gene 

and each subsample using their best-fit nucleotide substitution model. C) The resulting tree 

topologies were fit to the full gene sequence alignment and the goodness of fit for each topology 

was determined from natural log-likelihood values. Those trees that significantly differed in 

topology from the best-fit tree were interpreted as being too short or not containing the most 

phylogenetically informative genes to produce accurate phylogenetic relationships. 
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Figure 3. Phylogenetic tree topologies from 12S, 16S, Dloop, and cytb that were found by the SH 

test to be the best-fit for the complete sequence data and significantly different from the best-fit 

topology. The topologies on the left are those created from subsampling from the 3’ end and 

those on the right were created by subsampling from the 5’ end. NA indicates no topologies were 

found to be significantly different. Numbers beneath each topology indicate the number of base 

pairs used to construct the phylogeny. Branch colors that are the same in each gene between the 

best-fit and significantly different topologies represent nodes that contain the same specimens and 
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are, therefore, equivalent between the two topologies. Black branches indicate no similarity is 

present. 
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Figure 4. Phylogenetic tree topologies from the concatenated 12S, 16S, cytb, and Dloop gene 

sequences. The topology to the left was created from the entire concatenated sequence and was 

found to be the best-fit to the dataset. The remaining four trees were created from concatenated 

sequences where 12S, 16S, cytb, and Dloop were each removed independently. Significant p-

values indicate the topology was found to significantly differ from the best-fit topology by the SH 

test. Branch colors that are the same in each subsample between the best-fit and significantly 

different topologies represent nodes that contain the same specimens. 
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CHAPTER IV 
 

 

MITOCHONDRIAL PHYLOGENETIC RELATIONSHIPS OF NORTH AMERICAN PINE 

MARTENS, MARTES, CONSTRUCTED FROM MULTIPLE MITOCHONDRIAL GENES 

SUPPORT PLEISTOCENE DIVERSIFICATION OF M. AMERICANA AND M. CAURINA 

 

Introduction 

The taxonomic status of North American pine martens (Martes) has been debated since the late 

1800s (Merriam, 1890). The diverse morphology and pelage of these animals have resulted in the 

recognition of as many as 14 subspecies across their geographic range (Banfield, 1974; Clark et 

al., 1987; Dawson and Cook, 2012). Recently, the evolutionary relationships within living North 

American Martes have been studied using mitochondrial and nuclear DNA. These studies support 

the presence of two clades with distinct geographic ranges (Figure 1). Initially, based on 

cytochrome b (cytb) sequences, these clades were assigned a subspecific status. The geographic 

distribution of these subspecies comprised M. americana americana across the eastern U.S., 

Canada, and Alaska and M. americana caurina found in the western U.S. and Canada, as well as 

Alaskan islands (Cook et al., 2001; Stone et al., 2002). A genetic distance of 2.5-3.0% between 

these two clades was interpreted to be within the range of genetic distances commonly accepted 

for the delineation of mammalian subspecies (Bradley and Baker, 2001; Hoisington-Lopez et al., 

2012; Nava-García et al., 2016; Sackett et al., 2014), further supporting this status. Since these 

studies were conducted, however, researchers have proposed that these 
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two subspecies should be elevated to the status of individual species based on relationships 

recovered from nuclear and mitochondrial DNA (Carr and Hicks, 1997; Dawson et al., 2017; 

Dawson and Cook, 2012). These new taxonomic statuses have not yet been recognized by the 

International Commission on Zoological Nomenclature. While these studies have provided much 

insight into the evolution of North American Martes, none have included populations from the 

eastern U.S. This is because recent genetic research has focused on the distribution and 

diversification of interacting populations of M. caurina and M. americana in western North 

America. A lack of Eastern populations in these studies may in turn have resulted in incomplete 

phylogenetic relationships and reduced genetic distance estimates. 

Researchers have proposed that North American Martes underwent allopatric speciation during 

the Late Pleistocene (Dawson et al., 2017; Dawson and Cook, 2012; Stone et al., 2002). This 

speciation would have resulted from the isolation of marten populations into two glacial refugia, 

one in the eastern U.S. and the other in the western U.S. Fossil evidence supports the presence of 

Martes in these regions of North America during the Late Pleistocene (Bell, 1995; Eshelman and 

Grady, 1986; Grady, 1984; Guilday and Hamilton, 1978; Long, 1971; Mead and Mead, 1989; 

Sinclair, 1907; Tankersley, 1997; Wetmore, 1962). While a history of allopatric speciation is 

plausible, to date no studies have inferred when North American Martes last shared a common 

ancestor or underwent lineage diversification. In order to understand the climatic and ecological 

contexts under which Martes evolved, it is essential that their evolution be placed in a temporal 

context. 

I sought to expand upon previous phylogenetic studies of North American Martes by studying 

specimens morphologically identified as M. americana and M. caurina from across their 

geographic range, including for the first time populations from the eastern U.S. Using sequences 

from four mitochondrial genes, I tested for the phylogenetic relationships between sampled 

specimens and sought to infer when these relationships arose. In addition, I compared genetic 
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distances between M. americana and M. caurina calculated from multiple mitochondrial genes to 

those previously reported values produced from cytb. 

 

Institutional Abbreviations 

 East Tennessee State Museum of Natural History (ETMNH), New York State Museum (NYSM), 

Florida Museum of Natural History (FLMNH), Museum of Southwestern Biology (MSB), Burke 

Museum of Natural History and Culture (BMUW), University of Alaska Museum of the North 

(UAMN), University of Michigan Museum of Zoology (UMMZ), and Smithsonian Institution 

National Museum of Natural History (USNM). 

 

 

Material and Methods 

Specimens 

I included a total of 31 individuals morphologically identified as M. americana (N= 25) or M. 

caurina (N=6) (Appendix III, Section A). Specimens were collected across the U.S. range of 

these species between 2000 and 2013 (Figure 1). Contemporaneous specimens from Canada were 

unavailable. I used specimens housed in the collections at ETMNH, NYSM, FLMNH, MSB, 

BMUW, UAMN, UMMZ, and USNM. DNA sequences for one specimen of M. caurina were 

provided by J. Colella from MSB (Appendix III, Section B). In addition, I included complete 

mitochondrial gene sequences for the 12S, 16S, cytb, and Dloop genes for Martes foina from 

GenBank (NCBI) to be used as an outgroup (Appendix III, Section C). 

 

DNA Extraction, Amplification, and Sequencing 
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From 30 specimens, I collected samples from a rib bone or soft tissue. I extracted genomic DNA 

from soft tissue using the following protocol: approximately 0.025 g of soft tissue was incubated 

at 55°C for 24 hours while rotating in 125 µL lysis buffer (Bello et al., 2001), 8.75 µL 20 mg/mL 

proteinase K, 5 µL 1 mg/mL RNase A, and 10 µL 5 mM DTT followed by a 

phenol:chloroform:isoamyl (25:24:1) extraction protocol (see detailed protocol in Appendix VI). 

I extracted genomic DNA from bone tissue using the silica binding protocol of Rohland (2012) 

(see detailed protocol in Appendix VI). Prior to sampling, all bones were cleaned in a 2-4% 

bleach solution, then rinsed and allowed to air dry. I then powdered the entire rib using a SPEX® 

Cryogenic Grinder. This yielded between 0.05 g and 0.1 g of powder (Appendix III, Section D, 

Table 1). I eluted all samples in 40-65 µL of 86°C elution buffer (10 mM Tris and 0.1mM 

EDTA). I quantified the amount of DNA present in all extractions using a ThermoFisherTM 

Qubit® (Appendix III, Section D, Table 1). Because bone tissue is often more degraded than soft 

tissue, DNA quantity was lower in extractions from bone tissue. 

I amplified DNA in overlapping fragments ranging from 139-1,012bp, depending on the DNA 

quality of each specimen, using a polymerase chain reaction (PCR) (see detailed protocol in 

Appendix VII). The 12S, 16S, cytochrome b (cytb), and Dloop mitochondrial genes were all 

targeted using primers that I designed to span the entirety of each gene (Table 1; Appendix III, 

Section E, Figure S1). I designed 12S, 16S, and Dloop primers to amplify approximately 250bp 

regions with 50bp of overlap (Appendix III, Section E, Figure S1). I designed primers to have 

similar annealing temperatures, within 1°C, and with GC content of at least 60%. In some cases, 

the GC content criterion resulted in targeted priming sites that had less than 50bp of overlap 

(Figure 1). Primers for cytb were taken from (Stone and Cook, 2002). For all PCRs, I used a 

negative and positive control. I performed PCR amplifications in 20 µL volumes using separate 

protocols for bone and soft tissue extractions. For samples extracted from bone tissue, I amplified 

each gene using the following reagents: 1X PCR buffer, 2 mM MgCl2, 200 µM dNTP, 1 mg/ml 
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BSA, 1.25 U ThermoFisherTM AmpliTaq Gold, and 0.4 µM of each primer. The PCR was 

conducted on a Labnet International, Inc. MultiGene Optimax thermocycler and cycling 

conditions were as follows: 95°C for 15 min; 35 cycles of 95°C for 15 s, 52-60°C for 30 s, 72°C 

for 30 s; 72°C for 5 min. For samples extracted from soft tissue, I amplified each gene using 1X 

PCR buffer, 2 mM MgCl2, 200 µM dNTP, 1 mg/ml BSA, 1.25U ApexTM Taq, and 0.4 µM of 

each primer. The PCR cycling conditions were as follows: 95°C for 10 min; 35 cycles of 95°C for 

15 s, 52-60°C for 90 s, 72°C for 30 s; 72°C for 5 min. I evaluated the success of each 

amplification by running 5 µL of dyed PCR product on a 2% agarose gel and imaging using a 

BioRad Gel Doc XR system. 

I cleaned all PCR products using an Exo-Sap cleaning procedure and Sanger sequenced all 

forward and reverse strands on an Applied Biosystems 3130xl Genetic Analyzer (see detailed 

protocol in Appendix VIII) I edited all DNA sequences using CLC Main Workbench (Qiagen 

Bioinformatics).  

 

Sequence Alignment and Nucleotide Substitution Modeling 

Sequences obtained for 12S, 16S, Dloop, and cytb were initially short amplicons which had to be 

assembled against a reference genome. Here, I used the mitochondrial genome of M. foina 

(HM106325.1) as a reference. I assembled all sequences using CLC Main Workbench (Qiagen 

Bioinformatics). Using MEGA7 (Kumar et al., 2016), I then aligned the assembled sequences for 

each gene independently against the mitochondrial genome of Martes foina (HM106325.1), 

which acted as an outgroup. I used the ClustalW algorithm with the default parameters for all 

alignments and corrected any misalignments by hand. Because some sequences were partial, I 

trimmed all alignments to reduce the amount of missing data. This resulted in the following 

length ranges for each gene: 12S = 0-690bp; 16S = 224-1334bp; cytb = 235-934bp; Dloop = 0-
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464bp. Previous analyses (Chapter 2) indicated that accurate phylogenetic relationships can only 

be constructed using sequence lengths of 0bp of 12S, >135bp of 16S, >340bp of cytb, and 0bp of 

Dloop in a concatenated sequence. I, therefore, removed all specimens from the final analysis that 

did not meet these thresholds. This resulted in 5 specimens of M. caurina and 14 specimens of M. 

americana as well as a single specimen of M. foina as an outgroup. I then concatenated the four 

genes into a single sequence of 3,425bp, allowing me to test phylogenetic relationships from all 

four genes simultaneously (Appendix III, Section D, Table 2).  

I tested for the best-fit nucleotide substitution model for each gene independently and for the 

concatenated sequence in MEGA7 (Kumar et al., 2016) using a maximum likelihood model and 

an 85% site coverage cutoff because some specimens had missing data. I chose this cutoff 

because it allowed for some missing data while still more heavily considering the sites with full 

coverage. I chose the best-fit nucleotide substitution models as those with the lowest Akaike 

information criterion (AIC) (Table 2).  

 

Maximum Likelihood Phylogeny 

I tested for phylogenetic relationships between the 19 specimens included in the final 

concatenated sequence using a Maximum Likelihood (ML) analysis. This allowed me to 

determine evolutionary relationships under a heuristic model. I assigned the best-fit nucleotide 

substitution model for the concatenated sequence, which was GTR+G (AIC=5328.04) with four 

possible gamma states. The phylogeny was run using a Nearest-Neighbor-Interchange (NNI) 

heuristic method. Due to the partial nature of some sequences, I again allowed for an 85% site 

cutoff. To determine branch support, I ran 500 bootstrap replicates. 
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Bayesian Phylogeny 

I also tested for phylogenetic relationships between specimens using a Bayesian Markov Chain 

Monte Carlo (MCMC) phylogenetic analysis. I ran this analysis using Beast 1.8.4 (Drummond et 

al., 2012). I unlinked the nucleotide substitution models for each gene and assigned the best-fit 

model to each: 12S = TN93; 16S = GTR; cytb = HKY; Dloop = GTR+G (Table 2). I chose a 

relaxed lognormal molecular clock (Drummond et al., 2006). Under simulated datasets, this clock 

model had the highest power for data evolving under both clocklike and non-clocklike conditions 

when compared to other strict and autocorrelated clock models (Drummond et al., 2006). I also 

assumed coalescence with a constant population size because this null is the most appropriate 

when testing for intraspecific evolutionary relationships (Kingman, 1982). A single MCMC chain 

was run for 100,000,000 iterations with parameters written every 1,000 generations (Table 3). I 

discarded the first 20% of trees as burn-in. 

I time calibrated the phylogeny using three fossil calibration points: the divergence between the 

ingroup and outgroup clades; the node for crown M. americana; and the node for crown M. 

caurina. The first time calibration was for the last common ancestor of M. americana, M. 

caurina, and M. foina. Here I constrained the node using date records of Martes vetus, a European 

marten whose morphology suggests it was ancestral to the Martes subgenus (Anderson, 1970; 

1994; Baryshnikov and Batyrov, 1994; Wiszniowska, 1989; Wolsan, 1989; 1990; 1993a). M. 

vetus is dated between 1.75 Ma and 2.0 Ma based on the chronological ranges of associated 

arvicoline rodents (Maul and Markova, 2007). I chose an upper bound of 5.33 Ma, or the Mio-

Pliocene boundary, following the methods of Li et al. (2014) and the 95% confidence range of 

this node obtained in previous phylogenetic analysis of Mustelidae (Koepfli et al., 2008; Law et 

al., 2018). The chosen date range for this node was then 5.33-1.75 Ma (Table 3, 4) with a mean 

age of 3.54 Ma. The prior distribution for this node was a uniform distribution, which places 

equal probability of the node age spanning the interval between the two bounds (Table 3). It is an 
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appropriate distribution for calibrations defined by both a fossil age and previously calculated 

node age estimates (Heath, 2018). 

Next, I time calibrated the nodes for crown M. americana and crown M. caurina. I assigned 

specimens to one of the two clades based on their placement in the ML phylogeny (Figure 2). I 

calibrated the nodes of each of these clades using the ages of fossils identified as M. americana 

from the fossilworks database (Behrensmeyer and Turner, 2013; Bell, 1995; Eshelman and 

Grady, 1986; Grady, 1984; Guilday and Hamilton, 1978; Long, 1971; Mead and Mead, 1989; 

Sinclair, 1907; Tankersley, 1997; Wetmore, 1962). The age of fossil specimens within the current 

and ancient geographic range of M. caurina were used to calibrate the M. caurina clade node and 

those within the current and ancient range of M. americana calibrated that clade’s node. I 

assigned each node a range based on the first and last appearance of fossils within each 

geographic region. For the M. caurina clade, the date range was 1.8 Ma -117 ka (Bell, 1995; 

Long, 1971; Mead and Mead, 1989; Sinclair, 1907) with a mean of 905 ka and a standard 

deviation of 1.6 (Table 3, 4). The M. americana clade had a date range of 126-11.7 ka (Eshelman 

and Grady, 1986; Grady, 1984; Guilday and Hamilton, 1978; Tankersley, 1997; Wetmore, 1962) 

with a mean of 68.9 ka and standard deviation of 0.76 (Table 3, 4). These age ranges were 

interpreted as minimum ages under the assumption that these extinct populations lived after the 

divergence of each species. I assigned a lognormal prior distribution for each of these nodes 

(Table 3). This distribution is most appropriate when the node age is interpreted to be older than 

the fossils because this distribution curve places a higher probability on older age values (Bibi, 

2013; Heath, 2018). 

Tracer 1.6 (Rambaut et al., 2014) was used to check for convergence between runs and I checked 

Effective Sample Size (ESS) values for each prior to determine whether the posterior 

distributions of all parameters were well estimated. Finally, using TreeAnnotator 1.8.2 

(Drummond et al., 2012), I compiled the maximum credibility tree from the post burn-in sample. 
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Lineage Diversification 

To determine the rate at which pine marten lineages diversified, I first plotted log lineages 

through time using the constructed Bayesian phylogeny. I then calculated the gamma (γ) statistic 

(Pybus and Harvey, 2000), which is a measure of the relative position of nodes within the 

phylogeny. I then ran a constant-rates test using a Pure Birth null model of speciation, where the 

rates of lineage extinction are zero and lineages speciate at a constant rate or log-linearly through 

time (Yule, 1925). I did this using the ltt function in the ape package (Paradis et al., 2004) in R (R 

Core Team, 2015), which tests γ using a two-tailed test (Appendix III, Section F). A significantly 

positive γ value indicates that nodes are skewed toward the tips of the tree and that rates of 

diversification are increasing or remaining constant. Significantly negative γ values indicate that 

the majority of nodes are near the tree root and that rates of diversification are decreasing. It 

should be noted that while γ has high power when detecting recent decreases in diversification 

rates (Fordyce, 2010), its power is low when detecting rate acceleration (Fordyce, 2010; Pybus 

and Harvey, 2000). 

 

Genetic Distances 

To determine molecular divergence between M. americana and M. caurina, I calculated inter- 

and intraclade genetic distances. I used the concatenated sequence data and assigned specimens to 

the M. americana or M. caurina clade based on their position within the constructed phylogenies. 

I calculated uncorrected p, which is a ratio of the number of nucleotide matches between clades to 

the total number of nucleotides. This method allowed for comparison to previous studies (Stone 

et al., 2002). While informative, uncorrected p does not correct for multiple substitutions at a 

single locus. I, therefore, also calculated p using the best-fit nucleotide substitution model, 
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Tamura92+G (Tamura, 1992). This model allows for a difference in substitution rates between 

nucleotides, which are modeled from a gamma distribution (Tamura, 1992). For all analyses, 

standard error was calculated using 500 bootstrap replicates and I allowed for a site coverage 

cutoff of 85% due to the partial nature of some sequences.  

 

 

Results 

Maximum Likelihood Phylogeny 

The ML phylogeny assigned each specimen to two major clades, with M. foina as the outgroup 

(Figure 2). The first clade contained specimens that were collected in Alaska, New Hampshire, 

Minnesota, New York, and Alaska and represents exclusively specimens of the M. americana 

clade. The second clade contained specimens from Idaho, Wyoming, and Washington and 

represents the M. caurina clade. These clade designations are based on both museum specimen 

identification and the geographic location from which specimens were collected. Bootstrap 

support for these clades was high, with 87% for americana and 97% for M. caurina. There were 

three bootstrap supported clades within M. americana: 1) specimens from Alaska and New 

Hampshire; 2) specimens from Minnesota; and 3) specimens from New Hampshire. The 

remaining M. americana specimens fell within a polytomy. M. caurina specimens were well 

differentiated by geographic location with the youngest branches from Washington and the oldest 

from Wyoming. 

 

Bayesian Phylogeny 
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The Bayesian phylogeny comprises two major clades with 100% posterior probability support, 

one containing M. americana specimens and the other M. caurina specimens, with M. foina as the 

outgroup (Figure 3). Within the M. americana clade, specimens further subdivided into 

geographic regions (New York, New Hampshire, and Minnesota). These geographic divisions 

were not perfect, however, and specimens from Alaska, Minnesota, and New Hampshire were 

polyphyletic. In the M. americana clade, the youngest branches are specimens from New York, 

while branches with specimens from Washington were the youngest in the M. caurina clade. 

Because the phylogeny was time calibrated, the times at which clades originated were estimated. 

The outgroup node age was estimated at 2.12 Ma +/- 0.37 Ma, which fits previous age estimates 

of this divergence (Koepfli et al., 2008; Li et al., 2014). The last common ancestor of the M. 

americana and M. caurina clades is estimated to have existed 234 kya +/- 168 ka. Intraclade 

diversifications are inferred to have begun around 132 kya +/- 92 ka for the M. americana clade 

and 83 kya +/- 69 ka for the M. caurina clade. 

 

Lineage Diversification 

By plotting log lineages through time, I found diversity was relatively low and remained stable 

until 234 kya +/- 168 ka. Log lineage diversity then increased slightly, followed again by a period 

of stabilization until 132 kya +/- 92 ka. There was then a rapid increase, with diversity more than 

doubling between 132 kya +/- 92 ka and the Present (Figure 4). Gamma values were positive 

(γ=4.61) and significantly differed from the Pure Birth null model (p<0.01).  

 

Genetic Distances 

I found molecular distances between the M. americana and M. caurina clades was 2.2% 

(SE=0.004) when p was uncorrected and 2.3% (SE= 0.004) under a Tamura92+G nucleotide 
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substitution model. The M. americana clade had greater intraclade distances under both the 

uncorrected (p=0.46%, SE= 0.0009) and Tamura92+G (p=0.46%, SE=0.0007) models. Intraclade 

distances in the M. caurina clade were 0.38% under the uncorrected model (SE=0.001) and 

Tamura92+G (SE=0.001). The reduced distances in the M. caurina clade may be due to the 

smaller number of specimens assigned to this clade. 

 

 

Discussion 

The evolutionary relationships produced here from both the ML and Bayesian phylogenies 

support those found by previous researchers using single mitochondrial and nuclear genes 

(Dawson et al., 2017; Dawson and Cook, 2012; Small et al., 2003; Stone and Cook, 2002; Stone 

et al., 2002). Dawson and Cook (2012) and Dawson et al. (2017) recently designated living North 

American martens as two unique species, assigning populations across the eastern U.S., Canada, 

and Alaska to M. americana and those from the western U.S., western Canada, and Alaskan 

islands to M. caurina on the basis of skeletal morphology (Merriam, 1890), genetic variation 

(Carr and Hicks, 1997; Dawson and Cook, 2012), and parasitological evidence (Hoberg et al., 

2012; Koehler et al., 2009). Both phylogenies produced here further support the genetic 

separation of populations from the eastern U.S. and Alaska from those collected in the western 

U.S. (Figure 2, 3). These phylogenetic relationships, however, provide neither evidence for nor 

against their taxonomic status as unique species. 

The genetic distances calculated from the 12S, 16S, cytb, and Dloop concatenated sequence are 

consistent with previous values  used to support the subspecific status of M. americana and M. 

caurina (Stone et al., 2002). Stone et al. (2002) reported that interclade divergence between these 

two populations was 2.5-3.0% based on cytb. This is slightly higher than the 2.2-2.3% calculated 
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here. Many mammal species have an interspecific divergence averaging 8.13% and an 

intersubspecific divergence averaging 0.0-4.21% (e.g., Aliabadian et al., 2009; Ambriz-Morales 

et al., 2016; Bradley and Baker, 2001; Brower, 1994; Clare et al., 2007; Mayer et al., 2007; 

Oshida et al., 2015; Rosel et al., 2017; Vences et al., 2005). This suggests that the taxonomic rank 

of subspecies may be more appropriate for the M. americana and M. caurina clades. Use of 

divergence values when assigning a taxonomic status, however, can be arbitrary as these ranges 

can vary widely across taxa (e.g., Aliabadian et al., 2009; Ambriz-Morales et al., 2016; Bradley 

and Baker, 2001; Brower, 1994; Clare et al., 2007; Mayer et al., 2007; Oshida et al., 2015; Rosel 

et al., 2017; Vences et al., 2005). As a result, other methods such as Bayesian species delimitation 

have been developed to more accurately designate species (see review in Rannala, 2015). It 

should be noted that M. americana and M. caurina do fit a form of the Phylogenetic Species 

Concept (Mayden, 1997; McKitrick and Zink, 1988) because they form monophyletic clades and 

are diagnosable using both molecular (Dawson et al., 2017; Slauson et al., 2009; Stone and Cook, 

2002) and morphological characters (Anderson, 1970; 1994; Graham and Graham, 1994; 

Merriam, 1890; Meyers, 2007). This definition, however, can be problematic in taxa with high 

geographic, morphological, and molecular variation (Gutiérrez and Garbino, 2018; Tattersall, 

2007), such as that exhibited by the North American marten (Chapter 1; Banfield, 1974; Clark et 

al., 1987; Giannico and Nagorsen, 1989; Hagmeier, 1958; Meyers, 2007; Nowak, 1999). Future 

application of species delimitation methods using multiple genes may aid in determining the 

taxonomic status of North American martens. 

The subclades recovered in the M. americana clade may reflect a complex history of recent 

reintroduction, high gene flow, and/or ancient dispersal. Due to habitat loss and the fur trade, 

North American marten populations were extirpated or drastically reduced across the eastern U.S. 

(Banfield, 1974; Clark et al., 1987). In an effort to revive the species, many individuals were 

introduced from thriving populations in Canada, Maine, and New York into historic ranges (Kelly 
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et al., 2009; Proulx et al., 2005). Of the individuals studied here, only those from New Hampshire 

represent reintroduced populations, having been taken from Maine during the 1970s (Kelly et al., 

2009; Proulx et al., 2005). While individuals from this region are polyphyletic, so too are 

specimens from Alaska and Minnesota, which represent original, thriving populations. Little 

genetic structure is present in microsatellite data from M. americana collected across Canada 

(Kyle et al., 2000), suggesting there are few barriers to gene flow across their wide geographic 

range. It is possible that the mitochondrial DNA of this species is reflecting a similar lack of 

structure, resulting in specimens from geographically isolated regions being closely related. In 

addition, it has been hypothesized that martens from the eastern U.S. expanded across Canada 

and into Alaska at the end of the Wisconsinan glaciation (Dawson et al., 2017; Stone et al., 2002). 

The phylogenetic placement of specimens from Alaska may be reflecting an origin from these 

ancient eastern populations. To date, however, no studies comparing genetic structure between 

populations in Alaska, Canada, and the eastern U.S. have been conducted to test these 

hypotheses.  

By applying a molecular clock and time calibrations at nodes within the Bayesian phylogeny, I 

was able to estimate the timing and rate of lineage divergence in North American martens. Stone 

and Cook (2002) hypothesized that the last common ancestor of M. americana and M. caurina 

came into North America via the Bering land bridge and then dispersed across North America 

during an interglacial period. No dates, however, were provided to support this hypothesis. I 

inferred that the M. americana and M. caurina clades share a last common ancestor 243 kya +/- 

168 ky (Figure 3). This is during the pre-Illinoian episode, which consists of multiple glacial 

interglacial cycles (2.4 Mya – 160 kya) (Rovey and Balco, 2011). Researchers have also 

hypothesized that North American martens underwent allopatric speciation because of glacial 

isolation during the Wisconsinan glaciation (Stone and Cook, 2002; Stone et al., 2002), although 

no specific dates of clade origination have been proposed. The results of the present study suggest 
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that the M. americana clade began to diversify 132 kya +/- 92 ky and that the M. caurina clade 

diversified beginning 83 kya +/-69 ky (Figure 3 and 4). The error on these dates places the 

diversification of these clades during either the Sangamonian interglacial period (130-155 kya) 

(Edwards et al., 1997; Shackleton et al., 2003; Stirling et al., 1998) or during the Wisconsinan 

glaciation (80-18 kya) (Clark et al., 2009; Dyke, 2004). Because fossil evidence places these 

clades within separate refugia during the Wisconsinan glaciation, I propose that these clades most 

likely diversified while isolated by glaciers. The diversification pattern seen here significantly 

differed from what would be predicted under a Pure Birth model. This indicates that nodes within 

the phylogeny are skewed toward the tree tips (present) and that rates of diversification increased 

through time. This could indicate that marten lineages: 1) have undergone exponential growth 

(Quental and Marshall, 2010); 2) are in the early stages of logistic growth (Liow et al., 2010); 3) 

are undergoing logistic growth with a low ratio of initial speciation to extinction rate (Quental 

and Marshall, 2009; Rabosky and Lovette, 2008) or; 4) have constant diversity and are 

experiencing a species turnover (Liow et al., 2010). The variety of possible interpretations is 

because γ has low power when detecting acceleration in phylogenies with recent diversification. 

While the log lineage through time plot suggests an increase in diversification rates, 

interpretations of how this pattern of diversification arose may be inaccurate.  

This is not the first evidence of genetic divergence in a North American species during the 

Pleistocene. Many species of mammals, reptiles, amphibians, birds, fish, and insects are thought 

to have diversified as a result of isolation in novel habitats as Pleistocene glaciers expanded (see 

review in Shafer et al., 2010). Of particular interest for this study are the evolutionary histories of 

tree squirrels (Tamiasciurus sp.), voles (Arvicolinae), and small songbirds (Passeriformes) as they 

are some of the common prey items of North American pine martens (Banfield, 1974; Clark et 

al., 1987; Nowak, 1999; Zielinski and Duncan, 2004). Tree squirrels are interpreted to have been 

isolated by glaciers in the eastern, western, and southwestern U.S., which in turn resulted in the 
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speciation of T. douglassi, T. mearnsi, and T. hudsonicus (Arbogast et al., 2001). The genetic 

divergence of these species ranges between 1.0% and 2.4% (Arbogast et al., 2001). A similar 

pattern of glacial isolation in the eastern and western U.S. has been reported in red-back voles, 

Clethrionomys gapperi (Runck and Cook, 2005). The genetic divergence among populations of 

this species ranges from 1.2% to 5.2%. In yellow-rumped warblers, Dendroica sp., additional 

species thought to have been influenced by Pleistocene glaciation, interspecific genetic 

divergence in Dloop ranges from 0.16% to 6.28% and intraspecific divergence ranges from 

0.05% to 1.45% (Milá et al., 2007). These divergence values among prey species are comparable 

to the divergence values obtained between (2.2-2.3%) and within (0.38-0.46%) the M. americana 

and M. caurina clades.  It is possible that these similar divergence values resulted from shared 

evolutionary histories among these species. Today and during the Pleistocene, the geographic 

ranges of these species overlapped (Banfield, 1974; Milá et al., 2007; Nowak, 1999), subjecting 

them to similar selective pressures, which would have influenced their genetic evolution. These 

pressures may have been novel habitats and climatic conditions imposed by expanding and 

contracting glaciers (Koch et al., 2004; Rahmstorf, 2002; Seierstad et al., 2014; Williams and 

Jackson, 2007; Williams et al., 2001; Wolff et al., 2010) and/or predator prey relationships (see 

review in Schoener, 2011). By combining studies such as these with climatic and biome data it 

may be possible to gain insight into Pleistocene community structure. 

 

 

Conclusions 

The results of this study support previously reported phylogenetic relationships separating living 

North American martens into two clades (Dawson et al., 2017; Dawson and Cook, 2012; Small et 

al., 2003; Stone and Cook, 2002; Stone et al., 2002). The time calibrated Bayesian phylogeny 
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constructed here suggests North American martens shared a last common ancestor 243 kya +/- 

168 ky and that both clades underwent increases in lineage diversity around 125 kya. This 

supports previous hypotheses that these clades diverged as a result of glacial isolation during the 

Wisconsinan glaciation (80-18 kya) (Clark et al., 2009; Dyke, 2004; Stone and Cook, 2002; Stone 

et al., 2002). The genetic divergence of these clades was 2.2-2.3%, which is slightly lower than 

previous estimates (Stone et al., 2002). While these values are within the range of genetic 

distances commonly accepted for the delineation of mammalian subspecies, they are similar to 

those seen among other species thought to have undergone divergence as a result of Pleistocene 

glaciation in North America. These low divergence values across multiple species may be a 

reflection of similar selective pressures imposed by changing climate and predator prey 

interactions. This suggests that North American Martes may, in fact, be two species, as was 

previously proposed (Dawson et al., 2017; Dawson and Cook, 2012). Additional research 

focusing on the tempo and mode of morphological evolution may indicate whether lineage 

diversification coincides with increases in morphological variation in response to novel 

Pleistocene biomes, and, therefore, whether climate and biome acted as selective pressures during 

these species’ divergence. 
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Tables 

Table 1. Gene Primer Sequences and Annealing Temperatures 

Gene Primer Forward Sequence Reverse Sequence Annealing Temp C 

12S 1 GCCTAGAAGAGTC

ACAAGAC 

CACTGCTGTATCCCG

TGG 

60 

 2 GAGCGGGCATCAG

G 

CGCCGTGAGCCTAT

TAATTC 

52 

 3 CGTGCCAGCCACC GGCTGGGCATAGTG

G 

52 

 4 CTCCAACAACACG

ATAGCTG 

CGATTACAGAACAG

GCTCC 

60 

 5 GGACTTGGCGGTGC CATGGCCCTATTCA

ACTAAGC 

58 

 6 GGTCAAGGTGTAA

CCCATG 

GGTGTAAGCCAGGT

GC 

58 

16S 1 GCACCTGGCTTACA

CC 

CATCATTCCCTTGCG

GTAC 

52 

 2 CCAACTACCACGAC

ATCC 

CATAGGTAGCTCGT

CTGG 

50 

 3 GCTACCTATGAGCA

ATCCAC 

CTAAGCAAGGTTGT

TTCCTTG 

50 

 4 CCTAACGTATCACT

GGGC 

CAGTGCCTCCAATA

CTGAG 

52 

 5 GCACAAGCTTATAA

CAGTCAACG 

GGCCGTTAAACTAA

TGTCACTG 

52 

 6 CACAGGCGTGCAG

TAAG 

GTTAGACCTGGTTG

GTGG 

52 

 7 GACGAGAAGACCC

TATGGAG 

GATAGCTGCTGCAC

CATC 

54 

 8 GACCTCGATGTTGG

ATCAG 

CAATTACTGGGCTCT

GCC 

54 

Dloop 1 CAACAGCCCCGCC

ATC 

GTGRGGTGCACGGA

TGC 

58 

 2 CGTGCATTAATGGC

TTGCC 

GGATTGAGGACTTC

CATGGC 

58 

 3 CGTGTACCTCTTCT

CGCTC 

GAAGGATAAGCCCA

GCTACAAG 

58 

Cytb 1 CGAYYTACCTGCYC

CATC 

YAGGAACAGGCAGA

TGAAG 

60 

 2 YTCTTCATCTGCCT

GTTCCTG 

GCGAAGAATCGYGT

TAGGGTAG 

60 

 3 CTGAGGAGGATTCT

CGGTAGACAAGG 

GGATTAGGAATAGG

GCGCCTAGG 

60 

 4 CTAGGCGCCCTATT

CCTAATC 

CTGAGTGGGCGGAA

TATCAT 

60 

 5 CAATTRTCCCATTV

CTYCATAC 

RATGGCTGGCATRA

GGAYTAG 

60 
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Table 2. Best Fit Substitution Models for Each Gene 

Gene Evolutionary Model AIC 

12S TN93 1919.62 

16S GTR 1223.50 

Cytb HKY 1233.02 

Dloop GTR+G 1792.78 

 

 

Table 3. Phylogenetic Priors for Model Parameters and Statistics 

Parameter Prior Bound 

tmrca(americana) LogNormal [R0.06885, 0.76], 

initial=? 

n/a 

tmrca(caurina) LogNormal [R0.90585, 1.6], initial=? n/a 

12S kappa 1 LogNormal [1,1.25], initial=2 0,∞ 

12S kappa 2 LogNormal [1,1.25], initial=2 0,∞ 

12S frequencies Uniform [0,1], initial=0.25 0,1 

16S. ac Gamma [0.05,10], initial=1 0,∞ 

16S.ag Gamma [0.05,20], initial=1 0,∞ 

16S.at Gamma [0.05,10], initial=1 0,∞ 

16S.cg Gamma [0.05,10], initial=1 0,∞ 

16S.gt Gamma [0.05,10], initial=1 0,∞ 

16S frequencies Uniform [0,1], initial=0.25 0,1 

Cytb kappa LogNormal [1,1.25], initial=2 0,∞ 

Cytb frequencies Uniform [0,1], initial=0.25 0,1 

Dloop.ac Gamma [0.05,10], initial=1 0,∞ 

Dloop.ag Gamma [0.05,20], initial=1 0,∞ 

Dloop.at Gamma [0.05,10], initial=1 0,∞ 

Dloop.cg Gamma [0.05,10], initial=1 0,∞ 

Dloop.gt Gamma [0.05,10], initial=1 0,∞ 

Dloop frequencies Uniform [0,1], initial=0.25 0,1 

Dloop alpha Exponential [0.5], initial=0.5 0,∞ 

allmus Gamma [0.001,1000], initial=1 0,∞ 

ucld stdev Exponential [0.333333], 

initial=0.333333 

0,∞ 

ucld mean Exponential [1], initial=1 0,∞ 

treeModel rootHeight Uniform [1.75, 5.33], initial=? 1.75,5.33 

Constant popSize 1/x, initial=1 0,∞ 
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Table 4. Fossil Calibration Data 

Calibrated Node Age Ma Age Type 95% Range Fossil Taxon Reference 

LCA with M. foina 1.75 Minimum 1.75-5.33 Martes vetus 

Methods of Li et al. (2014) 

Fossil ages of Wolsan (1987; 1989; 1990; 

1993a); Wolsan (1993b) 

Crown M. americana 0.0117 Minimum 0.126-0.0117 
M. americana in 

Eastern U.S. 

Fossil ages of Eshelman and Grady (1986); 

Grady (1984); Guilday and Hamilton (1978); 

Tankersley (1997); Wetmore (1962) 

Crown M. caurina 0.0117 Minimum 1.8-0.0117 
M. caurina in western 

U.S. 

Fossil ages of Bell (1995); Long (1971); Mead 

and Mead (1989); Sinclair (1907) 
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Figures 

 

Figure 1. Geographic distribution of M. americana (horizontal lines) and M. caurina (vertical 

lines) (Nowak, 1999). Points on the map indicate the geographic location from which specimens 

were collected. Teal points present the collection location of specimens that were sequenced and 

included in the phylogenetic analysis while black points are sequenced specimens that were 

excluded due to inadequate DNA lengths. 
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Figure 2. Maximum likelihood phylogeny of M. americana and M. caurina specimens 

constructed from a concatenated sequence of 12S, 16S, cytb, and Dloop mitochondrial genes. 

Branch lengths represent the number of nucleotide substitutions per site as denoted by the scale 

bar. Node values indicated the bootstrap support after 500 replicates. Tip labels indicate the state 

from which specimens were collected followed by an individual specimen number. See Appendix 

III (Section D, Table 3) for the collection number associated with each tip label.  
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Figure 3. Bayesian phylogeny of M. americana and M. caurina specimens constructed from a 

concatenated sequence of 12S, 16S, cytb, and Dloop mitochondrial genes. Branch lengths 

represent time and node values indicate posterior probability support. Yellow circles denote 

nodes that were fossil calibrated (Table 3, 4). Purple bars on nodes represent the 95% confidence 

interval on node ages. Tip labels indicate the state from which specimens were collected followed 

by an individual specimen number. See Appendix III (Section D, Table 3) for the collection 

number associated with each tip label. A) depicts the full phylogeny and B) depicts the nodes that 

originated in the most recent 500 ka.  

 

Figure 4. log lineage through time plot. X-axis indicates millions of years since present. Rates of 

log lineage diversification did significantly differ from those predicted under a Pure Birth null 

model (p<0.01). The pink dashed line denotes the first increase in lineage diversity 234 kya +/- 

168 ka and the blue dashed line indicates the initial point of rapid increase in lineage diversity 

132 kya +/- 92 ka. Error in these dates was determined from the 95% confidence interval of the 

node ages in the Bayesian phylogeny. 
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CHAPTER V 
 

 

APPENDICULAR SKELETAL MORPHOLOGY OF NORTH AMERICAN PINE MARTENS, 

M. AMERICANA AND M. CAURINA, IS NOT AN ADAPTATION TO BIOME 

 

Introduction 

Recent changes in climate have exposed many living species to novel biomes and selective 

pressures. Our ability to infer how species will survive relies, in part, on our understanding of the 

evolutionary history of each species. Determining how the phenotypes of living species have 

evolved can be particularly challenging, however, because they can be influenced by several 

intrinsic and environmental variables. North American pine martens, Martes americana and M. 

caurina, are two species whose biomes are currently being affected by anthropogenically induced 

climate change (Dye, 2002; Euskirchen et al., 2007; Knowles et al., 2006; Rahmstorf et al., 2007; 

Serreze et al., 2000; Stone et al., 2002b). These species are thought to have undergone genetic 

and phenotypic divergence during the Pleistocene as a result of isolation in differing biomes 

(Chapter 3; Dawson et al., 2017; Dawson and Cook, 2012; Stone et al., 2002a). Given the 

relationships among climate, biome, and limb morphology in these species, it is possible that their 

limb morphology evolved as an adaptation to selective pressures imposed by Pleistocene and 

Recent climate and biomes. Determining how the phenotypes of these species evolved in the past 

may allow for predictions of adaptability to future climates. 

Intrinsic and environmental selective pressures, such as genetics, climate, and biome, can
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influence the phenotypes of populations through several evolutionary processes. These processes 

may include genetic drift, phenotypic plasticity, and adaptation through natural selection 

(Andrews, 2010; Pigliucci, 2001; Reznick and Travis, 2001). Through genetic drift, populations 

accumulate random genetic mutations through time which can lead to random increases in 

phenotypic variation (Andrews, 2010; Harmon, 2018; Lande, 1976). If genetic drift occurs in 

isolated populations, it can result in the genotypic and phenotypic divergence of these 

populations. Species that are phenotypic plastic are capable of exhibiting multiple phenotypes 

from a single genotype (Pigliucci, 2001). This can manifest as two phenotypically divergent 

populations with few genotypic differences (e.g., Dodson, 1989; Hoch, 2009; Marchinko and 

Geary, 2003). Populations that are adapting to different environmental selective pressures may 

also become phenotypically divergent (Reznick and Travis, 2001; Reznick and Ghalambor, 

2001). In this process, phenotypic traits that improve performance and in turn increase an 

individual’s fitness become more prevalent in a population. This process is often recognized 

through changes in evolutionary rates and decreases in intraclade morphological disparity (Foote, 

1997; Hendry et al., 2008; Kinnison and Hendry, 2001; Schluter, 2000; Slater et al., 2010). Using 

a phylogenetic framework as a model of genotypic evolution, it is possible to test for these 

evolutionary processes and infer the phenotypic evolutionary history of extant and extinct species 

(Cornwell and Nakagawa, 2017; Garamszegi, 2014; O'Meara, 2012) 

M. americana and M. caurina (Dawson et al., 2017; Dawson and Cook, 2012) are two species 

whose skeletal phenotypes may have evolved in response to selective pressures associated with 

climate and biome. These species are thought to have genetically diverged during the 

Wisconsinan glaciation as a result of geographic isolation (Chapter 3; Dawson et al., 2017; 

Dawson and Cook, 2012; Stone et al., 2002a). The skeletal morphologies of M. americana and M. 

caurina differ, suggesting they may have experience phenotypic divergence during this same 

period.  Limb morphologies of these species also differ between biomes, with M. caurina in 
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coniferous forests being significantly more robust than M. americana in boreal and broadleaf 

forests (Chapter 1). Because the morphology of M. americana does not differ between boreal and 

broadleaf forests, it suggests that these species are not exhibiting phenotypic plasticity. Limb 

phenotypes may have evolved, then, through genetic drift in isolated populations or as an 

adaptation to the different biomes occupied by these species. 

In this study, I sought to determine whether the skeletal limb morphology of M. americana and 

M. caurina evolved as an adaptation to biome. Using a phylogeny constructed from 

mitochondrial genes from multiple specimens of M. americana and M. caurina as a framework, I 

tested the following hypotheses: 

H0- Limb morphology evolved randomly under a Brownian motion mode of evolution. 

H1-Limb morphology evolved as an adaption to biome. 

To test these hypotheses, I tested for evolutionary tempo and mode and modelled the 

morphological disparity through time of skeletal limb morphology. I quantified limb shape using 

3D geometric morphometric landmark data from 17 specimens of M. americana and M. caurina 

that had been included in the mitochondrial phylogeny. 

 

Taxonomic Nomenclature 

North American pine martens, M. americana and M. caurina, were recently proposed as unique 

species based on mitochondrial, nuclear, morphological, and parasitological evidence (Dawson et 

al., 2017; Dawson and Cook, 2012; Hoberg et al., 2012; Merriam, 1890), but have not yet been 

recognized by the International Commission on Zoological Nomenclature. My research has 

further supported this status, as genetic distances between these species are similar to those seen 
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in other species thought to have diverged during the late Pleistocene. I, therefore, have adopted 

these specific titles throughout this chapter. 

 

Institutional Abbreviations 

New York State Museum (NYSM), Florida Museum of Natural History (FLMNH), Museum of 

Southwestern Biology (MSB), Burke Museum of Natural History and Culture (BMUW), 

University of Alaska Museum of the North (UAMN), Smithsonian Institution National Museum 

of Natural History (USNM) 

 

 

Materials and Methods 

Specimens 

I included a total of 17 individuals morphologically identified as M. americana and M. caurina 

(Appendix IV, Section A). This dataset comprised 13 specimens of M. americana and 4 

specimens of M. caurina. These individuals represent 17 of the 18 specimens included in the 

previously constructed Bayesian phylogeny (Chapter 3). USNM 592895 was excluded from 

morphological analysis because it was a juvenile, as determined by lack of epiphyseal fusion.  All 

other specimens were adults. Both sexes, as determined by museum identification and the 

presence of a baculum, were included in this study. Specimens were collected across the U.S. 

range of these species between 2000 and 2013 (Figure 1). I chose specimens collected within a 

limited timeframe to capture morphological variation at a single point in these species’ 

evolutionary history. I assigned each specimen to one of three biomes based on the geographic 
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location from which it was collected: 1) temperate broadleaf and mixed forest ; 2) temperate 

coniferous forest; and 3) boreal forest and taiga (Olson et al., 2001). These specimens are housed 

in the collections at NYSM, FLMNH, MSB, BMUW, UAMN, USNM. 

 

Bayesian Phylogeny 

To provide a phylogenetic framework for comparative analysis, I used a previously constructed 

phylogeny (Chapter 3) composed of the same individuals whose skeletal limb morphologies were 

measured. The phylogeny was created using a concatenated sequence of 12S, 16S, cytochrome b 

(cytb), and Dloop mitochondrial genes. I assigned each gene its best-fit nucleotide substitution 

model as determined by Akaike Information Criteria (AIC). The phylogeny was time calibrated 

using three fossil occurrence date ranges at 3 nodes: the divergence between the ingroup and 

outgroup clades (5.33-1.75 Ma); the node for crown M. americana (126-11.7 ka); and the node 

for crown M. caurina (1.8 Ma- 11.7 ka). The phylogeny had a relaxed lognormal molecular clock 

and was assumed to coalesce under a constant population size.  

The phylogeny comprises two major clades with 100% posterior probability support, one 

containing M. americana and the other M. caurina, with M. foina as the outgroup (Figure 2, 

Chapter 3). The M. foina node age was estimated at 2.12 Ma +/- 0.37 Ma, which fits previous age 

estimates of this divergence (Koepfli et al., 2008; Li et al., 2014). The last common ancestor of 

M. americana and M. caurina is estimated at 234 kya +/- 168 ka. The diversification of M. 

americana is inferred to have begun 132 kya +/- 92 ka, and that of M. caurina diversification 

around 83 kya +/- 69 ka. 

 

Skeletal Limb Morphology 
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I collected shape data from appendicular skeletal elements (humerus, radius, ulna, femur, tibia, 

and fibula) of 17 individuals, of which only the fibula was not represented in all individuals 

(N=11). I collected 3D geometric morphometric landmark data from each bone using a 

MicroScribe G2LX digitizer. This digitizer records the X, Y, and Z coordinates of a single 

point/landmark in space. I chose landmarks that would best capture the length and width of each 

element because size evolves in mammals through time (e.g., Fabre et al., 2013; Kolska Horwitz 

and Ducos, 1997; Meachen et al., 2014; Meachen and Samuels, 2012). I also chose landmarks 

that represented morphological characters frequently used in phylogenetic studies of carnivorans 

(Leach, 1977; Meachen-Samuels, 2012; Morlo and Peigné, 2010; Zrzavý and Řičánková, 2004). 

This allowed me to use previously identified traits that are thought to contain phylogenetic signal 

(Figure 3, Appendix IV, Section B). Where possible, I avoided landmarks associated with muscle 

attachments, as these are modified throughout an individual’s life (Currey, 2002; Wei and 

Messner, 1996). In addition, I tested all landmarks for accuracy and repeatability (Chapter 1). I 

aligned landmarks for each bone independently using a series of generalized Procrustes analyses 

(GPA), one for each limb element, and then calculated the centroid size of each element in every 

specimen (Appendix IV, Section C, Table 2). I ran these analyses using the geomorph package 

(Adams and Otarola-Castillo, 2013) in R (R Core Team, 2015) (Appendix IV, Section D). 

 

Phylogenetic Signal 

To determine whether appendicular skeletal morphology varies in correlation with the underlying 

phylogenetic relationships of M. americana and M. caurina, I tested for phylogenetic signal in 

limb bone shape in each element independently. I measured phylogenetic signal using a 

generalization of Blomberg’s K (Blomberg et al., 2003) that is appropriate for multivariate data 

(Kmult) (Adams, 2014b; Adams and Collyer, 2018). This model is ideal for geometric 
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morphometric data because it has high power and appropriate Type I error despite trait 

dimensionality and covariance (Adams, 2014a; Adams and Collyer, 2018). To evaluate the 

significance of Kmult I tested it against a Brownian Motion (BM) null model of evolution using a 

permutation method for 999 iterations (α≤0.05). BM is an appropriate null model for phenotypic 

evolution because it assumes phenotypes shift randomly and proportionally with time, and, 

therefore, form a normal distribution (Felsenstein, 1973; Felsenstein, 2004). I ran this analysis in 

R (R Core Team, 2015) using the geomorph package (Adams and Otarola-Castillo, 2013) 

(Appendix IV, Section D). 

Second, I tested for phylogenetic signal using centroid size as a measure of shape. I chose a 

univariate trait because there are currently no accurate methods for interpreting evolutionary 

mode in multivariate data (Adams and Collyer, 2018). I measured phylogenetic signal using two 

indices: Blomberg’s K (Blomberg et al., 2003) and Pagel’s λ (Pagel, 1999). Blomberg’s K values 

that are significant and positive indicate there is a greater phylogenetic signal in the data than 

would be expected at random.  Blomberg’s K calculates phylogenetic signal as a ratio of the 

mean squared error (MSE) of the tip data around a phylogenetically corrected mean and the MSE 

of the given phylogeny under a BM null model of evolution. The significance of this index is then 

determined by comparing the ratios produced under a BM null model of evolution to those 

produced at random through a permutation method (Blomberg et al., 2003). Here I tested for 

significance using 999 iterations. Pagel’s λ values close to one indicate a strong phylogenetic 

signal in the data. To calculate Pagel’s λ the phylogeny is transformed under a BM null model of 

evolution. λ is then the coefficient required to scale the resulting covariance matrix to match that 

from the original, untransformed phylogeny (Pagel, 1999). I calculated both indices as a means of 

comparing to the results of the Kmult analysis, and because Pagel’s λ is a more accurate measure of 

phylogenetic signal in phylogenies with few tips (Münkemüller et al., 2012).  I ran these analyses 

in R (R Core Team, 2015) using the phytools package (Revell, 2012). 
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Evolutionary Rate 

Because skeletal morphology differs among specimens from the three different biomes occupied 

by North American Martes (Chapter 1), I sought to determine whether differences in selective 

pressures among biomes influenced the tempo of appendicular morphological evolution. I tested 

for differences in evolutionary tempo among specimens from the three biomes occupied by North 

American Martes: 1) temperate broadleaf and mixed forest; 2) temperate coniferous forest; and 3) 

boreal forest and taiga (Olson et al., 2001). For this analysis I quantified limb bone shape using 

the GPA aligned landmark data for each element. I tested for evolutionary rates in each limb 

element independently. Evolutionary rates were calculated by phylogenetically transforming the 

shape data under a BM null model of evolution and then calculating the resulting between-

specimen Euclidian distances. Rate was quantified as the sum of squared distances between the 

phylogenetically transformed data and the origin of the phylogeny (Adams, 2014b). To determine 

whether rates significantly differed among specimens from each biome, I compared ratios of rates 

between each biome to ratios of rates produced from simulated data with rates that do not 

significantly differ. I did this using a permutation method for 999 iterations (Denton and Adams, 

2015). This method produces appropriate Type I error and high power, despite small rate 

differences between groups (Adams and Collyer, 2018). I ran all analyses in R (R Core Team, 

2015) using the geomorph package (Adams and Otarola-Castillo, 2013) (Appendix IV, Section 

D).  

 

Morphological Disparity 

I estimated morphological disparity in Martes from the Pleistocene to Present to infer trends in 

disparity through time. I quantified bone shape using the centroid size of each bone. I estimated 
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morphological disparity through time using the dtt function in GEIGER (Harmon et al., 2008) 

(Appendix IV, Section E). In the dtt function, the average disparity of the entire phylogeny is first 

calculated using the assigned tip values. Then, moving up the phylogeny from the root to the tips, 

mean relative disparity is calculated for each node. The mean relative disparity is a ratio of the 

average disparity of each subclade whose ancestral lineage was present at that point in time 

relative to the average disparity of the entire phylogeny (Foote, 1997; Harmon et al., 2003). The 

greater the relative mean disparity (≥1), the greater a volume of morphospace is occupied by each 

subclade. For this analysis I chose an average squared Euclidian distance disparity index because 

it is the most commonly used distance when quantifying morphospace in geometric 

morphometric analyses (Zelditch et al., 2012) and because this distance is the least sensitive to 

small sample sizes (Ciampaglio et al., 2001).  I then compared the estimated disparity through 

time to that expected under a BM null model of evolution using the morphological disparity index 

(MDI). The MDI represents the difference in relative disparity between the observed and 

simulated data (Harmon et al., 2003). To calculate MDI, I simulated centroid size evolution under 

a BM null model of evolution 1,000 times and then from this simulated data generated the mean 

relative disparity at each node.  

 

 

Results 

Phylogenetic Signal 

I found a significant phylogenetic signal (p≤0.05) in the landmark data from only the ulna (Kmult= 

0.44) (Table 1). A significant Kmult result with a value less than one indicates that morphology is 

less similar between specimens than expected under a BM null model (Adams, 2014a; Adams 

and Collyer, 2018). Kmult did not significantly differ, however, from that expected under a BM 
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null model in the landmark data of the remaining five elements and ranged from 0.36-0.43 (Table 

1). I found no phylogenetic signal in the centroid size of all six measured elements (K >0.05, λ ≤ 

0.04; Table 1). These results suggest that the appendicular morphology of M. americana and M. 

caurina has evolved independent of phylogenetic relationships and reflects a stochastic, BM 

model of evolution. 

 

Evolutionary Rate 

There was a significant difference in the rate of evolution among the femora of specimens 

collected from the three different biomes (p<0.05) (Table 2). Specimens from boreal forests were 

evolving at the fastest rate (2.68x10-4) and those from broadleaf forests evolved under the slowest 

rate (9.4x10-5). Evolutionary rates did not significantly differ in the other limb elements (p>0.05, 

Table 2). This suggests that biome has had little influence on the rate of appendicular 

morphological evolution in M. americana and M. caurina.  

 

Morphological Disparity 

In all six elements, morphological disparity was estimated to have reached an initial peak early in 

the evolution of M. americana and M. caurina (Figure 4). This peak was then followed by a 

declining trend, marked by two slight increases (Figure 4). While the disparity through time 

analysis does not provide age ranges at each measured node, it was possible to correlate age 

ranges from the underlying phylogeny (Chapter 3). The initial peak in estimated disparity then 

occurred approximately 132 kya +/- 92 ka, when M. americana underwent lineage diversification. 

The second peak coincides with the diversification of M. caurina 83 kya +/- 69 ka. The final 

increase in disparity then occurred around 24 kya +/- 6 ka (Figure 4, 5).  The MDI indicated that 
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the overall relative disparity of the measured data did not significantly differ from that expected 

under a BM model of evolution (Table 3). This suggests that the morphological disparity seen in 

M. americana and M. caurina developed through the accumulation of random trait changes 

through time.  

 

 

Discussion 

The results of this study indicate that the skeletal limb morphology of North American Martes 

has not evolved as an adaptation to biome. Populations undergoing phenotypic adaptation in 

response to selective pressures often exhibit phylogenetic signal in the phenotype, differing rates 

of evolution, and low within-clade disparity (Foote, 1997; Hendry et al., 2008; Kinnison and 

Hendry, 2001; Schluter, 2000; Slater et al., 2010). In North American pine martens, neither 

measure of limb shape had an underlying phylogenetic signal (Table 1). There was also no 

significant difference in evolutionary rates among specimens from different biomes (Table 2). 

Estimates of relative clade disparity through time were ≥1 for the majority of the evolutionary 

history of these species, suggesting that they were not undergoing adaptation. Each of these 

analyses indicated that limb element shape has evolved under a BM mode of evolution, meaning 

that limb shape variation has accumulated randomly in proportion to time. The simplest way to 

obtain this mode of phenotypic evolution is through genetic drift (Harmon, 2018; Lande, 1976). 

Genetic drift in geographically isolated populations may result in divergent phenotypes. 

M. americana and M. caurina may have differing phenotypes as a result of genetic drift occurring 

in isolated populations during the Pleistocene. Fluctuations in climate during the Pleistocene 

(Bond et al., 1993) resulted in multiple glacial interglacial cycles (Lang et al., 1999; Rahmstorf, 

2002; Seierstad et al., 2014; Wolff et al., 2010) (Figure 5). During the last of these glacial 
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periods, the Wisconsinan glaciation (80-18 kya) (Clark et al., 2009; Dyke, 2004), North American 

pine martens likely became isolated in different biomes in the eastern and western U.S. (Chapter 

3; Dawson et al., 2017; Stone and Cook, 2002; Stone et al., 2002a). This hypothesis is supported 

by the presence of fossils in these regions during this glacial period (Behrensmeyer and Turner, 

2013; Bell, 1995; Eshelman and Grady, 1986; Grady, 1984; Guilday and Hamilton, 1978; Long, 

1971; Mead and Mead, 1989; Sinclair, 1907; Tankersley, 1997; Wetmore, 1962) and the 

estimated node ages constructed in the phylogenetic analysis (Figure 2 and 5). Relative disparity 

is modeled to have increased in conjunction with the initial lineage diversification of M. 

americana (132 kya +/- 92 ka) and then again with the diversification of M. caurina (83 kya +/- 

69 ka) (Figure 4 and 5). This increase in disparity may coincide with the Wisconsinan glaciation 

(80-18 kya) (Clark et al., 2009; Dyke, 2004), suggesting that both genotypic and phenotypic 

diversification occurred in these species while they were geographically isolated (Figure 5).  

M. americana and M. caurina may have survived fluctuations in climate and biome without 

undergoing phenotypic adaptation because they are behaviorally plastic. Researchers have shown 

that M. americana and M. caurina will vary both their hunting and nesting behaviors seasonally 

and by habitat quality (Andruskiw et al., 2008; Ben-David et al., 1997; Fuller et al., 2005; 

Moriarty et al., 2015; Steventon and Major, 1982; Zielinski and Duncan, 2004). In addition, these 

species are capable of several locomotor behaviors including climbing, swimming, pouncing, 

digging, and a half-bound gate (Banfield, 1974; Harris and Steudel, 1997). This variety of 

locomotor behaviors is also reflected in their hunting strategies as these species have a wide 

dietary range that includes hares, voles, birds, insects, and fruit (Banfield, 1974; Clark et al., 

1987; Nowak, 1999). If this wide range of behaviors has been exhibited by M. americana and M. 

caurina from the Pleistocene to Present, they may have been advantageous when facing past 

climate change.  
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North American Martes are not the only species hypothesized to have undergone phenotypic 

divergence as a result of glacial isolation during the Pleistocene. Similar evolutionary histories 

have been reported in several species of insects, amphibians, reptiles, birds, and mammals (see 

review in Shafer et al., 2010). For example, both yellow-rumped warblers, Dendoica sp., and 

song sparrows, Melospiza melodia, are thought to have undergone phenotypic divergence in 

plumage patterns while isolated in glacial refugia and during later range expansion after glacial 

retreat (Milá et al., 2007; Zink and Dittmann, 1993). Species of North American tree squirrels, 

Tamisciurus sp., are also thought to have undergone phenotypic divergence in glacial refugia 

(Arbogast et al., 2001). By determining the modes of phenotypic evolution in these and other 

species that were isolated during the Pleistocene, it may be possible to begin reconstructing how 

Pleistocene communities were influenced by past climate and biomes. 

 

 

Conclusions 

The results of this study suggest that the appendicular skeletal morphology of North American 

pine martens, M. americana and M. caurina, evolved through genetic drift in geographically 

isolated populations during the Late Pleistocene. Despite changes in both climate and biome from 

the Pleistocene to Present, these species were able to survive without undergoing phenotypic 

adaptation. Their survival through these extrinsic fluctuations may be attributed to their 

behavioral plasticity. The changes in morphology studied here occurred over nearly two hundred 

thousand years. Today, living populations of Martes are experiencing rapid changes in climate 

and habitat (Rahmstorf et al., 2007) that may, in turn, influence their behavior and likelihood of 

survival. If these species can survive climate change by being behaviorally plastic, as 
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hypothesized here, it may provide them with an advantage when facing future climatic shifts 

across their geographic ranges.  
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Tables 

Table 1. Phylogenetic Signal 

Element Kmult Kmult p K K p λ 

Humerus 0.37 0.22 0.36 0.52 0.04 

Radius 0.39 0.08 0.28 0.80 <0.01 

Ulna 0.44 <0.01 0.30 0.77 <0.01 

Femur 0.36 0.24 0.35 0.51 <0.01 

Tibia 0.39 0.06 0.30 0.77 <0.01 

Fibula 0.38 0.09 0.28 0.79 <0.01 

 

 

Table 2. Limb Element Shape Tempo by Biome 

Element p Evolutionary Rates by Biome 

  Boreal Forest Broadleaf Forest Coniferous 

Forest 

Humerus 0.85 2.31x10-4 2.74x10-4 2.84x10-4 

Radius 0.67 2.24x10-4 2.19x10-4 2.84x10-4 

Ulna 0.24 2.16x10-4 1.88x10-5 3.52x10-4 

Femur <0.01 2.68x10-4 9.40x10-5 1.30x10-4 

Tibia 0.68 1.69x10-4 1.28x10-4 1.31x10-4 

Fibula 0.95 1.02x10-4 9.40x10-5 1.30x10-4 

 

 

Table 3. Morphological Disparity Index 

Element MDI p 

Humerus 0.84 1.0 

Radius 1.19 1.0 

Ulna 1.13 1.0 

Femur 0.87 1.0 

Tibia 1.15 1.0 

Fibula 1.28 1.0 
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Figures 

 

Figure 1. Geographic distribution of M. americana (horizontal lines) and M. caurina (vertical 

lines). Colors indicate the biome distributions. Blue are boreal forests. Orange are coniferous 

forests, and pink are broadleaf forests. Teal points on the map indicate the geographic location 

from which specimens were collected. 
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Figure 2. Bayesian phylogeny of M. americana and M. caurina specimens constructed from a 

concatenated sequence of 12S, 16S, cytb, and Dloop mitochondrial genes. Branch lengths 

represent time and node values indicate posterior probability support. Yellow circles denote 

nodes that were fossil calibrated (Chapter 3; Table 3 and 4). Purple bars on nodes represent the 

95% confidence interval on node ages. Blue, orange, and pink circles at tips represent the biome 

from which specimens were collected, as indicated by the key to the left. Tip labels indicate the 

state from which specimens were collected followed by an individual specimen number. See 

Appendix IV (Section C, Table 1) for the collection number associated with each tip label. 
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Figure 3. Geometric morphometric landmarks on the humerus, radius, ulna, femur, tibia, and 

fibula used to quantify bone shape of specimens.  
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Figure 4. Estimated disparity through time plots for the humerus, ulna, radius, femur, tibia, and 

fibula. Solid lines on the DTT plot represent estimates of the mean subclade morphological 

disparity. The dotted black line is the simulated disparity calculated under a Brownian motion 

null model of evolution with 95% confidence intervals in grey. 



 

132 
 



 

133 
 

Figure 5. Bayesian phylogeny of M. americana and M. caurina (upper) (Chapter 3) and estimated 

disparity through time (DTT; lower) plots. Purple bars on phylogeny nodes represent the 95% 

confidence interval on node ages. DTT plot was constructed from the femoral data and represents 

trends that are consistent in all six elements (Figure 4). Solid lines on the DTT plot represent the 

estimated mean subclade morphological disparity. The dotted black line is the simulated disparity 

calculated under a Brownian motion null model of evolution with 95% confidence intervals in 

grey. Blue boxes represent the Wisconsinan and Illinoian glacial periods while white boxes 

represent the Pre-Illinoian, Sangamonian, and current interglacial periods. Glacial cycle data was 

collected from Clark et al. (2009); Dyke (2004); Edwards et al. (1997); Rovey and Balco (2011); 

Shackleton et al. (2003);  and Stirling et al. (1998). 
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CHAPTER VI 
 

 

STASIS IN APPENDICULAR SKELETAL MORPHOLOGY OF THE NORTH AMERICAN 

PINE MARTEN, M. AMERICANA, ACROSS CLIMATE CHANGE IN ALASKA 

 

Introduction 

 Climate is changing at unprecedented rates as a result of anthropogenic factors 

(Rahmstorf et al., 2007), and Alaska has become one of the most volatile geographic regions in 

the world (Dye, 2002; Euskirchen et al., 2007; Serreze et al., 2000; Stone et al., 2002). Over the 

past 60 years, Alaska has experienced significant shifts in annual temperature and precipitation, 

as well as dominant vegetation (Dye, 2002; Euskirchen et al., 2009; Klein et al., 2005; Myneni et 

al., 1997; Serreze et al., 2000; Stone et al., 2002). Researchers have shown that many living 

species from other geographic regions are undergoing phenotypic evolution on decadal scales in 

response to rapid global climate change (Doudna and Danielson, 2015; Franssen, 2011; Poroshin 

et al., 2010; Rychlik et al., 2006; Stumpp et al., 2016). It is, therefore, possible that species found 

in Alaska are also undergoing phenotypic evolution over brief time-scales. The North American 

pine marten, Martes americana, is distributed within boreal forests across Alaska (Clark et al., 

1987; Nowak, 1999), a biome currently undergoing significant vegetational changes (Dial et al., 

2016; Euskirchen et al., 2009; Klein et al., 2005; Lloyd and Fastie, 2002; Lloyd et al., 2003; 

Myneni et al., 1997). The morphology of M. americana may be evolving in response to Alaskan 

climate perturbation due to the species’ close association with these forest habitats 
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(Banfield, 1974; Clark et al., 1987; Nowak, 1999). Here I sought to determine whether the 

morphology of M. americana is changing in response to Alaska’s Recent climate. 

Alaska’s climate has undergone very pronounced changes over the past 60 years. Since the 1960s, 

Alaska has experienced an increase in annual temperature, gaining an average 0.5-1.0°C every ten 

years (Serreze et al., 2000). This has resulted in a decrease in annual snowfall (Dye, 2002; 

Euskirchen et al., 2007; Stone et al., 2002) and a decrease in permafrost stability (Jorgenson et al., 

2001; Lloyd et al., 2003; Osterkamp and Romanovsky, 1999). Warmer annual temperatures have 

caused an increase in non-snow precipitation (Knowles et al., 2006) and lengthened the growing 

season (Myneni et al., 1997; Smith et al., 2004; Stone et al., 2002). Consequently, tundra habitats 

in Alaska have begun to shrink, while boreal forest tree lines and shrubbery have expanded 

(Euskirchen et al., 2009; Klein et al., 2005; Lloyd and Fastie, 2002; Myneni et al., 1997). While 

boreal forests are expanding, the composition of these forests is changing. Boreal forests are 

characterized by low shrub understories and are dominated by black spruce, Picea mariana, and 

jack pine, Pinus banksania (Smith and Smith, 2001). Recently, these forests have seen an 

increased density of tall shrub species (Dial et al., 2016), while spruce within these forests have 

decreased their annual growth (Lloyd and Fastie, 2002). Climate change in Alaska, therefore, 

appears to be causing shifts in weather patterns, habitat ranges, and habitat composition. 

Several species found across Alaska have undergone phenotypic changes in correlation with 

anthropogenically induced climate change since the 1960s (Pergams and Lawler, 2009; Rode et 

al., 2010; Yom-Tov and Yom-Tov, 2005; Yom-Tov et al., 2007). Body size increases have been 

observed in the masked shrew, Sorex cinereus, over the past 60 years (Yom-Tov and Yom-Tov, 

2005) and black footed-lemmings, Lemmus trimucronatus nigripes, have undergone decreases in 

foot and tail length within this same time span (Pergams and Lawler, 2009). Phenotypic skeletal 

changes have also occurred in large bodied species such as polar bears, Ursus maritimis, and the 

Canadian lynx, Lynx canadensis (Rode et al., 2010; Yom-Tov et al., 2007). Polar bears have 
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undergone a decrease in both cranial width and body length (Rode et al., 2010), while Canadian 

lynx have increased the zygomatic breadth of their skull (Yom-Tov et al., 2007). Researchers 

have attributed these skeletal changes to changes in food quality (Yom-Tov and Yom-Tov, 2005; 

Yom-Tov et al., 2008; Yom-Tov et al., 2007) and habitat availability (Rode et al., 2010) as 

Alaska’s climate continues to warm and biomes shift. 

M. americana may be undergoing skeletal phenotypic changes in response to shifts in Alaska’s 

climate and boreal forest composition. This species is distributed throughout much of Alaska and 

predominantly occupies boreal forests in this region (Clark et al., 1987; Nowak, 1999). M. 

americana has a wide range of prey, but is particularly suited for hunting voles and other rodents 

within the subnivium (Buskirk, 1983; Nowak, 1999). This seasonal hunting strategy and unique 

mode of locomotion may make this species susceptible to changes in annual snowfall. M. 

americana has also been found to exhibit different hunting and nesting behaviors among forest 

patches of differing vegetation complexity (Andruskiw et al., 2008; Fuller et al., 2005; Moriarty 

et al., 2015; Steventon and Major, 1982).  This suggests that changes in boreal forest complexity 

may influence the behavior of M. americana, which may in turn affect their skeletal limb 

morphology. Researchers have found that this species is undergoing phenotypic shifts in 

correlation with anthropogenic climate change, with body size increasing over the past 50 years 

(Yom-Tov et al., 2008). This body size change was attributed to a shift in diet (Yom-Tov et al., 

2008). This study suggests that M. americana can undergo phenotypic evolution over a short time 

span and that it may be modifying its hunting behaviors to adapt to prey availability. Changes in 

hunting and locomotor behaviors which influence posture and gait can influence limb bone 

curvature, robusticity, and epiphyseal size (Biewener, 1983; 2005; Lieberman et al., 2003). It is, 

therefore, possible that these behavioral changes have resulted in differing limb phenotypes in M. 

americana since the 1960s.  Previous research, however, indicates that the limb morphology of 

M. americana evolved independent of climate throughout the Pleistocene (Chapter 4). Are recent 
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changes in climate across Alaska drastic enough to induce appendicular phenotypic changes in M. 

americana? 

In this study, I focused on the phenotypic variation in Alaskan M. americana to determine 

whether skeletal limb morphology has changed through time and whether it is evolving in 

response to selective pressures introduced by Alaska’s changing climate. I tested two hypotheses: 

1) skeletal limb morphology differs between specimens collected before and after 1970; and 2) 

skeletal limb morphology is adapting to Alaska’s novel climate. To test these hypotheses, I 

analyzed geometric morphometric landmark data from specimens of M. americana collected from 

mainland Alaska between 1940 and 2007. I then tested for morphological evolutionary rate and 

mode using a phylogenetic framework constructed from mitochondrial DNA sequences taken 

from the same specimens whose morphology I measured.  

 

Institutional Abbreviations 

Sam Noble Oklahoma Museum of Natural History (SNOMNH), Florida Museum of Natural 

History (FMNH), University of Alaska Museum of the North (UAMN), and Smithsonian 

Institution National Museum of Natural History (USNM) 

 

 

Materials and Methods 

Specimens 

I studied a total of 34 individuals morphologically identified as M. americana. Some specimens 

were incomplete, resulting in a dataset that included 31 skulls, 34 humeri, 30 radii, 30 ulnae, 34 

femora, 32 tibiae, and 30 fibulae (Appendix V, Section A). Specimens were collected across 
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mainland Alaska between 1940 and 2007 (Figure 1A). All specimens were adults as determined 

by full epiphyseal fusion. The dataset also included both sexes which were determined by 

museum identification and presence of a baculum. I measured 15 specimens collected before and 

19 collected after 1970. From 33 of these specimens I extracted DNA from bone or soft tissue. 

These specimens are housed in the collections at SNOMNH, FMNH, UAMN, and USNM. In 

addition, I included complete mitochondrial gene sequences for the 16S, cytochrome b (cytb), and 

Dloop genes for Martes foina from GenBank (NCBI) to be used as an outgroup (Appendix V, 

Section C). 

 

Morphological Change 

I collected shape data from appendicular skeletal elements (humerus, radius, ulna, femur, tibia, 

and fibula) of each specimen. I collected 3D geometric morphometric landmark data from each 

bone using a MicroScribe G2LX digitizer. This digitizer records the X, Y, and Z coordinates of a 

single point/landmark in space. I chose landmarks that would best capture the length and width of 

each element because size evolves in mammals through time (e.g., Fabre et al., 2013b; Kolska 

Horwitz and Ducos, 1997; Meachen et al., 2014; Meachen and Samuels, 2012). I also chose 

landmarks that represented morphological characters frequently used in phylogenetic studies of 

carnivorans (Leach, 1977; Morlo and Peigné, 2010; Zrzavý and Řičánková, 2004). This allowed 

me to use previously identified traits that are thought to contain phylogenetic signal. Where 

possible, I avoided landmarks associated with muscle attachments, as these are modified 

throughout an individual’s life (Currey, 2002; Wei and Messner, 1996). In addition, I tested all 

landmarks for accuracy and repeatability (Chapter 1). This resulted in 14 humeral, 10 radial, 11 

ulnar, 12 femoral, 10 tibial, and 8 fibular landmarks (Figure 2; Appendix V, Section D). I aligned 

landmarks for each element independently using a generalized Procrustes analysis (GPA) and 
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then calculated the centroid size of each bone from each specimen (Appendix V, Section E, Table 

1). I ran these analyses using the geomorph package (Adams and Otarola-Castillo, 2013) in R (R 

Core Team, 2015) (Appendix V, Section G). 

I assigned each specimen to one of two time-bins, those collected before 1970 and those collected 

after 1970. I chose 1970 as a bin cut-off because Alaska’s climate began to change considerably 

during the 1960s (Dye, 2002; Klein et al., 2005; Serreze et al., 2000; Stone et al., 2002).  M. 

Americana has an approximately ten year life-span, begin reproducing around two years of age, 

and can reproduce once per year there-after (Banfield, 1974; Clark et al., 1987). Given this life 

history, these bins then allowed me to compare the morphologies of individuals that lived entirely 

in Alaska’s historic climate to those that were born into Alaska’s recent climate. 

I tested for a significant difference in limb element shape between specimens collected before 

(N=15) and after (N=19) 1970. To do this, I first calculated principal component (PC) scores for 

the aligned landmarks using a principal components analysis. I then tested for morphological 

differences between specimens from each time bin in each element individually using the highest 

ranking PC scores, those explaining 95% of the morphological variance (Zelditch et al., 2012). 

PC scores are commonly used in morphometric analyses as a proxy for shape and a means of 

reducing the number of variables in a statistical analysis (Carden et al., 2012; Fabre et al., 2013a; 

Meachen et al., 2016; Rychlik et al., 2006). I tested for statistical differences between the PC 

scores for each time bin and element using a series of PERMANOVAs (α=0.05, permutation 

9,999) (Polly, 2008; Rychlik et al., 2006). PERMANOVA is robust to violations of multivariate 

normality and allows for more variables than specimens per group (Anderson, 2001), which occur 

in several of the datasets. I ran this analysis six times, once for each element. 
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Morphological Adaptation 

DNA Extraction, Amplification, and Sequencing 

I collected samples from a rib bone or soft tissue from each of the 32 specimens. I extracted 

genomic DNA from soft tissue using the following protocol: approximately 0.025 g of soft tissue 

was incubated at 55°C for 24 hours while rotating in 125 µL lysis buffer (Bello et al., 2001), 8.75 

µL 20 mg/mL proteinase K, 5 µL 1 mg/mL RNase A, and 10 µL 5 mM DTT followed by a 

phenol:chloroform:isoamyl (25:24:1) extraction protocol (see detailed protocol in Appendix VI). 

I extracted cellular DNA from bone tissue using a silica binding protocol modified from Rohland 

(2012) (see detailed protocol in Appendix VI). Prior to sampling, all bones were cleaned in a 2-

4% bleach solution, then rinsed and allowed to air dry. I then powdered the entire rib using a 

SPEX® Cryogenic Grinder. This yielded between 0.05 g and 0.1 g of powder (Appendix V, 

Section E, Table 4). I eluted all samples in 40-65 µL of 86°C elution buffer (10 mM Tris and 0.1 

mM EDTA). I quantified the amount of DNA present in all extractions using a ThermoFisherTM 

Qubit® (Appendix V, Section E, Table 4). 

I amplified DNA in overlapping fragments ranging from 139-1,012 bp, depending on the DNA 

quality of each specimen, using a polymerase chain reaction (PCR) (see detailed protocol in 

Appendix VII). The 16S, cytb, and Dloop mitochondrial genes were all targeted using primers 

that I designed to span the entirety of each gene (Table 1; Appendix V, Section F, Figure S1). I 

designed 12S, 16S, and Dloop primers to amplify approximately 250bp regions with 50bp of 

overlap (Appendix V, Section F, Figure S1). I designed primers to have similar annealing 

temperatures, within 1°C, and with GC content of at least 60%. In some cases, the GC content 

criterion resulted in targeted priming sites that had less than 50bp of overlap (Appendix V, 

Section F, Figure S1). Primers for cytb were taken from (Stone and Cook, 2002).  For all PCRs, I 

used a negative and positive control. I performed PCR amplifications in 20 µL volumes using 
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separate protocols for bone and soft tissue extractions. For samples extracted from bone tissue, I 

amplified each gene using the following reagents: 1X PCR buffer, 2 mM MgCl2, 200 µM dNTP, 

1 mg/ml BSA, 1.25 U ThermoFisherTM AmpliTaq Gold, and 0.4 µM of each primer. The PCR 

was conducted on a Labnet International, Inc. MultiGene Optimax thermocycler and cycling 

conditions were as follows: 95°C for 15 min; 35 cycles of 95°C for 15 s, 52-60°C for 30 s, 72°C 

for 30 s; 72°C for 5 min. For samples extracted from soft tissue, I amplified each gene using 1X 

PCR buffer, 2 mM MgCl2, 200 µM dNTP, 1 mg/ml BSA, 1.25 U ApexTM Taq, and 0.4 µM of 

each primer. The PCR cycling conditions were as follows: 95°C for 10 min; 35 cycles of 95°C for 

15 s, 52-60°C for 90 s, 72°C for 30 s; 72°C for 5 min. I evaluated the success of each 

amplification by running 5 µL of dyed PCR product on a 2% agarose gel and imaging using a 

BioRad Gel Doc XR system. 

I cleaned all PCR products using an Exo-Sap cleaning procedure and Sanger sequenced all 

forward and reverse strands on an Applied Biosystems 3130xl Genetic Analyzer (see detailed 

protocol in Appendix VIII) I edited all DNA sequences using CLC Main Workbench (Qiagen 

Bioinformatics).  

 

Sequence Alignment and Nucleotide Substitution Modeling 

Sequences obtained for 12S, 16S, Dloop, and cytb were initially short amplicons which had to be 

assembled against a reference genome. Here, I used the mitochondrial genome of M. foina 

(HM106325.1) as a reference. Using MEGA7 (Kumar et al., 2016), I aligned the sequences for 

each gene independently against the mitochondrial genome of Martes foina (HM106325.1), 

which acted as an outgroup. I used the ClustalW algorithm with the default parameters for all 

alignments and corrected any misalignments manually. Because some sequences were partial, I 

trimmed all alignments to reduce the amount of missing data. This resulted in the following 
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length ranges for each gene: 16S = 0-960 bp; cytb = 0-830 bp; Dloop = 274-538 bp. Previous 

analyses (Chapter 2) indicate that accurate phylogenetic relationships can only be constructed 

using sequence lengths of >135bp of 16S, >340bp of cytb, and 0bp of Dloop in a concatenated 

sequence. I, therefore, removed all specimens from the final analysis that did not meet these three 

requirements. This resulted in 16 specimens of M. americana, 5 collected before 1970 and 11 

collected after 1970, as well as the single GenBank sequence of M. foina as an outgroup. 

Sequence lengths ranged from 219-960bp in 16S, 410-830bp in cytb, and 234-538bp Dloop 

(Appendix V, Section E, Table 5).  

I tested for the best-fit nucleotide substitution model for each gene independently and for the 

concatenated sequence in MEGA7 (Kumar et al., 2016) using a maximum likelihood model and 

an 85% site coverage cutoff because some specimens had missing data. I chose the best-fit 

nucleotide substitution models as those with the lowest Akaike Information Criterion (AIC) 

(Akaike, 1974) (Table 2).  I then concatenated the three genes into a single sequence of 2,330 bp 

allowing me to test phylogenetic relationships using all three genes simultaneously. 

 

Bayesian Phylogeny 

I tested for phylogenetic relationships between specimens using a Bayesian Markov Chain Monte 

Carlo (MCMC) phylogenetic analysis. I ran this analysis using Beast 1.8.4 (Drummond et al., 

2012). I unlinked the nucleotide substitution models for each gene and assigned the best-fit model 

to each: 16S = TN93; cytb = HKY; Dloop = K2+I (Table 2). I chose a relaxed lognormal 

molecular clock (Drummond et al., 2006). Under simulated datasets, this clock model had the 

highest power for data evolving under both clocklike and non-clocklike conditions when 

compared to other strict and autocorrelated clock models (Drummond et al., 2006). I also 

assumed coalescence with a constant population size because this null is the most appropriate 
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when testing for intraspecific evolutionary relationships (Kingman, 1982). A single MCMC chain 

was run for 100,000,000 iterations with parameters written every 1,000 generations (Table 3). I 

discarded the first 20% of trees as burn-in. 

Tracer 1.6 (Rambaut et al., 2014) was used to check for convergence between runs. I checked 

Effective Sample Size values for each prior to determine whether the posterior distributions of all 

parameters were well estimated. Finally, using TreeAnnotator 1.8.2 (Drummond et al., 2012), I 

compiled the maximum credibility tree from the post burn-in sample. 

 

Phylogenetic Signal 

To determine whether appendicular skeletal morphology reflected the underlying phylogenetic 

relationships of Alaskan M. americana, I tested for phylogenetic signal in limb bone shape in 

each element independently. I included the 16 specimens of M. americana whose phylogenetic 

relationships were determined and whose skeletal limb morphology was quantified using 

geometric morphometrics. This dataset was comprised of 5 specimens collected before 1970 and 

11 specimens collected after 1970 (Figure 1B). I measured phylogenetic signal using a 

generalization of Blomberg’s K (Blomberg et al., 2003) that is appropriate for multivariate data 

(Kmult) (Adams, 2014b; Adams and Collyer, 2018). This model is ideal for geometric 

morphometric data because it has high power and appropriate Type I error despite trait 

dimensionality and covariance (Adams, 2014a; Adams and Collyer, 2018). To evaluate the 

significance of Kmult I tested it against a Brownian Motion (BM) null model of evolution using a 

permutation method for 999 iterations (α≤0.05). BM is an appropriate null model for phenotypic 

evolution because it assumes phenotypes shift randomly and proportionally with time, thereby 

forming a normal trait distribution (Felsenstein, 1973; Felsenstein, 2004). I ran this analysis in R 
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(R Core Team, 2015) using the geomorph package (Adams and Otarola-Castillo, 2013) 

(Appendix IV, Section G). 

Second, I tested for phylogenetic signal using centroid size as a measure of shape. I chose a 

univariate trait because there are currently no accurate methods for interpreting evolutionary 

mode in multivariate data (Adams and Collyer, 2018). I measured phylogenetic signal using two 

indices: Blomberg’s K (Blomberg et al., 2003) and Pagel’s λ (Pagel, 1999). Blomberg’s K values 

that are significant and positive indicate there is a greater phylogenetic signal in the data than 

would be expected at random.  Blomberg’s K calculates phylogenetic signal as a ratio of the 

mean squared error (MSE) of the tip data around a phylogenetically corrected mean and the MSE 

of the given phylogeny under a BM null model of evolution. The significance of this index is then 

determined by comparing the ratios produced under a BM null model of evolution to those 

produced at random through a permutation method (Blomberg et al., 2003). Here I tested for 

significance using 999 iterations. Pagel’s λ values close to one indicate a strong phylogenetic 

signal in the data. To calculate Pagel’s λ the phylogeny is transformed under a BM null model of 

evolution. λ is then the coefficient required to scale the resulting covariance matrix to match that 

from the original, untransformed phylogeny (Pagel, 1999). I calculated both indices as a means of 

comparing to the results of the Kmult analysis, and because Pagel’s λ is a more accurate measure of 

phylogenetic signal in phylogenies with few tips (Münkemüller et al., 2012).  I ran these analyses 

in R (R Core Team, 2015) using the phytools package (Revell, 2012). 

 

Evolutionary Rate 

Because Alaskan climate has changed drastically over the past 60 years, I sought to determine 

whether this change influenced the rate of appendicular morphological evolution in M. 

americana. I tested for differences in evolutionary rate between specimens collected before 1970 
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(N=5) and those collected after (N=11). For this analysis I quantified limb element shape using 

the GPA aligned landmark data for each element. Evolutionary rates were calculated by 

phylogenetically transforming the shape data under a BM null model of evolution and then 

calculating the resulting between-specimen Euclidian distances. Rate was quantified as the sum 

of squared distances between the phylogenetically transformed data and the origin of the 

phylogeny (Adams, 2014b). To determine whether rates significantly differed between specimens 

from each time bin, I compared ratios of rates between each time bin to ratios of rates produced 

from simulated data with rates that do not significantly differ under a BM null model of 

evolution. I did this using a permutation method for 999 iterations (Denton and Adams, 2015). 

This method produces appropriate Type I error and high power, despite small rate differences 

between groups (Adams and Collyer, 2018). I ran all analyses in R (R Core Team, 2015) using 

the geomorph package (Adams and Otarola-Castillo, 2013) (Appendix IV, Section G).  

 

 

Results 

Morphological Change 

The number of PCs composing 95% of the variance in shape differed by element: 17 humeral, 12 

radial, 15 ulnar, 17 fibular, 15 tibial, and 15 ulnar (Appendix V, Section E, Table 2). The 

variation explained by each PC ranged from 36% to 1% depending on the element (Appendix V, 

Section E, Table 3). The results of the PERMANOVA indicated that there was no significant 

difference in morphology between specimens collected before and after 1970 in any of the six 

measured elements (Table 4). This can be visualized through the PC plots, which show 

considerable overlap in morphospace between specimens collected before and after 1970 (Figure 

3).  
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Morphological Adaptation 

Bayesian Phylogeny 

In the Bayesian phylogeny, all specimens of M. americana comprised a single clade with M. 

foina as the outgroup (Figure 4). This node had 100% posterior probability support. Within M. 

americana there were several subclades often containing specimens collected in the same time 

bin. For example, some of the oldest specimens, collected in 1940 and 1968, comprised one 

subclade and the youngest specimens, collected between 1990 and 2006, formed another 

subclade. While subclades were organized by time, the relationship was not perfect, and 

specimens collected in 1976 were most closely related to those collected in 2006. Posterior 

probability support for these subclades ranged from 29% to 96%.  

 

Phylogenetic Signal 

I found no significant phylogenetic signal in the landmark data in all six measured elements 

(Table 5). There was also no significant phylogenetic signal in the centroid size data and 

Blomberg’s K and Pagel’s λ ranged from <0.01 to 0.38 (Table 5). These results indicate that the 

skeletal limb morphology of Alaskan M. americana hasn’t measurably evolved in conjunction 

with phylogenetic relationships and that instead phenotypic phenotypic variation has accrued 

under a BM model of evolution.  

 

Evolutionary Rate 
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I found that the rates of skeletal limb evolution in Alaskan M. americana differed between 

specimens collected before and after 1970 (Table 6), with younger specimens consistently having 

faster rates of evolution in all six measured elements. This difference in tempo, however, did not 

significantly differ from that expected under a BM null model of evolution (p>0.05). This 

suggests that changes in climate and biome have not influenced rates of morphological evolution 

in this species. 

 

 

Discussion 

The results of this study suggest that changes in climate and biome in mainland Alaska since the 

1960s have had little influence on the skeletal limb evolution of M. americana.  Alaskan climate 

change has resulted in changes in annual snowfall, non-snow precipitation, and temperature (Dye, 

2002; Euskirchen et al., 2007; Knowles et al., 2006; Serreze et al., 2000; Stone et al., 2002), 

which, in turn, has caused changes in boreal forest composition and complexity (Euskirchen et 

al., 2009; Klein et al., 2005; Lloyd and Fastie, 2002; Myneni et al., 1997). Given that the behavior 

of M. americana can vary in response to snowfall and forest complexity (Andruskiw et al., 2008; 

Clark et al., 1987; Fuller et al., 2005; Moriarty et al., 2015; Nowak, 1999; Steventon and Major, 

1982), I predicted these factors would have acted as selective pressures on behavior, which in 

turn would have resulted in changes in limb morphology. In other vertebrates, climate change has 

been shown to influence skeletal morphology on decadal and even seasonal time-scales (Doudna 

and Danielson, 2015; Franssen, 2011; Poroshin et al., 2010; Rychlik et al., 2006; Stumpp et al., 

2016). For many of these species, morphological evolution is directional and suggests that novel, 

climate-related selective pressures are influencing phenotypic adaptation toward a new fitness 

optimum (Doudna and Danielson, 2015; Franssen, 2011; Stumpp et al., 2016). In M. americana, 
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however, there was no difference in skeletal limb morphology between specimens collected 

before and after 1970. Instead, the morphology of this species has accumulated variation under a 

BM model of evolution. Further, species undergoing phenotypic evolution in response to changes 

in climate and biome often exhibit different rates of evolution than they exhibited previously 

(Hendry et al., 2008; Kinnison and Hendry, 2001; Salamin et al., 2010). M. americana does not 

differ in evolutionary rate between time-bins, suggesting that selective pressures imposed by 

Alaska’s changing climate and biomes are not influencing the rate of limb evolution in this 

species. It is, therefore, likely that M. americana is responding to Alaska’s recent climate change 

in a different manner. 

Rather than undergoing phenotypic adaptation, species can also respond to changes in biome and 

climate by modifying their geographic distributions (Dietl and Flessa, 2011; MacLean and 

Beissinger, 2017). Historically, the Kenai Peninsula was uninhabited by M. americana, as it was 

hypothesized to have been suboptimal territory for the species (Baltensperger et al., 2017). Over 

the past 60 years, however, this region has seen a loss of tundra habitat and the expansion of tree 

lines and dense shrubs as a result of Alaska’s increased precipitation and longer growing season 

(Dial et al., 2016; Klein et al., 2005; Myneni et al., 1997). While capable of occupying a range of 

habitats (Banfield, 1974; Steventon and Major, 1982), the preferred habitat of M. americana is a 

dense forest with 70% canopy cover (Clark et al., 1987). Researchers have found that M. 

americana has shifted its range from eastern territories to previously uninhabited regions within 

the western Kenai Peninsula (Baltensperger et al., 2017), suggesting that M. americana is 

responding to changes in climate and habitat in Alaska by altering its geographic range and 

tracking newly forested habitats. It is, therefore, possible that M. americana will be able to 

survive current climate change despite a lack of morphological limb evolution. 

M. americana may be able to respond to Alaskan climate change without undergoing significant 

changes in limb morphology because this species is a generalist (Banfield, 1974; Clark et al., 
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1987; Nowak, 1999). Generalist taxa tend to be less susceptible to climate change because they 

can often shift their geographic ranges to track more suitable habitat and prey (Clavel et al., 2011; 

Dunn et al., 2009; Futuyma and Moreno, 1988; Gilchrist, 1995; Kassen, 2002; Lurgi et al., 2012; 

Menéndez et al., 2006). Of the Alaskan species whose morphology has shifted in correlation with 

anthropogenic climate change, many are dietary specialists. For example, both polar bears and 

Canadian lynx are specialized hunters that feed almost exclusively on a single prey (Banfield, 

1974; DeMaster and Stirling, 1981; Nowak, 1999; Poole, 2003). The masked shrew feeds 

predominantly on insects, the life cycles of which are dependent on ambient temperature (Bale et 

al., 2002; Banfield, 1974; Nowak, 1999). Changes in climate are likely to be influencing the prey 

of these specialized hunters, resulting in phenotypic changes in the predators as they adapt 

accordingly (Rode et al., 2010; Yom-Tov and Yom-Tov, 2005; Yom-Tov et al., 2007). A similar 

hypothesis was presented to explain the recent increase in body size seen in Alaskan martens 

(Yom-Tov et al., 2008). The lack of morphological changes in the limbs, however, suggests that 

these species are not changing hunting behaviors. Instead, their wide dietary range may be 

allowing them to shift preferred prey choice as necessary (Banfield, 1974; Clark et al., 1987; 

Nowak, 1999). 

 

Conclusions 

The North American pine marten, M. americana, has not undergone changes in limb morphology 

in correlation with anthropogenic climate change. Further, this species is not exhibiting 

directional evolution in response to selective pressures imposed by changes in temperature, 

precipitation, or forest composition. Instead, the generalist nature of M. americana may be 

allowing it to successfully shift geographic ranges and perhaps change food sources as needed. 

This conclusion suggests that M. americana and other less morphologically specialized species 
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may not require extensive conservation efforts to ensure their future survival. By studying of the 

morphology of recently established populations of M. americana it may be possible to expand our 

understanding of how this species is adapting to modern novel habitats.  
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Tables 

Table 1. Gene Primer Sequences and Annealing Temperatures 

Gene Primer Forward Sequence Reverse Sequence Annealing Temp C 

16S 1 GCACCTGGCTTACA

CC 

CATCATTCCCTTGCG

GTAC 

52 

 2 CCAACTACCACGAC

ATCC 

CATAGGTAGCTCGT

CTGG 

50 

 3 GCTACCTATGAGCA

ATCCAC 

CTAAGCAAGGTTGT

TTCCTTG 

50 

 4 CCTAACGTATCACT

GGGC 

CAGTGCCTCCAATA

CTGAG 

52 

 5 GCACAAGCTTATAA

CAGTCAACG 

GGCCGTTAAACTAA

TGTCACTG 

52 

 6 CACAGGCGTGCAG

TAAG 

GTTAGACCTGGTTG

GTGG 

52 

 7 GACGAGAAGACCC

TATGGAG 

GATAGCTGCTGCAC

CATC 

54 

 8 GACCTCGATGTTGG

ATCAG 

CAATTACTGGGCTCT

GCC 

54 

Dloop 1 CAACAGCCCCGCC

ATC 

GTGRGGTGCACGGA

TGC 

58 

 2 CGTGCATTAATGGC

TTGCC 

GGATTGAGGACTTC

CATGGC 

58 

 3 CGTGTACCTCTTCT

CGCTC 

GAAGGATAAGCCCA

GCTACAAG 

58 

Cytb 1 CGAYYTACCTGCYC

CATC 

YAGGAACAGGCAGA

TGAAG 

60 

 2 YTCTTCATCTGCCT

GTTCCTG 

GCGAAGAATCGYGT

TAGGGTAG 

60 

 3 CTGAGGAGGATTCT

CGGTAGACAAGG 

GGATTAGGAATAGG

GCGCCTAGG 

60 

 4 CTAGGCGCCCTATT

CCTAATC 

CTGAGTGGGCGGAA

TATCAT 

60 

 5 CAATTRTCCCATTV

CTYCATAC 

RATGGCTGGCATRA

GGAYTAG 

60 
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Table 2. Best-fit Substitution Models for Each Gene 

Gene Evolutionary Model AIC 

16S TN93 566.12 

Cytb HKY 1152.87 

Dloop K2+I 1265.14 

 

 

 

Table 3. Phylogenetic Priors for Model Parameters and Statistics 

Parameter Prior Bound 

16S.kappa1 Lognormal [1,1.25], initial=2 0,∞ 

16S.kappa2 Lognormal [1,1.25], initial=2 0,∞ 

16S frequencies Uniform [0,1], initial=0.25 0,1 

Cytb kappa LogNormal [1,1.25], initial=2 0,∞ 

Cytb frequencies Uniform [0,1], initial=0.25 0,1 

Dloop.kappa Lognormal [1,1.25], initial=2 0,∞ 

ucld stdev Exponential [0.333333], 

initial=0.333333 

0,∞ 

ucld mean Fixed value, value=1 0,∞ 

treeModel rootHeight Using Tree Prior in [0, ∞] 0, ∞ 

Constant popSize 1/x, initial=1 0,∞ 

 

 

 

Table 4. Results of PERMANOVA on PC scores 

Element F p 

Humerus 0.67 0.72 

Radius 0.72 0.75 

Ulna 1.36 0.16 

Femur 1.25 0.22 

Tibia 1.36 0.16 

Fibula 1.27 0.23 
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Table 5. Phylogenetic Signal 

Element Kmult Kmult p K K p λ 

Humerus 0.41 0.68 0.52 0.23 <0.01 

Radius 0.36 0.89 0.55 0.18 <0.01 

Ulna 0.39 0.75 0.49 0.28 <0.01 

Femur 0.44 0.26 0.53 0.22 <0.01 

Tibia 0.40 0.85 0.61 0.14 0.38 

Fibula 0.47 0.19 0.49 0.37 <0.01 

 

 

 

Table 6. Limb Element Shape Tempo by Time Bin 

Element p Evolutionary Rates by Time Bin 

  Before 1970 After 1970 

Humerus 0.10 1.8x10-3 6.1x10-3 

Radius 0.14 1.7x10-3 5.8x10-3 

Ulna 0.07 1.4x10-3 5.1x10-3 

Femur 0.87 1.4x10-3 2.3x10-3 

Tibia 0.50 1.1x10-3 3.5x10-3 

Fibula 0.49 7.0x10-4 2.0x10-3 
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Figures 

Figure 1. Geographic distribution of specimens included in the study. A) Geographic location of 

specimens whose skeletal morphology was measured. B) Geographic location of specimens that 

were included in the final phylogeny and, therefore, whose phenotypic evolution was determined. 

Red points on the map represent specimens collected before 1970 and blue represent those 

collected after 1970. The distribution of the boreal forest biome in Alaska is indicated in green 

(Olson et al., 2001). 
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Figure 2. Geometric morphometric landmarks on the humerus, radius, ulna, femur, tibia, and 

fibula used to quantify bone shape. 
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Figure 3. Principal component analysis (PCA) plots for the first two PC axes for the humerus, 

radius, ulna, femur, tibia, and fibula. Points are colored according to the time bin to which each 

specimen was assigned. Red represents individuals collected before 1970. Blue represents 

specimens collected after 1970. The percent variance explained by each PC axis is indicated in 

the axis label. Bone images represent the morphology of each element at the extremes of each PC 

axis. In all of the bones there was no significant difference in element morphology between 

specimens from the two time bins. 
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Figure 4. Bayesian phylogeny of M. americana specimens constructed from a concatenated 

sequence of 16S, cytb, and Dloop mitochondrial genes. Branch lengths represent the number of 

nucleotide substitutions per site as denoted by the scale bar. Node values indicate the posterior 

probability support. Tip labels indicate the year each specimen was collected followed by an 

individual specimen letter. See Appendix V (Section E, Table 6) for the collection number 

associated with each tip label. 
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Appendix I- Chapter 2 Supplemental Files 

A List of specimens 

ETMNH 600, 603, 607, 608, 609; MSB 196536, 196578, 196581, 196582, 196583, 

196981, 197115, 224027, 56692, 61713; UMMZ 177697, 177826, 177827; NYSM (NY) 

14241, 14242, 14387, 14388; SNOMNH 11542, 11543, 11544, 11545, 11546, 11547, 

11548, 11549, 11550, 11551; UAMN (UAM) 101819, 101828, 101851, 11236, 11237, 

13542, 22678, 22680, 22736, 24794, 24805, 24808, 509, 511, 47308, 59579; FMNH 

(UF) 31142, 31328, 31370, 31427; USNM A07549, A07551, 265584, 265585, 266142, 

546139, 546140, 546141, 592316, 592896, 592943, 600579, 600580, 600581, 600583, 

600584; BMUW (UWBM) 81025, 81688  

 

 University of Alaska Museum of the North (UAMN) 

 Burke Museum of Natural History and Culture (BMUW) 

 Florida Museum of Natural History (FMNH) 

 New York State Museum (NYSM) 

 Smithsonian Institution National Museum of Natural History (USNM) 
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B Geometric Morphometric Landmark Definitions: 

Humerus 

1. Most superior point of the lesser tubercle 

2. Most inferomedial point of the lesser tubercle 

3. Most inferior point of the head 

4. Most superior point of the greater tubercle 

5. Most inferior and medial point on the greater tubercle 

6. Most superior point within the entepicondylar foramen 

7. Most inferior point within the entepicondylar foramen 

8. Most superior point of the medial epicondyle 

9. Most inferior point of the medial epicondyle 

10. Most medial intersection of the trochlea and coronoid fossa 

11. Most lateral intersection of the trochlea and coronoid fossa 

12. Most medial intersection of the trochlea and olecranon fossa 

13. Most lateral intersection of the trochlea and olecranon fossa 

14. Most superior point of the lateral supracondylar ridge 

Radius 

1. Most superior point on the anterior surface of the articular circumference of the head of 

the radius 

2. Most superior point on the posterior surface of the articular circumference of the head of 

the radius 

3. Most inferomedial point at the intersection of the articular circumference and neck 

4. Most inferolateral point at the intersection of the articular circumference and neck 

5. Point of maximum curvature of the medial intersection of the trochlea and body 

6. Most medial point of the ulnar notch 

7. Most inferior point of the styloid process 

8. Most inferior point of the trochlea lateral to the styloid process 

9. Most lateral point of the trochlea opposite the ulnar notch 

10.  Point of maximum curvature of the lateral intersection of the trochlea and body 

Ulna 

1. Most superolateral point of the proximal tuberocity of the olecranon 

2. Most anterolateral point of the cranial process of the trochlear notch  

3. Most superomedial point of the proximal tuberocity of the olecranon 

4. Most anteromedial point of the cranial process of the trochlear notch 

5. Most anterior point of the craniolateral process of the trochlear notch 

6. Most anterior point of the craniomedial process of the trochlear notch 

7. Most inferoposterior point of the proximal tuberocity of the olecranon 

8. Most superior point of the articular surface that articulates with the ulnar notch of the 

radius 

9. Most inferior point of the articular surface that articulates with the ulnar notch of the 

radius 

10. Most posterior point of the styloid process just superior to the insertion point of the carpi 

ulnaris muscle 
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11. Most anterior point of the styloid process just superior to the insertion point of the carpi 

ulnaris muscle 

Femur 

1. Center of the fovea capitis 

2. Point of maximum curvature of the neck of the femur along the coronal plane 

3. Point of maximum curvature between the femoral head and greater trochanter along the 

coronal plane 

4. Most superior point of the greater trochanter 

5. Most inferoposterior point of the lesser trochanter 

6. Most superomedial point of the medial condyle 

7. Most superolateral point of the medial condyle 

8. Most superior point of the intercondylar fossa along the sagittal plane 

9. Most superomedial point of the lateral condyle 

10. Most superolateral point of the lateral condyle 

11. Most anterior point of the lateral sesamoid facet 

12. Most anterior point of the medial sesamoid facet 

Tibia 

1. Most lateral point of the lateral condyle 

2. Most inferoposterior point of the lateral condyle 

3. Most inferoposterior point of the medial condyle 

4. Most medial point of the medial condyle 

5. Most anterior point along the sagittal plane of the tibial tuberocity 

6. Most superolateral point of the lateral malleolus 

7. Most inferior point of the lateral malleolus 

8. Most inferoposterior point of the distal epiphysis that is not part of the medial or lateral 

malleolus 

9. Most inferior point of the medial malleolus 

10. Most superomedial point of the medial malleolus 

Fibula 

1. Most anterior point of the head 

2. Most superior point of the head anterior to the coronal plane 

3. Most superior point of the head posterior to the coronal plane 

4. Most posterior point of the head 

5. Most medial point of the head along the coronal plane 

6. Most anterior point of the lateral malleolus 

7. Most inferior point of the malleolar articular surface 

8. Most posterior point of the distal epiphysis lateral to the malleolar articular surface 
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C Supplemental Tables 

Table 1. PC scores for the Humerus, Radius, Ulna, Femur, Tibia, and Fibula 

Humerus 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

ETMNH 600 2.52E-02 7.66E-03 -5.92E-03 9.90E-03 -5.48E-03 9.10E-03 -2.65E-04 7.79E-04 -3.14E-03 

ETMNH 603 2.18E-02 1.08E-02 -6.94E-03 5.52E-03 2.24E-03 -4.59E-03 5.59E-03 4.77E-03 4.84E-03 

ETMNH 607 2.04E-03 7.05E-03 5.13E-03 7.99E-03 1.28E-02 1.50E-03 7.35E-03 -1.60E-03 4.57E-03 

ETMNH 608 1.84E-02 1.94E-02 -9.75E-04 4.02E-03 6.61E-03 8.24E-04 -8.69E-03 -1.61E-03 -5.20E-04 

ETMNH 609 1.81E-02 1.31E-02 -5.76E-03 1.56E-03 2.95E-03 -7.65E-04 -5.98E-03 3.18E-04 9.30E-04 

MSB 196536 -2.64E-02 3.11E-03 4.81E-03 -1.13E-03 3.93E-03 -2.66E-03 1.44E-03 -1.02E-02 -3.78E-03 

MSB 196578 -1.20E-02 -5.03E-03 -1.33E-02 -2.79E-03 -3.78E-03 -3.22E-03 2.81E-03 -7.22E-03 3.87E-03 

MSB 196581 1.59E-03 6.46E-03 -1.31E-02 -8.51E-03 3.21E-03 -1.25E-02 -1.77E-03 2.27E-04 8.96E-03 

MSB 196582 -9.62E-03 -1.17E-02 -3.58E-03 1.75E-03 -3.22E-03 2.06E-03 3.29E-03 2.66E-03 -9.45E-03 

MSB 196583 -2.81E-03 -1.79E-02 1.24E-02 5.79E-04 1.90E-03 3.37E-03 6.77E-03 2.96E-03 8.78E-03 

MSB 196981 -1.25E-02 -2.33E-03 -1.38E-02 1.13E-02 -2.99E-03 -9.57E-03 6.70E-03 5.45E-03 -1.19E-02 

MSB 197115 -3.04E-03 2.28E-03 -7.54E-03 -7.43E-03 -1.23E-02 3.23E-03 -6.42E-03 1.52E-03 -3.02E-03 

MSB 224027 -2.33E-02 4.68E-03 2.79E-03 1.09E-03 3.53E-03 -3.00E-03 2.32E-04 6.03E-03 4.42E-03 

MZ 177697 1.62E-03 -1.07E-02 4.30E-03 -4.93E-03 -2.83E-03 -3.17E-03 8.05E-03 4.10E-04 6.02E-03 

MZ 177826 9.73E-03 -1.23E-02 -7.56E-03 -6.14E-03 4.32E-03 -3.05E-03 1.79E-03 6.07E-04 -3.43E-03 

MZ 177827 -1.69E-02 -3.22E-03 1.27E-03 3.53E-03 8.07E-03 -1.03E-02 -3.57E-03 -4.15E-03 -3.40E-03 

NY 14241 8.70E-03 -1.06E-02 -4.31E-03 -3.65E-03 -4.31E-03 -3.70E-03 9.56E-05 3.57E-03 4.88E-03 

NY 14242 1.51E-02 -8.04E-03 1.09E-02 -1.60E-02 6.99E-03 -1.82E-03 -5.78E-03 9.79E-04 -4.32E-03 

NY 14387 2.13E-02 -9.69E-03 -5.85E-03 1.97E-03 6.29E-04 1.50E-03 -5.12E-05 -1.02E-02 2.71E-03 

NY 14388 2.30E-02 -1.20E-02 6.19E-03 -6.76E-03 3.16E-03 -2.05E-03 -7.16E-03 5.28E-03 -2.89E-04 

UAM 101819 -8.34E-03 6.82E-04 -3.57E-03 -1.22E-02 7.28E-03 8.43E-04 -6.04E-03 -7.49E-04 -7.53E-03 

UAM 101828 -5.88E-03 -1.03E-02 9.45E-03 2.01E-02 1.93E-03 -1.02E-03 -1.22E-02 -1.25E-03 3.02E-03 

UAM 101851 3.84E-03 -1.22E-02 -1.10E-03 1.20E-02 -1.12E-02 7.96E-04 -6.98E-03 3.90E-03 3.38E-03 

UAM 24794 -3.73E-02 3.44E-06 3.53E-03 5.59E-03 3.00E-03 2.44E-03 -2.66E-03 5.25E-03 1.77E-05 
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Humerus continued 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

UAM 59579 -4.45E-03 3.30E-03 -2.64E-03 4.75E-03 2.17E-03 2.17E-03 -5.73E-04 -9.33E-03 3.33E-03 

UF 31142 4.85E-03 4.74E-03 3.33E-03 -2.71E-03 4.12E-03 1.10E-02 7.74E-03 -1.15E-03 -8.15E-04 

UF 31328 -6.24E-03 -2.53E-03 1.10E-03 3.99E-04 -5.54E-04 1.66E-04 -4.35E-03 -4.71E-03 -2.55E-03 

UF 31370 2.51E-03 -5.96E-03 -7.97E-03 -4.78E-03 5.08E-03 7.43E-03 6.68E-03 6.87E-03 -4.96E-04 

UF 31427 -5.13E-04 2.49E-03 -8.38E-04 1.56E-04 6.08E-03 9.07E-03 1.03E-03 2.65E-03 -3.20E-03 

USNM 

592316 

-2.80E-02 -8.17E-04 3.43E-04 1.14E-03 -3.84E-03 7.20E-03 2.69E-04 1.07E-03 -2.05E-03 

USNM 

592896 

1.48E-02 -5.02E-03 -7.38E-03 2.05E-03 1.86E-03 4.93E-03 3.37E-03 -3.78E-03 -2.95E-04 

USNM 

592943 

2.22E-03 4.84E-03 1.17E-02 -5.91E-03 -1.60E-02 -4.90E-03 2.23E-03 -1.01E-02 -1.70E-03 

USNM 

600579 

-5.62E-03 5.54E-03 -2.72E-04 -8.56E-04 -5.75E-03 -3.51E-03 1.39E-03 2.87E-03 6.76E-03 

USNM 

600581 

-1.18E-02 1.57E-02 1.31E-02 -1.92E-04 -1.95E-03 -9.70E-03 6.48E-03 6.38E-03 -3.81E-03 

USNM 

600583 

3.82E-02 -3.57E-03 1.18E-02 4.06E-03 -1.34E-03 -4.38E-03 -7.82E-05 1.31E-03 -6.54E-03 

USNM 

600584 

2.13E-02 1.29E-02 9.42E-03 2.32E-05 -7.18E-03 6.65E-04 8.00E-03 -1.15E-03 -2.45E-03 

USNM 

600580 

-2.06E-02 1.94E-03 1.27E-03 -4.72E-03 -1.92E-03 7.79E-03 1.31E-03 -5.31E-03 1.68E-03 

UWBM 81025 -7.14E-03 4.95E-03 -1.67E-03 -1.43E-03 -6.82E-04 1.38E-03 -1.37E-03 -6.52E-04 1.66E-03 

UWBM 81688 -1.17E-02 1.22E-02 1.29E-03 -9.32E-03 -6.57E-03 6.36E-03 -8.70E-03 7.36E-03 4.88E-03 
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Humerus continued 

Specimen PC10 PC11 PC12 PC13 PC14 PC15 PC16 PC17 PC18 

ETMNH 600 4.26E-04 -5.87E-03 1.10E-03 4.88E-03 -5.15E-03 5.48E-03 -2.77E-03 -1.92E-03 -3.15E-03 

ETMNH 603 -6.26E-04 1.69E-03 4.31E-04 -1.76E-03 -1.67E-03 1.25E-03 -4.39E-03 1.24E-04 2.87E-03 

ETMNH 607 -3.26E-04 1.40E-03 -7.85E-04 -1.67E-03 -6.86E-03 -3.14E-05 1.94E-03 -1.81E-03 2.05E-03 

ETMNH 608 4.38E-03 -1.09E-04 5.36E-03 -5.78E-03 1.63E-03 6.55E-04 2.05E-03 1.03E-03 -1.07E-03 

ETMNH 609 4.48E-04 -5.82E-03 -4.91E-03 1.07E-03 3.01E-03 -1.74E-03 -1.82E-03 2.04E-03 3.70E-03 

MSB 196536 4.81E-03 4.15E-04 -7.35E-04 5.24E-03 2.00E-03 5.98E-03 3.03E-03 2.73E-03 3.40E-03 

MSB 196578 4.81E-03 -1.33E-03 3.24E-04 -5.53E-03 -2.43E-03 -2.77E-03 7.69E-03 -6.11E-03 -2.48E-03 

MSB 196581 2.52E-03 3.30E-03 -2.63E-03 5.27E-03 3.72E-03 3.83E-03 -2.26E-04 1.54E-03 -5.31E-03 

MSB 196582 4.02E-03 3.86E-03 -3.08E-03 7.56E-03 2.01E-03 5.86E-04 -1.02E-03 2.86E-04 1.32E-03 

MSB 196583 4.14E-03 -3.51E-03 -6.89E-03 -7.94E-03 6.29E-03 2.17E-03 -4.10E-03 1.52E-03 -3.27E-03 

MSB 196981 2.52E-03 -2.26E-03 1.18E-03 -5.53E-03 2.08E-03 2.01E-04 -1.39E-03 3.24E-03 -1.38E-03 

MSB 197115 1.16E-03 4.83E-03 -5.06E-03 -2.42E-03 4.40E-03 -4.59E-03 -8.41E-04 -3.74E-03 7.40E-04 

MSB 224027 -2.76E-03 -7.44E-03 5.32E-03 7.66E-03 4.66E-03 -3.04E-03 -2.09E-03 -4.57E-03 1.36E-03 

MZ 177697 -7.95E-03 -1.30E-03 6.83E-03 -1.59E-03 2.53E-03 5.19E-04 7.02E-04 4.83E-03 1.10E-03 

MZ 177826 -4.19E-03 -1.93E-03 2.86E-03 3.33E-03 -1.14E-04 2.81E-03 4.03E-03 1.86E-03 1.63E-03 

MZ 177827 -3.86E-03 -3.00E-03 2.26E-03 -2.58E-03 -1.89E-03 5.22E-04 -3.52E-03 -4.95E-03 -2.30E-03 

NY 14241 1.10E-02 -4.80E-03 -7.35E-04 6.83E-04 -2.88E-03 2.03E-03 1.63E-03 5.17E-04 6.68E-03 

NY 14242 -2.90E-04 2.76E-07 -7.57E-04 2.41E-03 -1.24E-03 7.31E-04 -9.77E-04 -4.44E-03 -2.88E-03 

NY 14387 -8.91E-04 4.31E-03 6.85E-03 9.56E-04 3.11E-03 -6.10E-05 -5.17E-03 -1.24E-03 -2.37E-03 

NY 14388 6.51E-03 7.02E-03 3.97E-03 2.28E-03 -5.17E-03 -3.09E-03 -2.00E-03 1.56E-03 8.17E-04 

UAM 101819 -6.55E-03 -3.41E-03 -2.01E-03 -7.99E-03 1.14E-04 4.71E-04 -2.36E-03 5.14E-04 3.82E-03 

UAM 101828 -1.06E-03 5.19E-04 -7.32E-03 7.51E-04 1.47E-03 1.09E-03 3.14E-03 -9.57E-04 8.83E-04 

UAM 101851 -6.25E-03 2.70E-03 6.43E-03 -1.02E-03 -1.35E-03 -1.32E-03 8.54E-04 3.66E-04 1.27E-03 

UAM 24794 7.59E-03 -1.36E-03 3.28E-03 1.54E-03 -4.24E-03 -4.07E-03 -2.01E-03 1.93E-03 -2.67E-03 

UAM 59579 -5.19E-03 6.92E-03 -2.66E-03 2.03E-03 1.24E-03 -1.13E-03 3.26E-04 2.92E-03 3.36E-03 
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Humerus continued 

Specimen PC10 PC11 PC12 PC13 PC14 PC15 PC16 PC17 PC18 

UF 31142 6.67E-03 2.23E-03 2.05E-03 -2.61E-03 2.79E-04 1.37E-03 -9.84E-04 -1.74E-03 1.14E-03 

UF 31328 1.82E-03 1.54E-03 1.33E-03 -5.24E-03 -2.62E-04 -2.77E-03 -2.87E-03 2.05E-03 2.02E-03 

UF 31370 -6.94E-03 3.22E-04 -4.61E-03 1.14E-04 -4.83E-03 -8.99E-04 1.43E-03 -2.07E-03 2.14E-03 

UF 31427 -1.78E-03 -4.63E-03 -1.41E-05 2.37E-03 3.47E-03 -4.81E-03 4.26E-03 3.94E-03 -5.03E-03 

USNM 592316 -3.04E-03 4.45E-03 1.58E-03 -7.06E-04 8.40E-04 1.00E-02 -1.07E-03 -4.24E-03 -4.66E-04 

USNM 592896 -9.76E-04 3.04E-03 -4.50E-03 4.02E-04 -2.96E-03 -2.07E-03 8.06E-04 2.68E-03 -4.89E-03 

USNM 592943 -1.38E-03 -7.43E-03 -2.59E-03 4.72E-04 -8.22E-03 2.03E-04 -2.67E-03 2.80E-03 -1.58E-03 

USNM 600579 -2.73E-03 -7.20E-04 -3.02E-03 4.54E-04 -2.00E-03 -2.42E-03 1.64E-03 -3.80E-03 3.79E-04 

USNM 600581 -2.12E-03 9.88E-03 -1.00E-03 -9.30E-04 -2.63E-03 -1.68E-03 1.78E-03 1.22E-03 -1.58E-03 

USNM 600583 -1.76E-03 -2.80E-03 -3.99E-04 1.43E-04 3.30E-03 4.83E-04 6.63E-03 -8.22E-04 -9.75E-04 

USNM 600584 1.85E-03 1.11E-03 1.20E-03 6.99E-04 7.68E-03 -1.83E-03 -5.23E-04 -4.00E-03 1.94E-03 

USNM 600580 1.00E-03 -1.85E-03 5.21E-03 1.91E-03 1.10E-03 -5.61E-03 1.73E-03 1.20E-03 9.82E-04 

UWBM 81025 -3.75E-03 -2.96E-04 -5.86E-03 4.22E-03 -7.12E-04 -2.95E-03 -4.05E-03 1.83E-03 -5.90E-04 

UWBM 81688 -1.29E-03 3.39E-04 2.03E-03 -3.15E-03 -3.37E-04 6.48E-03 3.18E-03 3.68E-03 -1.61E-03 
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Radius 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

ETMNH 600 -1.12E-02 -4.73E-03 -4.43E-03 6.03E-04 -6.14E-03 -2.25E-04 -4.92E-03 -1.08E-02 -6.52E-04 

ETMNH 603 -1.07E-02 8.58E-04 -2.47E-03 -5.62E-03 7.65E-03 -3.83E-04 -2.54E-03 2.43E-03 -6.70E-03 

ETMNH 607 -2.13E-03 -1.73E-03 -1.65E-02 -6.82E-03 -2.86E-04 -1.60E-03 7.32E-03 -3.73E-03 1.85E-03 

ETMNH 608 -1.27E-02 8.97E-03 -1.58E-03 -9.74E-03 1.20E-03 -4.70E-03 -3.38E-04 2.50E-03 3.82E-03 

ETMNH 609 -1.76E-02 6.20E-03 -9.52E-03 7.64E-03 8.73E-03 3.24E-03 -5.61E-03 1.56E-03 -3.21E-03 

MSB 196536 -1.33E-02 9.48E-03 8.12E-03 1.03E-02 -5.62E-03 1.44E-03 4.59E-03 -2.97E-03 6.08E-03 

MSB 196578 9.00E-04 9.99E-04 9.78E-03 -1.56E-02 -4.00E-03 5.05E-03 6.11E-03 3.83E-03 2.17E-03 

MSB 196581 -1.09E-03 2.00E-03 4.76E-03 7.40E-04 1.77E-03 1.37E-03 4.97E-03 -3.21E-03 5.49E-03 

MSB 196582 2.90E-03 1.13E-02 5.57E-03 -5.10E-03 -5.90E-04 7.86E-03 -1.07E-03 4.88E-03 5.31E-03 

MSB 196981 1.37E-02 5.51E-03 9.81E-03 -2.37E-03 3.18E-03 -1.05E-03 -4.38E-03 -2.01E-03 4.26E-03 

MSB 197115 1.24E-02 -8.96E-04 -3.20E-03 -2.57E-04 -3.70E-03 5.62E-03 8.13E-04 -1.57E-03 1.44E-03 

MSB 224027 1.01E-02 3.88E-03 4.55E-04 -4.42E-03 -4.62E-03 4.54E-03 -1.44E-02 -4.92E-03 7.82E-04 

MZ 177697 1.68E-02 -3.38E-03 -2.69E-03 2.08E-03 -5.47E-03 -5.57E-03 4.02E-03 -2.96E-03 -5.28E-03 

MZ 177826 1.18E-02 -2.36E-03 -2.55E-03 -6.32E-03 6.69E-03 -6.96E-03 2.41E-03 5.94E-03 -2.31E-03 

MZ 177827 1.66E-02 -1.22E-04 3.87E-03 5.14E-03 5.22E-03 -9.62E-03 -2.64E-03 -2.83E-03 3.97E-03 

NY 14241 1.84E-02 -1.36E-02 -5.68E-03 -9.82E-05 1.13E-02 3.00E-03 2.61E-04 -2.82E-03 4.10E-03 

NY 14242 2.57E-02 -2.67E-03 1.84E-03 -5.75E-04 -2.02E-03 -5.83E-03 -4.47E-03 6.44E-03 1.68E-03 

NY 14387 2.09E-02 -1.55E-03 3.90E-03 2.69E-03 -6.26E-04 4.37E-03 1.05E-02 -4.42E-03 -4.87E-03 

NY 14388 -1.43E-02 -4.27E-03 1.59E-02 2.53E-03 1.28E-02 6.93E-03 1.40E-03 -2.08E-03 -3.34E-03 

UAM 101819 5.36E-03 1.38E-02 3.71E-03 1.71E-03 -2.01E-03 -8.06E-03 2.35E-03 1.93E-03 -7.06E-03 

UAM 101828 2.82E-03 2.50E-03 -6.55E-03 1.43E-02 -4.21E-03 -4.11E-03 -1.32E-03 -1.43E-03 6.62E-03 

UAM 101851 -8.36E-03 1.41E-02 -5.61E-03 4.35E-03 1.24E-04 -5.03E-03 4.07E-03 3.21E-03 -3.93E-04 

UAM 24794 -1.38E-02 6.40E-03 1.79E-03 -3.93E-03 5.40E-04 -5.68E-03 -1.06E-03 2.18E-03 3.17E-03 

UAM 59579 9.28E-03 -4.75E-04 -5.98E-03 1.65E-03 1.69E-03 5.93E-03 7.67E-03 5.06E-04 4.13E-03 
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Radius continued 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

UF 31328 -1.01E-02 -3.51E-03 -3.04E-03 9.52E-04 4.26E-03 -1.36E-03 -4.28E-03 8.58E-04 5.60E-03 

UF 31370 -2.54E-03 -1.19E-02 -2.43E-03 -8.16E-04 1.07E-02 -1.47E-03 -1.94E-03 -3.79E-03 -2.03E-03 

UF 31427 8.01E-03 6.04E-03 -1.11E-02 -3.39E-03 -2.57E-03 -3.96E-04 -6.26E-03 3.32E-03 -5.51E-03 

USNM 

592316 

-5.82E-03 -4.71E-03 -2.13E-03 3.51E-03 1.00E-03 4.02E-03 1.53E-03 4.31E-03 7.46E-04 

USNM 

592896 

4.50E-03 2.66E-03 2.49E-04 8.59E-04 -3.62E-03 5.41E-03 -4.25E-03 1.30E-03 1.56E-03 

USNM 

592943 

-5.33E-03 1.34E-02 -4.88E-03 -4.77E-03 4.36E-04 5.23E-03 2.68E-03 -4.85E-03 -2.70E-03 

USNM 

600579 

-1.76E-02 6.02E-04 3.13E-03 1.32E-03 5.45E-04 -8.25E-03 4.11E-03 -3.54E-03 -1.61E-03 

USNM 

600581 

-8.04E-03 -1.49E-02 1.13E-02 -5.11E-03 -5.63E-03 -6.25E-03 9.23E-04 -3.01E-03 -2.02E-03 

USNM 

600583 

2.07E-04 3.69E-04 1.26E-02 2.17E-03 -3.94E-03 -1.90E-03 -7.01E-03 -2.53E-03 -6.31E-03 

USNM 

600584 

-5.60E-03 -3.81E-03 -7.00E-03 -3.04E-03 -8.15E-03 4.98E-03 3.40E-03 -2.97E-03 -5.55E-03 

USNM 

600580 

-4.85E-03 -1.16E-02 2.93E-03 1.02E-02 -3.76E-03 -5.05E-04 4.57E-03 1.06E-02 -2.08E-03 

UWBM 81025 3.24E-03 -9.29E-04 1.05E-03 8.95E-03 -1.97E-03 1.03E-02 -3.66E-03 5.71E-03 -5.39E-03 

UWBM 81688 -1.85E-02 -2.20E-02 -3.46E-03 -3.67E-03 -9.05E-03 -3.62E-04 -3.57E-03 4.87E-03 4.26E-03 
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Radius continued 

Specimen PC10 PC11 PC12 PC13 PC14 

ETMNH 600 -4.14E-03 1.91E-04 4.08E-03 -8.64E-04 -2.18E-03 

ETMNH 603 -7.79E-04 -3.29E-03 -1.60E-03 -1.69E-03 4.19E-03 

ETMNH 607 2.36E-03 2.91E-03 3.05E-03 -3.96E-03 -3.08E-04 

ETMNH 608 -4.03E-03 -4.87E-04 -3.59E-04 -3.81E-03 2.22E-03 

ETMNH 609 -6.42E-04 3.68E-03 2.71E-03 -3.85E-03 -2.66E-03 

MSB 196536 8.86E-04 -1.44E-03 7.98E-04 -3.61E-04 -1.09E-03 

MSB 196578 -3.00E-03 3.92E-03 -5.23E-04 1.98E-03 7.12E-04 

MSB 196581 -2.25E-05 1.28E-03 -4.58E-04 -3.65E-03 -5.11E-04 

MSB 196582 -4.19E-03 1.48E-03 9.14E-04 -2.27E-03 -1.55E-03 

MSB 196981 4.80E-03 -3.87E-03 9.27E-03 -1.29E-03 4.29E-04 

MSB 197115 -3.56E-03 -3.10E-03 -1.87E-03 4.84E-03 1.46E-03 

MSB 224027 5.34E-03 -2.39E-03 -5.41E-03 9.85E-05 1.52E-03 

MZ 177697 -1.74E-03 2.66E-04 -1.62E-03 -1.36E-03 -4.45E-03 

MZ 177826 -2.47E-04 -2.65E-03 3.43E-03 2.89E-03 -3.72E-03 

MZ 177827 1.78E-03 6.34E-03 2.07E-03 -1.12E-03 -1.25E-03 

NY 14241 -4.47E-03 4.06E-03 -6.76E-04 2.45E-03 6.92E-03 

NY 14242 -2.46E-03 -4.36E-03 -3.90E-03 -3.01E-03 -3.19E-03 

NY 14387 3.74E-03 4.04E-03 -1.10E-03 -6.11E-04 2.07E-03 

NY 14388 2.53E-04 -6.40E-03 -1.18E-03 -1.57E-03 9.76E-05 

UAM 101819 1.51E-03 -2.09E-03 4.16E-03 5.73E-03 9.88E-04 

UAM 101828 -2.53E-03 -3.81E-03 1.04E-04 2.18E-03 5.14E-03 

UAM 101851 -1.22E-03 -2.24E-03 -7.87E-03 4.95E-04 1.56E-03 

UAM 24794 5.73E-04 1.76E-03 3.63E-03 5.13E-03 1.97E-03 

UAM 59579 4.29E-03 -7.18E-03 -2.37E-03 -2.99E-03 -3.23E-03 
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Radius continued 

Specimen PC10 PC11 PC12 PC13 PC14 

UF 31328 -1.40E-03 3.36E-03 -2.37E-03 -3.33E-04 -2.74E-03 

UF 31370 -1.49E-03 -2.50E-03 -1.23E-03 4.40E-03 -2.95E-03 

UF 31427 4.49E-03 8.64E-04 -4.57E-05 -4.46E-03 2.57E-03 

USNM 

592316 

1.57E-03 2.24E-03 -1.03E-03 4.27E-03 -4.90E-03 

USNM 

592896 

-2.79E-03 1.30E-03 5.14E-05 2.05E-03 -1.10E-03 

USNM 

592943 

6.35E-03 5.08E-03 -3.13E-03 4.08E-03 -1.23E-03 

USNM 

600579 

2.13E-03 -1.11E-03 -2.90E-03 8.08E-04 7.59E-04 

USNM 

600581 

4.34E-03 -2.09E-04 -1.01E-03 -4.18E-03 2.58E-03 

USNM 

600583 

-6.60E-03 5.44E-03 -3.51E-03 -1.64E-04 -1.80E-03 

USNM 

600584 

-8.88E-03 -5.26E-03 5.16E-03 -6.61E-04 2.23E-04 

USNM 

600580 

-1.35E-03 4.19E-03 6.69E-04 -3.02E-03 2.58E-03 

UWBM 81025 4.35E-03 1.04E-03 4.21E-03 4.52E-04 1.49E-03 

UWBM 81688 6.78E-03 -1.05E-03 -1.43E-04 3.35E-03 -6.07E-04 
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Ulna 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

ETMNH 600 1.74E-03 -1.09E-02 -8.59E-03 -9.07E-04 1.18E-03 1.15E-03 2.75E-03 -2.44E-03 2.40E-03 

ETMNH 603 7.30E-03 -7.55E-03 -1.36E-02 -9.68E-04 5.45E-03 4.96E-03 6.14E-03 3.25E-03 -6.23E-03 

ETMNH 607 1.23E-03 -9.52E-03 -8.63E-03 -5.17E-04 3.43E-03 4.25E-03 7.07E-03 2.24E-03 1.53E-04 

ETMNH 608 4.05E-03 -4.84E-03 -1.12E-02 -8.30E-04 -1.74E-03 5.00E-03 1.60E-03 -1.56E-03 2.41E-03 

ETMNH 609 -2.65E-04 -1.86E-03 -1.04E-02 4.50E-03 -2.38E-03 2.42E-03 6.48E-03 -1.11E-02 -3.39E-03 

MSB 196536 2.20E-03 -1.57E-02 -4.79E-04 5.02E-03 -6.69E-03 -4.00E-03 -3.10E-03 -2.22E-03 -1.59E-03 

MSB 196578 5.07E-03 -6.36E-03 2.94E-03 -4.04E-04 -4.70E-03 -5.85E-03 1.84E-04 1.06E-03 7.23E-04 

MSB 196581 1.05E-02 -4.85E-03 1.81E-03 -3.02E-03 -8.55E-03 -9.41E-03 -5.80E-04 -2.34E-03 4.04E-04 

MSB 196582 4.76E-04 -9.06E-03 1.44E-03 6.51E-03 -1.52E-02 6.67E-03 -1.37E-03 9.89E-04 8.57E-04 

MSB 196981 -1.90E-02 9.31E-03 1.13E-02 5.41E-03 3.77E-03 -1.88E-03 6.56E-03 -6.81E-03 -4.68E-03 

MSB 197115 3.56E-03 -2.96E-02 2.52E-02 8.88E-03 1.35E-03 3.71E-03 -5.81E-03 1.06E-03 -1.59E-03 

MSB 224027 7.92E-03 -3.93E-03 -2.55E-03 -1.53E-02 1.88E-03 -6.94E-03 -2.04E-03 -1.86E-03 7.05E-04 

MZ 177697 -2.37E-03 -8.07E-03 -5.26E-03 -2.48E-03 3.40E-03 2.28E-03 6.44E-03 7.01E-03 9.44E-03 

MZ 177826 -8.31E-03 1.80E-03 5.22E-03 1.22E-02 1.07E-02 -3.38E-03 2.78E-03 -3.89E-03 5.79E-03 

MZ 177827 -1.77E-02 -1.32E-03 -4.28E-03 -1.03E-02 -7.02E-03 -7.66E-04 -5.42E-03 -4.52E-03 5.09E-03 

NY 14241 -2.69E-02 3.35E-03 -3.76E-03 -6.33E-03 -5.24E-04 4.12E-04 -7.36E-03 -5.12E-03 -3.62E-03 

NY 14242 -3.42E-03 -4.62E-03 1.15E-02 -1.76E-02 1.89E-02 -5.67E-03 -2.95E-04 9.54E-04 -4.66E-03 

NY 14387 -1.93E-02 -3.97E-03 -1.64E-03 3.75E-03 2.42E-03 -8.18E-03 -3.80E-03 9.09E-03 3.38E-03 

NY 14388 -2.23E-02 -1.28E-03 -1.27E-02 -8.93E-03 3.84E-03 5.97E-03 -1.96E-03 -3.39E-03 -3.18E-03 

UAM 101819 -1.22E-02 -6.98E-03 -7.55E-03 7.50E-04 -5.78E-06 3.47E-05 -4.65E-03 -6.91E-04 1.08E-03 

UAM 101828 -1.89E-02 7.00E-03 9.95E-03 5.61E-03 -4.39E-03 6.88E-03 -2.21E-03 3.30E-04 3.33E-03 

UAM 101851 -9.45E-03 1.43E-02 1.78E-02 -7.50E-03 -3.18E-03 5.46E-03 6.59E-03 -5.32E-03 4.43E-03 

UAM 24794 6.53E-03 4.91E-03 1.64E-03 -6.59E-03 -9.88E-03 -9.70E-04 -6.43E-03 6.19E-04 -9.23E-03 

UAM 59579 -6.11E-04 1.54E-03 2.81E-03 -6.17E-03 -6.16E-03 -4.19E-03 2.58E-03 1.64E-03 4.18E-03 
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Ulna continued 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

UF 31142 3.99E-03 8.36E-03 5.55E-03 2.22E-03 -2.43E-04 -5.30E-03 5.78E-03 4.76E-03 3.99E-04 

UF 31328 1.34E-02 1.06E-02 2.68E-03 -1.16E-02 -7.97E-03 8.30E-04 5.30E-03 3.94E-03 2.06E-03 

UF 31370 -1.10E-02 4.11E-03 1.56E-04 7.04E-04 3.43E-04 3.35E-03 4.93E-04 1.33E-02 -2.97E-03 

UF 31427 1.56E-02 4.14E-03 -1.27E-03 -7.80E-03 2.86E-04 -2.85E-03 -1.31E-03 5.92E-03 2.99E-04 

USNM 

592316 

-3.04E-04 2.45E-03 4.24E-03 -1.59E-05 5.40E-04 3.58E-03 4.65E-03 1.31E-03 2.13E-04 

USNM 

592896 

7.54E-04 2.59E-03 1.47E-03 6.89E-03 4.73E-03 2.88E-03 6.73E-03 4.52E-03 -8.19E-03 

USNM 

592943 

2.14E-02 -2.95E-03 -2.18E-03 5.06E-03 1.14E-02 -3.68E-03 -3.68E-04 -9.73E-03 5.74E-03 

USNM 

600579 

6.91E-03 6.87E-04 1.94E-03 4.04E-03 -2.86E-03 5.24E-03 2.24E-03 4.10E-04 -2.72E-03 

USNM 

600581 

8.86E-03 8.24E-03 -7.16E-04 4.59E-03 4.35E-03 -1.03E-02 -8.04E-03 4.16E-04 -2.64E-03 

USNM 

600583 

1.24E-02 5.08E-03 -5.46E-04 7.21E-03 -1.22E-03 3.90E-03 -2.01E-03 5.25E-05 -2.75E-03 

USNM 

600584 

1.95E-02 8.41E-03 2.76E-03 -3.67E-03 -4.30E-03 -9.14E-05 6.41E-04 -3.39E-03 1.18E-03 

USNM 

600580 

-7.52E-03 1.47E-02 -1.14E-02 1.62E-02 6.53E-04 -7.35E-03 -4.43E-03 5.11E-03 2.95E-03 

UWBM 81025 6.09E-03 9.25E-03 -3.88E-03 1.17E-02 -2.03E-03 -5.63E-03 5.56E-04 -4.27E-03 -3.34E-03 

UWBM 81688 2.00E-02 1.25E-02 3.24E-04 -4.07E-04 1.04E-02 1.75E-02 -1.44E-02 5.93E-04 3.58E-03 
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Ulna continued 

Specimen PC10 PC11 PC12 PC13 PC14 PC15 PC16 

ETMNH 600 -5.65E-04 5.06E-03 -1.55E-03 9.33E-04 -1.82E-03 -3.19E-03 3.62E-03 

ETMNH 603 -2.78E-04 3.85E-03 3.04E-03 -3.02E-03 -1.47E-04 5.80E-04 9.01E-04 

ETMNH 607 2.63E-03 -2.09E-03 -8.69E-04 -1.39E-03 4.28E-03 -9.24E-04 -1.71E-03 

ETMNH 608 1.00E-03 1.87E-04 4.45E-03 2.77E-03 -6.74E-03 -3.56E-03 -5.89E-03 

ETMNH 609 -7.00E-04 3.70E-05 -2.74E-03 -9.17E-04 4.77E-03 1.41E-03 1.90E-03 

MSB 196536 3.66E-03 4.51E-03 -1.55E-03 1.79E-03 1.94E-03 1.77E-04 -4.53E-04 

MSB 196578 -8.06E-05 -1.55E-04 -7.70E-03 2.71E-03 1.98E-03 -8.79E-04 -4.14E-03 

MSB 196581 2.36E-03 -6.38E-04 -2.23E-03 1.86E-03 -7.13E-05 -1.27E-03 -9.08E-04 

MSB 196582 -2.71E-03 -1.23E-03 4.72E-03 6.63E-03 -9.91E-04 4.27E-03 -6.69E-04 

MSB 196981 7.13E-04 8.22E-04 -5.81E-04 -4.18E-03 2.29E-03 -3.28E-03 -2.34E-03 

MSB 197115 -1.00E-03 -2.59E-03 1.30E-03 -4.40E-03 -1.45E-03 -3.13E-03 3.01E-03 

MSB 224027 -3.86E-03 -3.63E-03 1.22E-03 -2.10E-03 9.18E-04 4.08E-03 -1.27E-03 

MZ 177697 4.92E-03 -9.32E-03 1.51E-03 -5.06E-04 2.71E-03 -1.10E-03 1.73E-03 

MZ 177826 -1.18E-02 -1.25E-03 -1.66E-03 3.38E-03 -4.14E-03 3.51E-03 -1.11E-03 

MZ 177827 -4.65E-03 3.05E-03 5.75E-03 -3.40E-03 2.38E-03 -2.26E-03 -2.11E-03 

NY 14241 3.03E-03 -6.15E-03 -3.03E-04 5.29E-04 -2.32E-03 3.78E-03 -8.02E-04 

NY 14242 3.13E-04 1.54E-04 4.82E-03 3.09E-03 9.08E-04 6.11E-04 -3.92E-04 

NY 14387 3.52E-03 3.12E-03 -4.91E-03 -3.54E-03 -1.24E-03 -1.47E-03 -4.17E-03 

NY 14388 3.33E-04 2.38E-03 -3.71E-03 -1.76E-03 -3.76E-03 -1.04E-03 2.02E-03 

UAM 101819 -3.59E-03 -3.64E-03 2.39E-03 2.24E-03 2.03E-03 4.83E-04 4.39E-03 

UAM 101828 6.66E-03 5.32E-03 1.50E-03 -3.80E-03 -1.16E-03 2.73E-03 -3.89E-04 

UAM 101851 3.44E-04 -2.66E-03 -5.29E-04 5.04E-03 1.95E-03 -3.21E-03 1.61E-03 

UAM 24794 -2.97E-03 -4.50E-03 -6.84E-03 9.52E-04 4.75E-04 -1.04E-03 2.10E-03 

UAM 59579 -1.38E-03 6.62E-03 -4.48E-03 -2.03E-03 -1.75E-03 7.00E-04 3.42E-03 
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Ulna continued 

Specimen PC10 PC11 PC12 PC13 PC14 PC15 PC16 

UF 31142 -1.06E-03 1.66E-03 1.21E-03 -6.15E-03 -1.99E-03 5.05E-03 2.76E-03 

UF 31328 -5.59E-03 4.92E-03 7.19E-04 5.99E-04 -7.60E-04 -3.51E-03 2.06E-04 

UF 31370 -1.22E-03 7.60E-04 -1.91E-03 5.27E-03 -1.70E-03 3.83E-03 -1.82E-03 

UF 31427 -7.87E-04 -2.11E-03 7.60E-04 -3.03E-03 -3.10E-03 -1.10E-05 3.10E-03 

USNM 

592316 

3.72E-03 1.20E-03 2.77E-03 4.39E-03 1.90E-03 -1.02E-03 1.53E-03 

USNM 

592896 

4.69E-05 -1.81E-03 -3.42E-03 3.23E-03 -1.29E-03 -2.68E-03 -1.48E-03 

USNM 

592943 

1.74E-03 1.95E-03 -4.74E-03 1.68E-03 -8.71E-04 2.96E-03 -8.04E-04 

USNM 

600579 

4.77E-04 3.91E-03 1.80E-03 -1.57E-03 5.33E-03 7.21E-03 -6.63E-04 

USNM 

600581 

3.90E-03 6.29E-03 7.62E-03 4.93E-03 4.39E-03 -1.84E-03 -3.22E-05 

USNM 

600583 

-9.42E-03 -2.87E-03 3.51E-03 -6.38E-03 1.46E-03 -2.70E-03 -4.89E-03 

USNM 

600584 

8.69E-03 -7.01E-03 5.77E-04 -3.75E-03 -1.71E-03 2.07E-03 -2.94E-03 

USNM 

600580 

-1.57E-03 -4.62E-03 -1.04E-04 -4.27E-04 5.17E-03 -2.65E-03 2.90E-03 

UWBM 81025 4.12E-03 -1.76E-03 4.58E-03 2.15E-04 -8.95E-03 -1.64E-03 3.28E-03 

UWBM 81688 1.01E-03 2.23E-03 -4.40E-03 1.01E-04 1.05E-03 -1.05E-03 4.99E-04 
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Femur 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

ETMNH 600 -1.22E-02 -5.28E-03 -3.06E-04 3.83E-03 -8.25E-03 -3.45E-03 -2.58E-03 -9.86E-04 3.37E-03 

ETMNH 603 -1.90E-03 5.69E-03 3.46E-03 3.90E-03 -4.40E-03 5.77E-03 3.90E-03 -2.34E-03 1.99E-03 

ETMNH 607 -2.96E-03 5.19E-03 5.17E-03 3.68E-03 -2.16E-03 2.40E-04 1.04E-03 -3.55E-03 -1.85E-03 

ETMNH 608 -5.39E-03 1.14E-03 2.74E-03 -6.24E-04 -9.50E-04 7.39E-04 3.25E-03 7.87E-03 -1.18E-03 

ETMNH 609 -8.78E-03 -1.43E-03 2.70E-03 -1.92E-03 2.90E-03 4.66E-03 4.60E-03 -1.17E-03 -2.63E-03 

MSB 196536 4.15E-03 -6.69E-03 -1.06E-02 -9.78E-04 4.79E-03 8.70E-03 7.90E-05 3.49E-03 -3.34E-03 

MSB 196578 1.94E-02 3.79E-03 -1.75E-03 1.26E-03 -1.24E-05 -8.10E-03 1.31E-03 -3.24E-03 -3.97E-03 

MSB 196581 6.59E-03 5.49E-03 -6.62E-03 5.04E-03 2.07E-03 1.26E-03 8.11E-03 -3.03E-03 3.69E-03 

MSB 196582 9.04E-03 -6.15E-03 5.51E-03 -3.25E-03 1.65E-03 8.61E-04 2.75E-03 2.94E-03 5.38E-03 

MSB 196583 9.77E-03 9.70E-03 4.68E-03 -6.06E-03 -1.13E-03 -8.32E-03 -2.51E-03 3.42E-03 -2.96E-04 

MSB 196981 1.26E-02 -3.83E-03 4.64E-03 -1.31E-03 1.89E-03 4.86E-03 9.28E-04 3.47E-03 -1.75E-03 

MSB 197115 3.56E-03 -6.36E-03 4.89E-05 -6.17E-03 -4.51E-03 5.00E-04 -2.56E-04 2.44E-04 -2.60E-03 

MSB 224027 8.52E-03 1.65E-03 -6.24E-04 -7.97E-04 -6.80E-04 5.56E-03 -5.93E-03 1.04E-03 -3.34E-03 

MZ 177697 -3.14E-03 -1.00E-02 -6.40E-03 5.47E-03 3.87E-03 -7.28E-03 -1.62E-03 1.35E-03 -1.64E-03 

MZ 177826 -5.08E-03 3.01E-03 7.50E-04 2.83E-03 5.67E-03 -4.48E-03 -3.26E-03 1.43E-03 -1.72E-03 

MZ 177827 -8.90E-03 -1.49E-02 2.07E-03 -2.49E-03 1.80E-04 -4.79E-03 -6.35E-04 4.63E-04 2.50E-03 

NY 14241 -2.14E-03 -9.06E-03 2.22E-03 -9.09E-05 -4.64E-03 -1.94E-03 1.02E-02 8.26E-04 -4.80E-03 

NY 14242 -3.27E-03 -8.62E-03 -5.87E-03 -4.17E-03 -4.77E-04 -3.55E-03 3.42E-03 -2.66E-03 5.36E-04 

NY 14387 7.52E-04 -5.82E-04 -4.03E-04 -2.33E-03 2.59E-03 -1.36E-03 -5.40E-03 1.08E-04 -1.83E-03 

NY 14388 -9.60E-03 -4.83E-03 1.33E-03 1.71E-04 2.78E-03 1.20E-03 -1.13E-03 -2.04E-03 -2.14E-03 

UAM 101819 1.79E-03 5.83E-03 -9.58E-03 6.31E-03 -1.01E-03 -6.17E-04 1.04E-03 3.40E-03 2.01E-03 

UAM 101828 -2.80E-03 -2.46E-03 8.00E-04 8.48E-04 -5.72E-03 2.21E-03 -1.15E-03 -7.85E-04 -1.04E-03 

UAM 101851 -1.91E-03 4.25E-03 -1.39E-03 4.90E-03 -4.54E-03 9.63E-04 -1.23E-03 -4.78E-03 6.22E-04 

UAM 24794 1.34E-03 3.22E-04 2.37E-03 4.07E-03 -1.73E-03 1.36E-04 -5.36E-03 4.15E-04 3.29E-03 
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Femur continued 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

UF 31142 2.64E-03 8.45E-03 -2.82E-03 1.79E-03 1.23E-02 4.81E-03 -4.95E-04 1.15E-03 -4.41E-03 

UF 31328 -1.22E-02 4.81E-03 7.26E-03 -1.76E-03 -1.01E-03 5.33E-04 2.96E-03 5.51E-03 -2.25E-03 

UF 31370 -1.12E-02 1.07E-02 -7.07E-03 -2.00E-03 5.12E-03 -6.62E-03 -3.80E-03 5.40E-03 1.35E-03 

UF 31427 -5.09E-03 -2.34E-03 4.44E-03 -4.03E-04 -8.01E-04 -6.10E-04 5.38E-03 -9.87E-04 -2.66E-03 

USNM 592316 -9.97E-04 -1.50E-03 -3.96E-04 1.06E-04 -3.16E-03 3.94E-03 -8.20E-04 2.75E-03 6.20E-03 

USNM 592896 -7.53E-03 3.27E-03 -1.41E-04 -4.81E-03 1.50E-03 6.64E-04 1.46E-03 1.58E-03 -3.76E-03 

USNM 592943 6.54E-03 -1.43E-02 1.11E-03 5.35E-03 -2.77E-03 2.48E-04 2.91E-03 2.85E-03 4.35E-03 

USNM 600579 5.72E-03 -1.32E-03 3.27E-03 -2.06E-05 -1.98E-03 8.00E-03 1.94E-03 -1.47E-03 3.01E-03 

USNM 600581 1.23E-02 -4.97E-03 -3.12E-03 -7.67E-03 -4.70E-03 -5.53E-03 -7.44E-04 -1.43E-03 -3.45E-03 

USNM 600583 5.12E-03 -4.59E-03 -1.71E-03 3.80E-03 -4.15E-03 2.49E-03 -7.18E-03 -3.54E-03 3.21E-03 

USNM 600584 -3.42E-03 -1.46E-02 -3.66E-03 -2.53E-03 2.75E-03 -3.64E-03 1.51E-03 2.37E-03 2.08E-03 

USNM 600580 -4.68E-03 -1.96E-03 -9.99E-04 1.18E-03 4.16E-03 3.95E-03 1.38E-03 3.81E-03 1.79E-03 

UWBM 81025 -8.08E-03 -5.05E-03 1.68E-03 2.78E-03 6.40E-03 -4.42E-03 9.79E-04 -2.98E-03 2.73E-03 

UWBM 81688 -3.23E-04 -7.87E-03 1.64E-03 1.26E-04 5.07E-03 -4.77E-03 3.16E-03 -5.82E-03 -4.70E-03 
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Femur continued 

Specimen PC10 PC11 PC12 PC13 PC14 PC15 PC16 PC17 PC18 

ETMNH 600 9.35E-04 -2.84E-03 -1.75E-03 -1.55E-03 3.42E-03 -1.72E-03 8.96E-04 3.00E-03 1.26E-03 

ETMNH 603 -2.69E-04 3.46E-03 -2.89E-04 1.12E-03 3.86E-03 -1.43E-03 -1.45E-05 -1.03E-03 -4.73E-04 

ETMNH 607 2.35E-04 1.20E-03 3.87E-03 3.02E-03 2.96E-04 -5.66E-04 1.94E-03 -1.62E-04 -1.21E-03 

ETMNH 608 4.81E-04 -3.06E-03 2.96E-03 -2.95E-03 -3.02E-03 6.33E-04 1.91E-03 -1.10E-03 1.82E-03 

ETMNH 609 1.52E-03 3.66E-04 2.70E-03 -8.52E-04 3.38E-03 -1.99E-04 -3.87E-03 -9.29E-04 -4.35E-04 

MSB 196536 3.35E-03 -8.69E-04 -4.81E-03 -1.66E-03 -2.42E-03 -2.51E-03 2.10E-03 1.84E-03 3.40E-04 

MSB 196578 7.14E-04 1.35E-04 -5.86E-03 1.64E-03 -3.27E-03 4.20E-04 -2.15E-03 4.37E-03 -1.11E-04 

MSB 196581 -2.34E-03 4.23E-03 -1.21E-03 -1.24E-04 -1.60E-03 2.88E-03 1.20E-03 -3.08E-03 5.11E-04 

MSB 196582 6.62E-03 -4.54E-03 -1.06E-03 -9.68E-04 3.42E-03 -8.08E-04 2.85E-03 -1.73E-03 7.03E-05 

MSB 196583 2.99E-03 2.82E-03 -4.81E-03 9.72E-04 -1.03E-03 9.81E-04 -2.78E-03 -1.61E-03 -1.23E-03 

MSB 196981 2.61E-03 1.69E-03 2.01E-03 -1.26E-03 -2.35E-03 -4.41E-03 -2.19E-05 -3.16E-04 -2.17E-03 

MSB 197115 3.23E-03 3.78E-03 3.29E-04 -5.39E-03 4.98E-03 7.52E-04 2.80E-03 -8.52E-04 -1.69E-03 

MSB 224027 1.27E-03 -3.46E-03 8.09E-04 1.54E-03 -2.01E-03 7.09E-04 4.43E-03 2.03E-04 6.05E-04 

MZ 177697 6.90E-03 -4.22E-03 2.40E-03 3.38E-03 -2.79E-04 2.40E-04 -4.50E-03 -2.40E-03 4.02E-04 

MZ 177826 9.92E-04 -1.68E-03 -3.43E-03 -5.77E-03 2.33E-03 2.68E-04 -2.04E-03 1.72E-03 5.73E-04 

MZ 177827 1.39E-04 -6.00E-03 4.33E-03 -2.16E-05 -8.13E-04 3.58E-03 1.19E-03 -3.41E-04 1.00E-03 

NY 14241 -1.83E-03 2.59E-04 7.69E-04 1.88E-03 -3.17E-04 -1.36E-03 -5.85E-04 1.94E-03 -1.40E-03 

NY 14242 -3.06E-03 2.50E-03 -1.94E-03 -1.45E-03 -1.39E-03 6.73E-04 2.73E-03 1.31E-03 8.65E-04 

NY 14387 2.72E-03 -7.74E-04 -2.89E-03 7.01E-03 7.50E-04 1.72E-03 4.77E-04 -1.24E-03 1.89E-03 

NY 14388 -1.24E-03 -1.47E-03 2.37E-04 6.97E-04 -7.03E-05 -9.05E-04 -1.73E-03 -3.46E-03 1.52E-03 

UAM 101819 -3.05E-03 1.94E-03 5.99E-04 -3.99E-03 2.55E-03 9.06E-04 -2.23E-03 -3.39E-03 -1.77E-04 

UAM 101828 1.39E-03 5.56E-03 9.48E-04 -3.36E-04 -3.94E-04 1.56E-03 1.02E-03 1.62E-03 -1.21E-03 

UAM 101851 4.31E-03 2.62E-03 9.93E-04 -1.70E-03 -1.88E-03 1.03E-03 1.62E-03 -7.14E-04 1.39E-03 

UAM 24794 2.90E-03 1.71E-03 2.19E-03 6.27E-04 1.61E-03 6.17E-04 -2.48E-03 3.48E-03 3.49E-03 
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Femur continued 

Specimen PC10 PC11 PC12 PC13 PC14 PC15 PC16 PC17 PC18 

UF 31142 -2.90E-03 -2.40E-03 2.46E-03 -2.53E-03 1.00E-03 9.78E-04 -1.42E-04 1.38E-03 -2.30E-03 

UF 31328 1.75E-03 -2.79E-03 -2.61E-03 9.66E-04 -4.21E-03 4.39E-04 7.23E-04 -8.76E-04 -4.76E-03 

UF 31370 -2.85E-03 2.01E-03 4.90E-03 2.33E-03 -7.08E-04 -1.24E-03 -1.59E-03 1.49E-03 2.60E-03 

UF 31427 -2.17E-03 -1.49E-03 4.04E-03 1.86E-03 -6.36E-04 1.21E-03 5.95E-05 2.95E-03 -1.82E-03 

USNM 592316 -1.15E-03 -2.10E-03 -6.31E-04 -2.33E-03 -2.61E-03 -1.89E-03 -1.29E-03 -1.22E-03 5.96E-04 

USNM 592896 -3.02E-03 1.55E-03 1.45E-03 1.54E-03 -8.54E-04 -5.51E-03 1.10E-03 -3.73E-03 -1.37E-03 

USNM 592943 -4.20E-03 1.53E-03 9.15E-04 -6.23E-04 -4.53E-03 -2.60E-03 -3.34E-04 -4.19E-04 3.69E-04 

USNM 600579 -5.12E-04 1.35E-03 -1.76E-04 2.87E-03 3.52E-03 -5.74E-03 1.62E-03 2.70E-03 1.04E-03 

USNM 600581 -4.13E-03 -1.93E-03 6.09E-04 4.19E-03 4.36E-03 8.43E-04 3.53E-04 3.91E-04 -1.12E-03 

USNM 600583 -4.46E-03 -1.07E-03 1.70E-03 -1.28E-03 3.04E-04 4.89E-03 -1.47E-04 1.53E-03 -1.52E-03 

USNM 600584 2.38E-03 2.07E-03 1.28E-03 -1.68E-03 -2.30E-03 7.12E-04 -5.17E-03 1.52E-03 -2.50E-03 

USNM 600580 -1.91E-03 3.91E-03 -4.89E-03 3.84E-03 1.00E-03 3.56E-03 1.27E-05 -1.59E-03 2.08E-03 

UWBM 81025 -5.54E-03 -4.56E-03 -5.39E-03 7.37E-04 2.47E-03 1.00E-04 9.00E-05 -6.47E-04 -3.36E-03 

UWBM 81688 -5.03E-03 -2.95E-03 -2.46E-03 -3.43E-03 -1.17E-03 -1.30E-03 -1.26E-03 -9.13E-04 5.49E-03 
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Tibia 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

ETMNH 600 1.29E-03 1.09E-02 1.25E-03 5.45E-04 4.26E-03 1.91E-04 7.43E-04 -8.39E-04 -7.59E-04 

ETMNH 603 6.29E-03 -1.02E-03 -3.79E-03 5.44E-03 -7.09E-05 4.96E-03 6.80E-03 -1.85E-03 2.59E-03 

ETMNH 607 5.90E-03 2.16E-03 1.27E-03 4.53E-03 1.20E-03 9.44E-03 2.20E-03 -7.18E-04 -4.31E-03 

ETMNH 608 8.67E-03 3.23E-03 2.20E-03 3.42E-03 -2.77E-03 5.39E-03 -5.53E-03 -7.14E-05 2.14E-03 

ETMNH 609 5.36E-03 6.97E-03 -3.59E-03 -1.31E-03 -6.28E-04 3.01E-03 -2.89E-03 6.27E-03 -3.54E-03 

MSB 196536 -1.05E-02 9.41E-03 -5.40E-03 -9.43E-04 -5.03E-03 -2.79E-03 2.32E-03 -5.90E-03 1.13E-03 

MSB 196578 -9.13E-03 7.89E-03 8.19E-03 2.80E-03 -4.34E-03 -2.31E-03 -2.21E-03 3.46E-03 1.69E-03 

MSB 196581 -3.86E-03 1.08E-03 4.95E-03 6.04E-03 -1.28E-02 -1.57E-03 1.01E-03 -3.51E-03 -3.68E-03 

MSB 196582 -1.24E-03 1.00E-03 -3.03E-03 2.22E-03 -6.70E-03 -7.27E-03 4.25E-04 7.75E-03 2.42E-03 

MSB 196583 -9.30E-03 -1.23E-02 2.91E-03 7.87E-03 5.40E-03 -3.85E-03 -7.76E-03 -1.00E-03 -3.64E-03 

MSB 196981 -7.48E-03 -2.10E-03 -1.44E-02 -1.00E-03 -1.10E-03 -1.26E-04 -1.53E-03 -4.70E-03 6.89E-04 

MSB 197115 -3.36E-03 -3.27E-03 -5.96E-03 2.89E-03 -8.35E-03 -1.00E-03 7.53E-03 8.45E-04 1.81E-03 

MSB 224027 -7.37E-03 1.03E-03 -2.74E-03 1.27E-03 -1.10E-03 6.02E-04 -2.62E-03 1.53E-03 4.82E-04 

MZ 177697 -8.48E-03 -4.09E-03 3.58E-03 2.96E-03 1.84E-03 7.58E-04 -9.53E-04 6.48E-03 -1.95E-03 

MZ 177826 -7.13E-03 -3.60E-03 -6.78E-03 -6.08E-03 1.95E-03 -3.28E-03 -1.79E-03 -2.92E-03 4.19E-03 

MZ 177827 -1.33E-02 4.54E-03 2.86E-03 -6.03E-03 1.88E-03 1.25E-02 -5.80E-03 1.88E-03 2.96E-03 

NY 14241 -1.35E-02 -9.26E-03 4.43E-03 1.67E-03 -1.02E-03 3.84E-03 3.75E-04 -1.33E-03 -2.60E-03 

NY 14242 -5.59E-03 -8.19E-03 4.94E-03 -1.81E-05 1.07E-03 -5.74E-03 1.56E-03 -1.75E-04 2.59E-04 

NY 14387 -3.27E-03 -6.77E-03 -1.59E-03 -3.03E-03 9.27E-05 -8.43E-04 2.21E-03 3.50E-03 -5.85E-03 

NY 14388 -9.12E-03 -3.37E-03 -9.42E-03 4.04E-03 2.82E-03 5.43E-03 -1.57E-04 3.92E-04 1.38E-03 

UAM 101819 -1.64E-03 4.70E-03 1.57E-04 -3.79E-03 -4.33E-03 2.89E-03 5.02E-03 1.92E-03 -3.54E-03 

UAM 101828 2.32E-03 -6.43E-03 8.09E-03 4.25E-04 9.86E-04 1.31E-03 7.10E-03 -3.95E-03 4.37E-03 

UAM 101851 4.60E-05 -7.00E-03 -2.12E-03 -3.76E-03 6.48E-03 -2.26E-03 1.73E-03 -1.13E-03 2.48E-03 

UAM 24794 -1.63E-03 2.88E-03 1.25E-03 -7.86E-03 7.90E-03 -6.05E-03 4.67E-03 1.98E-03 -3.14E-03 

UAM 59579 8.71E-03 3.55E-03 1.88E-03 8.64E-03 7.55E-03 9.08E-04 6.34E-03 1.62E-05 -2.17E-04 
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Tibia continued 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

UF 31142 6.37E-03 -2.18E-03 4.02E-03 6.33E-03 3.38E-03 -2.54E-03 7.98E-04 1.03E-03 4.77E-03 

UF 31328 3.26E-03 8.61E-03 2.67E-03 -3.66E-03 -1.84E-03 -3.76E-03 -7.36E-03 -1.69E-03 1.23E-03 

UF 31370 5.39E-03 -1.51E-03 8.48E-03 -5.28E-03 -2.21E-03 4.39E-04 3.83E-04 3.05E-03 8.33E-03 

UF 31427 5.15E-03 4.84E-03 2.54E-03 2.85E-03 3.85E-03 -9.04E-05 -2.75E-03 8.59E-04 1.66E-03 

USNM 592316 -4.46E-03 1.12E-02 2.96E-03 -5.23E-03 3.66E-03 -4.55E-03 5.23E-03 2.73E-03 -2.22E-03 

USNM 592896 -8.45E-04 8.86E-04 5.81E-03 -6.79E-03 6.86E-04 3.32E-03 2.97E-03 -3.60E-03 -3.35E-03 

USNM 592943 8.16E-03 4.13E-03 -3.19E-03 -3.33E-04 -6.65E-04 -4.91E-04 -1.40E-03 -7.44E-03 -1.38E-03 

USNM 600579 1.84E-03 6.28E-03 -3.93E-03 1.74E-03 5.89E-03 -2.89E-03 -2.57E-03 -4.78E-03 -1.70E-03 

USNM 600581 1.02E-02 -1.23E-02 5.06E-03 -8.39E-03 -2.01E-03 3.08E-03 -8.13E-04 7.31E-05 -1.22E-03 

USNM 600583 5.92E-03 1.48E-03 -3.08E-03 9.20E-03 2.18E-03 -2.80E-03 -2.69E-03 2.63E-03 -3.68E-05 

USNM 600584 1.61E-02 -5.84E-03 -1.61E-02 -4.52E-03 -1.77E-03 8.40E-04 -8.72E-04 5.74E-03 -8.31E-04 

USNM 600580 7.30E-04 -1.12E-03 -9.71E-04 -2.45E-03 -1.62E-03 9.22E-04 -6.04E-04 -7.86E-04 3.00E-03 

UWBM 81025 3.37E-03 -1.43E-03 8.87E-04 -2.40E-03 1.30E-03 -2.21E-03 -4.86E-03 -2.50E-03 2.35E-04 

UWBM 81688 1.62E-02 -4.88E-03 5.72E-03 -2.02E-03 -6.05E-03 -3.37E-03 -4.26E-03 -3.27E-03 -3.84E-03 
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Tibia continued 

Specimen PC10 PC11 PC12 PC13 PC14 PC15 

ETMNH 600 2.38E-05 3.83E-04 -3.19E-03 1.98E-03 1.50E-03 4.91E-04 

ETMNH 603 -2.77E-03 -1.78E-03 -9.77E-04 -2.11E-03 3.56E-04 3.17E-03 

ETMNH 607 1.16E-03 -1.09E-03 6.53E-04 -1.07E-03 -3.11E-03 -9.44E-04 

ETMNH 608 2.57E-04 8.38E-05 2.09E-03 -6.25E-04 2.19E-03 -6.18E-04 

ETMNH 609 8.91E-04 1.17E-03 8.66E-04 -3.16E-03 3.45E-04 1.73E-03 

MSB 196536 6.37E-03 9.25E-05 1.53E-03 3.61E-03 -5.39E-03 1.08E-03 

MSB 196578 5.58E-03 2.63E-03 -3.39E-03 -8.11E-04 1.64E-03 -1.25E-03 

MSB 196581 -9.60E-04 -3.83E-03 -9.52E-04 -3.48E-03 4.77E-04 1.59E-03 

MSB 196582 3.94E-03 -1.38E-03 -1.36E-03 -1.14E-03 -1.14E-03 -2.52E-03 

MSB 196583 8.52E-04 2.20E-03 1.37E-03 -5.52E-04 -2.09E-05 1.50E-04 

MSB 196981 1.16E-03 -8.98E-04 -3.93E-03 6.11E-04 4.49E-03 -1.42E-03 

MSB 197115 -5.13E-03 8.02E-03 3.68E-04 -7.49E-07 -1.21E-03 2.77E-03 

MSB 224027 -1.44E-03 2.08E-03 -6.78E-04 2.28E-03 3.73E-03 2.16E-03 

MZ 177697 -2.75E-03 1.01E-03 -1.28E-04 1.63E-03 1.11E-03 3.49E-05 

MZ 177826 -3.01E-03 -3.49E-03 3.24E-04 9.72E-04 2.57E-03 -8.44E-04 

MZ 177827 -7.79E-04 6.82E-04 -1.61E-03 2.70E-03 -2.32E-03 2.90E-03 

NY 14241 1.51E-03 -2.20E-03 6.14E-03 1.01E-04 -1.12E-03 -1.63E-03 

NY 14242 -4.15E-05 -5.11E-04 1.50E-03 -2.86E-04 9.28E-04 1.56E-03 

NY 14387 3.55E-04 -4.51E-03 -2.95E-03 -5.04E-04 7.79E-05 1.01E-03 

NY 14388 1.33E-03 -1.07E-03 -1.70E-03 -1.33E-03 -1.03E-03 -1.29E-03 

UAM 101819 -3.99E-03 -4.39E-03 2.57E-03 2.77E-03 2.37E-03 -2.34E-03 

UAM 101828 -1.20E-04 3.78E-04 -2.21E-03 1.93E-03 -1.42E-03 -3.41E-03 

UAM 101851 2.73E-03 -5.99E-04 -3.64E-03 -4.22E-03 -4.06E-03 1.85E-03 

UAM 24794 -2.93E-03 -2.61E-05 -1.37E-04 -1.95E-03 -4.36E-04 1.98E-03 

UAM 59579 4.68E-03 1.33E-03 -2.96E-04 9.41E-04 3.14E-03 4.29E-04 
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Tibia continued 

Specimen PC10 PC11 PC12 PC13 PC14 PC15 

UF 31142 -9.91E-05 -1.14E-03 2.23E-03 2.51E-03 -3.22E-04 1.88E-04 

UF 31328 -3.45E-03 -1.66E-03 3.45E-04 -3.61E-03 -3.66E-03 -4.87E-04 

UF 31370 1.75E-03 -2.86E-03 4.78E-03 -1.27E-03 1.63E-03 1.94E-03 

UF 31427 -1.18E-03 -2.48E-03 -5.41E-03 -9.23E-04 4.93E-04 -1.37E-03 

USNM 592316 -6.56E-04 2.33E-04 1.70E-03 2.63E-03 -9.46E-05 -1.01E-03 

USNM 592896 7.89E-04 6.14E-03 -2.14E-04 -3.51E-03 1.18E-04 -3.52E-03 

USNM 592943 -1.74E-03 -2.26E-03 5.64E-04 -7.54E-06 6.16E-04 -1.74E-04 

USNM 600579 3.32E-03 6.40E-04 6.09E-03 -1.49E-03 2.00E-03 1.78E-03 

USNM 600581 2.56E-03 -9.35E-04 -2.11E-03 1.81E-03 -1.98E-04 5.43E-04 

USNM 600583 -6.55E-03 -1.09E-03 6.53E-05 2.13E-03 -4.78E-03 -1.58E-03 

USNM 600584 3.78E-03 1.55E-03 3.01E-03 1.20E-03 -1.14E-03 -1.38E-03 

USNM 600580 -3.39E-03 3.82E-03 1.23E-03 -4.41E-03 2.39E-03 -2.44E-03 

UWBM 81025 -3.08E-03 3.91E-03 5.84E-04 2.59E-03 -1.43E-03 -1.23E-03 

UWBM 81688 1.04E-03 1.86E-03 -3.15E-03 4.07E-03 7.19E-04 2.12E-03 
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Fibula 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

ETMNH 600 -1.22E-02 -5.28E-03 -3.06E-04 3.83E-03 -8.25E-03 -3.45E-03 -2.58E-03 -9.86E-04 3.37E-03 

ETMNH 603 -1.90E-03 5.69E-03 3.46E-03 3.90E-03 -4.40E-03 5.77E-03 3.90E-03 -2.34E-03 1.99E-03 

ETMNH 607 -2.96E-03 5.19E-03 5.17E-03 3.68E-03 -2.16E-03 2.40E-04 1.04E-03 -3.55E-03 -1.85E-03 

ETMNH 608 -5.39E-03 1.14E-03 2.74E-03 -6.24E-04 -9.50E-04 7.39E-04 3.25E-03 7.87E-03 -1.18E-03 

ETMNH 609 -8.78E-03 -1.43E-03 2.70E-03 -1.92E-03 2.90E-03 4.66E-03 4.60E-03 -1.17E-03 -2.63E-03 

MSB 196536 4.15E-03 -6.69E-03 -1.06E-02 -9.78E-04 4.79E-03 8.70E-03 7.90E-05 3.49E-03 -3.34E-03 

MSB 196578 1.94E-02 3.79E-03 -1.75E-03 1.26E-03 -1.24E-05 -8.10E-03 1.31E-03 -3.24E-03 -3.97E-03 

MSB 196581 6.59E-03 5.49E-03 -6.62E-03 5.04E-03 2.07E-03 1.26E-03 8.11E-03 -3.03E-03 3.69E-03 

MSB 196582 9.04E-03 -6.15E-03 5.51E-03 -3.25E-03 1.65E-03 8.61E-04 2.75E-03 2.94E-03 5.38E-03 

MSB 196583 9.77E-03 9.70E-03 4.68E-03 -6.06E-03 -1.13E-03 -8.32E-03 -2.51E-03 3.42E-03 -2.96E-04 

MSB 196981 1.26E-02 -3.83E-03 4.64E-03 -1.31E-03 1.89E-03 4.86E-03 9.28E-04 3.47E-03 -1.75E-03 

MSB 197115 3.56E-03 -6.36E-03 4.89E-05 -6.17E-03 -4.51E-03 5.00E-04 -2.56E-04 2.44E-04 -2.60E-03 

MSB 224027 8.52E-03 1.65E-03 -6.24E-04 -7.97E-04 -6.80E-04 5.56E-03 -5.93E-03 1.04E-03 -3.34E-03 

MZ 177697 -3.14E-03 -1.00E-02 -6.40E-03 5.47E-03 3.87E-03 -7.28E-03 -1.62E-03 1.35E-03 -1.64E-03 

MZ 177826 -5.08E-03 3.01E-03 7.50E-04 2.83E-03 5.67E-03 -4.48E-03 -3.26E-03 1.43E-03 -1.72E-03 

MZ 177827 -8.90E-03 -1.49E-02 2.07E-03 -2.49E-03 1.80E-04 -4.79E-03 -6.35E-04 4.63E-04 2.50E-03 

NY 14241 -2.14E-03 -9.06E-03 2.22E-03 -9.09E-05 -4.64E-03 -1.94E-03 1.02E-02 8.26E-04 -4.80E-03 

NY 14242 -3.27E-03 -8.62E-03 -5.87E-03 -4.17E-03 -4.77E-04 -3.55E-03 3.42E-03 -2.66E-03 5.36E-04 

NY 14387 7.52E-04 -5.82E-04 -4.03E-04 -2.33E-03 2.59E-03 -1.36E-03 -5.40E-03 1.08E-04 -1.83E-03 

NY 14388 -9.60E-03 -4.83E-03 1.33E-03 1.71E-04 2.78E-03 1.20E-03 -1.13E-03 -2.04E-03 -2.14E-03 

UAM 101819 1.79E-03 5.83E-03 -9.58E-03 6.31E-03 -1.01E-03 -6.17E-04 1.04E-03 3.40E-03 2.01E-03 

UAM 101828 -2.80E-03 -2.46E-03 8.00E-04 8.48E-04 -5.72E-03 2.21E-03 -1.15E-03 -7.85E-04 -1.04E-03 

UAM 101851 -1.91E-03 4.25E-03 -1.39E-03 4.90E-03 -4.54E-03 9.63E-04 -1.23E-03 -4.78E-03 6.22E-04 

UAM 24794 1.34E-03 3.22E-04 2.37E-03 4.07E-03 -1.73E-03 1.36E-04 -5.36E-03 4.15E-04 3.29E-03 

UAM 59579 8.12E-04 3.49E-04 -1.05E-02 -2.76E-03 -4.94E-03 1.26E-03 -3.30E-03 -2.17E-03 -9.81E-04 
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Fibula continued 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

UF 31328 -1.26E-03 -4.86E-03 2.32E-03 2.06E-03 7.18E-03 -1.68E-03 6.83E-06 -2.78E-03 -2.47E-03 

UF 31370 8.23E-03 2.41E-03 4.41E-03 -5.27E-03 4.85E-03 -2.36E-03 5.46E-03 -3.67E-03 1.82E-03 

UF 31427 8.32E-03 -3.20E-03 -5.19E-03 -2.66E-03 -4.98E-03 -1.79E-03 -3.83E-03 1.88E-04 4.17E-03 

UWBM 81025 9.30E-03 -3.06E-03 3.91E-03 -5.98E-04 -3.16E-03 7.01E-04 -3.97E-05 1.28E-03 5.39E-03 

UWBM 81688 5.77E-03 5.32E-04 -5.04E-04 5.74E-03 5.11E-04 3.99E-03 3.53E-04 -4.94E-03 -9.43E-06 

USNM 600579 -8.81E-03 1.47E-02 -3.08E-03 -5.98E-03 4.47E-03 -2.19E-03 1.14E-04 -1.78E-03 -1.90E-03 

USNM 600583 -2.65E-03 5.70E-03 6.95E-03 -1.10E-04 -9.92E-03 1.86E-03 -9.00E-04 3.17E-03 -4.92E-03 

USNM 600584 -1.08E-02 7.51E-03 -6.65E-03 -1.41E-02 -4.98E-04 2.77E-03 5.95E-04 -1.45E-03 3.85E-03 

USNM 600581 -3.83E-03 1.51E-03 3.74E-03 -2.39E-03 5.70E-03 3.71E-03 -2.59E-03 2.16E-03 3.00E-03 

USNM 600580 -5.54E-03 9.02E-03 -2.28E-03 3.22E-03 1.96E-04 -2.62E-03 5.50E-04 3.97E-03 -3.42E-03 

USNM 592943 -7.02E-03 2.92E-03 9.43E-03 8.86E-04 3.08E-03 -1.62E-03 -1.33E-03 -3.41E-03 1.98E-03 

USNM 592316 -4.66E-03 4.81E-03 -1.25E-03 7.38E-03 4.19E-03 -2.98E-04 2.10E-03 7.05E-03 4.56E-03 

USNM 592896 2.65E-03 -4.19E-03 3.75E-03 2.45E-03 5.13E-03 4.50E-03 -6.73E-03 -3.49E-03 -3.38E-04 
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Fibula continued 

Specimen PC10 PC11 

ETMNH 600 1.38E-03 -2.64E-03 

ETMNH 603 2.39E-03 8.77E-04 

ETMNH 607 -3.02E-03 -3.99E-06 

ETMNH 608 3.50E-03 1.61E-03 

ETMNH 609 -1.22E-03 -1.99E-03 

MSB 196536 -4.91E-03 1.19E-03 

MSB 196578 2.13E-03 3.50E-03 

MSB 196581 6.45E-04 -3.01E-03 

MSB 196582 -2.24E-03 1.79E-03 

MSB 196583 -6.07E-04 -6.44E-04 

MSB 196981 7.74E-04 -1.65E-03 

MSB 197115 -2.65E-04 -9.26E-04 

MSB 224027 3.77E-04 -1.26E-03 

MZ 177697 -1.10E-03 4.01E-03 

MZ 177826 -3.51E-03 -2.42E-03 

MZ 177827 6.50E-04 -3.52E-03 

NY 14241 2.92E-03 4.23E-03 

NY 14242 -2.34E-03 -3.93E-04 

NY 14387 2.18E-03 -6.38E-04 

NY 14388 -1.42E-03 -1.58E-03 

UAM 101819 4.64E-03 2.19E-04 

UAM 101828 3.18E-03 -4.37E-04 

UAM 101851 -3.87E-03 3.40E-04 

UAM 24794 1.52E-03 1.32E-03 

UAM 59579 1.01E-03 1.48E-03 
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Fibula continued 

Specimen PC10 PC11 

UF 31328 3.47E-03 -3.16E-03 

UF 31370 3.19E-04 -4.40E-03 

UF 31427 -1.58E-03 -3.43E-03 

UWBM 81025 -3.59E-03 2.32E-03 

UWBM 81688 -2.77E-03 -6.96E-04 

USNM 600579 2.68E-03 -1.55E-03 

USNM 600583 -1.03E-03 -2.69E-03 

USNM 600584 1.01E-03 4.16E-03 

USNM 600581 -2.80E-04 4.38E-04 

USNM 600580 -5.93E-03 8.05E-04 

USNM 592943 -2.88E-03 6.91E-03 

USNM 592316 1.52E-03 -1.05E-03 

USNM 592896 6.26E-03 2.90E-03 
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Table 2. Proportion of Variance Explained by Each PC 

Element PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12 PC13 PC14 PC15 

Humerus 36.9% 10.8% 7.1% 6.5% 4.7% 4.1% 3.9% 3.2% 3.1% 2.5% 2.1% 1.9% 1.9% 1.7% 1.4% 

Radius 29% 13% 10% 7.2% 6.1% 5.5% 5.1% 3.8% 3.6% 2.9% 2.5% 2.2% 1.8% 1.5% 1.1% 

Ulna 25.0% 13.6% 11.1% 9.6% 7.0% 5.5% 4.3% 4.0% 2.7% 2.6% 2.4% 2.1% 1.9% 1.6% 1.3% 

Femur 16.6% 15.0% 10.0% 8.5% 6.4% 5.9% 5.5% 4.7% 3.9% 3.1% 2.7% 2.6% 2.3% 2.0% 1.7% 

Tibia 21.4% 13.9% 11.9% 8.1% 7.1% 6.2% 5.7% 4.5% 3.4% 3.2% 2.6% 2.5% 1.9% 1.9% 1.2% 

Fibula 23.2% 17.0% 10.4% 9.3% 7.6% 6.5% 5.7% 4.3% 3.8% 3.3% 2.8% 2.4% 1.7% 1.1% 0.8% 

 

Table 2 continued 

Element PC16 PC17 PC18 PC19 PC20 PC21 PC22 PC23 PC24 PC25 PC26 PC27 PC28 PC29 PC30 

Humerus 1.2% 1.1% 1.0% 0.7% 0.7% 0.7% 0.6% 0.4% 0.4% 0.3% 0.2% 0.2% 0.2% 0.1% 0.1% 

Radius 1.0% 0.8% 0.6% 0.6% 0.2% 0.2% 0.2% 0.1%        

Ulna 1.1% 1.1% 0.8% 0.8% 0.4% 0.4% 0.2% 0.2% 0.2% 0.1% 0.07%     

Femur 1.5% 1.3% 1.2% 1.1% 0.8% 0.7% 0.7% 0.5% 0.4% 0.3% 0.2% 0.2% 0.03%   

Tibia 1.1% 1.0% 0.7% 0.6% 0.4% 0.3% 0.3% 0.2%        

Fibula 0.7% 0.4%              

 

Table 2 continued 

Element PC31 PC32 PC33 PC34 PC35 PC21 PC22 PC23 PC24 PC25 PC26 PC27 PC28 PC29 PC30 

Humerus 0.07% 0.02% 0.01% 0.007% 0.003%           

Radius                

Ulna                

Femur                

Tibia                

Fibula                

*Italicized values indicate the PCs whose cumulative variation equals 95% and, therefore, are the PCs included in the PERMANOVA. 
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D Thin plate spline warps figure captions 

Figure S1. Thin plate spline of the humerus of Broadleaf warped into Boreal in XY and YZ 

views. Surface model of the humerus depicts the orientation of bone in each spline. 



 

204 
 

Figure S2. Thin plate spline of the humerus of Coniferous warped into Boreal in XY and YZ 

views. Surface model of the humerus depicts the orientation of bone in each spline. 
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Figure S3. Thin plate spline of the humerus of Coniferous warped into Broadleaf in XY and YZ 

views. Surface model of the humerus depicts the orientation of bone in each spline. 
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Figure S4. Thin plate spline of the radius of Broadleaf warped into Boreal in XY and YZ views. 

Surface model of the radius depicts the orientation of bone in each spline. 
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Figure S5. Thin plate spline of the radius of Coniferous warped into Boreal in XY and YZ views. 

Surface model of the radius depicts the orientation of bone in each spline. 
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Figure S6. Thin plate spline of the radius of Coniferous warped into Broadleaf in XY and YZ 

views. Surface model of the radius depicts the orientation of bone in each spline. 
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Figure S7. Thin plate spline of the ulna of Broadleaf warped into Boreal in XY and YZ views. 

Surface model of the ulna depicts the orientation of bone in each spline. 
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Figure S8. Thin plate spline of the ulna of Coniferous warped into Boreal in XY and YZ views. 

Surface model of the ulna depicts the orientation of bone in each spline. 
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Figure S9. Thin plate spline of the ulna of Coniferous warped into Broadleaf in XY and YZ 

views. Surface model of the ulna depicts the orientation of bone in each spline. 
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Figure S10. Thin plate spline of the femur of Broadleaf warped into Boreal in XY and YZ views. 

Surface model of the femur depicts the orientation of bone in each spline. 
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Figure S11. Thin plate spline of the femur of Coniferous warped into Boreal in XY and YZ 

views. Surface model of the femur depicts the orientation of bone in each spline. 
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Figure S12. Thin plate spline of the femur of Coniferous warped into Broadleaf in XY and YZ 

views. Surface model of the femur depicts the orientation of bone in each spline. 
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Figure S13. Thin plate spline of the tibia of Broadleaf warped into Boreal in XY and YZ views. 

Surface model of the tibia depicts the orientation of bone in each spline. 
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Figure S14. Thin plate spline of the tibia of Coniferous warped into Boreal in XY and YZ views. 

Surface model of the tibia depicts the orientation of bone in each spline. 
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Figure S15. Thin plate spline of the tibia of Coniferous warped into Broadleaf in XY and YZ 

views. Surface model of the tibia depicts the orientation of bone in each spline. 
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Figure S16. Thin plate spline of the fibula of Broadleaf warped into Boreal in XY and YZ views. 

Surface model of the fibula depicts the orientation of bone in each spline. 
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Figure S17. Thin plate spline of the fibula of Coniferous warped into Boreal in XY and YZ 

views. Surface model of the fibula depicts the orientation of bone in each spline. 
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Figure S18. Thin plate spline of the fibula of Coniferous warped into Broadleaf in XY and YZ 

views. Surface model of the fibula depicts the orientation of bone in each spline. 
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E R Code for Landmark Alignment and PCA 

install.packages("geomorph", dependecies=TRUE) 

library(geomorph) 

setwd("F:/research/Dissertation/Morpho/digitizer/geographic variation") 

 

#read in data 

mydata<-read.csv("ulna geographic.csv", header=TRUE, stringsAsFactors = 

FALSE)#new file for each limb bone 

mydata 

specimen<- as.matrix(mydata[,1]) 

locality<- as.factor(mydata[,2]) 

biome<- as.factor(mydata[,3]) 

SKL<-as.matrix(mydata[,4]) 

coords<- as.matrix(mydata[, -c(1,2,3,4)]) 

p<- ncol(coords)/3 

n<- length(specimen) 

k<- 3 

land<- arrayspecs(coords, p, k) 

dim(land) 

dimnames(land)[[3]] 

dimnames(land)[[3]]<- rownames(mydata) 

plotAllSpecimens(land, mean=FALSE) #plots raw landmarks 

 

Y.gpa<- gpagen(land) #GPA alignment 

 

#plot PCA 

gp<- as.factor(paste(biome)) 
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PCA<-plotTangentSpace(Y.gpa$coords, groups=gp, label = TRUE) 

PCscore<-PCA$pc.scores 

#must change file name each time 

write.table(PCscore, file="ulna geographic PC")#writes as a space deliminated file for 

PAST 

 

 

#warp 3D mesh 

ply<-read.ply("ulna ETMNH 609.ply")#3D surface scan of bone 

meshland<-digit.fixed(ply,11)#right click to place landmark, then confirm, number 

indicates how many landmarks 

nmeshland 

refmesh<-warpRefMesh(ply, meshland, ref, centered=TRUE) 

plotspec(refmesh, ref, fixed=5, ptsize=1, centered=FALSE, shininess=128.0, 

specular=49)#plots the specimen with landmarks 

 

 

#warp mean shape of each group into another 

#Broadleaf indicated as TBM 

#COniferous indicated as TCF 

#Boreal indicated as BFT 

coordinates<-Y.gpa$coords 

TCF<-as.array(coordinates[,,c(6:13,28,29,38,39)])#will have to change for each 

specimen femur-6:13,28,29,38,39 radius-6:12,26,27,36,37 ulna-6:12,27,28,37,38 tibia- 

6:13,28,29,38,39, fibula-6:13,27:30  

TBM<-as.array(coordinates[,,c(1:5,14:20,30:37)])#will have to change for each specimen 

femur-1:5,14:20,30:37 radius- 1:5,13:19,28:35 ulna- 1:5,13:19,29:36 tibia- 

1:5,14:20,30:37, fibula-1:5, 14:20, 31:38 

BFT<-as.array(coordinates[,,c(21:27)])#will have to change for each specimen femur-

21:27 radius-20:25 ulna-20:26 tibia-21:27, fibula- 21:26 
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TCFshape<-mshape(TCF) 

TBMshape<-mshape(TBM) 

BFTshape<-mshape(BFT) 

#TCF to TBM 

plotRefToTarget(TCFshape, TBMshape, method="TPS")#R plot window 

warpRefMesh(ply, meshland, TCFshape, centered=TRUE) 

warpRefMesh(ply, meshland, TBMshape, centered=TRUE) 

#TCF to BFT 

plotRefToTarget(TCFshape, BFTshape, method="TPS")#R plot window 

warpRefMesh(ply, meshland, BFTshape, centered=TRUE) 

#TBM to BFT 

plotRefToTarget(TBMshape, BFTshape, method="TPS")#R plot window 

 

 

 

########################################################################

###### 

########################## Calculate centroid 

size################################# 

#centroid size 

Y.gpa$Csize #a vector of centroid size 

centroid<- Y.gpa$Csize #a vector of centroid size 

hist(centroid) 

#must change file name each time 

write.csv(centroid, file="fibula centroid.csv") 
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########################################################################

###### 

############################# Is morphological variation due to 

allometry?############ 

 

#allometry to centroid 

gpadata<- Y.gpa$coords 

geographyallom<- procD.allometry(gpadata~ log(centroid), iter=999) #multivariate 

regression 

geographyallom 

plot(geographyallom, method="CAC") 

plot(geographyallom, method="RegScore") 

 

#allometry to Skull Length 

SKLspec<-as.matrix(mydata[-c(12,14,26,29,38),4])#must change for each bone humerus- 

12,14,27,31,38 femur-  fibula- 12,14,26,29,38, tibia- 12,14,27,31,38 radius- 

11,13,25,29,36 ulna- 11,13,26,30,37 

SKLcoords<- as.matrix(coords[-c(12,14,26,29,38),]) #must change for each bone, same 

values as previous line 

p<- ncol(SKLcoords)/3 

n<- length(SKLspec) 

k<- 3 

SKLland<- arrayspecs(SKLcoords, p, k) 

dim(SKLland) 

dimnames(SKLland)[[3]] 

dimnames(SKLland)[[3]]<- rownames(mydata) 

plotAllSpecimens(SKLland, mean=FALSE) 

SKL.gpa<- gpagen(SKLland) 
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SKLgpdata<-SKL.gpa$coords 

geographyallomSKL<- procD.allometry(SKLgpdata~ SKLspec, iter=999) #multivariate 

regression 

geographyallomSKL 

plot(geographyallomSKL, method="CAC") 

plot(geographyallomSKL, method="RegScore") 
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Appendix II- Chapter 3 Supplemental Files 

A Sequences from GenBank 

M. americana AF 154969.1, 154970.1, 154968.1, 057130.1, 448238.1, 268274.1, 

154971.1, 154972.1, 154973.1, 154974.1, 448237.1, 154967.1, 268272.1, 268273.1, 

154964.1, 154965.1, 154966.1; NC 020642; HM 106324.1; AY 121352.1, 121344.1, 

121341.1, 121321.1, 121318.1, 448237.1, 121273.1, 121187.1, 121193.1, 121249.1, 

121250.1, 121275.1, 121277.1, 121279.1, 121280.1; EU 873311.1, 873311.1, 873309.1, 

87330831, 873307.1, 873304.1, 873303.1, 873302.1, 873301.1, 873300.1, 873299.1, 

873298.1, 87329731, 873296.1, 873295.1, 873294.1, 873293.1, 873292.1, 873291.1, 

873290.1, 873289.1, 873288.1, 873287.1; AB 051234.1 

M. foina HM 106325.1 

B Specimens sampled for DNA 

UAMN (UAM) 24805, 101819, 22680, 22736, 101828, 47308, 24794, 24808, 22678, 

59579, 101851; BMUW (UWBM) 81064, 81688, 81025, 81059; FMNH (UF) 31427, 

31328; NYSM (NY) 14388, 14242, 14387, 14241, USNM 600580, 600583, 592896, 

592895, 592316, 600581, 600579, 600584 

C Specimens from which sequences were provided 

MSB 197115, 196581 

 

University of Alaska Museum of the North (UAMN) 

Burke Museum of Natural History and Culture (BMUW) 

Florida Museum of Natural History (FMNH) 

New York State Museum (NYSM) 

Smithsonian Institution National Museum of Natural History (USNM) 

Museum of Southwestern Biology (MSB) 
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D Supplemental Tables 

Table 1. Sample Weight and DNA Concentration After Elution 

Specimen # Tissue Weight (g) DNA Concentration (ng/µL) 

USNM 600581 0.025 9.2 

USNM 600579 0.025 13.7 

USNM 592896 0.025 4.6 

USNM 600580 0.025 25.5 

USNM 592895 0.025 25.6 

USNM 600584 0.025 8.6 

USNM 592316 0.025 12.5 

USNM 600583 0.025 14.8 

UAMN 101819 0.025 23.4 

UAMN 101828 0.025 10.5 

UAMN 101851 0.025 21.3 

UAMN 24805 0.025 28.9 

UAMN 22680 0.025 45.8 

UAMN 22736 0.025 29.3 

UAMN 47308 0.025 35.8 

UAMN 24794 0.025 15.2 

UAMN 24808 0.025 29.7 

UAMN 22678 0.025 52.7 

UAMN 59579 0.025 17.2 

FMNH 31427 0.025 26.0 

FMNH 31328 0.025 27.0 

NYSM 14242 0.025 23.9 

NYSM 14387 0.025 22.7 

NYSM 14241 0.025 44.7 

NYSM 14388 0.025 26.1 

BMUW 81688 0.025 25.1 

BMUW 81025 0.025 21.0 

BMUW 81064 0.025 27.2 

BMUW 81059 0.025 55.3 
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Appendix III- Chapter 4 Supplemental Files 

A Specimens sampled for DNA 

FMNH (UF) 31427, 31328; BMUW (UWBM) 81025, 81688, 81064, 81059; ETMNH 

600,603, 607,608,609; NYSM (NY)14388, 14242, 14241, 14387; USNM 600580, 

600583, 592896, 600579, 592316, 600581, 600584, 592895; UAMN (UAM) 59579, 

101828, 101819, 101851; UMMZ (MZ) 177697, 177826, 177827 

B Specimens from which sequences were provided 

 MSB 196581 

 

C Sequences from GenBank 

M. foina HM 106325.1 

 

  

Museum of Southwestern Biology (MSB) 

Florida Museum of Natural History (FMNH) 

Burke Museum of Natural History and Culture (BMUW) 

East Tennessee State Museum of Natural History (ETMNH) 

New York State Museum (NYSM) 

Smithsonian Institution National Museum of Natural History (USNM) 

University of Alaska Museum of the North (UAMN) 

University of Michigan Museum of Zoology (UMMZ) 
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D Supplemental Tables 

Table 1. Sample Weight and DNA Quantity After Elution 

Specimen # Tissue Weight (g) DNA Quantity (ng/µL) 

USNM 600581 0.025 9.2 

USNM 600583 0.025 14.8 

USNM 600579 0.025 13.7 

USNM 592896 0.025 4.6 

USNM 600580 0.025 25.5 

USNM 592895 0.025 25.6 

USNM 600584 0.025 8.6 

USNM 592316 0.025 12.5 

UAMN 101819 0.025 23.4 

UAMN 101828 0.025 10.5 

UAMN 101851 0.025 21.3 

UAMN 59579 0.025 17.2 

FMNH 31427 0.025 26.0 

FMNH 31328 0.025 27.0 

NYSM 14242 0.025 23.9 

NYSM 14387 0.025 22.7 

NYSM 14241 0.025 44.7 

NYSM 14388 0.025 26.1 

BMUW 81688 0.025 25.1 

BMUW 81025 0.025 21.0 

BMUW 81064 0.025 27.2 

BMUW 81059 0.025 55.3 

ETMNH 603  0.045 4.3 

ETMNH 608 0.037 8.3 

ETMNH 607 0.116 6.9 

ETMNH 609 0.033 8.0 

ETMNH 600 0.032 4.8 

UMMZ 177697 0.052 20.3 

UMMZ 177826 0.052 6.6 

UMMZ 177827 0.086 18.1 
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Table 2. Polymorphic Sites in the Concatenated Sequence 

Specimen 9 10 11 12 14 16 17 36 37 38 42 48 50 69 115 

M. foina T A C A C A C A A C C C G T G 

MSB 196581 C · · G · T · · · · A · · · A 

BMUW 81025 – – – – – – – – – – – · · K A 

NMNH 600581 – – – – – – – – – – – – – – – 

NMNH 592895 C · Y G · T · · · · G A · · A 

UAMN 59579 C · · G · T · · · · G A · · A 

NYSM 14241 C · · G · T · · · · G A · · A 

BMUW 81688 C · · G · T · · · · A · · · A 

USNM 592316 C · · G · T · · · · G A S · A 

FMNH 31427 – – – – – – – · · · A · · · A 

UAMN 101819 C · · G · T · · · · G A · · A 

NYSM 14242 C · · · · C · T T T G A · · A 

FMNH 31328 C W Y G Y T Y · · · G A · · A 

NYSM 14388 C · · · · C · · · · G A · · – 

NMNH 600580 – – – – – – – – – – – – – – – 

NMNH 600579 – – – – – – – – – – – – – – – 

NMNH 600583 – – – – – – – – – – – – – – – 

NMNH 592896 – – – – – – – – – – – – – – – 

UAMN 101851 – – – – – – – – – – – – – – – 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 118 134 138 148 151 156 177 187 197 198 204 206 215 217 218 

M. foina T A C G C T C A G A A C C A G 

MSB 196581 C · T A · · T · A · C · · · · 

BMUW 81025 C · T A · · T · A · C · · · · 

NMNH 600581 – – – – – – – – – – – – – – – 

NMNH 592895 C R A A · K T – – – – – – – – 

UAMN 59579 C · A A · · T · A · C T · · · 

NYSM 14241 C · A A · · T · A · C T · · · 

BMUW 81688 C · T A · · T · A · C · · · · 

USNM 592316 C · A A · · T T A · C T · · · 

FMNH 31427 C · T A · · T · A · C · · · – 

UAMN 101819 C · A A · · T · A · C T · · · 

NYSM 14242 C · A A G · T · A · C T T – A 

FMNH 31328 C · A A · · T · A R C K · R · 

NYSM 14388 – – – – – – – – – – – – – – – 

NMNH 600580 – – – – – – – – – – – – – – – 

NMNH 600579 – – – – – – – – – – – – – – – 

NMNH 600583 – – – – – – – – – – – – – – – 

NMNH 592896 – – – – – – – – – – – – – – – 

UAMN 101851 – – – – – – – – – – – – – – – 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 219 220 221 222 232 234 235 236 275 284 285 286 290 294 295 

M. foina A C G A G G C A A G C A A G T 

MSB 196581 · · · · · · · · · · · · · · · 

BMUW 81025 · · · · · · · · · · · · · · · 

NMNH 600581 – – – – · · · · · · · · · · · 

NMNH 592895 – – – – · K · · · · · · · · · 

UAMN 59579 · · · G · · · · · · · · · · · 

NYSM 14241 · · · · · T · · · · · · · · · 

BMUW 81688 · · · G · · · · · · · · · · · 

USNM 592316 R S · · · · · · · · · · · · · 

FMNH 31427 – – – – – – – – W K Y R R R K 

UAMN 101819 · · A · K · · · · · · · · · · 

NYSM 14242 T T T T T T T · · · · · · · · 

FMNH 31328 · · · · · T T · · · · · · · · 

NYSM 14388 – – – – – – – – – – – – – – – 

NMNH 600580 – – – – · · · · · · · · · · · 

NMNH 600579 – – – – · · · W · · · · · · · 

NMNH 600583 – – – – – – – – · · · · · · · 

NMNH 592896 – – – – – – – – · · · · · · · 

UAMN 101851 – – – – – – – – – – – – – – – 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 297 300 301 302 304 318 342 344 350 367 379 380 389 404 431 

M. foina A A G C T A C C G G A A T G G 

MSB 196581 · · · · · · T T A A – – · · A 

BMUW 81025 · · · · · · T T A A · – · · A 

NMNH 600581 · · · · · · T T A A – – · · A 

NMNH 592895 · · · · · · T T A A – – · · A 

UAMN 59579 · · · · · · T T A A – – · A A 

NYSM 14241 · · · · · · T T A A – – · · A 

BMUW 81688 · · · · · · T T A A · – · · A 

USNM 592316 · · · · · · T T A A – – · · A 

FMNH 31427 W · · M Y R T T A A – – K · A 

UAMN 101819 · · · · · · T T A A – – · – – 

NYSM 14242 · · · · · · T T A A – – · · A 

FMNH 31328 · · · · · · T T A A – – · · A 

NYSM 14388 – – – – – – – – – – – – – – – 

NMNH 600580 · · · · · · T T A A – – · · A 

NMNH 600579 · G C · · · T T A A – – · · A 

NMNH 600583 · · · · · · T T A A – – · · A 

NMNH 592896 · · · · · · T T A A – – · · A 

UAMN 101851 – – – – – – – – – – – – – – – 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 433 434 435 437 439 446 448 459 468 475 476 477 479 480 483 

M. foina G G A A A C T T C A T A C C T 

MSB 196581 · · · · · · · · · · · G · · · 

BMUW 81025 · · · · · · · · · · · G · · · 

NMNH 600581 · · · · · – – – – – – – – – – 

NMNH 592895 · · · · · · · – – – – – – – – 

UAMN 59579 · · · · · · · · · · · G · · · 

NYSM 14241 · · · · · · · C · · · G · · · 

BMUW 81688 · · · · · · · · · · Y G · · · 

USNM 592316 · · · · · G A · · · · Y · · · 

FMNH 31427 · · · T – – – · · · · G · · · 

UAMN 101819 – – – – – – – · · · – G · · · 

NYSM 14242 C C T · G – – · · · · G · · · 

FMNH 31328 · · · · – – – – – T · G T T – 

NYSM 14388 – – – – – – – – – – – – – – – 

NMNH 600580 · · · · · · · · · · · G · · · 

NMNH 600579 · · · · · – – · · · · G · · · 

NMNH 600583 · · · · · · · · · M C R · · M 

NMNH 592896 · · · · · – – – – · · G · · · 

UAMN 101851 – – – – – – – · · · · G · · · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 484 486 492 494 495 496 497 510 511 513 515 518 525 534 556 

M. foina G T A A A T A – T A C T C T T 

MSB 196581 · · · · · C · A C · T · T C C 

BMUW 81025 · · · · · C · A C · T · T C C 

NMNH 600581 – – – – – – – – – – – – – – – 

NMNH 592895 – – – – – – – – – – – – – – – 

UAMN 59579 · · · · · C · A C · T · T C C 

NYSM 14241 · · · · · C · A C · T · T C C 

BMUW 81688 · · · · · C · A C · T · T C C 

USNM 592316 · · · · · C · A C · T · T C C 

FMNH 31427 · · · · · C · A C · T · T C C 

UAMN 101819 · · · · · C · A C · T · T C C 

NYSM 14242 · · · · · C · A C · T · T C C 

FMNH 31328 · · M · M C M A C M T · T C C 

NYSM 14388 – – · C · A C A C · T · T C C 

NMNH 600580 · · · · · C · A C · T · T C C 

NMNH 600579 · · · · · C · A C · T · T C C 

NMNH 600583 M K · · · C · A C · M M T C C 

NMNH 592896 · · · · · C · A C · T · T C C 

UAMN 101851 · · · · · C · A C · T · T C C 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 563 644 676 743 754 757 805 806 807 808 809 810 824 827 829 

M. foina C C C – C C T C C C C G G T C 

MSB 196581 T T T – T · C · · · · · A A T 

BMUW 81025 T T – A T · C · · · · · A A T 

NMNH 600581 – – – – – – – – – – – – – – – 

NMNH 592895 – – – – – – – – – – – – – – – 

UAMN 59579 T T T – T · C · · · · · A G T 

NYSM 14241 T T T – T · C · · · · · A G T 

BMUW 81688 T T T – T · C · · · · · A A T 

USNM 592316 T T T – T · C · · · · · A G T 

FMNH 31427 T T T – T · C · · · · · A A T 

UAMN 101819 T T T – T · C · · · · · A G T 

NYSM 14242 T T T – T · C · · · · · A G T 

FMNH 31328 T T T – T · Y Y Y Y Y K A G T 

NYSM 14388 T T T – T G C · · · · · A G T 

NMNH 600580 T T T – T · C · · · · · A G T 

NMNH 600579 T T T – T · C · · · · · A G T 

NMNH 600583 T T T – T · C · · · · · A G T 

NMNH 592896 T T T – T · C · · · · · A G T 

UAMN 101851 T T T – T · C · · · · · A G T 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 833 859 880 881 898 899 903 909 910 923 924 961 984 990 1014 

M. foina T C A T C A T G A A G A T A C 

MSB 196581 · T G A · · C A G G · · C T T 

BMUW 81025 · T G A · · C A G G · T C T T 

NMNH 600581 – T G A · · C A G G A · C · T 

NMNH 592895 – – – – – – – – – – – – – – – 

UAMN 59579 · T G A · · C A G G A · C · T 

NYSM 14241 · T G A · · C A G G A · C · T 

BMUW 81688 · T G A · · C A G G · · C T T 

USNM 592316 · T G A · · C A G G A · C · T 

FMNH 31427 · T G A A G C A G G G · C T T 

UAMN 101819 · T G A · · C A G G A · C · T 

NYSM 14242 · T G A · G C A – – – – – – – 

FMNH 31328 K T G A · · C – – – – – – – – 

NYSM 14388 · T G A · · C A G G A · C · T 

NMNH 600580 · T G A · · C A G G A · C · T 

NMNH 600579 · T G A · · C A G G R · C · T 

NMNH 600583 · T G A · · C A G G · · C · T 

NMNH 592896 · T G A · · C A G G A · C · T 

UAMN 101851 · T G A · · C A G G A · C · T 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 1104 1106 1131 1179 1180 1205 1233 1234 1249 1263 1264 1269 1271 1278 1279 

M. foina C A C C T C A C C A A G C T A 

MSB 196581 · · · · · T G T · · · · · · · 

BMUW 81025 S T – – – – – – – – – – – – – 

NMNH 600581 · · T · · T · · · · · · · · · 

NMNH 592895 – – – – – – – – – – – – – – – 

UAMN 59579 · · T · · T · · · M M · · Y M 

NYSM 14241 · · T · · T · · · · · · · · · 

BMUW 81688 · · · · · T G T · · · · · · · 

USNM 592316 · · T · · T · · · · · · · · · 

FMNH 31427 · · · · · T G T · · · · · · · 

UAMN 101819 · · T · · T · · · · · · · · · 

NYSM 14242 – – – – – – – – – – – – – – – 

FMNH 31328 – – – – – – – – – – – – – – – 

NYSM 14388 · · T · · T – · · · · A G – – 

NMNH 600580 · · T · · T · · · · · · · · · 

NMNH 600579 · · T · · T · · · · · · · · · 

NMNH 600583 · · T M W T · · M · · · · · · 

NMNH 592896 · · T · · T · · · · · · · · · 

UAMN 101851 · · T · · T · · · · · · · · · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 1284 1285 1286 1287 1288 1289 1290 1296 1329 1342 1343 1344 1345 1368 1369 

M. foina A A T G C C T C C – T A C C C 

MSB 196581 · · · · · · · · T C – · · · · 

BMUW 81025 – – – – – – – – – C – · · · · 

NMNH 600581 · · · · · · · · · C – · · · · 

NMNH 592895 – – – – – – – – – C C · · · · 

UAMN 59579 C T · · · · S · · C – · · · · 

NYSM 14241 · · · · · · · · · – – – – – – 

BMUW 81688 · · W · · · · · T C C · M Y · 

USNM 592316 · · · · · · · · · C C · · · · 

FMNH 31427 · · W · · · · · T – – – – – – 

UAMN 101819 · · · · · · · · · C – · T · · 

NYSM 14242 – – – – – – – – – C – · · · · 

FMNH 31328 – – – – – – – – – C – · · · · 

NYSM 14388 – – – – – – – – – – – – – – – 

NMNH 600580 · · W R · · · Y · – – – – – – 

NMNH 600579 · · · · · · · · · C – M M T · 

NMNH 600583 · · · R M S · · · C – · · · · 

NMNH 592896 · · · · · · · · · – – – – T K 

UAMN 101851 · · · · · · · · · – – – – – – 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 1370 1414 1434 1520 1525 1554 1573 1600 1603 1673 1680 1692 1736 1749 1815 

M. foina A C C T A T C T T T T A T C T 

MSB 196581 · T T · G · T C C · C G · · C 

BMUW 81025 · T T · G · T C C · C G · · C 

NMNH 

600581 
· T T C G · T C C · C G · T C 

NMNH 

592895 
· T T C G · T C C · C G · T C 

UAMN 59579 · T T · G · T C C · C G · · C 

NYSM 14241 – – – – – – – – – – – – – – – 

BMUW 81688 · T T · G · T C C · C G · · C 

USNM 592316 · T T C G · T C C · C G · T C 

FMNH 31427 – – – – – – – – – – – – – – – 

UAMN 

101819 
· T T C G · T C C · C G · T C 

NYSM 14242 · T T C G D T C C · C G · T C 

FMNH 31328 · T T C G · T C C · C G · T C 

NYSM 14388 – – – – – – – – – – – – – – – 

NMNH 

600580 
– T T C G · T C C · C G Y T C 

NMNH 

600579 
· T T C G · T C C · C G · T C 

NMNH 

600583 
· T T C G · T C C C C G · T C 

NMNH 

592896 
K T T C G · T C C · C G · T C 

UAMN 

101851 
– T T C G · T C C · C G · T C 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 1817 1834 1877 1938 1940 1943 1963 1974 1989 2023 2029 2041 2044 2045 2047 

M. foina A C T C A T C G C A T T A G C 

MSB 196581 · · · · T C T A T G C · · · T 

BMUW 81025 · · · · T C T A T G – – – – T 

NMNH 600581 · · C · T C T A T G C · · · T 

NMNH 592895 · · C · T C T A T G – – – – – 

UAMN 59579 · · · · T C T A T G C · · R T 

NYSM 14241 – – – – – – – – – – – – – – – 

BMUW 81688 · · · · T C T A T G C · · · T 

USNM 592316 · · C · T C T A T G C · · · T 

FMNH 31427 – – – – – – – – – – C · · · T 

UAMN 101819 · · C · T C T A T G C · · · T 

NYSM 14242 · · C · T C T A T – C · · · T 

FMNH 31328 · · C · T C T A T G – Y M · – 

NYSM 14388 – – – – – – – – – – C · · · T 

NMNH 600580 M Y C – – – – – – – – · · · T 

NMNH 600579 · · C · T C T A T G C · · · T 

NMNH 600583 · · C M T C T A – – – – – – – 

NMNH 592896 · · C · T C T A T G – · · · T 

UAMN 101851 · M C · T C T A – – C · · · T 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 2054 2060 2064 2069 2074 2075 2080 2081 2101 2129 2131 2142 2146 2147 2155 

M. foina T A A A G G G A C G T G T A T 

MSB 196581 C · · · A · A G T · C · C · C 

BMUW 81025 C · · W R M A G T · C · C · C 

NMNH 600581 C · · · A · A G T · C · C · C 

NMNH 592895 – – – – – – – – T · C · C G C 

UAMN 59579 C · W R A A A G T · C · C · C 

NYSM 14241 – – – – – – – G T · C · C · C 

BMUW 81688 C · · · A · A G T · C · C · C 

USNM 592316 C · · · A R A G T · C · C · C 

FMNH 31427 C · · · A R A G T · C · C · C 

UAMN 101819 C · · · A · A G T · C · C · C 

NYSM 14242 C · · · A · A G T · C · C · C 

FMNH 31328 C · · · A · – G T S C R C · C 

NYSM 14388 C · · · A · A G T · C · C · C 

NMNH 600580 C · · · A · A G T · C · C · C 

NMNH 600579 C · · · A · A G T · C · C · C 

NMNH 600583 – – – – – – – – – – – – – – – 

NMNH 592896 C R · · A · R G T · C · C G C 

UAMN 101851 C · · · A · A G T · C S C · C 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 2157 2158 2163 2169 2174 2197 2203 2213 2229 2231 2233 2242 2245 2248 2258 

M. foina A C C T T C G T T T C A C C T 

MSB 196581 · T · · · T · · A C T G T T C 

BMUW 81025 · T · · · T · · A C T G T T C 

NMNH 600581 · T · · · · A · A C · G T T C 

NMNH 592895 · T · · · · A · A C · G T T C 

UAMN 59579 · T · · · · A · A C · G T T C 

NYSM 14241 · T · · · · A · A C · G T T C 

BMUW 81688 · T · · · T · · A C T G T T C 

USNM 592316 · T · · · · A · A C · G T T C 

FMNH 31427 · T · · · T · · A C T G T T C 

UAMN 101819 · T · · · · A · A C · G T T C 

NYSM 14242 · T · · · · A · A C · G T T C 

FMNH 31328 R T S K K · A G A C · G K T C 

NYSM 14388 · T · · · · A · A C · G T T C 

NMNH 600580 · T · · · · A · A C · G T T C 

NMNH 600579 · T · · · · A · A C · G T T C 

NMNH 600583 – – – – – – – – A C · G T T C 

NMNH 592896 · T · · · · A · A C · G T T C 

UAMN 101851 · T · · · · A · A C · G T T C 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 2269 2275 2294 2300 2313 2332 2341 2347 2348 2350 2353 2368 2379 2380 2383 

M. foina T G · C A A T T C A A T G C C 

MSB 196581 A A · · · G · C · · G C · T · 

BMUW 81025 A A · · · G · C · · G C · T · 

NMNH 600581 A A · · · G · C T G G C · T T 

NMNH 592895 A A · · R G · C T G G C · T T 

UAMN 59579 A A · · · G · C T G G C · T T 

NYSM 14241 A A · · · G · C T G G C · T T 

BMUW 81688 A A · · · G · C · · G C · T · 

USNM 592316 A A · · · G · C T G G C · T T 

FMNH 31427 A A · · · G C C · · G C · T · 

UAMN 101819 A A · · R G · C T G G C · T T 

NYSM 14242 A A · · · G · C T G G C · T T 

FMNH 31328 A A Y · · G · C T G G C · T T 

NYSM 14388 A A · · · G · C T G G C A T T 

NMNH 600580 A A · · · G · C T G G C · T T 

NMNH 600579 A A · · · G · C T G G C · T T 

NMNH 600583 A A · Y · G · C T G G C · T T 

NMNH 592896 A A · · · G · C T G G C · T T 

UAMN 101851 A A · · R G · C T G G C · T T 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 2401 2404 2406 2409 2413 2419 2422 2431 2439 2452 2461 2464 2466 2468 2472 

M. foina G G T C A A C A T T A T T A C 

MSB 196581 A A · · · G T · · · · C · G T 

BMUW 81025 A A · · · G T G · · · C · · T 

NMNH 600581 A A · · · G T G · · · C · · · 

NMNH 592895 A A · · · G T G · · · C · · · 

UAMN 59579 A A · · · G T G · · · C · · · 

NYSM 14241 A A · · · G T G · C · C · · · 

BMUW 81688 A A · · · G T G · · · C · · T 

USNM 592316 A A · · · G T G · · · C · · · 

FMNH 31427 A A · · · G T · · · · C · G T 

UAMN 101819 A A · · · G T G · · · C · · · 

NYSM 14242 A A · · · G T G · · · C · · · 

FMNH 31328 A A · S R G T G Y · R C K · · 

NYSM 14388 A A · · · G T G · · · C · · · 

NMNH 600580 A A · · · G T G · C · C · · · 

NMNH 600579 A A · · · G T G · · · C · · · 

NMNH 600583 A A W · · G T G · · · C · · · 

NMNH 592896 A A · · · G T G · · · C · · · 

UAMN 101851 A A · · · G T G · · · C · · · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 2473 2474 2476 2477 2479 2488 2492 2506 2512 2518 2521 2530 2531 2533 2543 

M. foina G G C T A A C C G C C C G G G 

MSB 196581 A · A · G · · T A · T A · A · 

BMUW 81025 A · A C G · · T A · T A · A · 

NMNH 600581 A · A · · T · · A · T A · A · 

NMNH 592895 A · A · · T · · A · T A · A · 

UAMN 59579 A · A · · T · · A · T A · A · 

NYSM 14241 A · A · · T · · A · T A · A · 

BMUW 81688 A · A · G · · T A · T A · A · 

USNM 592316 A · A · · T · · A · T A · A · 

FMNH 31427 A · A · G · Y T A · T A · A · 

UAMN 101819 A · A · · T · · A · T A · A R 

NYSM 14242 A · A · · T · · A · T A · A · 

FMNH 31328 A R A · · T · · A S T A · A · 

NYSM 14388 A · A · · T · · A · T A · A · 

NMNH 600580 A · A · · T · · A · T A · A · 

NMNH 600579 A · A · · T · · A · T A · A · 

NMNH 600583 A · A · · T · · G · T A · A · 

NMNH 592896 A · A · · T · · A · T A · A · 

UAMN 101851 A · A · · T · · A · T A T A · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 2545 2546 2548 2573 2578 2591 2596 2603 2616 2623 2625 2650 2653 2668 2673 

M. foina C T C T T T T C C G C G A T C 

MSB 196581 T · T · C C C T · A T T G C T 

BMUW 81025 T · T · C C C T · A T T G C T 

NMNH 600581 T · T · C C C T T A T T G C T 

NMNH 592895 T · T · C C C T T A T T G C T 

UAMN 59579 T · T · C C C T T A T T G C · 

NYSM 14241 T · T · C C C T T A · T G C T 

BMUW 81688 T · T · C C C T · A T T G C T 

USNM 592316 T · T · C C C T T A T T G C T 

FMNH 31427 T · T · C C C T · A T T G C T 

UAMN 101819 T W T K C C C T T A T T G C · 

NYSM 14242 T · T · C C C T T A T T G C T 

FMNH 31328 T · T · C C C T T A T T G C T 

NYSM 14388 T · T · C C C T T A T T G C T 

NMNH 600580 T · T · C C C T T A · T G C T 

NMNH 600579 T · T · C C C T T A T T G C T 

NMNH 600583 T · T · C C C T T A T T G C Y 

NMNH 592896 T · T · C C C T T A T T G C T 

UAMN 101851 T · T K C C C T T A T T G C C 

                

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 2686 2689 2695 2701 2713 2716 2722 2737 2744 2746 2752 2761 2789 2790 2792 

M. foina A T G T C G T C C A T T – C T 

MSB 

196581 
G C A C T · C T · G C C – T C 

BMUW 

81025 
G C A C T · C T · G C C – T C 

NMNH 

600581 
· C · C · A C T T · C C – T C 

NMNH 

592895 
· C · C · A C T T · C C – T C 

UAMN 

59579 
· C · C · A C T T · C C – – C 

NYSM 

14241 
· C · C · A C T T · C C – T C 

BMUW 

81688 
G C A C T · C T · G C C – T C 

USNM 

592316 
· C · C · A C T T · C C – T C 

FMNH 

31427 
G C A C T · C T C G C C – T C 

UAMN 

101819 
· C · C · A C T T · C C – T C 

NYSM 

14242 
· C · C · A C T T · C C – T C 

FMNH 

31328 
· C A C · A C T T · C C A T C 

NYSM 

14388 
· C · C · A C T T · C C – T C 

NMNH 

600580 
· C · C · A C T T · C C – – C 

NMNH 

600579 
· C · C · A C T T · C C – T C 

NMNH 

600583 
· C · C · A C T T · C C – T C 

NMNH 

592896 
· C · C · A C T T · C C – T C 

UAMN 

101851 
· C · C · A C T T · C C – T C 

                

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 2801 2803 2805 2808 2811 2815 2817 2821 2823 2826 2829 2835 2845 2848 2872 

M. foina A – T A C A T C A T C G A A T 

MSB 196581 · – C G A G C T G C T A G · · 

BMUW 

81025 
· – C G A G C T G C T A G · · 

NMNH 

600581 
G – C G A · C T G · T A G · · 

NMNH 

592895 
G – C G A · C T G · T A G · · 

UAMN 

59579 
G – C G A · C T G · T A G · – 

NYSM 

14241 
G – C G A · C T G · T A G · · 

BMUW 

81688 
· – C G A G C T G C T A G · – 

USNM 

592316 
G – C G A · C T G · T A G · · 

FMNH 

31427 
· – C G A G C T G C T A G · · 

UAMN 

101819 
G – C G A · C T G · T A G · · 

NYSM 

14242 
G – C G A · C T G · T A G · · 

FMNH 

31328 
G G C G A · C T G · T A G M W 

NYSM 

14388 
G A C G A · C T G · T A G · · 

NMNH 

600580 
G – C G A · C T G · T A G · · 

NMNH 

600579 
G – C G A · C T G · T A G M · 

NMNH 

600583 
G – C G A · C T G · T A G · · 

NMNH 

592896 
G – C G A · C T G · T A G · · 

UAMN 

101851 
G – C G A · C T G · T A G · · 

                

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 2877 2880 2889 2892 2895 2904 2906 2908 2910 2916 2931 2937 2940 2942 2943 

M. foina G C A A C C C T G A – G C C A 

MSB 196581 A · · · T T · · A G C A · · · 

BMUW 

81025 
A · · G T T · · A G C A · · · 

NMNH 

600581 
A · · · T T · · A G C A · · · 

NMNH 

592895 
A · · · T C · · A G C A · · · 

UAMN 

59579 
– – – – – – – – – – – – – – – 

NYSM 

14241 
A · · · T C · · A G C A · · · 

BMUW 

81688 
– · · G T T · · A G C A · T C 

USNM 

592316 
A · · · T C · · A G C A · · · 

FMNH 

31427 
A · · · T T · · A G C A · · · 

UAMN 

101819 
A · · · T C · · A G C A · · · 

NYSM 

14242 
A · · · T C · K A G C A · · · 

FMNH 

31328 
– · R · T C · · A G C A · G · 

NYSM 

14388 
A T · · T C · · A G C A · · · 

NMNH 

600580 
A · · · T C T · A G C A · · · 

NMNH 

600579 
A · · · T T · · A G C A · · · 

NMNH 

600583 
A · · · T C · · A G C A Y · · 

NMNH 

592896 
A · · · T C · · A G C A · · · 

UAMN 

101851 
A · · · T C · · A G C A · · · 

                

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 2944 2945 2946 2952 2957 2958 2961 2962 2964 2968 2974 2990 2992 2993 2995 

M. foina T T T C G C A C T C T G C C C 

MSB 196581 · · C T · T · · · · C A T T T 

BMUW 

81025 
· – C T – T G · · T C A T T T 

NMNH 

600581 
· – C T – T C · · T C A T T T 

NMNH 

592895 
· – C T – T C – – – – – – – – 

UAMN 

59579 
– – – – – – – · · T C A T T T 

NYSM 

14241 
· – C T – T C · · T C A T T T 

BMUW 

81688 
A · C T – – – · · · C A T T T 

USNM 

592316 
· – C T – T C · · T C A T T T 

FMNH 

31427 
· – C T – T G – · C C A T T T 

UAMN 

101819 
· – C T – T C · · T C A T T T 

NYSM 

14242 
· – C T – T G – – – – – – – – 

FMNH 

31328 
· – C – – T – – – – – – – – – 

NYSM 

14388 
· – C T – T C T · T C A T T T 

NMNH 

600580 
· – C T – T G – – – – – – – – 

NMNH 

600579 
· – C T – T C – – – – – – – – 

NMNH 

600583 
· – C T – T C · Y T C A T T T 

NMNH 

592896 
· – C T – T C · · T C A T T T 

UAMN 

101851 
· – C T – T C · · T C A T T T 

                

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 

 



 

252 
 

Table 2 continued 

Specimen 3002 3003 3014 3022 3023 3027 3092 3093 3120 3132 3163 3178 3180 3181 3182 

M. foina T A A A T T G A T A G A G C T 

MSB 196581 C C G · · · A G · · T · · T · 

BMUW 

81025 
C C G · · · A G C · T · · T · 

NMNH 

600581 
C C G · · · A G · G T G A T C 

NMNH 

592895 
– – – – – – – – – – – – – – – 

UAMN 

59579 
C C G · · · A G · G T · A T C 

NYSM 

14241 
C C G · · · A G · G T · A T C 

BMUW 

81688 
C C G · · · A G C · T · · T · 

USNM 

592316 
C C G · · · A G · G T · A T C 

FMNH 

31427 
C C R W K · A G · · T · · T · 

UAMN 

101819 
C C G · · · A G · G T · A T C 

NYSM 

14242 
– – – – – · A G · G T · A T C 

FMNH 

31328 
– – – – – – – – – – – – – – – 

NYSM 

14388 
C C G · · W A G · G T · A T C 

NMNH 

600580 
– – – – – – – – – – – – – – – 

NMNH 

600579 
– – – – – – – – – – – – – – – 

NMNH 

600583 
C C G · · · A G · G T G A T C 

NMNH 

592896 
C C G · · · A G · G T · A T C 

UAMN 

101851 
C C G · · T A G · G T · A T C 

                

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 3184 3207 3210 3213 3214 3221 3236 3256 3258 3261 3269 3274 3275 3276 3280 

M. foina T C G T A G A T A T A T G G T 

MSB 196581 · · · G G · · · · C G C · · C 

BMUW 

81025 
· T · G G · · C · C G C · · C 

NMNH 

600581 
· · · G G · · · G C G C T A C 

NMNH 

592895 
– – – – – – – – – – – – – – – 

UAMN 

59579 
· · A G G · · · G C G C T A C 

NYSM 

14241 
· · · G G · · · G Y · C T A C 

BMUW 

81688 
· · · G G · · C · C G C · · C 

USNM 

592316 
· · · G G · · · G C · C T A C 

FMNH 

31427 
· · · G G · · · · C G C · · C 

UAMN 

101819 
· · A G G · · · G C · C T A C 

NYSM 

14242 
K · · G G · · · G C · C T A C 

FMNH 

31328 
– – – – – – – – – – – – – – – 

NYSM 

14388 
· · · G G · G · G C · C T A C 

NMNH 

600580 
– – – – – – – – – – – – – – – 

NMNH 

600579 
– – – – – – – – – – – – – – – 

NMNH 

600583 
· · · G G A · · G C G C T A C 

NMNH 

592896 
· · · A G · · · G C · C T A C 

UAMN 

101851 
· · A G G · · · G C · C T A C 

                

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 3283 3294 3295 3233 3327 3339 3360 3374 3376 3381 3384 3388 3404 3408 3410 

M. foina A G T A T G – A C T G T T A T 

MSB 196581 G A · · · A – · G G A · · G · 

BMUW 

81025 
G A · G · A – · G G A C · G · 

NMNH 

600581 
G · · G · A – · G G A · · G C 

NMNH 

592895 
– – – – – – – – – – – – – – – 

UAMN 

59579 
G A C G · A – G G G A · · G C 

NYSM 

14241 
G A · G · A – · G G A · · G C 

BMUW 

81688 
G A · G · A – · G G A · · G · 

USNM 

592316 
G · · G · A – · G G A · · G C 

FMNH 

31427 
G A · · · A – · G G A · · G · 

UAMN 

101819 
G A · G · A – · G G A · · G C 

NYSM 

14242 
G A · G · A – · G G A · · G C 

FMNH 

31328 
– – – – – – – – – – – – – – – 

NYSM 

14388 
G A · G · A A · G G A · B G C 

NMNH 

600580 
– – – – – – – – – – – – – – – 

NMNH 

600579 
– – – – – – – – – – – – – – – 

NMNH 

600583 
G A · G · A – · G G A · · G C 

NMNH 

592896 
G A · G · A – · G G A · · G C 

UAMN 

101851 
G A · G C A A · G G A · · G C 

                

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 2 continued 

Specimen 3411 3416 3419 3424 

M. foina G G – G 

MSB 196581 A · G A 

BMUW 81025 A · G A 

NMNH 

600581 
A A – A 

NMNH 

592895 
– – – – 

UAMN 59579 A A – A 

NYSM 14241 A A – A 

BMUW 81688 A · G A 

USNM 592316 A A – A 

FMNH 31427 A G G A 

UAMN 

101819 
A A – · 

NYSM 14242 A A – A 

FMNH 31328 – – – – 

NYSM 14388 A A – A 

NMNH 

600580 
– – – – 

NMNH 

600579 
– – – – 

NMNH 

600583 
A A – A 

NMNH 

592896 
A A – A 

UAMN 

101851 
A A – A 

                

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designation
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Table 3. Figure 2 and 3 Phylogeny Specimen Labels 

Specimen Number Phylogeny Label 

UAMN 101851 Alaska 1 

UAMN 101819 Alaska 2 

USNM 592316 Minnesota 1  

FMNH 31328 Alaska 3 

NYSM 14388 New York1 

NYSM 14242 New York 2 

NYSM 14241 New York 3 

USNM 592896 Minnesota 2 

USNM 592895 Minnesota 3 

USNM 600583 New Hampshire 1 

USNM 600579 New Hampshire 2 

USNM 600581 New Hampshire 3 

UAMN 101828 Alaska 4 

USNM 600580 New Hampshire 4 

BMUW 81688 Washington 1 

BMUW 81025 Washington 2 

FMNH 31427 Idaho 1 

MSB 196581 Wyoming 1 
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E  Supplemental Figures 

 

Figure S1. Primer design overlap in 12S, 16S, Dloop, and cytb. Arrows indicate the region of 

each gene targeted by a primer set. Arrows pointing right represent forward primers and those 

pointing left are reverse primers. The length of the arrow represents the primer sequence length. 

Matching arrow colors within a gene represent primer pairs. 
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F R script 

setwd("F:/research/Dissertation/morpho genetics test/modern/node calibrate/centroid")#User 

enters working directory 

 

install.packages("ape",dependencies=TRUE ) 

install.packages("phytools",dependencies=TRUE ) 

 

library(ape) 

library(phytools) 

 

 

#Load Phylogeny 

tree<-read.tree("3 calibrate tree.phy") 

plot(tree, cex=0.6) 

 

 

#Lineage Through Time Plot with Test of Gamma Statistic Pybus and Harvey 2000 

Lineage<-ltt(tree, plot=TRUE, log.lineages=TRUE, gamma=TRUE) 

Lineage$gamma 

Lineage$p 

 

 

 

 

 

 

 



 

259 
 

Appendix IV- Chapter 5 Supplemental Files 

A Specimens  

MSB 196581; FMNH (UF) 31427, 31328; BMUW (UWBM) 81025, 81688; NYSM 

(NY)14388, 14242, 14241; USNM 600580, 600583, 592896, 600579, 592316, 600581; 

UAMN (UAM) 101828, 101819, 101851 

 

Museum of Southwestern Biology (MSB) 

New York State Museum (NYSM) 

University of Alaska Museum of the North (UAMN) 

Florida Museum of Natural History (FMNH) 

Smithsonian Institution National Museum of Natural History (USNM) 

Burke Museum of Natural History and Culture (BMUW) 
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B Geometric Morphometric Landmark Definitions: 

Humerus 

15. Most superior point of the lesser tubercle 

16. Most inferomedial point of the lesser tubercle 

17. Most inferior point of the head 

18. Most superior point of the greater tubercle 

19. Most inferior and medial point on the greater tubercle 

20. Most superior point within the entepicondylar foramen 

21. Most inferior point within the entepicondylar foramen 

22. Most superior point of the medial epicondyle 

23. Most inferior point of the medial epicondyle 

24. Most medial intersection of the trochlea and coronoid fossa 

25. Most lateral intersection of the trochlea and coronoid fossa 

26. Most medial intersection of the trochlea and olecranon fossa 

27. Most lateral intersection of the trochlea and olecranon fossa 

28. Most superior point of the lateral supracondylar ridge 

Radius 

11. Most superior point on the anterior surface of the articular circumference of the head of 

the radius 

12. Most superior point on the posterior surface of the articular circumference of the head of 

the radius 

13. Most inferomedial point at the intersection of the articular circumference and neck 

14. Most inferolateral point at the intersection of the articular circumference and neck 

15. Point of maximum curvature of the medial intersection of the trochlea and body 

16. Most medial point of the ulnar notch 

17. Most inferior point of the styloid process 

18. Most inferior point of the trochlea lateral to the styloid process 

19. Most lateral point of the trochlea opposite the ulnar notch 

20.  Point of maximum curvature of the lateral intersection of the trochlea and body 

Ulna 

12. Most superolateral point of the proximal tuberocity of the olecranon 

13. Most anterolateral point of the cranial process of the trochlear notch  

14. Most superomedial point of the proximal tuberocity of the olecranon 

15. Most anteromedial point of the cranial process of the trochlear notch 

16. Most anterior point of the craniolateral process of the trochlear notch 

17. Most anterior point of the craniomedial process of the trochlear notch 

18. Most inferoposterior point of the proximal tuberocity of the olecranon 

19. Most superior point of the articular surface that articulates with the ulnar notch of the 

radius 

20. Most inferior point of the articular surface that articulates with the ulnar notch of the 

radius 

21. Most posterior point of the styloid process just superior to the insertion point of the carpi 

ulnaris muscle 



 

261 
 

22. Most anterior point of the styloid process just superior to the insertion point of the carpi 

ulnaris muscle 

Femur 

13. Center of the fovea capitis 

14. Point of maximum curvature of the neck of the femur along the coronal plane 

15. Point of maximum curvature between the femoral head and greater trochanter along the 

coronal plane 

16. Most superior point of the greater trochanter 

17. Most inferoposterior point of the lesser trochanter 

18. Most superomedial point of the medial condyle 

19. Most superolateral point of the medial condyle 

20. Most superior point of the intercondylar fossa along the sagittal plane 

21. Most superomedial point of the lateral condyle 

22. Most superolateral point of the lateral condyle 

23. Most anterior point of the lateral sesamoid facet 

24. Most anterior point of the medial sesamoid facet 

Tibia 

11. Most lateral point of the lateral condyle 

12. Most inferoposterior point of the lateral condyle 

13. Most inferoposterior point of the medial condyle 

14. Most medial point of the medial condyle 

15. Most anterior point along the sagittal plane of the tibial tuberocity 

16. Most superolateral point of the lateral malleolus 

17. Most inferior point of the lateral malleolus 

18. Most inferoposterior point of the distal epiphysis that is not part of the medial or lateral 

malleolus 

19. Most inferior point of the medial malleolus 

20. Most superomedial point of the medial malleolus 

Fibula 

9. Most anterior point of the head 

10. Most superior point of the head anterior to the coronal plane 

11. Most superior point of the head posterior to the coronal plane 

12. Most posterior point of the head 

13. Most medial point of the head along the coronal plane 

14. Most anterior point of the lateral malleolus 

15. Most inferior point of the malleolar articular surface 

16. Most posterior point of the distal epiphysis lateral to the malleolar articular surface 
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C Supplemental Tables 

Table 1. Figure 2 Phylogeny Specimen Labels 

Specimen Number Phylogeny Label 

UAMN 101851 Alaska 1 

UAMN 101819 Alaska 2 

USNM 592316 Minnesota 1  

FMNH 31328 Alaska 3 

NYSM 14388 New York1 

NYSM 14242 New York 2 

NYSM 14241 New York 3 

USNM 592896 Minnesota 2 

USNM 592895 Minnesota 3 

USNM 600583 New Hampshire 1 

USNM 600579 New Hampshire 2 

USNM 600581 New Hampshire 3 

UAMN 101828 Alaska 4 

USNM 600580 New Hampshire 4 

BMUW 81688 Washington 1 

BMUW 81025 Washington 2 

FMNH 31427 Idaho 1 

MSB 196581 Wyoming 1 
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Table 2. Bone Centroid Size 

Specimen Humerus Radius Ulna Femur Tibia Fibula 

MSB196581 96.8395 67.44557 82.13473 103.3983 109.4516 92.24231 

NY14241 91.66826 68.83815 82.23941 99.61098 109.6948 92.33572 

NY14242 91.97825 68.2315 82.33631 97.45535 107.2522 90.1031 

NY14387 89.61338 68.12289 81.09728 96.2457 106.2323 89.59357 

UAM101819 103.8495 78.17896 93.56572 112.1575 119.3155 100.3932 

UAM101828 103.7372 76.27671 91.61918 110.5859 121.4114 101.6584 

UAM101851 89.10758 67.12427 81.69687 99.62422 105.561 89.85633 

UF31427 105.5108 77.73883 93.82431 110.8945 121.9176 81.57621 

UF31328 100.7167 70.74709 84.89048 106.5076 113.4249 94.13255 

USNM592316 97.07095 72.83099 86.4179 104.3223 112.6123 94.97868 

USNM592896 85.19975 64.82772 77.94916 91.42793 99.66878 84.1345 

USNM600579 80.85333 60.50016 71.49111 87.08442 95.6588 81.7244 

USNM600581 87.61561 67.51092 80.63243 95.09902 106.2658 90.35481 

USNM600583 90.65173 69.1211 82.67027 97.94284 107.997 91.91396 

USNM600580 78.31227 56.70782 67.46908 84.8128 91.95106 77.48209 

UWBM81025 95.46184 66.93507 81.6357 100.7735 106.9657 90.42166 

UWBM81688 100.4836 70.19279 83.8706 106.231 111.2066 93.76539 
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D R code for Multivariate Phylogenetic Signal and Evolutionary Tempo Analyses 

setwd("")#user inputs working directory 

 

#Load required packages 

install.packages("geomorph", dependecies=TRUE) 

install.packages("geiger", dependencies=TRUE) 

library(geomorph) 

library(geiger) 

 

 

#Load phylogeny 

tree<-read.tree("3 calibrate tree.phy") 

plot(tree, cex=0.6) 

 

 

########################################################################

###### 

######################### Humerus Analysis 

###################################### 

Humerusdata<-read.csv("humerus_landmark.csv", header=TRUE, stringsAsFactors = 

FALSE, row.names=1) 

Humerusdata 

Hlandmarks<-as.matrix(Humerusdata[,-c(1,2)]) 

Hspecies<-Humerusdata[,1, drop=FALSE] 

Hbiome<-Humerusdata[,2, drop=FALSE] 

 

#Match tip labels to data 

tdH<-treedata(tree,Hlandmarks, sort=TRUE) 
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Hdata<-tdH$data 

Htree<-tdH$phy 

 

#Match tip labels of biome to data 

tdHB<-treedata(Htree,Hbiome, sort=TRUE) 

Hbiodata<-tdHB$data 

Hbiotree<-tdHB$phy 

Hbiomef<-as.factor(Hbiodata) 

 

 

#match tip labels of species to data 

tdHS<- treedata(Htree, Hspecies, sort=TRUE) 

Hspdata<-tdHS$data 

Hsptree<-tdHS$phy 

Hspf<-as.factor(Hspdata) 

 

#align landmarks 

Hcoords<- as.matrix(Hdata, drop=FALSE) 

Hp<- ncol(Hcoords)/3 

Hn<- length(Hdata) 

Hk<- 3 

Hland<- arrayspecs(Hcoords, Hp, Hk) 

Hgpa<-gpagen(Hland) 

HGPAcoords<-Hgpa$coords 

 

Hcentroid<-Hgpa$Csize 
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####Phylogenetic Signal 

#multivariate K test 

HPS.shape <- physignal(A=Hgpa$coords,phy=Htree,iter=999) 

summary(HPS.shape) 

plot(HPS.shape) 

 

 

####Evolutionary Rates Between the 2 species 

names(Hspf)<-dimnames(HGPAcoords)[[3]] 

Hspfa<-as.factor(Hspf) 

Hrates<-compare.evol.rates(phy=Htree, A=HGPAcoords, gp=Hspfa, iter=999, 

method="permutation") 

summary(Hrates) 

 

 

####Evolutionary Rates Between the 3 Biomes 

names(Hbiomef)<-dimnames(HGPAcoords)[[3]] 

Hbiomefa<-as.factor(Hbiomef) 

Hrates<-compare.evol.rates(phy=Htree, A=HGPAcoords, gp=Hbiomefa, iter=999, 

method="permutation") 

summary(Hrates) 

 

 

########################################################################

###### 

######################### Radius Analysis 

######################################## 
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Radiusdata<-read.csv("radius_landmark.csv", header=TRUE, stringsAsFactors = 

FALSE, row.names=1) 

Radiusdata 

Rlandmarks<-as.matrix(Radiusdata[,-c(1,2)]) 

Rspecies<-Radiusdata[,1, drop=FALSE] 

Rbiome<-Radiusdata[,2, drop=FALSE] 

 

#Match tip labels to data 

tdR<-treedata(tree,Rlandmarks, sort=TRUE) 

Rdata<-tdR$data 

Rtree<-tdR$phy 

 

#match tip labels of species to data 

tdRS<- treedata(Rtree, Rspecies, sort=TRUE) 

Rspdata<-tdRS$data 

Rsptree<-tdRS$phy 

Rspf<-as.factor(Rspdata) 

 

#Match tip labels of biome to data 

tdRB<-treedata(Rtree,Rbiome, sort=TRUE) 

Rbiodata<-tdRB$data 

Rbiotree<-tdRB$phy 

Rbiomef<-as.factor(Rbiodata) 

 

 

#align landmarks 

Rcoords<- as.matrix(Rdata, drop=FALSE) 
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Rp<- ncol(Rcoords)/3 

Rn<- length(Rdata) 

Rk<- 3 

Rland<- arrayspecs(Rcoords, Rp, Rk) 

Rgpa<-gpagen(Rland) 

RGPAcoords<-Rgpa$coords 

 

Rcentroid<-Rgpa$Csize 

 

####Phylogenetic Signal 

#multivariate K test 

RPS.shape <- physignal(A=Rgpa$coords,phy=Rtree,iter=999) 

summary(RPS.shape) 

plot(RPS.shape) 

 

####Evolutionary Rates Between the 2 species 

names(Rspf)<-dimnames(RGPAcoords)[[3]] 

Rspfa<-as.factor(Rspf) 

Rrates<-compare.evol.rates(phy=Rtree, A=RGPAcoords, gp=Rspfa, iter=999, 

method="permutation") 

summary(Rrates) 

 

####Evolutionary Rates Between the 3 Biomes 

names(Rbiomef)<-dimnames(RGPAcoords)[[3]] 

Rbiomefa<-as.factor(Rbiomef) 

Rrates<-compare.evol.rates(phy=Rtree, A=RGPAcoords, gp=Rbiomefa, iter=999, 

method="permutation") 
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summary(Rrates) 

 

 

########################################################################

###### 

######################### Ulna Analysis 

####################################### 

Ulnadata<-read.csv("ulna_landmark.csv", header=TRUE, stringsAsFactors = FALSE, 

row.names=1) 

Ulnadata 

Ulandmarks<-as.matrix(Ulnadata[,-c(1,2)]) 

Uspecies<-Ulnadata[,1, drop=FALSE] 

Ubiome<-Ulnadata[,2, drop=FALSE] 

 

#Match tip labels to data 

tdU<-treedata(tree,Ulandmarks, sort=TRUE) 

Udata<-tdU$data 

Utree<-tdU$phy 

 

#match tip labels of species to data 

tdUS<- treedata(Utree, Uspecies, sort=TRUE) 

Uspdata<-tdUS$data 

Usptree<-tdUS$phy 

Uspf<-as.factor(Uspdata) 

 

#Match tip labels of biome to data 

tdUB<-treedata(Utree,Ubiome, sort=TRUE) 

Ubiodata<-tdUB$data 
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Ubiotree<-tdUB$phy 

Ubiomef<-as.factor(Ubiodata) 

 

 

#align landmarks 

Ucoords<- as.matrix(Udata, drop=FALSE) 

Up<- ncol(Ucoords)/3 

Un<- length(Udata) 

Uk<- 3 

Uland<- arrayspecs(Ucoords, Up, Uk) 

Ugpa<-gpagen(Uland) 

UGPAcoords<-Ugpa$coords 

 

Ucentroid<-Ugpa$Csize 

 

####Phylogenetic Signal 

#multivariate K test 

UPS.shape <- physignal(A=Ugpa$coords,phy=Utree,iter=999) 

summary(UPS.shape) 

plot(UPS.shape) 

 

####Evolutionary Rates Between the 2 species 

names(Uspf)<-dimnames(UGPAcoords)[[3]] 

Uspfa<-as.factor(Uspf) 

Urates<-compare.evol.rates(phy=Utree, A=UGPAcoords, gp=Uspfa, iter=999, 

method="permutation") 

summary(Urates) 
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####Evolutionary Rates Between the 3 Biomes 

names(Ubiomef)<-dimnames(UGPAcoords)[[3]] 

Ubiomefa<-as.factor(Ubiomef) 

Urates<-compare.evol.rates(phy=Utree, A=UGPAcoords, gp=Ubiomefa, iter=999, 

method="permutation") 

summary(Urates) 

 

 

########################################################################

###### 

######################### Femur Analysis 

######################################## 

Femurdata<-read.csv("femur_landmark.csv", header=TRUE, stringsAsFactors = FALSE, 

row.names=1) 

Femurdata 

FElandmarks<-as.matrix(Femurdata[,-c(1,2)]) 

FEspecies<-Femurdata[,1, drop=FALSE] 

FEbiome<-Femurdata[,2, drop=FALSE] 

 

#Match tip labels to data 

tdFE<-treedata(tree,FElandmarks, sort=TRUE) 

FEdata<-tdFE$data 

FEtree<-tdFE$phy 

 

#match tip labels of species to data 

tdFES<- treedata(FEtree, FEspecies, sort=TRUE) 

FEspdata<-tdFES$data 
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FEsptree<-tdFES$phy 

FEspf<-as.factor(FEspdata) 

 

#Match tip labels of biome to data 

tdFEB<-treedata(FEtree,FEbiome, sort=TRUE) 

FEbiodata<-tdFEB$data 

FEbiotree<-tdFEB$phy 

FEbiomef<-as.factor(FEbiodata) 

 

 

#align landmarks 

FEcoords<- as.matrix(FEdata, drop=FALSE) 

FEp<- ncol(FEcoords)/3 

FEn<- length(FEdata) 

FEk<- 3 

FEland<- arrayspecs(FEcoords, FEp, FEk) 

FEgpa<-gpagen(FEland) 

FEGPAcoords<-FEgpa$coords 

 

FEcentroid<-FEgpa$Csize 

 

####Phylogenetic Signal 

#multivariate K test 

FEPS.shape <- physignal(A=FEgpa$coords,phy=FEtree,iter=999) 

summary(FEPS.shape) 

plot(FEPS.shape) 
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####Evolutionary Rates Between the 2 species 

names(FEspf)<-dimnames(FEGPAcoords)[[3]] 

FEspfa<-as.factor(FEspf) 

FErates<-compare.evol.rates(phy=FEtree, A=FEGPAcoords, gp=FEspfa, iter=999, 

method="permutation") 

summary(FErates) 

 

 

####Evolutionary Rates Between the 3 Biomes 

names(FEbiomef)<-dimnames(FEGPAcoords)[[3]] 

FEbiomefa<-as.factor(FEbiomef) 

FErates<-compare.evol.rates(phy=FEtree, A=FEGPAcoords, gp=FEbiomefa, iter=999, 

method="permutation") 

summary(FErates) 

 

 

########################################################################

###### 

######################### Tibia Analysis 

######################################## 

Tibiadata<-read.csv("tibia_landmark.csv", header=TRUE, stringsAsFactors = FALSE, 

row.names=1) 

Tibiadata 

Tlandmarks<-as.matrix(Tibiadata[,-c(1,2)]) 

Tspecies<-Tibiadata[,1, drop=FALSE] 

Tbiome<-Tibiadata[,2, drop=FALSE] 
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#Match tip labels to data 

tdT<-treedata(tree,Tlandmarks, sort=TRUE) 

Tdata<-tdT$data 

Ttree<-tdU$phy 

 

#match tip labels of species to data 

tdTS<- treedata(Ttree, Tspecies, sort=TRUE) 

Tspdata<-tdTS$data 

Tsptree<-tdTS$phy 

Tspf<-as.factor(Tspdata) 

 

#Match tip labels of biome to data 

tdTB<-treedata(Ttree,Tbiome, sort=TRUE) 

Tbiodata<-tdTB$data 

Tbiotree<-tdTB$phy 

Tbiomef<-as.factor(Tbiodata) 

 

 

#align landmarks 

Tcoords<- as.matrix(Tdata, drop=FALSE) 

Tp<- ncol(Tcoords)/3 

Tn<- length(Tdata) 

Tk<- 3 

Tland<- arrayspecs(Tcoords, Tp, Tk) 

Tgpa<-gpagen(Tland) 
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TGPAcoords<-Tgpa$coords 

 

Tcentroid<-Tgpa$Csize 

 

####Phylogenetic Signal 

#multivariate K test 

TPS.shape <- physignal(A=Tgpa$coords,phy=Ttree,iter=999) 

summary(TPS.shape) 

plot(TPS.shape) 

 

####Evolutionary Rates Between the 2 species 

names(Tspf)<-dimnames(TGPAcoords)[[3]] 

Tspfa<-as.factor(Tspf) 

Trates<-compare.evol.rates(phy=Ttree, A=TGPAcoords, gp=Tspfa, iter=999, 

method="permutation") 

summary(Trates) 

 

####Evolutionary Rates Between the 3 Biomes 

names(Tbiomef)<-dimnames(TGPAcoords)[[3]] 

Tbiomefa<-as.factor(Tbiomef) 

Trates<-compare.evol.rates(phy=Ttree, A=TGPAcoords, gp=Tbiomefa, iter=999, 

method="permutation") 

summary(Trates) 

 

 

 

########################################################################

###### 
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######################### Fibula Analysis 

##################################### 

Fibuladata<-read.csv("fibula_landmark.csv", header=TRUE, stringsAsFactors = FALSE, 

row.names=1) 

Fibuladata 

FIlandmarks<-as.matrix(Fibuladata[,-c(1,2)]) 

FIspecies<-Fibuladata[,1, drop=FALSE] 

FIbiome<-Fibuladata[,2, drop=FALSE] 

 

#Match tip labels to data 

tdFI<-treedata(tree,FIlandmarks, sort=TRUE) 

FIdata<-tdFI$data 

FItree<-tdFI$phy 

 

#match tip labels of species to data 

tdFIS<- treedata(FItree, FIspecies, sort=TRUE) 

FIspdata<-tdFIS$data 

FIsptree<-tdFIS$phy 

FIspf<-as.factor(FIspdata) 

 

 

#Match tip labels of biome to data 

tdFIB<-treedata(FItree,FIbiome, sort=TRUE) 

FIbiodata<-tdFIB$data 

FIbiotree<-tdFIB$phy 

FIbiomef<-as.factor(FIbiodata) 
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#align landmarks 

FIcoords<- as.matrix(FIdata, drop=FALSE) 

FIp<- ncol(FIcoords)/3 

FIn<- length(FIdata) 

FIk<- 3 

FIland<- arrayspecs(FIcoords, FIp, FIk) 

FIgpa<-gpagen(FIland) 

FIGPAcoords<-FIgpa$coords 

 

FIcentroid<-FIgpa$Csize 

 

####Phylogenetic Signal 

#multivariate K test 

FIPS.shape <- physignal(A=FIgpa$coords,phy=FItree,iter=999) 

summary(FIPS.shape) 

plot(FIPS.shape) 

 

####Evolutionary Rates Between the 2 species 

names(FIspf)<-dimnames(FIGPAcoords)[[3]] 

FIspfa<-as.factor(FIspf) 

FIrates<-compare.evol.rates(phy=FItree, A=FIGPAcoords, gp=FIspfa, iter=999, 

method="permutation") 

summary(FIrates) 

 

####Evolutionary Rates Between the 3 Biomes 

names(FIbiomef)<-dimnames(FIGPAcoords)[[3]] 
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FIbiomefa<-as.factor(FIbiomef) 

FIrates<-compare.evol.rates(phy=FItree, A=FIGPAcoords, gp=FIbiomefa, iter=999, 

method="permutation") 

summary(FIrates) 

 

 

E R Code for Evolutionary Mode Analysis 

setwd("")#User enters working directory 

 

install.packages("geiger",dependencies=TRUE ) 

install.packages("phytools",dependencies=TRUE ) 

 

library(geiger) 

library(phytools) 

 

#Load Phylogeny 

tree<-read.tree("3 calibrate tree.phy") 

plot(tree, cex=0.6) 

 

#Load Data 

 

#input limb proportions data 

mydata<-read.csv("all bones centroid cal.csv", header=TRUE, row.names= 1) 

mydata 

femur<-as.matrix(mydata[,1, drop=FALSE]) 

tibia<-as.matrix(mydata[,2, drop=FALSE]) 

fibula<-as.matrix(mydata[,3, drop=FALSE]) 
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humerus<-as.matrix(mydata[,4, drop=FALSE]) 

radius<-as.matrix(mydata[,5, drop=FALSE]) 

ulna<-as.matrix(mydata[,6, drop=FALSE]) 

 

 

#Convert to data frame 

femurdata<-as.data.frame(femur) 

tibiadata<-as.data.frame(tibia) 

fibuladata<-as.data.frame(fibula) 

humerusdata<-as.data.frame(humerus) 

radiusdata<-as.data.frame(radius) 

ulnadata<-as.data.frame(ulna) 

 

 

########################################################################

###### 

##########################Phylogenetic 

Signal#################################### 

####Humerus#### 

#Match tip labels to data 

tdHU<-treedata(tree,humerusdata, sort=FALSE) 

dataHU<-tdHU$data 

treeHU<-tdHU$phy 

 

phylosig(treeHU, dataHU, method="K", test=TRUE, nsim=999) 

phylosig(treeHU, dataHU, method="lambda", test=FALSE) 
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####Radius#### 

#Match tip labels to data 

tdRA<-treedata(tree,radiusdata, sort=FALSE) 

dataRA<-tdRA$data 

treeRA<-tdRA$phy 

 

phylosig(treeRA, dataRA, method="K", test=TRUE, nsim=999) 

phylosig(treeRA, dataRA, method="lambda", test=FALSE) 

 

####Ulna#### 

#Match tip labels to data 

tdUL<-treedata(tree,ulnadata, sort=FALSE) 

dataUL<-tdUL$data 

treeUL<-tdUL$phy 

 

phylosig(treeUL, dataUL, method="K", test=TRUE, nsim=999) 

phylosig(treeUL, dataUL, method="lambda", test=FALSE) 

 

####Femur#### 

#Match tip labels to data 

tdFE<-treedata(tree,femurdata, sort=FALSE) 

dataFE<-tdFE$data 

treeFE<-tdFE$phy 

 

phylosig(treeFE, dataFE, method="K", test=TRUE, nsim=999) 

phylosig(treeFE, dataFE, method="lambda", test=FALSE) 



 

281 
 

 

####Tibia#### 

#Match tip labels to data 

tdTI<-treedata(tree,tibiadata, sort=FALSE) 

dataTI<-tdTI$data 

treeTI<-tdTI$phy 

 

phylosig(treeTI, dataTI, method="K", test=TRUE, nsim=999) 

phylosig(treeTI, dataTI, method="lambda", test=FALSE) 

 

####Fibula#### 

#Match tip labels to data 

tdFI<-treedata(tree,fibuladata, sort=FALSE) 

dataFI<-tdFI$data 

treeFI<-tdFI$phy 

 

phylosig(treeFI, dataFI, method="K", test=TRUE, nsim=999) 

phylosig(treeFI, dataFI, method="lambda", test=FALSE) 

 

 

########################################################################

###### 

######################### Disparity Through Time 

################################# 

#Humerus 

dipsHU<-dtt(treeHU, dataHU, index=c("avg.sq"), mdi.range=c(0,1), nsim=1000, 

CI=0.95, plot=TRUE) 

dipsHU 
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#Radius 

dipsRA<-dtt(treeRA, dataRA, index=c("avg.sq"), mdi.range=c(0,1), nsim=1000, 

CI=0.95, plot=TRUE) 

dipsRA 

 

#Ulna 

dipsUL<-dtt(treeUL, dataUL, index=c("avg.sq"), mdi.range=c(0,1), nsim=1000, CI=0.95, 

plot=TRUE) 

dipsUL 

 

#Femur 

dipsFE<-dtt(treeFE, dataFE, index=c("avg.sq"), mdi.range=c(0,1), nsim=1000, CI=0.95, 

plot=TRUE) 

dipsFE 

 

#Tibia 

dipsTI<-dtt(treeTI, dataTI, index=c("avg.sq"), mdi.range=c(0,1), nsim=1000, CI=0.95, 

plot=TRUE) 

dipsTI 

 

#Fibula 

dipsFI<-dtt(treeFI, dataFI, index=c("avg.sq"), mdi.range=c(0,1), nsim=1000, CI=0.95, 

plot=TRUE) 

dipsFI 
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Appendix V- Chapter 6 Supplemental Files 

A Specimens whose morphology was measured 

USNM 265584, 265585, 266142, 546139, 546140, 546141; UAMN 509, 511, 11236, 

11237, 13542, 22678, 24794, 24805, 24808, 22680, 22736, 47308, 59579, 101819, 

101828, 101851; SNOMNH 11542, 11543, 11544, 11545, 11546, 11547, 11548, 11549, 

11550, 11551, FMNH 31142, 31328 

 

B Specimens sampled for DNA 

USNM 265584, 265585, 266142, 546139, 546140, 546141; UAMN 509, 511, 11236, 

11237, 13542, 22678, 24794, 24805, 24808, 22680, 22736, 47308, 59579, 101819, 

101828, 101851; SNOMNH 11542, 11543, 11544, 11545, 11546, 11547, 11548, 11549, 

11550, 11551, FMNH 31328 

 

C Sequences from GenBank 

M. foina HM 106325.1 

 

Smithsonian Institution National Museum of Natural History (USNM) 

University of Alaska Museum of the North (UAMN) 

Sam Noble Oklahoma Museum of Natural History (SNOMNH) 

Florida Museum of Natural History (FMNH) 
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D Geometric Morphometric Landmark Definitions: 

Humerus 

29. Most superior point of the lesser tubercle 

30. Most inferomedial point of the lesser tubercle 

31. Most inferior point of the head 

32. Most superior point of the greater tubercle 

33. Most inferior and medial point on the greater tubercle 

34. Most superior point within the entepicondylar foramen 

35. Most inferior point within the entepicondylar foramen 

36. Most superior point of the medial epicondyle 

37. Most inferior point of the medial epicondyle 

38. Most medial intersection of the trochlea and coronoid fossa 

39. Most lateral intersection of the trochlea and coronoid fossa 

40. Most medial intersection of the trochlea and olecranon fossa 

41. Most lateral intersection of the trochlea and olecranon fossa 

42. Most superior point of the lateral supracondylar ridge 

Radius 

21. Most superior point on the anterior surface of the articular circumference of the head of 

the radius 

22. Most superior point on the posterior surface of the articular circumference of the head of 

the radius 

23. Most inferomedial point at the intersection of the articular circumference and neck 

24. Most inferolateral point at the intersection of the articular circumference and neck 

25. Point of maximum curvature of the medial intersection of the trochlea and body 

26. Most medial point of the ulnar notch 

27. Most inferior point of the styloid process 

28. Most inferior point of the trochlea lateral to the styloid process 

29. Most lateral point of the trochlea opposite the ulnar notch 

30.  Point of maximum curvature of the lateral intersection of the trochlea and body 

Ulna 

23. Most superolateral point of the proximal tuberocity of the olecranon 

24. Most anterolateral point of the cranial process of the trochlear notch  

25. Most superomedial point of the proximal tuberocity of the olecranon 

26. Most anteromedial point of the cranial process of the trochlear notch 

27. Most anterior point of the craniolateral process of the trochlear notch 

28. Most anterior point of the craniomedial process of the trochlear notch 

29. Most inferoposterior point of the proximal tuberocity of the olecranon 

30. Most superior point of the articular surface that articulates with the ulnar notch of the 

radius 

31. Most inferior point of the articular surface that articulates with the ulnar notch of the 

radius 

32. Most posterior point of the styloid process just superior to the insertion point of the carpi 

ulnaris muscle 
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33. Most anterior point of the styloid process just superior to the insertion point of the carpi 

ulnaris muscle 

Femur 

25. Center of the fovea capitis 

26. Point of maximum curvature of the neck of the femur along the coronal plane 

27. Point of maximum curvature between the femoral head and greater trochanter along the 

coronal plane 

28. Most superior point of the greater trochanter 

29. Most inferoposterior point of the lesser trochanter 

30. Most superomedial point of the medial condyle 

31. Most superolateral point of the medial condyle 

32. Most superior point of the intercondylar fossa along the sagittal plane 

33. Most superomedial point of the lateral condyle 

34. Most superolateral point of the lateral condyle 

35. Most anterior point of the lateral sesamoid facet 

36. Most anterior point of the medial sesamoid facet 

Tibia 

21. Most lateral point of the lateral condyle 

22. Most inferoposterior point of the lateral condyle 

23. Most inferoposterior point of the medial condyle 

24. Most medial point of the medial condyle 

25. Most anterior point along the sagittal plane of the tibial tuberocity 

26. Most superolateral point of the lateral malleolus 

27. Most inferior point of the lateral malleolus 

28. Most inferoposterior point of the distal epiphysis that is not part of the medial or lateral 

malleolus 

29. Most inferior point of the medial malleolus 

30. Most superomedial point of the medial malleolus 

Fibula 

17. Most anterior point of the head 

18. Most superior point of the head anterior to the coronal plane 

19. Most superior point of the head posterior to the coronal plane 

20. Most posterior point of the head 

21. Most medial point of the head along the coronal plane 

22. Most anterior point of the lateral malleolus 

23. Most inferior point of the malleolar articular surface 

24. Most posterior point of the distal epiphysis lateral to the malleolar articular surface 
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E Supplemental Tables 

Table 1. Bone Centroid Size 

Specimen Humerus Radius Ulna Femur Tibia Fibula 

USNM 265584 90.31 68.64 NA 117.75 106.18 107.45 

USNM 265585 91.81 68.27 81.70 117.43 NA NA 

USNM 266142 104.18 80.24 95.42 103.17 NA NA 

USNM 546139 89.56 65.12 78.50 98.18 107.41 89.65 

USNM 546140 90.71 65.79 91.62 100.07 124.80 92.07 

USNM 546141 95.72 73.14 95.96 112.05 102.72 104.54 

UAMNH 509 93.33 81.90 79.39 97.29 108.40 88.07 

UAMN 511 109.17 71.07 84.05 110.96 127.78 103.61 

UAMN 11236 106.82 67.12 81.94 100.46 123.07 91.61 

UAMN 11237 89.11 66.15 94.70 113.19 105.56 103.94 

UAMN 13542 89.85 78.58 77.42 110.32 105.14 105.08 

UAMN 22678 104.07 78.17 79.45 99.91 121.60 91.78 

UAMN 24794 92.28 65.63 95.30 114.66 107.83 105.11 

UAMN 24805 89.73 81.03 92.32 117.19 105.32 107.61 

UAMN 24808 109.84 77.96 81.65 99.05 127.53 91.30 

UAMN 22680 104.38 64.08 87.89 116.30 123.90 108.11 

UAMN 47308 102.75 70.40 95.12 92.93 121.31 83.65 

UAMN 59579 95.18 76.28 93.57 96.65 108.83 88.85 

UAMN 22736 87.27 68.97 98.30 113.50 99.27 103.17 

UAMN 101819 90.23 77.74 80.06 112.16 103.82 100.39 

UAMN 101828 105.51 80.71 93.82 110.59 121.92 101.66 

FMNH 31142 103.73 NA 97.73 95.90 121.41 NA 

FMNH 31328 103.85 78.18 83.82 110.89 119.32 102.61 

SNOMNH 11542 103.89 76.48 91.44 109.51 119.63 101.47 

SNOMNH 11543 104.20 NA NA 111.98 122.38 103.46 

SNOMNH 11544 105.45 77.36 93.84 111.81 123.62 102.28 

SNOMNH 11545 88.11 62.86 76.86 93.76 98.62 83.81 

SNOMNH 11546 108.21 79.93 95.86 116.07 126.79 107.16 

SNOMNH 11547 91.96 67.52 81.14 100.24 106.78 NA 

SNOMNH 11548 104.65 NA NA 111.80 122.00 104.01 

SNOMNH 11549 107.07 80.74 95.79 115.04 127.60 106.28 

SNOMNH 11550 100.54 NA NA 106.38 115.33 97.75 

SNOMNH 11551 106.57 80.04 95.43 113.14 127.11 106.46 
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Table 2. PC scores for the Humerus, Radius, Ulna, Femur, Tibia, and Fibula 

Humerus 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

USNM 265584 7.40E-03 -1.56E-03 1.09E-02 -1.07E-03 8.40E-04 -8.75E-04 5.53E-03 -2.60E-03 5.40E-03 

USNM 265585 1.24E-02 8.50E-04 -2.11E-04 -1.59E-03 -9.96E-03 3.63E-03 6.33E-04 1.46E-03 3.57E-03 

USNM 266142 1.04E-02 6.67E-03 8.37E-03 5.70E-03 -4.05E-03 -9.89E-03 -1.99E-03 -4.28E-04 1.24E-05 

UAMN 509 -1.40E-02 -9.85E-03 4.54E-03 5.20E-03 -2.86E-03 8.53E-04 -4.06E-03 -7.61E-04 -1.60E-03 

UAMN 511 5.62E-03 -7.79E-04 -1.93E-02 8.47E-03 1.97E-03 -9.84E-03 -9.94E-04 -1.61E-03 4.52E-03 

SNOMNH 11542 -7.05E-03 -4.50E-03 -7.21E-03 5.81E-03 5.99E-06 9.18E-04 5.23E-03 2.83E-04 9.60E-04 

SNOMNH 11543 1.31E-02 -5.30E-03 -2.28E-03 -1.67E-03 5.24E-03 5.30E-03 -4.75E-03 6.96E-04 -6.45E-03 

SNOMNH 11544 5.82E-03 -8.19E-03 -1.29E-03 -3.34E-03 1.50E-03 -2.93E-03 5.74E-03 5.27E-03 -1.94E-03 

SNOMNH 11545 -8.62E-03 -5.91E-03 -5.26E-03 -9.68E-03 4.54E-03 7.94E-03 2.77E-03 -1.12E-03 5.86E-03 

SNOMNH 11546 -4.17E-03 5.26E-04 -4.27E-03 6.01E-04 4.44E-03 4.78E-03 -8.55E-03 -1.38E-04 -1.89E-03 

SNOMNH 11547 -8.49E-03 -5.85E-03 -2.07E-03 -1.65E-03 -1.78E-03 -3.45E-04 2.95E-03 1.82E-04 2.70E-03 

SNOMNH 11548 4.87E-03 -3.50E-03 1.20E-03 5.87E-03 7.72E-03 3.85E-03 -2.87E-03 1.57E-03 4.68E-03 

SNOMNH 11549 2.69E-03 1.07E-03 3.87E-05 -9.38E-04 5.23E-03 9.20E-04 4.19E-03 -4.07E-03 3.78E-03 

SNOMNH 11550 -7.04E-04 1.28E-02 -3.24E-03 -5.81E-03 6.65E-03 -5.19E-03 -1.31E-03 -9.20E-03 5.78E-04 

SNOMNH 11551 9.80E-04 1.16E-03 8.66E-04 -3.58E-04 1.04E-02 -4.16E-04 3.83E-03 2.69E-03 -8.39E-03 

UAMN 11236 -4.48E-04 2.85E-03 4.02E-03 7.71E-03 -5.61E-04 7.16E-04 1.38E-03 -5.07E-04 2.96E-03 

UAMN 11237 1.16E-02 1.41E-03 -2.02E-04 1.20E-03 -1.22E-03 9.30E-04 6.21E-03 -3.25E-03 -2.10E-03 
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Humerus continued 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

UAMN 13542 5.81E-03 -4.21E-03 -2.40E-03 1.83E-03 -1.08E-03 2.62E-03 -6.81E-03 -2.25E-03 7.25E-04 

USNM 546139 -8.07E-03 3.16E-03 3.38E-03 -3.87E-03 -4.12E-03 1.15E-03 -1.39E-03 -6.38E-03 1.96E-03 

USNM 546140 -8.14E-03 5.55E-03 3.82E-03 -2.84E-03 -7.84E-04 -2.37E-03 3.08E-03 -3.43E-05 -2.35E-03 

USNM 546141 -1.59E-03 1.01E-02 -2.47E-03 -1.22E-04 -6.10E-03 6.34E-03 7.60E-04 -3.32E-03 -3.27E-03 

UAMN 22678 -3.60E-03 -1.33E-02 7.82E-03 -5.67E-04 3.26E-03 -4.56E-03 -5.59E-03 -1.94E-03 1.66E-03 

UAMN 22680 -5.04E-03 1.06E-03 3.41E-03 -2.10E-03 -2.50E-03 2.90E-03 -2.86E-03 1.00E-03 4.57E-04 

UAMN 22736 8.66E-04 3.62E-04 3.90E-03 9.45E-03 -4.02E-03 4.31E-03 -5.23E-04 -2.56E-03 -1.50E-03 

UAMN 24794 -3.19E-03 1.76E-03 2.36E-03 -1.73E-04 -1.80E-03 -5.50E-04 -4.06E-04 7.89E-03 4.57E-03 

UAMN 24805 -7.97E-03 1.27E-02 -1.76E-03 -2.11E-03 3.34E-04 1.15E-03 8.07E-04 -1.98E-03 -1.19E-03 

UAMN 24808 -4.51E-04 -5.80E-03 -1.47E-03 -4.70E-03 -2.58E-03 -5.22E-03 5.23E-03 2.62E-03 -4.54E-03 

UAMN 47308 6.03E-03 -3.78E-03 4.02E-03 -1.00E-02 7.88E-04 -8.03E-03 -6.26E-03 -2.21E-03 -1.65E-03 

UAMN 101819 -4.21E-04 -6.83E-04 -8.43E-03 -3.29E-03 -1.27E-02 -8.85E-04 -2.09E-03 -4.27E-04 -4.34E-03 

UAMN 101828 -4.46E-03 7.84E-03 -2.10E-03 -3.73E-03 -8.14E-04 -2.97E-03 -5.19E-03 1.20E-02 2.59E-03 

UAMN 101851 1.24E-02 -4.83E-03 -5.28E-04 -5.67E-03 -2.23E-03 4.36E-03 2.21E-03 2.70E-03 1.89E-03 

UAMN 59579 -1.07E-03 -8.90E-03 9.72E-04 6.34E-03 7.67E-05 2.92E-03 1.90E-03 -1.55E-03 -5.05E-03 

FMNH 31142 -1.61E-02 -5.58E-04 1.85E-03 3.58E-03 1.12E-03 -5.57E-03 3.49E-03 2.09E-03 -1.88E-03 

FMNH 31328 3.57E-03 1.77E-02 3.00E-03 3.55E-03 5.03E-03 4.09E-03 -2.92E-04 5.89E-03 -7.16E-04 
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Humerus continued 

Specimen PC10 PC11 PC12 PC13 PC14 PC15 PC16 PC17 

USNM 265584 -2.14E-03 4.62E-04 -6.07E-03 2.94E-03 1.72E-04 1.25E-04 1.31E-03 -1.79E-03 

USNM 265585 9.17E-04 6.40E-03 -7.62E-04 -2.63E-03 4.40E-03 2.80E-03 -1.79E-03 4.88E-04 

USNM 266142 -5.69E-03 -1.54E-03 2.76E-03 -5.22E-04 1.61E-03 6.82E-04 3.01E-03 -1.86E-03 

UAMN 509 1.67E-03 1.09E-03 -5.90E-03 -2.48E-03 3.11E-03 -3.37E-03 2.79E-03 3.17E-03 

UAMN 511 -1.42E-04 5.37E-04 5.95E-04 1.17E-03 3.79E-04 -2.04E-03 6.88E-04 -6.05E-04 

SNOMNH 11542 -6.37E-04 4.10E-03 5.56E-04 1.33E-03 -1.43E-03 2.01E-03 5.44E-04 2.75E-03 

SNOMNH 11543 -3.39E-03 -3.80E-03 -8.62E-04 -8.17E-04 2.86E-04 1.19E-03 -1.83E-03 2.81E-03 

SNOMNH 11544 2.55E-04 -3.77E-03 -5.92E-04 -5.42E-04 8.35E-04 2.36E-03 5.70E-06 -4.20E-04 

SNOMNH 11545 -4.44E-03 6.95E-05 1.13E-03 3.64E-04 -6.39E-04 -6.85E-05 -1.35E-03 -1.53E-03 

SNOMNH 11546 6.54E-04 3.51E-03 -2.33E-03 1.65E-04 2.42E-04 1.98E-03 1.69E-03 -4.90E-03 

SNOMNH 11547 7.85E-04 -5.17E-03 -8.40E-04 -8.25E-04 5.11E-03 4.39E-03 1.02E-04 -7.24E-04 

SNOMNH 11548 3.48E-03 -6.29E-03 9.39E-04 1.21E-03 1.41E-03 -1.90E-03 -1.19E-03 -4.04E-04 

SNOMNH 11549 4.35E-03 -6.65E-04 3.49E-04 -4.84E-04 -4.64E-04 -1.31E-03 2.76E-03 4.23E-03 

SNOMNH 11550 -1.80E-04 1.99E-03 3.11E-04 -4.15E-03 -3.07E-04 2.39E-03 -2.70E-04 1.95E-03 

SNOMNH 11551 1.50E-03 2.54E-03 -9.18E-04 -1.15E-03 1.16E-03 -3.92E-04 1.59E-03 -2.17E-03 

UAMN 11236 4.34E-03 3.07E-04 -2.20E-03 -2.54E-03 -1.56E-03 -3.28E-03 -4.68E-03 -3.11E-03 

UAMN 11237 1.00E-03 -4.46E-04 -3.14E-03 1.00E-03 -2.56E-03 1.19E-03 -7.62E-04 8.59E-04 
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Humerus continued 

Specimen PC10 PC11 PC12 PC13 PC14 PC15 PC16 PC17 

UAMN 13542 -7.17E-03 1.07E-04 -8.33E-04 9.00E-04 -6.13E-04 -2.41E-04 -2.08E-03 -5.29E-04 

USNM 546139 -4.10E-03 -2.00E-03 1.35E-03 2.42E-03 -3.72E-04 -2.76E-03 -2.90E-04 8.86E-04 

USNM 546140 3.68E-03 -7.03E-04 6.13E-03 2.08E-03 2.58E-03 -1.57E-04 -2.86E-03 -5.94E-04 

USNM 546141 -5.45E-04 -3.52E-03 7.64E-04 2.91E-03 1.93E-03 -2.99E-03 1.21E-03 -8.11E-05 

UAMN 22678 2.47E-03 3.75E-04 4.37E-03 -4.02E-03 -2.21E-03 2.85E-05 -8.31E-04 -3.43E-04 

UAMN 22680 -1.18E-03 1.52E-03 1.47E-03 -1.81E-03 -3.97E-03 1.21E-03 2.95E-03 8.17E-04 

UAMN 22736 3.03E-03 -1.93E-03 1.35E-03 1.88E-03 -6.15E-03 5.07E-03 -3.29E-04 4.43E-04 

UAMN 24794 -1.09E-03 3.96E-03 1.24E-03 -9.98E-04 2.02E-04 1.46E-04 -1.86E-03 1.24E-03 

UAMN 24805 2.80E-03 1.22E-03 -2.05E-03 7.61E-04 -8.00E-04 5.18E-04 5.49E-04 -2.94E-03 

UAMN 24808 -3.11E-03 1.64E-03 -1.51E-03 -8.82E-04 -4.73E-03 -4.41E-03 -2.28E-03 -1.98E-04 

UAMN 47308 4.13E-03 1.79E-03 -1.73E-03 5.16E-03 1.34E-03 1.01E-04 -1.58E-03 1.16E-03 

UAMN 101819 3.58E-03 -3.68E-03 -6.70E-04 -3.72E-03 -1.17E-04 -5.05E-04 -4.16E-04 -4.51E-04 

UAMN 101828 1.91E-03 -1.11E-03 -1.56E-03 5.00E-03 -2.64E-03 5.61E-04 1.31E-03 1.58E-03 

UAMN 101851 1.69E-03 -4.31E-05 4.27E-03 -2.21E-03 -1.16E-03 -2.80E-03 5.02E-03 -2.11E-03 

UAMN 59579 -6.21E-04 5.86E-03 4.55E-03 4.91E-03 2.96E-03 -7.11E-04 7.48E-05 3.63E-04 

FMNH 31142 -5.29E-03 -3.00E-03 -6.91E-04 -1.39E-03 2.26E-04 1.86E-03 4.92E-05 -5.02E-04 

FMNH 31328 -2.50E-03 1.87E-04 5.30E-04 -3.05E-03 1.77E-03 -1.68E-03 -1.24E-03 2.51E-03 
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Radius 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

USNM 265584 -5.21E-03 -2.28E-03 5.39E-03 -6.85E-03 -3.57E-04 -4.67E-03 3.14E-04 3.68E-03 -5.40E-03 

USNM 265585 2.18E-03 1.20E-02 -3.76E-03 -5.35E-03 -1.76E-03 9.38E-04 6.82E-03 4.05E-03 -7.40E-03 

USNM 266142 4.90E-03 -2.31E-03 9.49E-03 6.45E-03 -8.95E-03 -2.72E-03 -1.81E-03 5.60E-03 -1.44E-03 

UAMN 509 4.29E-03 -6.84E-03 2.33E-04 3.36E-03 -6.25E-03 -2.37E-03 5.25E-03 -3.81E-03 -3.91E-03 

UAMN 511 1.48E-03 -1.60E-02 -6.84E-04 9.26E-03 -5.65E-04 -5.19E-05 -7.40E-03 -5.56E-03 3.55E-03 

SNOMNH 11542 -4.91E-03 9.34E-03 2.92E-03 -3.30E-03 -4.29E-03 -2.14E-03 -2.69E-03 9.18E-03 2.67E-03 

SNOMNH 11544 6.09E-03 1.16E-02 4.80E-04 6.51E-03 3.65E-03 -8.25E-03 4.77E-03 -3.44E-03 2.29E-03 

SNOMNH 11545 3.74E-03 -5.59E-03 6.30E-03 -1.75E-03 1.17E-02 1.40E-03 -3.18E-04 -2.02E-03 -6.72E-03 

SNOMNH 11546 -4.68E-03 -6.21E-03 -1.02E-02 -2.28E-03 8.80E-03 4.05E-03 3.02E-03 1.10E-03 -2.30E-03 

SNOMNH 11547 -1.12E-02 -5.10E-04 7.69E-03 -2.54E-04 6.48E-03 4.71E-03 -1.45E-03 2.26E-03 -2.39E-03 

SNOMNH 11549 -3.77E-03 4.83E-03 -6.65E-03 1.57E-03 2.59E-03 -1.20E-04 -3.46E-03 3.13E-03 -1.60E-03 

SNOMNH 11551 -4.76E-04 7.24E-03 -8.03E-03 5.62E-03 6.15E-03 -6.32E-03 -1.82E-04 3.50E-03 2.58E-04 

UAMN 11236 -1.22E-03 -1.32E-02 6.33E-03 -9.16E-04 -5.19E-04 2.04E-03 -3.31E-03 6.50E-03 2.60E-03 

UAMN 11237 -2.00E-03 4.46E-03 7.62E-04 -9.59E-03 -5.54E-04 1.94E-03 -1.61E-04 8.39E-04 9.49E-03 
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Radius continued 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

UAMN 13542 3.43E-02 -6.19E-03 -1.00E-02 -1.09E-02 -1.23E-03 -4.92E-03 5.96E-04 3.78E-04 3.17E-03 

USNM 546139 -2.25E-03 -7.12E-03 6.75E-03 4.86E-03 5.72E-03 -5.31E-04 6.46E-03 2.35E-03 4.66E-03 

USNM 546140 -3.94E-03 -8.91E-03 -8.84E-03 -1.08E-03 -7.27E-03 9.66E-04 1.26E-03 -1.92E-03 -3.11E-03 

USNM 546141 6.28E-03 6.10E-03 5.01E-03 -1.75E-03 -4.67E-03 4.62E-03 -4.95E-03 2.77E-03 7.13E-04 

UAMN 22678 -9.74E-03 -1.43E-03 -1.97E-02 4.20E-03 -5.35E-03 4.22E-03 5.43E-03 5.27E-04 6.07E-04 

UAMN 22680 -1.39E-03 2.15E-03 -2.77E-03 -5.18E-03 5.04E-03 8.12E-03 6.78E-03 -1.75E-03 5.00E-03 

UAMN 22736 -6.35E-04 -1.03E-03 6.21E-03 1.88E-03 -1.34E-02 5.62E-03 4.60E-03 -3.61E-04 -7.05E-04 

UAMN 24794 -4.89E-04 1.35E-02 -5.06E-05 1.16E-02 -2.53E-03 -3.50E-04 -2.56E-03 -7.69E-03 -1.13E-04 

UAMN 24805 -7.84E-03 9.31E-03 6.01E-04 3.08E-03 -4.68E-04 -2.04E-04 -1.68E-03 -2.93E-03 6.38E-03 

UAMN 24808 -6.69E-03 -4.19E-03 1.20E-02 -4.98E-03 -2.71E-03 -1.08E-03 6.31E-03 -7.56E-03 -3.02E-04 

UAMN 47308 -1.51E-02 -8.62E-04 -9.70E-03 -1.21E-02 -2.88E-03 -5.15E-03 -1.10E-02 -4.20E-03 -2.14E-03 

UAMN 101819 1.63E-02 6.13E-03 -9.55E-04 6.90E-03 2.74E-03 1.40E-02 -7.11E-03 -9.09E-04 -3.47E-03 

UAMN 101828 -3.20E-03 -9.08E-03 -6.33E-03 9.74E-03 2.34E-03 -5.23E-03 -7.72E-04 2.96E-03 7.02E-04 

UAMN 101851 3.33E-03 1.63E-03 5.95E-03 7.34E-03 3.24E-03 -6.34E-03 1.85E-04 1.43E-03 -2.28E-03 

UAMN 59579 -9.68E-04 -2.23E-03 5.96E-03 -5.58E-03 4.35E-03 2.66E-04 -3.92E-04 -1.39E-03 3.80E-03 

FMNH 31328 2.74E-03 5.64E-03 5.77E-03 -1.06E-02 9.72E-04 -2.47E-03 -2.56E-03 -6.69E-03 -2.61E-03 
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Radius continued 

Specimen PC10 PC11 PC12 

USNM 265584 1.55E-03 -1.76E-03 6.50E-04 

USNM 265585 1.23E-03 -6.40E-03 -4.01E-03 

USNM 266142 -3.22E-03 -1.24E-03 -1.57E-03 

UAMN 509 -5.01E-04 -1.25E-03 -1.81E-03 

UAMN 511 3.69E-04 -4.18E-03 -1.82E-03 

SNOMNH 11542 2.60E-03 3.13E-03 -3.10E-04 

SNOMNH 11544 1.13E-03 5.43E-04 3.18E-03 

SNOMNH 11545 9.28E-04 3.83E-03 3.11E-03 

SNOMNH 11546 -2.80E-03 -1.86E-04 -4.13E-04 

SNOMNH 11547 -2.68E-03 3.43E-03 -4.24E-03 

SNOMNH 11549 -9.12E-04 -1.62E-03 1.08E-03 

SNOMNH 11551 -2.67E-03 1.16E-03 5.24E-04 

UAMN 11236 3.34E-04 9.29E-04 -1.20E-03 

UAMN 11237 1.88E-04 3.10E-03 1.55E-03 
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Radius continued 

Specimen PC10 PC11 PC12 

UAMN 13542 -8.00E-04 2.06E-03 -2.46E-03 

USNM 546139 -3.48E-03 -2.36E-03 6.84E-03 

USNM 546140 -4.15E-03 4.48E-03 3.45E-03 

USNM 546141 -8.53E-03 -2.08E-03 1.54E-03 

UAMN 22678 7.25E-04 4.06E-03 -1.56E-03 

UAMN 22680 1.02E-03 -3.99E-03 5.12E-04 

UAMN 22736 6.67E-03 2.13E-04 5.65E-03 

UAMN 24794 -1.01E-03 3.20E-03 -9.48E-04 

UAMN 24805 -1.56E-03 -3.23E-03 -3.51E-03 

UAMN 24808 -3.06E-03 1.81E-03 -5.52E-03 

UAMN 47308 1.82E-03 -7.95E-04 2.20E-03 

UAMN 101819 3.30E-03 8.33E-05 2.02E-04 

UAMN 101828 4.03E-03 -5.45E-03 -4.67E-04 

UAMN 101851 3.04E-03 4.91E-03 -7.25E-04 

UAMN 59579 7.23E-03 1.08E-03 -3.58E-03 

FMNH 31328 -7.90E-04 -3.48E-03 3.66E-03 
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Ulna 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

USNM 265585 3.65E-03 -3.71E-03 1.37E-03 -6.12E-03 4.12E-03 -5.90E-04 4.08E-03 -2.11E-03 2.93E-03 

USNM 266142 -5.95E-03 -6.31E-03 -6.45E-03 8.97E-03 1.13E-03 -1.88E-03 -1.03E-03 -2.74E-03 -2.92E-03 

UAMN 509 3.72E-03 -1.02E-02 -5.15E-03 -4.74E-03 -4.44E-03 5.89E-03 -7.43E-03 -1.65E-03 2.18E-03 

UAMN 511 1.72E-03 1.86E-02 -4.05E-03 1.88E-03 6.42E-04 5.03E-03 -5.13E-03 -6.81E-03 4.11E-03 

SNOMNH 11542 -5.47E-03 9.93E-03 6.45E-03 2.74E-03 -3.29E-03 -2.70E-03 -1.11E-03 -3.92E-03 -1.05E-03 

SNOMNH 11544 -5.66E-03 -2.19E-03 -5.51E-04 -1.10E-03 -9.39E-05 8.21E-04 -3.24E-03 6.72E-04 6.70E-03 

SNOMNH 11545 -3.70E-03 -8.60E-03 1.00E-02 -6.94E-03 1.02E-03 2.00E-03 1.25E-03 3.65E-03 2.85E-04 

SNOMNH 11546 -7.43E-03 -3.33E-04 5.30E-03 8.88E-03 4.52E-03 1.72E-03 8.06E-04 7.14E-03 5.64E-03 

SNOMNH 11547 -7.32E-03 2.05E-03 4.69E-03 -2.05E-03 1.10E-03 2.55E-03 -2.13E-04 -2.38E-03 4.75E-03 

SNOMNH 11549 -9.95E-03 -1.95E-03 1.73E-04 9.04E-03 2.53E-03 -8.64E-03 -2.03E-03 2.21E-03 5.23E-03 

SNOMNH 11551 -1.13E-02 -2.81E-03 -6.31E-04 -6.99E-04 3.94E-03 1.09E-03 4.14E-03 5.35E-03 3.95E-03 

UAMN 11236 -5.68E-03 6.93E-03 2.43E-03 -8.38E-03 -4.92E-04 -7.43E-03 -4.18E-03 8.03E-03 -5.79E-03 

UAMN 11237 -2.46E-03 1.85E-04 -1.11E-03 -1.03E-03 2.67E-04 1.15E-03 2.24E-03 1.54E-03 3.58E-03 
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Ulna continued 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

UAMN 13542 2.94E-02 -1.15E-03 6.66E-03 7.62E-04 -1.04E-02 -4.56E-03 -6.44E-03 4.22E-04 4.93E-03 

USNM 546139 5.75E-03 -8.44E-04 -3.73E-03 3.90E-04 -1.02E-04 -3.02E-03 1.46E-02 -3.04E-03 -1.37E-03 

USNM 546140 2.04E-02 -1.56E-03 1.33E-03 -4.30E-03 5.20E-03 -3.36E-03 3.14E-03 2.46E-03 -5.76E-04 

USNM 546141 9.26E-03 -5.70E-03 -1.04E-02 4.61E-03 9.54E-03 1.69E-03 -7.20E-03 2.62E-04 -3.44E-03 

UAMN 22678 -3.34E-05 -7.52E-03 5.01E-03 5.94E-04 -6.46E-03 3.77E-03 -3.05E-03 6.14E-03 -5.39E-03 

UAMN 22680 4.15E-03 8.48E-03 -1.46E-02 9.91E-03 -1.23E-02 4.38E-03 5.15E-03 7.00E-03 -7.45E-04 

UAMN 22736 -5.95E-03 1.03E-02 -7.67E-04 6.45E-04 6.12E-03 -4.34E-03 -4.27E-03 2.62E-03 -6.51E-03 

UAMN 24794 -1.11E-02 6.39E-04 -4.03E-03 -1.28E-02 -5.83E-03 6.53E-03 2.84E-03 -2.56E-03 -2.81E-04 

UAMN 24805 -1.33E-02 -3.90E-03 -2.04E-03 5.23E-04 -4.11E-03 -5.50E-03 -3.11E-03 -5.85E-03 -3.98E-03 

UAMN 24808 1.30E-02 2.41E-03 8.90E-04 -1.89E-03 2.08E-03 -1.95E-03 3.37E-03 3.93E-04 -4.83E-03 

UAMN 47308 -6.86E-04 -4.87E-03 -1.20E-02 -7.77E-03 2.96E-03 -7.64E-04 -9.25E-04 -2.08E-03 -2.50E-03 

UAMN 101819 9.25E-03 4.18E-03 6.89E-03 3.69E-03 1.23E-02 9.18E-03 -1.67E-04 -3.12E-03 -1.86E-03 

UAMN 101828 -4.37E-03 3.50E-04 1.24E-02 5.21E-03 -5.04E-03 1.10E-02 1.16E-03 -1.21E-03 -6.69E-03 

UAMN 101851 -1.91E-03 1.06E-02 4.67E-03 -6.52E-03 -3.05E-03 -7.10E-03 9.81E-04 -2.79E-03 1.44E-03 

UAMN 59579 -2.88E-03 -1.32E-02 4.34E-03 7.98E-03 -3.60E-03 -5.73E-03 1.46E-03 -7.83E-03 -1.34E-03 

FMNH 31142 -3.69E-04 -1.15E-03 -7.16E-03 -5.16E-03 8.04E-04 1.86E-03 -8.95E-04 1.18E-03 3.06E-03 

FMNH 31328 5.31E-03 1.42E-03 6.01E-06 3.69E-03 9.96E-04 -1.10E-03 5.21E-03 -9.82E-04 4.94E-04 
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Ulna continued 

Specimen PC10 PC11 PC12 PC13 PC14 PC15 

USNM 265585 -9.67E-04 -7.60E-04 8.90E-04 2.55E-03 -1.55E-03 4.00E-03 

USNM 266142 2.99E-03 2.59E-03 1.04E-03 3.38E-03 -1.78E-03 2.42E-03 

UAMN 509 -2.13E-03 -2.14E-04 -4.43E-03 3.39E-04 -2.50E-03 -6.36E-03 

UAMN 511 -9.69E-04 2.03E-03 5.57E-03 -1.87E-03 -2.70E-03 -5.27E-04 

SNOMNH 11542 4.23E-03 -9.90E-04 -2.18E-03 -2.72E-03 9.43E-04 -5.90E-04 

SNOMNH 11544 4.61E-03 -1.88E-03 1.53E-03 2.69E-03 6.48E-03 2.54E-03 

SNOMNH 11545 9.26E-04 -4.62E-03 2.22E-03 -2.37E-03 -1.92E-03 1.42E-03 

SNOMNH 11546 -8.57E-04 3.47E-03 9.29E-04 4.67E-03 -3.82E-03 -5.91E-04 

SNOMNH 11547 1.95E-04 -6.78E-03 -2.94E-03 2.26E-03 -2.18E-03 7.96E-04 

SNOMNH 11549 -2.74E-03 -1.00E-03 3.82E-04 -2.77E-04 4.11E-03 -4.20E-03 

SNOMNH 11551 -2.80E-03 3.40E-03 -2.57E-03 -3.95E-03 -6.43E-04 1.52E-03 

UAMN 11236 -2.81E-03 1.42E-03 7.01E-03 -2.43E-03 -1.98E-03 -5.94E-04 

UAMN 11237 3.31E-03 6.54E-03 -1.45E-03 -5.58E-03 3.35E-03 3.95E-05 
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Ulna continued 

Specimen PC10 PC11 PC12 PC13 PC14 PC15 

UAMN 13542 -9.31E-04 4.07E-03 -1.75E-03 -9.27E-04 2.66E-04 2.69E-03 

USNM 546139 4.14E-04 -6.37E-04 -6.41E-04 -2.53E-03 1.82E-03 -1.59E-03 

USNM 546140 3.38E-03 -1.64E-03 2.13E-03 4.47E-03 1.42E-03 -4.62E-03 

USNM 546141 7.91E-04 -2.57E-03 4.17E-03 -4.59E-04 3.40E-03 1.55E-03 

UAMN 22678 -1.13E-03 -2.87E-03 -1.01E-03 -2.54E-03 1.24E-03 6.40E-05 

UAMN 22680 -3.26E-04 -6.40E-03 9.30E-05 -1.45E-04 -7.21E-04 9.03E-04 

UAMN 22736 5.92E-03 2.36E-04 -7.12E-03 1.60E-03 -1.61E-03 -9.80E-04 

UAMN 24794 -1.04E-03 1.41E-03 3.75E-03 3.11E-03 1.97E-03 -2.17E-03 

UAMN 24805 -1.14E-02 -2.26E-04 -2.25E-03 1.90E-03 2.20E-03 1.98E-03 

UAMN 24808 -3.50E-03 1.19E-03 -1.98E-03 3.22E-03 -6.90E-04 2.07E-03 

UAMN 47308 3.78E-03 4.08E-03 -2.13E-03 -2.04E-03 -4.33E-04 8.78E-04 

UAMN 101819 -5.59E-03 -3.93E-03 -1.45E-03 -4.06E-03 1.14E-03 -2.43E-04 

UAMN 101828 3.86E-03 5.41E-03 6.69E-04 2.98E-03 2.45E-03 8.98E-05 

UAMN 101851 1.51E-03 -3.67E-03 -1.22E-03 1.14E-03 1.23E-03 3.01E-04 

UAMN 59579 4.93E-03 -2.24E-03 4.10E-03 -3.09E-03 -4.55E-03 -1.04E-03 

FMNH 31142 2.15E-03 -4.14E-04 -1.86E-03 -4.73E-04 -3.58E-03 1.84E-03 

FMNH 31328 -5.85E-03 5.01E-03 4.82E-04 1.17E-03 -1.35E-03 -1.59E-03 
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Femur 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

USNM 265584 7.40E-03 -1.56E-03 1.09E-02 -1.07E-03 8.40E-04 -8.75E-04 5.53E-03 -2.60E-03 5.40E-03 

USNM 265585 1.24E-02 8.50E-04 -2.11E-04 -1.59E-03 -9.96E-03 3.63E-03 6.33E-04 1.46E-03 3.57E-03 

USNM 266142 1.04E-02 6.67E-03 8.37E-03 5.70E-03 -4.05E-03 -9.89E-03 -1.99E-03 -4.28E-04 1.24E-05 

UAMN 509 -1.40E-02 -9.85E-03 4.54E-03 5.20E-03 -2.86E-03 8.53E-04 -4.06E-03 -7.61E-04 -1.60E-03 

UAMN 511 5.62E-03 -7.79E-04 -1.93E-02 8.47E-03 1.97E-03 -9.84E-03 -9.94E-04 -1.61E-03 4.52E-03 

SNOMNH 11542 -7.05E-03 -4.50E-03 -7.21E-03 5.81E-03 5.99E-06 9.18E-04 5.23E-03 2.83E-04 9.60E-04 

SNOMNH 11543 1.31E-02 -5.30E-03 -2.28E-03 -1.67E-03 5.24E-03 5.30E-03 -4.75E-03 6.96E-04 -6.45E-03 

SNOMNH 11544 5.82E-03 -8.19E-03 -1.29E-03 -3.34E-03 1.50E-03 -2.93E-03 5.74E-03 5.27E-03 -1.94E-03 

SNOMNH 11545 -8.62E-03 -5.91E-03 -5.26E-03 -9.68E-03 4.54E-03 7.94E-03 2.77E-03 -1.12E-03 5.86E-03 

SNOMNH 11546 -4.17E-03 5.26E-04 -4.27E-03 6.01E-04 4.44E-03 4.78E-03 -8.55E-03 -1.38E-04 -1.89E-03 

SNOMNH 11547 -8.49E-03 -5.85E-03 -2.07E-03 -1.65E-03 -1.78E-03 -3.45E-04 2.95E-03 1.82E-04 2.70E-03 

SNOMNH 11548 4.87E-03 -3.50E-03 1.20E-03 5.87E-03 7.72E-03 3.85E-03 -2.87E-03 1.57E-03 4.68E-03 

SNOMNH 11549 2.69E-03 1.07E-03 3.87E-05 -9.38E-04 5.23E-03 9.20E-04 4.19E-03 -4.07E-03 3.78E-03 

SNOMNH 11550 -7.04E-04 1.28E-02 -3.24E-03 -5.81E-03 6.65E-03 -5.19E-03 -1.31E-03 -9.20E-03 5.78E-04 

SNOMNH 11551 9.80E-04 1.16E-03 8.66E-04 -3.58E-04 1.04E-02 -4.16E-04 3.83E-03 2.69E-03 -8.39E-03 

UAMN 11236 -4.48E-04 2.85E-03 4.02E-03 7.71E-03 -5.61E-04 7.16E-04 1.38E-03 -5.07E-04 2.96E-03 

UAMN 11237 1.16E-02 1.41E-03 -2.02E-04 1.20E-03 -1.22E-03 9.30E-04 6.21E-03 -3.25E-03 -2.10E-03 
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Femur continued 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

UAMN 13542 5.81E-03 -4.21E-03 -2.40E-03 1.83E-03 -1.08E-03 2.62E-03 -6.81E-03 -2.25E-03 7.25E-04 

USNM 546139 -8.07E-03 3.16E-03 3.38E-03 -3.87E-03 -4.12E-03 1.15E-03 -1.39E-03 -6.38E-03 1.96E-03 

USNM 546140 -8.14E-03 5.55E-03 3.82E-03 -2.84E-03 -7.84E-04 -2.37E-03 3.08E-03 -3.43E-05 -2.35E-03 

USNM 546141 -1.59E-03 1.01E-02 -2.47E-03 -1.22E-04 -6.10E-03 6.34E-03 7.60E-04 -3.32E-03 -3.27E-03 

UAMN 22678 -3.60E-03 -1.33E-02 7.82E-03 -5.67E-04 3.26E-03 -4.56E-03 -5.59E-03 -1.94E-03 1.66E-03 

UAMN 24794 -5.04E-03 1.06E-03 3.41E-03 -2.10E-03 -2.50E-03 2.90E-03 -2.86E-03 1.00E-03 4.57E-04 

UAMN 24805 8.66E-04 3.62E-04 3.90E-03 9.45E-03 -4.02E-03 4.31E-03 -5.23E-04 -2.56E-03 -1.50E-03 

UAMN 24808 -3.19E-03 1.76E-03 2.36E-03 -1.73E-04 -1.80E-03 -5.50E-04 -4.06E-04 7.89E-03 4.57E-03 

UAMN 22680 -7.97E-03 1.27E-02 -1.76E-03 -2.11E-03 3.34E-04 1.15E-03 8.07E-04 -1.98E-03 -1.19E-03 

UAMN 22736 -4.51E-04 -5.80E-03 -1.47E-03 -4.70E-03 -2.58E-03 -5.22E-03 5.23E-03 2.62E-03 -4.54E-03 

UAMN 47308 6.03E-03 -3.78E-03 4.02E-03 -1.00E-02 7.88E-04 -8.03E-03 -6.26E-03 -2.21E-03 -1.65E-03 

UAMN 101819 1.24E-02 -4.83E-03 -5.28E-04 -5.67E-03 -2.23E-03 4.36E-03 2.21E-03 2.70E-03 1.89E-03 

UAMN 101828 -1.07E-03 -8.90E-03 9.72E-04 6.34E-03 7.67E-05 2.92E-03 1.90E-03 -1.55E-03 -5.05E-03 

UAMN 101851 -1.61E-02 -5.58E-04 1.85E-03 3.58E-03 1.12E-03 -5.57E-03 3.49E-03 2.09E-03 -1.88E-03 

UAMN 59579 -4.21E-04 -6.83E-04 -8.43E-03 -3.29E-03 -1.27E-02 -8.85E-04 -2.09E-03 -4.27E-04 -4.34E-03 

FMNH 31142 -4.46E-03 7.84E-03 -2.10E-03 -3.73E-03 -8.14E-04 -2.97E-03 -5.19E-03 1.20E-02 2.59E-03 

FMNH 31328 3.57E-03 1.77E-02 3.00E-03 3.55E-03 5.03E-03 4.09E-03 -2.92E-04 5.89E-03 -7.16E-04 
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Femur continued 

Specimen PC10 PC11 PC12 PC13 PC14 PC15 PC16 PC17 

USNM 265584 -2.14E-03 4.62E-04 -6.07E-03 2.94E-03 1.72E-04 1.25E-04 1.31E-03 -1.79E-03 

USNM 265585 9.17E-04 6.40E-03 -7.62E-04 -2.63E-03 4.40E-03 2.80E-03 -1.79E-03 4.88E-04 

USNM 266142 -5.69E-03 -1.54E-03 2.76E-03 -5.22E-04 1.61E-03 6.82E-04 3.01E-03 -1.86E-03 

UAMN 509 1.67E-03 1.09E-03 -5.90E-03 -2.48E-03 3.11E-03 -3.37E-03 2.79E-03 3.17E-03 

UAMN 511 -1.42E-04 5.37E-04 5.95E-04 1.17E-03 3.79E-04 -2.04E-03 6.88E-04 -6.05E-04 

SNOMNH 11542 -6.37E-04 4.10E-03 5.56E-04 1.33E-03 -1.43E-03 2.01E-03 5.44E-04 2.75E-03 

SNOMNH 11543 -3.39E-03 -3.80E-03 -8.62E-04 -8.17E-04 2.86E-04 1.19E-03 -1.83E-03 2.81E-03 

SNOMNH 11544 2.55E-04 -3.77E-03 -5.92E-04 -5.42E-04 8.35E-04 2.36E-03 5.70E-06 -4.20E-04 

SNOMNH 11545 -4.44E-03 6.95E-05 1.13E-03 3.64E-04 -6.39E-04 -6.85E-05 -1.35E-03 -1.53E-03 

SNOMNH 11546 6.54E-04 3.51E-03 -2.33E-03 1.65E-04 2.42E-04 1.98E-03 1.69E-03 -4.90E-03 

SNOMNH 11547 7.85E-04 -5.17E-03 -8.40E-04 -8.25E-04 5.11E-03 4.39E-03 1.02E-04 -7.24E-04 

SNOMNH 11548 3.48E-03 -6.29E-03 9.39E-04 1.21E-03 1.41E-03 -1.90E-03 -1.19E-03 -4.04E-04 

SNOMNH 11549 4.35E-03 -6.65E-04 3.49E-04 -4.84E-04 -4.64E-04 -1.31E-03 2.76E-03 4.23E-03 

SNOMNH 11550 -1.80E-04 1.99E-03 3.11E-04 -4.15E-03 -3.07E-04 2.39E-03 -2.70E-04 1.95E-03 

SNOMNH 11551 1.50E-03 2.54E-03 -9.18E-04 -1.15E-03 1.16E-03 -3.92E-04 1.59E-03 -2.17E-03 

UAMN 11236 4.34E-03 3.07E-04 -2.20E-03 -2.54E-03 -1.56E-03 -3.28E-03 -4.68E-03 -3.11E-03 

UAMN 11237 1.00E-03 -4.46E-04 -3.14E-03 1.00E-03 -2.56E-03 1.19E-03 -7.62E-04 8.59E-04 
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Femur continued 

Specimen PC10 PC11 PC12 PC13 PC14 PC15 PC16 PC17 

UAMN 13542 -7.17E-03 1.07E-04 -8.33E-04 9.00E-04 -6.13E-04 -2.41E-04 -2.08E-03 -5.29E-04 

USNM 546139 -4.10E-03 -2.00E-03 1.35E-03 2.42E-03 -3.72E-04 -2.76E-03 -2.90E-04 8.86E-04 

USNM 546140 3.68E-03 -7.03E-04 6.13E-03 2.08E-03 2.58E-03 -1.57E-04 -2.86E-03 -5.94E-04 

USNM 546141 -5.45E-04 -3.52E-03 7.64E-04 2.91E-03 1.93E-03 -2.99E-03 1.21E-03 -8.11E-05 

UAMN 22678 2.47E-03 3.75E-04 4.37E-03 -4.02E-03 -2.21E-03 2.85E-05 -8.31E-04 -3.43E-04 

UAMN 24794 -1.18E-03 1.52E-03 1.47E-03 -1.81E-03 -3.97E-03 1.21E-03 2.95E-03 8.17E-04 

UAMN 24805 3.03E-03 -1.93E-03 1.35E-03 1.88E-03 -6.15E-03 5.07E-03 -3.29E-04 4.43E-04 

UAMN 24808 -1.09E-03 3.96E-03 1.24E-03 -9.98E-04 2.02E-04 1.46E-04 -1.86E-03 1.24E-03 

UAMN 22680 2.80E-03 1.22E-03 -2.05E-03 7.61E-04 -8.00E-04 5.18E-04 5.49E-04 -2.94E-03 

UAMN 22736 -3.11E-03 1.64E-03 -1.51E-03 -8.82E-04 -4.73E-03 -4.41E-03 -2.28E-03 -1.98E-04 

UAMN 47308 4.13E-03 1.79E-03 -1.73E-03 5.16E-03 1.34E-03 1.01E-04 -1.58E-03 1.16E-03 

UAMN 101819 1.69E-03 -4.31E-05 4.27E-03 -2.21E-03 -1.16E-03 -2.80E-03 5.02E-03 -2.11E-03 

UAMN 101828 -6.21E-04 5.86E-03 4.55E-03 4.91E-03 2.96E-03 -7.11E-04 7.48E-05 3.63E-04 

UAMN 101851 -5.29E-03 -3.00E-03 -6.91E-04 -1.39E-03 2.26E-04 1.86E-03 4.92E-05 -5.02E-04 

UAMN 59579 3.58E-03 -3.68E-03 -6.70E-04 -3.72E-03 -1.17E-04 -5.05E-04 -4.16E-04 -4.51E-04 

FMNH 31142 1.91E-03 -1.11E-03 -1.56E-03 5.00E-03 -2.64E-03 5.61E-04 1.31E-03 1.58E-03 

FMNH 31328 -2.50E-03 1.87E-04 5.30E-04 -3.05E-03 1.77E-03 -1.68E-03 -1.24E-03 2.51E-03 
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Tibia 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

USNM 265584 1.29E-02 1.54E-03 -2.85E-03 -7.60E-03 -7.14E-03 -1.48E-03 4.76E-03 2.27E-03 -1.16E-03 

UAMN 509 -1.11E-02 -4.87E-03 8.78E-03 2.26E-03 7.93E-04 -3.69E-03 4.60E-03 7.33E-06 -1.77E-03 

UAMN 511 9.36E-03 -3.10E-03 -5.15E-04 1.41E-03 -2.04E-03 -2.14E-03 -6.77E-04 -2.80E-03 -4.21E-03 

SNOMNH 11542 -7.83E-03 -8.87E-05 -7.24E-04 -3.23E-03 -7.97E-03 3.51E-04 -3.12E-03 1.84E-03 3.68E-03 

SNOMNH 11543 2.59E-03 3.92E-03 -3.20E-03 -4.14E-03 2.67E-03 3.50E-03 -3.42E-03 -4.52E-03 5.65E-03 

SNOMNH 11544 -6.54E-03 5.14E-03 -9.82E-03 1.89E-03 3.08E-03 -1.54E-03 1.03E-03 6.47E-05 -1.33E-03 

SNOMNH 11545 2.91E-03 6.49E-03 8.01E-04 2.88E-03 6.98E-03 6.70E-03 -1.27E-03 -6.63E-03 -3.36E-03 

SNOMNH 11546 -8.44E-03 4.12E-03 1.57E-03 2.02E-03 -5.14E-03 4.49E-03 2.21E-03 4.30E-04 -2.21E-03 

SNOMNH 11547 -6.67E-03 8.30E-03 -9.14E-04 -5.72E-04 -8.25E-04 2.17E-03 -1.21E-03 -1.28E-04 -1.03E-03 

SNOMNH 11548 -7.86E-04 -6.54E-04 6.40E-05 -2.03E-03 -1.99E-03 6.45E-03 -3.12E-03 1.44E-03 -5.78E-03 

SNOMNH 11549 1.93E-03 1.10E-02 6.13E-04 -2.48E-03 2.38E-03 -1.35E-02 4.86E-04 -4.28E-03 2.40E-03 

SNOMNH 11550 4.85E-03 -4.73E-03 -1.36E-02 2.56E-03 8.04E-04 3.55E-03 -4.16E-03 5.19E-03 2.67E-04 

SNOMNH 11551 -8.65E-03 1.31E-03 -4.16E-03 -2.74E-03 -2.18E-03 -3.91E-04 -1.98E-03 -1.65E-03 -2.53E-03 

UAMN 11236 -1.54E-03 -8.92E-03 7.50E-04 -4.56E-03 5.53E-03 -1.05E-03 -4.20E-03 -1.91E-04 1.54E-03 

UAMN 11237 -2.46E-04 8.20E-03 6.56E-03 -5.91E-03 -5.25E-03 4.99E-03 2.25E-03 1.10E-03 1.41E-03 
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Tibia continued 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

UAMN 13542 6.48E-03 1.15E-02 4.52E-03 4.93E-03 -1.47E-03 1.52E-03 4.05E-04 7.30E-03 3.37E-03 

USNM 546139 1.00E-02 -2.49E-03 6.95E-03 -5.82E-03 1.12E-02 5.48E-04 3.24E-03 7.29E-03 1.35E-03 

USNM 546140 -5.27E-03 4.41E-03 5.57E-03 1.14E-03 2.53E-03 -3.90E-03 -1.49E-03 9.95E-05 -4.45E-03 

USNM 546141 9.37E-03 -3.60E-03 -6.55E-03 9.58E-03 -5.66E-03 -2.80E-03 3.55E-03 -3.02E-03 6.38E-04 

UAMN 22678 2.44E-03 -1.43E-03 1.78E-03 -2.95E-03 -1.59E-03 2.38E-03 1.00E-03 -6.12E-03 4.24E-03 

UAMN 22680 3.25E-03 -5.08E-03 3.80E-04 -1.04E-02 -2.84E-03 -1.36E-03 -4.93E-03 2.65E-03 -1.87E-03 

UAMN 22736 1.31E-03 -6.88E-03 -6.05E-03 -4.03E-03 4.97E-03 2.87E-03 1.16E-02 -2.78E-03 -4.99E-03 

UAMN 24794 -1.09E-03 -5.82E-03 6.25E-03 3.16E-03 -1.90E-03 4.15E-03 -3.12E-03 -2.44E-03 -1.94E-04 

UAMN 24805 2.44E-03 7.20E-03 2.52E-03 -3.43E-03 -7.78E-04 -6.98E-04 4.06E-04 -2.64E-03 -4.12E-04 

UAMN 24808 -2.94E-03 -1.40E-02 4.37E-03 2.63E-03 -2.59E-04 -2.67E-03 -3.98E-03 5.38E-04 1.29E-03 

UAMN 47308 3.07E-03 1.65E-03 -1.63E-03 8.07E-03 3.09E-03 -2.19E-03 -3.42E-04 5.29E-05 4.13E-03 

UAMN 101819 -1.24E-02 -3.04E-04 -5.97E-03 -3.53E-03 7.62E-03 -3.08E-03 1.39E-03 3.12E-03 2.08E-03 

UAMN 101828 -5.77E-03 -1.88E-03 -8.48E-03 5.84E-04 -3.74E-03 -9.39E-04 1.76E-03 1.93E-03 3.71E-03 

UAMN 101851 -1.93E-03 -7.89E-03 5.52E-03 4.28E-03 1.03E-04 5.64E-03 5.55E-03 -2.17E-03 7.04E-03 

UAMN 59579 -7.62E-04 3.19E-03 2.46E-03 1.08E-02 4.95E-04 -3.55E-04 1.95E-03 5.89E-03 -3.26E-03 

FMNH 31142 2.53E-03 -7.31E-03 4.01E-03 7.12E-04 -5.82E-03 -7.76E-03 -3.12E-04 -3.20E-04 -2.50E-03 

FMNH 31328 6.50E-03 1.05E-03 9.84E-04 4.57E-03 4.36E-03 2.57E-04 -8.81E-03 -1.53E-03 -1.74E-03 
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Tibia continued 

Specimen PC10 PC11 PC12 PC13 PC14 PC15 PC16 PC17 

USNM 265584 -1.57E-03 4.30E-03 3.59E-04 1.98E-03 -1.12E-03 3.53E-03 1.82E-03 5.20E-04 

UAMN 509 1.29E-03 -1.61E-03 2.10E-03 4.91E-04 -3.60E-03 -1.11E-03 3.80E-03 1.18E-03 

UAMN 511 -4.18E-03 -7.32E-04 -2.00E-03 -1.68E-03 1.74E-03 2.35E-03 8.79E-05 1.41E-03 

SNOMNH 11542 -1.32E-03 -2.19E-03 -1.50E-03 -2.87E-03 3.10E-03 1.93E-03 -1.39E-04 2.20E-03 

SNOMNH 11543 9.40E-04 3.75E-03 2.95E-03 -1.60E-03 3.62E-04 -5.24E-04 2.99E-03 -1.80E-04 

SNOMNH 11544 -8.63E-04 -2.04E-03 2.71E-03 -1.18E-03 4.41E-04 2.89E-04 1.49E-03 1.73E-04 

SNOMNH 11545 -2.02E-03 1.49E-03 2.01E-03 -1.01E-03 -1.18E-03 1.65E-03 2.01E-03 -5.12E-04 

SNOMNH 11546 1.76E-03 3.60E-03 3.94E-03 -2.45E-03 1.55E-03 7.91E-04 -2.67E-03 1.13E-03 

SNOMNH 11547 9.05E-04 2.82E-03 1.01E-03 4.48E-03 -1.76E-04 2.02E-03 -2.51E-03 -2.65E-04 

SNOMNH 11548 3.22E-03 -1.96E-03 1.01E-03 -9.10E-04 -4.25E-03 1.64E-03 -1.60E-03 -7.41E-04 

SNOMNH 11549 6.35E-03 -1.10E-03 -3.04E-04 -3.12E-03 -2.42E-03 1.05E-04 -2.06E-03 -8.04E-05 

SNOMNH 11550 4.28E-03 2.52E-04 -1.71E-03 -1.98E-04 -1.81E-03 -1.71E-03 1.15E-03 1.21E-03 

SNOMNH 11551 7.44E-04 8.27E-04 -3.85E-04 1.71E-03 3.01E-03 -2.74E-03 -6.31E-04 -9.30E-04 

UAMN 11236 -1.04E-03 -2.37E-03 -1.03E-03 -9.19E-04 3.91E-04 5.48E-04 -6.67E-04 9.36E-04 

UAMN 11237 8.76E-04 -5.78E-03 -3.85E-03 3.37E-03 -1.89E-03 2.31E-04 1.02E-03 -9.92E-04 
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Tibia continued 

Specimen PC10 PC11 PC12 PC13 PC14 PC15 PC16 PC17 

UAMN 13542 -5.38E-03 9.47E-04 -4.59E-04 -3.99E-03 -1.01E-03 -3.38E-03 1.95E-04 -2.82E-04 

USNM 546139 1.92E-03 -2.98E-04 3.01E-03 3.95E-04 1.33E-03 1.16E-03 -1.46E-03 1.82E-04 

USNM 546140 -2.94E-03 9.55E-04 -8.82E-06 2.77E-03 1.84E-03 -2.41E-03 1.31E-03 2.38E-03 

USNM 546141 -1.61E-03 -7.05E-03 4.98E-03 1.35E-03 6.33E-04 4.23E-04 -9.98E-04 -5.15E-04 

UAMN 22678 -5.96E-04 -1.46E-03 -4.23E-04 1.39E-03 6.73E-04 -1.69E-03 1.06E-03 -1.70E-03 

UAMN 22680 1.95E-03 -1.92E-03 4.03E-03 5.36E-04 2.90E-03 -3.15E-03 7.33E-04 -1.02E-03 

UAMN 22736 5.88E-04 7.13E-04 -4.16E-03 -1.66E-03 7.15E-04 -2.72E-03 -1.06E-03 6.65E-04 

UAMN 24794 3.33E-03 -4.02E-04 -3.52E-03 -3.74E-03 1.25E-03 1.67E-03 9.31E-04 -1.91E-03 

UAMN 24805 -1.37E-03 -1.02E-03 -2.12E-03 -4.50E-04 2.01E-04 -4.55E-04 -1.18E-03 2.74E-03 

UAMN 24808 -1.17E-03 1.33E-03 7.05E-04 5.59E-04 -2.67E-03 1.78E-03 2.62E-05 2.22E-03 

UAMN 47308 4.72E-03 2.29E-03 -3.20E-03 3.87E-03 3.08E-03 1.81E-03 1.09E-03 9.18E-04 

UAMN 101819 -5.91E-03 -1.43E-03 -1.16E-03 -1.44E-04 2.33E-04 3.40E-03 -2.70E-04 -3.17E-03 

UAMN 101828 -1.25E-03 2.33E-03 -1.14E-03 6.64E-04 -3.92E-03 -1.72E-03 -3.52E-04 1.43E-04 

UAMN 101851 -4.13E-04 1.35E-03 1.45E-03 9.01E-04 3.16E-04 -1.25E-03 -2.56E-03 8.05E-05 

UAMN 59579 3.08E-03 -1.04E-03 -9.83E-04 -3.53E-04 2.42E-03 3.91E-04 1.31E-03 -1.62E-03 

FMNH 31142 -1.11E-03 5.73E-03 -6.54E-04 -4.53E-04 -2.26E-04 -7.65E-04 -2.17E-04 -3.65E-03 

FMNH 31328 -3.20E-03 -2.49E-04 -1.66E-03 2.26E-03 -1.91E-03 -2.09E-03 -2.66E-03 -5.01E-04 

 

 

 

 

 



 

307 
 

Fibula 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

USNM 265584 -1.35E-02 1.08E-02 -8.66E-04 -6.18E-03 -6.12E-03 -4.90E-03 6.98E-04 1.05E-03 3.26E-03 

UAMN 509 1.06E-03 -5.30E-03 -6.39E-03 -1.20E-03 -9.63E-04 1.18E-03 3.95E-04 2.10E-03 -2.95E-03 

UAMN 511 1.22E-02 7.26E-03 -2.20E-03 -5.19E-03 6.36E-03 -3.55E-03 -9.24E-04 7.41E-04 -1.33E-03 

SNOMNH 11542 -7.94E-03 2.37E-03 4.41E-03 1.77E-04 1.35E-03 5.81E-03 -1.76E-03 3.03E-03 2.00E-03 

SNOMNH 11543 -6.53E-03 -6.92E-03 -4.24E-03 -1.92E-03 4.54E-03 1.12E-03 -1.33E-04 1.58E-04 -2.32E-03 

SNOMNH 11544 6.56E-05 -3.49E-03 8.69E-03 -8.42E-03 -2.57E-03 2.34E-03 3.94E-03 -2.17E-03 -1.16E-03 

SNOMNH 11545 -2.88E-03 -3.14E-03 2.65E-03 2.66E-03 8.15E-04 -6.24E-04 5.24E-04 -1.30E-03 -8.86E-04 

SNOMNH 11546 -6.24E-03 -8.49E-04 -1.75E-03 -5.17E-04 9.94E-04 3.37E-04 -2.80E-03 9.36E-04 3.85E-03 

SNOMNH 11548 1.10E-03 6.09E-03 2.11E-03 1.62E-03 -1.34E-03 -4.35E-03 -2.54E-03 -2.44E-03 -5.52E-03 

SNOMNH 11549 3.79E-04 -2.50E-03 -5.12E-04 1.50E-03 1.26E-03 5.80E-03 -5.56E-03 1.42E-03 5.13E-04 

SNOMNH 11550 1.36E-03 -7.77E-03 5.69E-03 -1.80E-03 -1.95E-03 -1.41E-03 4.48E-03 -3.41E-03 -3.31E-03 

SNOMNH 11551 -8.44E-03 -3.03E-03 -6.12E-03 4.29E-05 7.38E-04 -1.56E-03 -9.60E-04 -3.64E-03 1.49E-03 

UAMN 11236 5.99E-03 -2.22E-03 -6.94E-03 5.14E-03 -1.00E-02 1.78E-03 -2.98E-03 -1.72E-03 -2.77E-03 

UAMN 11237 9.30E-06 -4.61E-03 4.02E-03 -2.33E-03 2.58E-03 7.31E-06 -1.55E-03 6.16E-03 -3.24E-04 
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Fibula continued 

Specimen PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

UAMN 13542 5.24E-03 4.69E-03 -3.35E-03 -3.43E-03 4.21E-03 4.71E-03 -9.62E-04 -1.42E-03 -1.50E-03 

USNM 546139 8.16E-03 1.48E-03 -1.10E-03 -7.87E-03 -5.72E-03 4.70E-03 6.75E-04 1.05E-03 2.49E-03 

USNM 546140 5.56E-03 -4.87E-04 -2.46E-03 -6.83E-04 -6.25E-03 2.60E-03 2.79E-03 1.37E-03 2.73E-03 

USNM 546141 1.77E-03 -1.07E-03 -7.28E-03 4.77E-03 1.71E-03 -1.75E-03 6.74E-03 3.40E-03 3.38E-03 

UAMN 22678 3.69E-03 1.26E-02 4.83E-03 3.32E-03 1.00E-03 -1.08E-03 -1.83E-03 3.82E-03 -2.23E-03 

UAMN 22680 5.06E-03 -2.59E-03 -3.82E-03 1.16E-03 2.06E-03 -2.49E-03 2.27E-03 2.77E-03 1.20E-03 

UAMN 22736 3.35E-03 2.68E-03 -6.97E-04 2.18E-03 4.57E-03 -4.84E-03 2.07E-03 -3.49E-03 3.99E-03 

UAMN 24794 1.75E-03 1.89E-03 1.16E-03 -1.03E-03 4.39E-03 2.87E-03 6.50E-04 -2.34E-03 -9.58E-04 

UAMN 24805 -8.54E-03 -8.46E-04 -3.59E-03 4.30E-04 3.86E-04 -7.38E-04 -9.21E-04 2.53E-03 -6.61E-03 

UAMN 24808 -4.01E-03 5.81E-03 -1.09E-03 1.99E-03 3.97E-03 4.71E-03 4.12E-03 -5.29E-03 3.32E-04 

UAMN 47308 -2.90E-04 -5.19E-03 6.47E-03 6.16E-03 2.52E-03 3.71E-03 -7.33E-04 -4.23E-04 2.87E-03 

UAMN 101819 5.93E-03 -7.13E-03 5.73E-03 1.66E-03 -1.12E-03 -6.01E-03 -3.94E-03 1.70E-03 3.45E-03 

UAMN 101828 -5.01E-03 1.66E-03 5.83E-04 -1.05E-03 -1.26E-03 -2.52E-03 -3.45E-04 1.91E-03 -2.11E-04 

UAMN 101851 1.62E-03 2.76E-04 -5.62E-04 2.03E-06 -1.64E-03 -1.51E-03 -6.60E-03 -6.69E-03 3.12E-03 

UAMN 59579 -5.59E-04 -6.96E-03 1.88E-03 -7.79E-04 6.62E-05 -6.00E-03 1.22E-03 -4.08E-04 -1.44E-03 

FMNH 31328 -3.70E-04 6.51E-03 4.73E-03 9.56E-03 -4.57E-03 1.68E-03 3.96E-03 5.91E-04 -1.14E-03 
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Fibula continued 

Specimen PC10 PC11 PC12 

USNM 265584 9.22E-04 -7.42E-04 -1.23E-03 

UAMN 509 -1.70E-03 3.20E-03 1.36E-03 

UAMN 511 1.63E-03 -8.63E-04 -1.11E-03 

SNOMNH 11542 -3.25E-03 -3.02E-03 6.23E-04 

SNOMNH 11543 -2.14E-03 -2.26E-03 -1.50E-03 

SNOMNH 11544 3.06E-03 1.14E-03 2.70E-03 

SNOMNH 11545 4.91E-04 -6.92E-03 2.65E-04 

SNOMNH 11546 -3.06E-03 1.09E-03 -3.75E-03 

SNOMNH 11548 -2.33E-03 -3.75E-04 -2.47E-03 

SNOMNH 11549 4.36E-03 -6.67E-04 5.64E-04 

SNOMNH 11550 -1.36E-04 1.33E-03 -3.61E-03 

SNOMNH 11551 2.69E-03 1.87E-03 1.10E-03 

UAMN 11236 1.19E-03 -1.51E-03 5.76E-04 

UAMN 11237 3.00E-03 1.88E-03 -6.71E-04 
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Fibula continued 

Specimen PC10 PC11 PC12 

UAMN 13542 -1.20E-03 8.21E-04 -3.45E-03 

USNM 546139 -3.59E-03 -2.15E-03 2.18E-03 

USNM 546140 1.07E-03 2.41E-03 -3.27E-03 

USNM 546141 1.12E-03 8.87E-05 1.75E-03 

UAMN 22678 -1.22E-03 2.87E-03 2.61E-03 

UAMN 22680 -2.25E-03 -2.41E-03 -5.77E-05 

UAMN 22736 7.06E-04 8.91E-04 1.10E-03 

UAMN 24794 1.32E-03 -2.23E-03 2.34E-03 

UAMN 24805 2.16E-03 1.22E-03 1.21E-03 

UAMN 24808 1.98E-03 1.27E-04 -5.78E-04 

UAMN 47308 -2.72E-03 4.23E-03 -1.86E-04 

UAMN 101819 3.75E-03 -2.25E-03 -1.69E-03 

UAMN 101828 1.04E-03 1.28E-03 1.05E-03 

UAMN 101851 -1.37E-03 1.69E-03 2.32E-03 

UAMN 59579 -5.63E-03 2.61E-04 2.70E-03 

FMNH 31328 1.09E-04 -1.02E-03 -8.95E-04 
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Table 3. Proportion of Variance Explained by Each PC 

Element PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12 PC13 PC14 PC15 

Humerus 35.5% 9.9% 7.8% 7.0% 6.0% 4.2% 4.1% 3.7% 2.9% 2.6% 2.4% 2.2% 1.9% 1.6% 1.4% 

Radius 19.2% 16.9% 11.0% 9.1% 8.5% 7.3% 5.4% 4.9% 4.7% 3.6% 3.1% 2.3% 1.6% 1.1% 0.7% 

Ulna 23.0% 12.2% 10.3% 8.8% 7.3% 6.1% 5.3% 4.3% 4.0% 3.6% 3.0% 2.3% 2.0% 1.7% 1.3% 

Femur 18.8% 15.3% 9.5% 7.7% 7.3% 6.5% 5.2% 5.0% 4.0% 3.1% 2.8% 2.2% 2.0% 1.9% 1.6% 

Tibia 16.5% 15.1% 11.1% 9.6% 8.2% 7.1% 6.0% 4.8% 4.2% 3.2% 2.9% 2.2% 1.8% 1.7% 1.5% 

Fibula 19.2% 16.9% 11.0% 9.1% 8.5% 7.3% 5.4% 4.9% 4.7% 3.6% 3.1% 2.3% 1.6% 1.1% 0.7% 

 

Table 3 continued 

Element PC16 PC17 PC18 PC19 PC20 PC21 PC22 PC23 PC24 PC25 PC26 PC27 PC28 PC29 PC30 

Humerus 1.2% 1.0% 0.8% 0.8% 0.7% 0.6% 0.4% 0.3% 0.3% 0.2% 0.2% 0.1% 0.08% 0.06% 0.05% 

Radius 0.5% 0.2%              

Ulna 1.1% 0.9% 0.7% 0.6% 0.4% 0.3% 0.3% 0.2% 0.2% 0.05% 0.02%     

Femur 1.3% 1.2% 1.1% 0.8% 0.6% 0.6% 0.4% 0.3% 0.3% 0.1% 0.08% 0.06% 0.04% 0.02%  

Tibia 1.1% 0.9% 0.8% 0.5% 0.3% 0.2% 0.2% 0.1%        

Fibula 0.5% 0.2%              

 

Table 3 continued 

Element PC31 PC32 PC33 PC19 PC20 PC21 PC22 PC23 PC24 PC25 PC26 PC27 PC28 PC29 PC30 

Humerus 0.02% 0.006% 0.004%             

Radius                

Ulna                

Femur                

Tibia                

Fibula                

*Italicized values indicate the PCs whose cumulative variation equals 95% and, therefore, are the PCs included in the PERMANOVA. 
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Table 4. Sample Weight and DNA Quantity After Elution 

Specimen # Tissue Weight (g) DNA Quantity (ng/µL) 

USNM 265584 0.072 4.7 

USNM 265585 0.125 2.9 

USNM 266142 0.066 2.3 

USNM 546139 0.058 11.1 

USNM 546140 0.054 6.3 

USNM 546141 0.061 8.0 

UAMNH 509 0.110 10.5 

UAMN 511 0.160 3.4 

UAMN 11236 0.130 4.6 

UAMN 11237 0.170 11.2 

UAMN 13542 0.200 11.7 

UAMN 22678 0.025 52.7 

UAMN 24794 0.025 14.9 

UAMN 24805 0.025 28.9 

UAMN 24808 0.025 29.0 

UAMN 22680 0.025 45.8 

UAMN 47308 0.025 35.8 

UAMN 59579 0.025 17.2 

UAMN 22736 0.025 29.3 

UAMN 101819 0.025 23.4 

UAMN 101828 0.025 10.5 

FMNH 31328 0.025 27.0 

SNOMNH 11542 0.114 5.6 

SNOMNH 11543 0.092 3.0 

SNOMNH 11544 0.170 3.8 

SNOMNH 11545 0.077 8.2 

SNOMNH 11546 0.086 3.6 

SNOMNH 11547 0.076 2.5 

SNOMNH 11548 0.145 4.4 

SNOMNH 11549 0.112 12.8 

SNOMNH 11550 0.150 3.1 

SNOMNH 11551 0.102 9.9 
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Table 5. Sites of Polymorphisms in the Concatenated Sequence 

Specimen 31 32 33 34 35 132 139 152 154 177 189 190 195 214 238 

M. foina A C T A C C C C C G A A A G T 

UAMN 22736 – – – – – – – – – – – – – – · 

UAMN 24794 · · · · · · · T T A – – · A K 

UAMN 11236 – – – – – – – – – – – – – – · 

UAMN 11236 – – – – – T S T T A – – R A · 

UAMN 11236 – – – – – · · T T A – – · A · 

NMNH 546139 – – – – – · · T T A – – · · · 

USNM 546141 – – – – – · · T T A – – · · · 

USMN 266142 · · · · · – – – – – – – – – – 

USNM 546140 – – – – – · · T T A – – · A – 

SNOMNH 11550 R S K R S · · T T A – – · A · 

SNOMNH 11549 · · · · · · · T T A – – · A · 

SNOMNH 11544 – – – – – · · T T A – – · · · 

SNOMNH 11542 – – – – – · · T T A – – · · – 

UAMN 101828 · · · · · · · T T A – – · A · 

UAMN 101819 · · · · · · · T T A – – · – · 

UAMN 101851 – – – – – – – – – – – – – – · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 

 

 



 

314 
 

Table 5 Continued 

Specimen 252 256 258 260 261 266 267 278 284 298 299 303 306 307 308 

M. foina A C G C G C C T T – T C T A A 

UAMN 22736 · T A · · S S K C A C · K R R 

UAMN 24794 R T A · · · · · C A C T · · · 

UAMN 11236 W T A · · · · · C A C T · · · 

UAMN 11236 · T A · · · · · C A C T · · · 

UAMN 11236 · T A · · · · · C A C T · · · 

NMNH 546139 · T A · · · · · C A C T · · · 

USNM 546141 · T A · · · · · C A C T · · · 

USMN 266142 – – – – – – – – – – – – – – – 

USNM 546140 – – – – · · · · C A C T · · · 

SNOMNH 11550 · T A G R · · · C W C T · · · 

SNOMNH 11549 · T W T · · · · C A C T · · · 

SNOMNH 11544 · T A · · · · · C A C T · · · 

SNOMNH 11542 · T A · · · · · C A C T · · · 

UAMN 101828 · T A · · · · · C A C T · · · 

UAMN 101819 · T A · · · · · C A C T · · · 

UAMN 101851 · T A · · · · · C A C T · · · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 Continued 

Specimen 311 313 322 344 345 351 425 430 432 444 450 460 464 465 480 

M. foina C C T T G C A A C G – T A C A 

UAMN 22736 S T C C · T · · T · – · · T G 

UAMN 24794 · T C C · T · · T · – · · T G 

UAMN 11236 · T C C · T · R Y · – K · T – 

UAMN 11236 · T C C · T · · T · – · · T G 

UAMN 11236 · T C C · T · · T S – · C T G 

NMNH 546139 · T C C · T · · T · – · · T G 

USNM 546141 · T C C · T R · T · – · · T · 

USMN 266142 – – – – – – – – – – – – – – G 

USNM 546140 · T C C · T · · T · – · · T – 

SNOMNH 11550 · T C C · T · · T · A · M T G 

SNOMNH 11549 · T C C · T R · T · – · C T G 

SNOMNH 11544 · T C C S T · · T · – · · T – 

SNOMNH 11542 · T C C · T · · T · – · · T G 

UAMN 101828 · T C C · T · · T · – · · T G 

UAMN 101819 · T C C · T · · T · – · · T G 

UAMN 101851 · T C C · T · · T · – · · T G 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 Continued 

Specimen 481 503 509 510 523 524 584 614 640 645 679 692 722 731 751 

M. foina T T G A A G T C A G G C A C A 

UAMN 22736 A C A G G A C T · · · · · T · 

UAMN 24794 A C A G G A C T · · · · · T · 

UAMN 11236 – C A G G A C T · · · · – – · 

UAMN 11236 A C A G G A C T · · · · · T · 

UAMN 11236 A C A G G A C T · · R · · T · 

NMNH 546139 A C A G G · C T · · · · · T C 

USNM 546141 G C A G G · C T · · · · · T · 

USMN 266142 A C A G G · C T Y R · Y – – – 

USNM 546140 A – – – – – – – – – – – – T · 

SNOMNH 11550 A C A G G A C T · · · · · M · 

SNOMNH 11549 A C A G G A C T · · · · R T – 

SNOMNH 11544 – – – – – – – – – – – – – – – 

SNOMNH 11542 A C A G G · C T · · · · · T · 

UAMN 101828 A C A G G A C T · · · · · T · 

UAMN 101819 A C A G G A C T · · · · · T · 

UAMN 101851 A C A G G A C T · · · · · T · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 Continued 

Specimen 752 759 760 761 776 779 782 783 784 789 800 805 822 825 827 

M. foina G T T T G C C G T T C C T C A 

UAMN 22736 · · · · · · · · · · · T W Y M 

UAMN 24794 · · · · · · · · · · · T · · · 

UAMN 11236 · W · · · · · · · Y · T · · · 

UAMN 11236 · · · · · · · · · · · T · · · 

UAMN 11236 · · · K · · · · · · · T · · · 

NMNH 546139 A – – – – – – – – – – – – – – 

USNM 546141 · · · K · · · · · · · T · · · 

USMN 266142 – – – – – – – – – – – – – – – 

USNM 546140 · · · · · Y · · · · · T · · · 

SNOMNH 11550 · · · K R M · · · · · T · · · 

SNOMNH 11549 · · · K · · · · · · · T · · · 

SNOMNH 11544 – – – – · · · · W · Y T · · – 

SNOMNH 11542 · · K K · · M R W · · T · · · 

UAMN 101828 · · · · · · · · · · · T · · · 

UAMN 101819 · · · · · · · · · · · T · · · 

UAMN 101851 · · · · · · · · · · · T · · · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 Continued 

Specimen 828 836 844 849 852 863 864 868 873 875 878 879 880 881 883 

M. foina T A C C A A A A C C T A C T G 

UAMN 22736 Y · · S · M · · · – – – – – – 

UAMN 24794 · · · · · · · · · · · · · · · 

UAMN 11236 · · · · · · · · · · · · Y · · 

UAMN 11236 · · · · · · · · · · · · · · · 

UAMN 11236 · · · · · · · · · · · · · · · 

NMNH 546139 – – – – – – – – – – – – – – – 

USNM 546141 · · · · · · · · · · · · · · · 

USMN 266142 – – – – – – – – – – – – – – – 

USNM 546140 · · · · · · · · · · · · · · · 

SNOMNH 11550 · · · · · · · · · · · · · · · 

SNOMNH 11549 · · · · · · · · · · · · · · · 

SNOMNH 11544 · W S · R · · R Y Y · · Y W R 

SNOMNH 11542 · · · · · · · · · · · · · · · 

UAMN 101828 · · · · · M M · · · Y M · · · 

UAMN 101819 · · · · · · · · · · · · · · · 

UAMN 101851 · · · · · · · · · · · · · · · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 Continued 

Specimen 887 890 900 905 914 915 923 925 933 934 936 938 941 961 965 

M. foina G T T G T T C A T A T T T G T 

UAMN 22736 – – – – – – – – – – – – – · C 

UAMN 24794 · · · · · · · · · · · – – A C 

UAMN 11236 Y W · · Y Y – – – – – – – – – 

UAMN 11236 · · · · · · · M · · · C · – – 

UAMN 11236 · · · · · · · M · R · C · – – 

NMNH 546139 – – – – – – – – – – – – – – – 

USNM 546141 · · · · · · · · · · · · · – – 

USMN 266142 – – – – – – – – – – – – – – – 

USNM 546140 · · · · · · · · · · · C · – – 

SNOMNH 11550 · · · · · · · · · · · C · – – 

SNOMNH 11549 · · · · · · · · · · · C · – – 

SNOMNH 11544 · · K R · · M – Y C W Y W – – 

SNOMNH 11542 · · · · · · · · · · · C · – – 

UAMN 101828 · S · · · · · · · · – – – – C 

UAMN 101819 · · · · · · · · · · – – – · C 

UAMN 101851 · · · · · · · · · · – – – – C 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 Continued 

Specimen 971 974 989 992 999 1009 1014 1019 1020 1046 1076 1087 1091 1100 1103 

M. foina G T A C T A A G G C T G T T C 

UAMN 22736 – C · T C · · A · T C · C C T 

UAMN 24794 – C W T C · · A R T C · C C T 

UAMN 11236 – – – – – – – – – – – – – – – 

UAMN 11236 – – – – – – – – – – – – – – – 

UAMN 11236 – – – – – – – – – – – – – – – 

NMNH 546139 – – – – – – – – – – – – – – – 

USNM 546141 – – – – – – – – – – – – – – – 

USMN 266142 – – – – – – – – – – – – – – – 

USNM 546140 – – – – – – – – – – – – – – – 

SNOMNH 11550 – – – – – – – – – – – – – – – 

SNOMNH 11549 – – – – – – – – – – – – – – – 

SNOMNH 11544 – – – – – – – – – – – – – – – 

SNOMNH 11542 – – – – – – – – – – – – – – – 

UAMN 101828 A C · T C W R A A T C · C C T 

UAMN 101819 – C · T C · · A · T C S C C T 

UAMN 101851 – C · T C · · A · T C S C C T 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 Continued 

Specimen 1106 1116 1135 1148 1154 1169 1176 1187 1190 1193 1203 1214 1218 1219 1220 

M. foina A T T G A T T A C C T T A T G 

UAMN 22736 G · · A · · C G T T C A · · A 

UAMN 24794 G · · A · · C G T T C A · · A 

UAMN 11236 – – – – – – – – – – – – – – – 

UAMN 11236 – – – – – – – – – – – – – – – 

UAMN 11236 – – – – – – – – – – – – – – – 

NMNH 546139 – – – – – K C G T T C A · · A 

USNM 546141 – – – – – – – G T T C A · · A 

USMN 266142 – – – – – – – – – – – – – – – 

USNM 546140 – – · A · · C G T T C A · · A 

SNOMNH 11550 – – C A T · C G T T C A · A · 

SNOMNH 11549 – – – – – – – – – – C A G A · 

SNOMNH 11544 – C · A · · C G T T C A · · A 

SNOMNH 11542 – – – – – – – – – – – – – – – 

UAMN 101828 G · · A · · C G T T C A · · A 

UAMN 101819 G · · A · · C G T T C A · · A 

UAMN 101851 G · · A · · C G T T C A · · A 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 

 

 



 

322 
 

Table 5 Continued 

Specimen 1222 1224 1225 1226 1227 1228 1229 1230 1236 1240 1244 1248 1258 1277 1285 

M. foina C A C A G C A T G A T C A A T 

UAMN 22736 · · · · · · · · · · · · · G · 

UAMN 24794 · · · · · · · · · · C · · G · 

UAMN 11236 – – – – – – – – – – – – – – – 

UAMN 11236 – – – – – – – – – – – – – – – 

UAMN 11236 – – – – – – – – – – – – – – – 

NMNH 546139 · · · · Y · · – K W · S · G W 

USNM 546141 · · · · · · · · · · · S W G · 

USMN 266142 – – – – – – – – – – – – – – – 

USNM 546140 · · · · · · · · · · · · · G · 

SNOMNH 11550 · · · · · · · · · · · · · G · 

SNOMNH 11549 G K K R · S R K · · · · · G · 

SNOMNH 11544 · · · · · · · · · · · · · G · 

SNOMNH 11542 – – – – – – – – – – – – – – – 

UAMN 101828 · · · · · · · · · · · · · G · 

UAMN 101819 · · · · · · · · · · · · R G · 

UAMN 101851 · · · · · · · · · · · · R G · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 Continued 

Specimen 1292 1293 1295 1298 1312 1313 1323 1325 1326 1329 1333 1336 1347 1350 1351 

M. foina T C A A A T – G C C G T G G T 

UAMN 22736 C T G G · C – · T T · · A A · 

UAMN 24794 C T G G · C C · T T · · A A · 

UAMN 11236 – – – – – – – – – – – – A A · 

UAMN 11236 – – – – – – – – – – – – A A · 

UAMN 11236 – – – – – – – – – – – – A W Y 

NMNH 546139 C T G G R C – T C – – – – – – 

USNM 546141 C T G G · C – · T T · · A A · 

USMN 266142 – – – – – – – – – – – – – – – 

USNM 546140 C T G G · C – · T T · R A A K 

SNOMNH 11550 C T G G · C – · T T · · A A · 

SNOMNH 11549 C T G G · C – · T T S · A A · 

SNOMNH 11544 C T G G · C – · T T · · A A · 

SNOMNH 11542 – – – – – – – – – – – – A A · 

UAMN 101828 C T G G · C – · T T · · A A · 

UAMN 101819 C T G G · C – · T T · · A A · 

UAMN 101851 C T G G · C – · T T · · A A · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 Continued 

Specimen 1352 1353 1354 1355 1357 1360 1365 1367 1368 1371 1376 1377 1383 1388 1396 

M. foina T C T C G G A C C C C A C C T 

UAMN 22736 · · · · · · G · T · · G · · · 

UAMN 24794 · · · · · · G · T · · G · · · 

UAMN 11236 · Y K W K · G · T · · G · · Y 

UAMN 11236 · · · · · · G S T · · G · · · 

UAMN 11236 · · · K · · G S T · · G · · · 

NMNH 546139 – – – – – – – – – – – – · A · 

USNM 546141 K · · · C W · K T A · · – – – 

USMN 266142 – – – – – – – – – – – – – · · 

USNM 546140 · · · · R · – – – – – – Y · · 

SNOMNH 11550 · · · · · · G · T · M R · – – 

SNOMNH 11549 · · · · · · G · T · · · · · · 

SNOMNH 11544 · · · · · · G · T · · R · – · 

SNOMNH 11542 · Y · · · · G · T · · G · · · 

UAMN 101828 · · · · · · G · T · · G · · · 

UAMN 101819 · · · · · · G · T · · G · · · 

UAMN 101851 · · · · · · G · T · · G · · · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 Continued 

Specimen 1404 1410 1418 1419 1422 1423 1426 1432 1434 1441 1448 1452 1455 1459 1468 

M. foina G T C G C T G G A C T C – G C 

UAMN 22736 · C · A A · A · T · · · – A T 

UAMN 24794 · C · A A · · · T · · · – A T 

UAMN 11236 · C · A A · · · T · · · – A T 

UAMN 11236 · C · A A · · · T · · · – A T 

UAMN 11236 · C · A A · · · T · · · – A T 

NMNH 546139 A C · A A · · · T · · · C A T 

USNM 546141 – – – – – – – – – – Y · – A T 

USMN 266142 · C · A A · · · T · · · – A T 

USNM 546140 · C · A A · · · T · · · – A T 

SNOMNH 11550 – – · A A · · · T A · · – A T 

SNOMNH 11549 · C · A A G · T T · · Y – A T 

SNOMNH 11544 · C Y R A · · · T · · Y – A T 

SNOMNH 11542 · C · A A · · · T · · · – A T 

UAMN 101828 · C · A A · · · T · · · – A T 

UAMN 101819 · C · A A · · · T · · · – A T 

UAMN 101851 · C · A A · · · T · · · – A T 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 Continued 

Specimen 1471 1477 1478 1480 1489 1490 1492 1493 1495 1519 1520 1525 1530 1538 1539 

M. foina C C G G C G C T C C T T A T T 

UAMN 22736 · A · A · · T · T · · C · C · 

UAMN 24794 · A · A · · T · T · · C · C · 

UAMN 11236 · A · A · · T · T – – – – – – 

UAMN 11236 · A · A · · T · T · · C – – – 

UAMN 11236 · A · A · · T · T · · C – – – 

NMNH 546139 · A · A · · T · T · · C · – – 

USNM 546141 · A · A · · T · T · · C R C Y 

USMN 266142 · A · A · · T · T · · C · C · 

USNM 546140 · A · A · · T · T · – – – – – 

SNOMNH 11550 · A · A · · T · T T · – – C · 

SNOMNH 11549 · T · A T · T · T · W C – – – 

SNOMNH 11544 Y A · A · · T · T · · C · C · 

SNOMNH 11542 · A · A · · T · T · – – – – – 

UAMN 101828 · A · A · · T · T · · C · C · 

UAMN 101819 · A · A · R T W T · K C · C · 

UAMN 101851 · A T A · · T · T · K C · C · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 Continued 

Specimen 1546 1548 1554 1563 1591 1593 1594 1601 1602 1604 1605 1608 1611 1615 1617 

M. foina C A T T C T T T A T T A C A T 

UAMN 22736 T · C C T C · · G · C G A · C 

UAMN 24794 Y · C C T C · · G · C G A · C 

UAMN 11236 T · C C T C · · G · C G A · C 

UAMN 11236 T · C C T C · · G · C G A · C 

UAMN 11236 – – – – – – – – – – – – – – – 

NMNH 546139 T · C C T C · · G · C G A · C 

USNM 546141 T · C C T C · · G · C G A · C 

USMN 266142 T W C C T C · · G · C G A · C 

USNM 546140 T · C C T C · · G · C G A · C 

SNOMNH 11550 T · C C T C K K G K C G A · C 

SNOMNH 11549 – – – – – – – – – – – – A R C 

SNOMNH 11544 T · C C T C · · G · C G A · C 

SNOMNH 11542 – – C C T C · · G · C G A · C 

UAMN 101828 T · C C T C · · G · C G A · C 

UAMN 101819 T · C C T C · · G · C G A · C 

UAMN 101851 T · C C T C · · G · C G A · C 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 Continued 

Specimen 1621 1623 1626 1629 1635 1636 1640 1645 1650 1651 1665 1677 1695 1710 1716 

M. foina C A T C G A A A G A T G C G A 

UAMN 22736 T G · T A · · G · · C – T A G 

UAMN 24794 T G · T A · · G · · C – T A G 

UAMN 11236 T G · T A · · G · · C A T A G 

UAMN 11236 T G · T A · · G A G C A T A G 

UAMN 11236 – – · T A · · R · · C A T A G 

NMNH 546139 T G · T A · · G · · C – T A G 

USNM 546141 T G · T A · · G · · C A T A G 

USMN 266142 T G · T A · · G · · C A T A G 

USNM 546140 T G · T A R W G · · C – – – – 

SNOMNH 11550 T G · T A · · G · · C A T A G 

SNOMNH 11549 T G Y T A · · G · · C A T A G 

SNOMNH 11544 T G · T A · · G · · C A T – G 

SNOMNH 11542 T G · T A · · G · · C – – – – 

UAMN 101828 T G · T A · · G · – – – – – – 

UAMN 101819 T G · T A · · G · · C A T A G 

UAMN 101851 T G · T A · · G · · C A T A G 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 Continued 

Specimen 1737 1746 1752 1758 1759 1760 1761 1770 1773 1776 1778 1786 1837 1844 1849 

M. foina G T C C C A A A C C A A C C C 

UAMN 22736 A C T · – – – – – – – – T T T 

UAMN 24794 A C T · – – – – – – – – T T T 

UAMN 11236 A C T T S R S G · · · – T T T 

UAMN 11236 A C T T · · · G · · · A · T K 

UAMN 11236 A C T T · · · G S · C – – – – 

NMNH 546139 A C T T · · · G · · · R – – – 

USNM 546141 A C T T · · · G · S · R – – – 

USMN 266142 A C T T · · · G · · · A – – – 

USNM 546140 – – – – – – – – – – – – – – – 

SNOMNH 11550 A C T T · · · G · · · A – – – 

SNOMNH 11549 A C T T · · · G · · · A – – – 

SNOMNH 11544 A C T T · · · R · · · A – – – 

SNOMNH 11542 – – – – – – – – – – – – – – – 

UAMN 101828 – – – – – – – – – – – – T T T 

UAMN 101819 A C T T · · – – – – – – · T T 

UAMN 101851 A C T T · · – – – – – – T T T 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 Continued 

Specimen 1850 1852 1876 1879 1884 1886 1889 1900 1921 1933 1937 1965 1966 1977 1980 

M. foina A T C A G T C – C A T A C T A 

UAMN 22736 G C T C C · · – T R C · T C G 

UAMN 24794 G C T C C · · – T · C · T C G 

UAMN 11236 G C T C C · – – – – – – – – – 

UAMN 11236 G C T C C · M – T · C · · C G 

UAMN 11236 – – – – – – – – – · C · T C G 

NMNH 546139 – – – – – – – – – · C · T C G 

USNM 546141 – – – – – – – – – · C · T C G 

USMN 266142 – – – – – – – – – – – · Y C G 

USNM 546140 – – – – – – – – – – – – – C G 

SNOMNH 11550 – – – – – – – – – · C · Y C G 

SNOMNH 11549 – – – – – – – – – · C · Y C G 

SNOMNH 11544 – – – – – – – – – – – – – – – 

SNOMNH 11542 – – – – – – – – – – – – – – – 

UAMN 101828 G C T C C C · – T · C G T C G 

UAMN 101819 G C T C C · · – T · C · T C G 

UAMN 101851 G C T C C · · T T G C · T C G 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 Continued 

Specimen 1984 1985 1986 1991 1992 1995 1999 2002 2004 2009 2029 2030 2036 2039 2045 

M. foina C C A T C A A T A C A A C C C 

UAMN 22736 T A G · · · G C · · · · · · · 

UAMN 24794 T A G C · · G C · · · · · · · 

UAMN 11236 – – – – – – – – – – – – – – – 

UAMN 11236 T A G · · · G C · · · · · · · 

UAMN 11236 T A G C · · G C · · · · · · · 

NMNH 546139 T A G · · · G C · · · · · · · 

USNM 546141 T A G · · · G C · · · · · · · 

USMN 266142 T M G Y Y · G T G R · · · · · 

USNM 546140 T A G · · · G C · · · · · · · 

SNOMNH 11550 T M G Y T M G T G · · · · · Y 

SNOMNH 11549 T M G C · · G Y R · · · · · · 

SNOMNH 11544 T · G C T · G T R · W Y S S · 

SNOMNH 11542 – – – – – – – – – – – – – – – 

UAMN 101828 T A G C · · G C · · · · · · · 

UAMN 101819 T A G · · · G C · · · · · · · 

UAMN 101851 T A G · · · G C · · · · · · · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 Continued 

Specimen 2046 2047 2048 2049 2050 2051 2052 2076 2078 2079 2080 2097 2128 2140 2143 

M. foina T A G A C G T A A G C C T A G 

UAMN 22736 C C · · T · · · G A T A C · · 

UAMN 24794 C C · · T · · · G A T A C · · 

UAMN 11236 – – – – – – – – – – – – C · · 

UAMN 11236 C S · · T · · · G A T A C · · 

UAMN 11236 C C · · T · · · G A T A C G · 

NMNH 546139 C C · · C · · · G A · A · G · 

USNM 546141 C C · · C · · · G A · A · G R 

USMN 266142 C C · · C A · · · A · A · G · 

USNM 546140 C C · · T · · · G A T A C G · 

SNOMNH 11550 Y C R R S · K · · A · A · G · 

SNOMNH 11549 C C · · H · · · G A Y A Y G · 

SNOMNH 11544 C C · · · · · · R A Y A Y G · 

SNOMNH 11542 – – – – – · · M G A T A · · · 

UAMN 101828 C C · · T · · · G A T A C · · 

UAMN 101819 C C · · T · · · G A T A C · · 

UAMN 101851 C C · · T · · · G A T A C · · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 Continued 

Specimen 2144 2150 2152 2155 2167 2168 2177 2178 2195 2205 2234 2246 2257 2258 2267 

M. foina T A C A T C G A T G T T T A G 

UAMN 22736 · · · · C T · · · · · C – – A 

UAMN 24794 · · · · C T · · · · · C – – A 

UAMN 11236 · W T W C T · · · S · C – – – 

UAMN 11236 · · · · C T · · · · · C – – A 

UAMN 11236 · · · · C T · T K · – C – – A 

NMNH 546139 · · · · C T · · · · · C – – A 

USNM 546141 · · · · C T · · · · · C – – A 

USMN 266142 · · · · C T · · · · · C – – A 

USNM 546140 W · · · C T · · · · · C – – A 

SNOMNH 11550 · · · · C T · · · · K C – – A 

SNOMNH 11549 · · · · C T · · · · · C – – A 

SNOMNH 11544 · · · · C T R · · S · C – – – 

SNOMNH 11542 · W · · C T · · · · · C – – A 

UAMN 101828 · · · · C T · · · · · C – – A 

UAMN 101819 · · · · C T · · · · · C – – A 

UAMN 101851 · · · · C T · · · · · C – – A 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 5 Continued 

Specimen 2272 2288 2294 2308 2311 2315 2317 2320 2324 2326 

M. foina C A G G G G T C T G 

UAMN 22736 T G A · · A W · · · 

UAMN 24794 T G A · · – – – – – 

UAMN 11236 – – – – – – – – – – 

UAMN 11236 T G A · · A · · W S 

UAMN 11236 T – – – – – – – – – 

NMNH 546139 T G A S · A · · – – 

USNM 546141 T G A · · A · – – – 

USMN 266142 T – – – – – – – – – 

USNM 546140 T G A R · A · · · · 

SNOMNH 11550 T G A – – – – – – – 

SNOMNH 11549 T G A · · A · Y · · 

SNOMNH 11544 – – – – – – – – – – 

SNOMNH 11542 T G A · · A · · · – 

UAMN 101828 T G A · · A · · · · 

UAMN 101819 T G A · R A · · · · 

UAMN 101851 T G A · · A · · · · 

*– indicates no nucleotide at that position, · indicates no difference from M. foina 

* some nucleotides are ambiguous and are represented by M (A or C), K (G or T), W (A or T), Y (C or T), R (A or G), or D (A, G, or T) based on 

IUPAC designations 
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Table 6. Figure 4 Phylogeny Specimen Labels 

Specimen Number Phylogeny Label 

UAMN 22736 1991A 

UAMN 24794 1990A 

UAMN 11237 1976A 

UAMN 101851 2006A 

UAMN 13542 1981A 

UAMN 101819 2006B 

UAMN 101828 2006C 

UAMN 11236 1976B 

SNOMNH 11549 1968A 

USNM 546140 1983A 

SNOMNH 11542 1968B 

USNM 546139 1983B 

USNM 546141 1983C 

SNOMNH 11550 1968C 

SNOMNH 11544 1968D 

USNM 266142 1940A 
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F Supplemental Figures 

Figure S1. Primer design overlap in 16S, Dloop, and cytb. Arrows indicate the region of each 

gene targeted by a primer set. Arrows pointing right represent forward primers and those pointing 

left are reverse primers. The length of the arrow represents the primer sequence length. Matching 

arrow colors within a gene represent primer pairs. 
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G R Code for Landmark Alignment and PCA 

 install.packages('geomorph', dependencies = TRUE) 

library(geomorph) 

setwd(" ")#User sets working directory 

########################################################################

###### 

Hmydata<-read.csv("Historic humerus.csv", header=TRUE, stringsAsFactors = FALSE) 

Hmydata 

Hspecimen<- as.matrix(Hmydata[,1]) 

Htimebin<- as.factor(Hmydata[,2]) 

Hcoords<- as.matrix(Hmydata[, -c(1:2)]) 

 

#Convert coordinates to array 

Hp<- ncol(Hcoords)/3 

Hn<- length(Hspecimen) 

Hk<- 3 

Hland<- arrayspecs(Hcoords, Hp, Hk) 

dim(Hland) 

dimnames(Hland)[[3]] 

dimnames(Hland)[[3]]<- rownames(Hmydata) 

plotAllSpecimens(Hland, mean=FALSE) #plots raw landmarks 

 

#plot PCA 

Humerus.gpa<- gpagen(Hland) #GPA alignment 

HumerusPCA<-plotTangentSpace(Humerus.gpa$coords, groups=Htimebin, label = 

TRUE) 

summary(HumerusPCA) 
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HumerusPCA23<- plotTangentSpace(Humerus.gpa$coords, groups=Htimebin, axis1=2, 

axis2=3, label=TRUE) 

HumerusPCA34<- plotTangentSpace(Humerus.gpa$coords, groups=Htimebin, axis1=3, 

axis2=4, label=TRUE) 

HumerusPCA45<- plotTangentSpace(Humerus.gpa$coords, groups=Htimebin, axis1=4, 

axis2=5, label=TRUE) 

HumerusPCscore<-HumerusPCA$pc.scores 

HumerusPCscore 

 

 

#writes PC scores as a space deliminated file for PAST 

write.table(HumerusPCscore, file="Humerus time PC") 

 

 

 

########################################################################

###### 

#Radius 

Rmydata<-read.csv("Historic radius.csv", header=TRUE, stringsAsFactors = FALSE) 

Rmydata 

Rspecimen<- as.matrix(Rmydata[,1]) 

Rtimebin<- as.factor(Rmydata[,2]) 

Rcoords<- as.matrix(Rmydata[, -c(1:2)]) 

 

#Convert coordinates to array 

Rp<- ncol(Rcoords)/3 

Rn<- length(Rspecimen) 

Rk<- 3 
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Rland<- arrayspecs(Rcoords, Rp, Rk) 

dim(Rland) 

dimnames(Rland)[[3]] 

dimnames(Rland)[[3]]<- rownames(Rmydata) 

plotAllSpecimens(Rland, mean=FALSE) #plots raw landmarks 

 

#plot PCA 

Radius.gpa<- gpagen(Rland) #GPA alignment 

RadiusPCA<-plotTangentSpace(Radius.gpa$coords, groups=Rtimebin, label = TRUE) 

summary(RadiusPCA) 

RadiusPCA23<- plotTangentSpace(Radius.gpa$coords, groups=Rtimebin, axis1=2, 

axis2=3, label=TRUE) 

RadiusPCA34<- plotTangentSpace(Radius.gpa$coords, groups=Rtimebin, axis1=3, 

axis2=4, label=TRUE) 

RadiusPCA45<- plotTangentSpace(Radius.gpa$coords, groups=Rtimebin, axis1=4, 

axis2=5, label=TRUE) 

RadiusPCscore<-RadiusPCA$pc.scores 

RadiusPCscore 

 

#writes as a space deliminated file for PAST 

write.table(RadiusPCscore, file="Radius time PC") 

 

 

########################################################################

###### 

#Ulna 

Umydata<-read.csv("Historic ulna.csv", header=TRUE, stringsAsFactors = FALSE) 

Umydata 
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Uspecimen<- as.matrix(Umydata[,1]) 

Utimebin<- as.factor(Umydata[,2]) 

Ucoords<- as.matrix(Umydata[, -c(1:2)]) 

 

#Convert coordinates to array 

Up<- ncol(Ucoords)/3 

Un<- length(Uspecimen) 

Uk<- 3 

Uland<- arrayspecs(Ucoords, Up, Uk) 

dim(Uland) 

dimnames(Uland)[[3]] 

dimnames(Uland)[[3]]<- rownames(Umydata) 

plotAllSpecimens(Uland, mean=FALSE) #plots raw landmarks 

 

#plot PCA 

Ulna.gpa<- gpagen(Uland) #GPA alignment 

UlnaPCA<-plotTangentSpace(Ulna.gpa$coords, groups=Utimebin, label = TRUE) 

summary(UlnaPCA) 

UlnaPCA23<- plotTangentSpace(Ulna.gpa$coords, groups=Utimebin, axis1=2, axis2=3, 

label=TRUE) 

UlnaPCA34<- plotTangentSpace(Ulna.gpa$coords, groups=Utimebin, axis1=3, axis2=4, 

label=TRUE) 

UlnaPCA45<- plotTangentSpace(Ulna.gpa$coords, groups=Utimebin, axis1=4, axis2=5, 

label=TRUE) 

UlnaPCscore<-UlnaPCA$pc.scores 

UlnaPCscore 

 

#writes as a space deliminated file for PAST 
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write.table(UlnaPCscore, file="Ulna time PC") 

 

########################################################################

###### 

#Femur 

FEmydata<-read.csv("Historic femur.csv", header=TRUE, stringsAsFactors = FALSE) 

FEmydata 

FEspecimen<- as.matrix(FEmydata[,1]) 

FEtimebin<- as.factor(FEmydata[,2]) 

FEcoords<- as.matrix(FEmydata[, -c(1:2)]) 

 

#Convert coordinates to array 

FEp<- ncol(FEcoords)/3 

FEn<- length(FEspecimen) 

FEk<- 3 

FEland<- arrayspecs(FEcoords, FEp, FEk) 

dim(FEland) 

dimnames(FEland)[[3]] 

dimnames(FEland)[[3]]<- rownames(FEmydata) 

plotAllSpecimens(FEland, mean=FALSE) #plots raw landmarks 

 

#plot PCA 

Femur.gpa<- gpagen(FEland) #GPA alignment 

FemurPCA<-plotTangentSpace(Femur.gpa$coords, groups=FEtimebin, label = TRUE) 

summary(FemurPCA) 

FemurPCA23<- plotTangentSpace(Femur.gpa$coords, groups=timebin, axis1=2, 

axis2=3, label=TRUE) 



 

342 
 

FemurPCA34<- plotTangentSpace(Femur.gpa$coords, groups=timebin, axis1=3, 

axis2=4, label=TRUE) 

FemurPCA45<- plotTangentSpace(Femur.gpa$coords, groups=timebin, axis1=4, 

axis2=5, label=TRUE) 

FemurPCscore<-FemurPCA$pc.scores 

FemurPCscore 

 

#writes as a space deliminated file for PAST 

write.table(FemurPCscore, file="femur time PC") 

 

########################################################################

############# 

#Tibia 

Tmydata<-read.csv("Historic tibia.csv", header=TRUE, stringsAsFactors = FALSE) 

Tmydata 

Tspecimen<- as.matrix(Tmydata[,1]) 

Ttimebin<- as.factor(Tmydata[,2]) 

Tcoords<- as.matrix(Tmydata[, -c(1:2)]) 

 

#Convert coordinates to array 

Tp<- ncol(Tcoords)/3 

Tn<- length(Tspecimen) 

Tk<- 3 

Tland<- arrayspecs(Tcoords, Tp, Tk) 

dim(Tland) 

dimnames(Tland)[[3]] 

dimnames(Tland)[[3]]<- rownames(Tmydata) 

plotAllSpecimens(Tland, mean=FALSE) #plots raw landmarks 
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#plot PCA 

Tibia.gpa<- gpagen(Tland) #GPA alignment 

TibiaPCA<-plotTangentSpace(Tibia.gpa$coords, groups=Ttimebin, label = TRUE) 

summary(TibiaPCA) 

TibiaPCA23<- plotTangentSpace(Tibia.gpa$coords, groups=Ttimebin, axis1=2, axis2=3, 

label=TRUE) 

TibiaPCA34<- plotTangentSpace(Tibia.gpa$coords, groups=Ttimebin, axis1=3, axis2=4, 

label=TRUE) 

TibiaPCA45<- plotTangentSpace(Tibia.gpa$coords, groups=Ttimebin, axis1=4, axis2=5, 

label=TRUE) 

TibiaPCscore<-TibiaPCA$pc.scores 

TibiaPCscore 

 

#writes as a space deliminated file for PAST 

write.table(TibiaPCscore, file="Tibia time PC") 

 

########################################################################

############# 

#Fibula 

FImydata<-read.csv("Historic fibula.csv", header=TRUE, stringsAsFactors = FALSE) 

FImydata 

FIspecimen<- as.matrix(FImydata[,1]) 

FItimebin<- as.factor(FImydata[,2]) 

FIcoords<- as.matrix(FImydata[, -c(1:2)]) 

 

#Convert coordinates to array 

FIp<- ncol(FIcoords)/3 
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FIn<- length(FIspecimen) 

FIk<- 3 

FIland<- arrayspecs(FIcoords, FIp, FIk) 

dim(FIland) 

dimnames(FIland)[[3]] 

dimnames(FIland)[[3]]<- rownames(FImydata) 

plotAllSpecimens(FIland, mean=FALSE) #plots raw landmarks 

 

#plot PCA 

Fibula.gpa<- gpagen(FIland) #GPA alignment 

FibulaPCA<-plotTangentSpace(Fibula.gpa$coords, groups=FItimebin, label = TRUE) 

summary(FibulaPCA) 

FibulaPCA23<- plotTangentSpace(Fibula.gpa$coords, groups=FItimebin, axis1=2, 

axis2=3, label=TRUE) 

FibulaPCA34<- plotTangentSpace(Fibula.gpa$coords, groups=FItimebin, axis1=3, 

axis2=4, label=TRUE) 

FibulaPCA45<- plotTangentSpace(Fibula.gpa$coords, groups=FItimebin, axis1=4, 

axis2=5, label=TRUE) 

FibulaPCscore<-FibulaPCA$pc.scores 

FibulaPCscore 

 

#writes as a space deliminated file for PAST 

write.table(FibulaPCscore, file="Fibula time PC") 
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G R Code for Multivariate Phylogenetic Signal and Evolutionary Tempo Analyses 

setwd("")#user inputs working directory 

 

#Load required packages 

install.packages("geomorph", dependecies=TRUE) 

install.packages("geiger", dependencies=TRUE) 

library(geomorph) 

library(geiger) 

 

 

#Load phylogeny 

tree<-read.tree("historic tree.phy") 

plot(tree, cex=0.6) 

 

 

########################################################################

###### 

######################### Humerus Analysis 

###################################### 

Humerusdata<-read.csv("AK time humerus code.csv", header=TRUE, stringsAsFactors = 

FALSE, row.names=1) 

Humerusdata 

Hlandmarks<-as.matrix(Humerusdata[,-c(1)]) 

Htime<-Humerusdata[,1, drop=FALSE] 

 

#Match tip labels to data 

tdH<-treedata(tree,Hlandmarks, sort=TRUE) 

Hdata<-tdH$data 
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Htree<-tdH$phy 

 

#Match tip labels of time to data 

tdHT<-treedata(Htree,Htime, sort=TRUE) 

Htimedata<-tdHT$data 

Htimetree<-tdHT$phy 

Htimef<-as.factor(Htimedata) 

 

 

#align landmarks 

Hcoords<- as.matrix(Hdata, drop=FALSE) 

Hp<- ncol(Hcoords)/3 

Hn<- length(Hdata) 

Hk<- 3 

Hland<- arrayspecs(Hcoords, Hp, Hk) 

Hgpa<-gpagen(Hland) 

HGPAcoords<-Hgpa$coords 

 

Hcentroid<-Hgpa$Csize 

 

####Phylogenetic Signal 

#multivariate K test 

HPS.shape <- physignal(A=Hgpa$coords,phy=Htree,iter=999) 

summary(HPS.shape) 

plot(HPS.shape) 
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####Evolutionary Rates Between the 2 times 

names(Htimef)<-dimnames(HGPAcoords)[[3]] 

Htimefa<-as.factor(Htimef) 

Hrates<-compare.evol.rates(phy=Htree, A=HGPAcoords, gp=Htimefa, iter=999, 

method="permutation") 

summary(Hrates) 

 

 

########################################################################

###### 

######################### Radius Analysis 

######################################## 

Radiusdata<-read.csv("AK time radius code.csv", header=TRUE, stringsAsFactors = 

FALSE, row.names=1) 

Radiusdata 

Rlandmarks<-as.matrix(Radiusdata[,-c(1)]) 

Rtime<-Radiusdata[,1, drop=FALSE] 

 

#Match tip labels to data 

tdR<-treedata(tree,Rlandmarks, sort=TRUE) 

Rdata<-tdR$data 

Rtree<-tdR$phy 

 

#Match tip labels of time to data 

tdRT<-treedata(Rtree,Rtime, sort=TRUE) 

Rtimedata<-tdRT$data 

Rtimetree<-tdRT$phy 

Rtimef<-as.factor(Rtimedata) 
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#align landmarks 

Rcoords<- as.matrix(Rdata, drop=FALSE) 

Rp<- ncol(Rcoords)/3 

Rn<- length(Rdata) 

Rk<- 3 

Rland<- arrayspecs(Rcoords, Rp, Rk) 

Rgpa<-gpagen(Rland) 

RGPAcoords<-Rgpa$coords 

 

Rcentroid<-Rgpa$Csize 

 

####Phylogenetic Signal 

#multivariate K test 

RPS.shape <- physignal(A=Rgpa$coords,phy=Rtree,iter=999) 

summary(RPS.shape) 

plot(RPS.shape) 

 

####Evolutionary Rates Between the 2 times 

names(Rtimef)<-dimnames(RGPAcoords)[[3]] 

Rtimefa<-as.factor(Rtimef) 

Rrates<-compare.evol.rates(phy=Rtree, A=RGPAcoords, gp=Rtimefa, iter=999, 

method="permutation") 

summary(Rrates) 
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########################################################################

###### 

######################### Ulna Analysis 

########################################## 

Ulnadata<-read.csv("AK time ulna code.csv", header=TRUE, stringsAsFactors = 

FALSE, row.names=1) 

Ulnadata 

Ulandmarks<-as.matrix(Ulnadata[,-c(1)]) 

Utime<-Ulnadata[,1, drop=FALSE] 

 

#Match tip labels to data 

tdU<-treedata(tree,Ulandmarks, sort=TRUE) 

Udata<-tdU$data 

Utree<-tdU$phy 

 

#Match tip labels of time to data 

tdUT<-treedata(Utree,Utime, sort=TRUE) 

Utimedata<-tdUT$data 

Utimetree<-tdUT$phy 

Utimef<-as.factor(Utimedata) 

 

 

#align landmarks 

Ucoords<- as.matrix(Udata, drop=FALSE) 

Up<- ncol(Ucoords)/3 

Un<- length(Udata) 

Uk<- 3 

Uland<- arrayspecs(Ucoords, Up, Uk) 
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Ugpa<-gpagen(Uland) 

UGPAcoords<-Ugpa$coords 

 

Ucentroid<-Ugpa$Csize 

 

####Phylogenetic Signal 

#multivariate K test 

UPS.shape <- physignal(A=Ugpa$coords,phy=Utree,iter=999) 

summary(UPS.shape) 

plot(UPS.shape) 

 

####Evolutionary Rates Between the 2 time 

names(Utimef)<-dimnames(UGPAcoords)[[3]] 

Utimefa<-as.factor(Utimef) 

Urates<-compare.evol.rates(phy=Utree, A=UGPAcoords, gp=Utimefa, iter=999, 

method="permutation") 

summary(Urates) 

 

 

########################################################################

###### 

######################### Femur Analysis 

######################################## 

Femurdata<-read.csv("AK time femur code.csv", header=TRUE, stringsAsFactors = 

FALSE, row.names=1) 

Femurdata 

FElandmarks<-as.matrix(Femurdata[,-c(1)]) 

FEtime<-Femurdata[,1, drop=FALSE] 
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#Match tip labels to data 

tdFE<-treedata(tree,FElandmarks, sort=TRUE) 

FEdata<-tdFE$data 

FEtree<-tdFE$phy 

 

#Match tip labels of time to data 

tdFET<-treedata(FEtree,FEtime, sort=TRUE) 

FEtimedata<-tdFET$data 

FEtimetree<-tdFET$phy 

FEtimef<-as.factor(FEtimedata) 

 

#align landmarks 

FEcoords<- as.matrix(FEdata, drop=FALSE) 

FEp<- ncol(FEcoords)/3 

FEn<- length(FEdata) 

FEk<- 3 

FEland<- arrayspecs(FEcoords, FEp, FEk) 

FEgpa<-gpagen(FEland) 

FEGPAcoords<-FEgpa$coords 

 

FEcentroid<-FEgpa$Csize 

 

####Phylogenetic Signal 

#multivariate K test 

FEPS.shape <- physignal(A=FEgpa$coords,phy=FEtree,iter=999) 
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summary(FEPS.shape) 

plot(FEPS.shape) 

 

####Evolutionary Rates Between the 2 times 

names(FEtimef)<-dimnames(FEGPAcoords)[[3]] 

FEtimefa<-as.factor(FEtimef) 

FErates<-compare.evol.rates(phy=FEtree, A=FEGPAcoords, gp=FEtimefa, iter=999, 

method="permutation") 

summary(FErates) 

 

 

########################################################################

###### 

######################### Tibia Analysis 

######################################### 

Tibiadata<-read.csv("AK time tibia code.csv", header=TRUE, stringsAsFactors = 

FALSE, row.names=1) 

Tibiadata 

Tlandmarks<-as.matrix(Tibiadata[,-c(1)]) 

Ttime<-Tibiadata[,1, drop=FALSE] 

 

#Match tip labels to data 

tdT<-treedata(tree,Tlandmarks, sort=TRUE) 

Tdata<-tdT$data[-c(14),] 

Ttree<-tdU$phy 

Ttree<-drop.tip(Ttree, "USB3") 
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#Match tip labels of time to data 

tdTT<-treedata(Ttree,Ttime, sort=TRUE) 

Ttimedata<-tdTT$data 

Ttimetree<-tdTT$phy 

Ttimef<-as.factor(Ttimedata) 

 

 

#align landmarks 

Tcoords<- as.matrix(Tdata, drop=FALSE) 

Tp<- ncol(Tcoords)/3 

Tn<- length(Tdata) 

Tk<- 3 

Tland<- arrayspecs(Tcoords, Tp, Tk) 

Tgpa<-gpagen(Tland) 

TGPAcoords<-Tgpa$coords 

 

Tcentroid<-Tgpa$Csize 

 

####Phylogenetic Signal 

#multivariate K test 

TPS.shape <- physignal(A=Tgpa$coords,phy=Ttree,iter=999) 

summary(TPS.shape) 

plot(TPS.shape) 

 

####Evolutionary Rates Between the 2 times 

names(Ttimef)<-dimnames(TGPAcoords)[[3]] 
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Ttimefa<-as.factor(Ttimef) 

Trates<-compare.evol.rates(phy=Ttree, A=TGPAcoords, gp=Ttimefa, iter=999, 

method="permutation") 

summary(Trates) 

 

 

 

########################################################################

###### 

######################### Fibula Analysis 

######################################## 

Fibuladata<-read.csv("AK time fibula code.csv", header=TRUE, stringsAsFactors = 

FALSE, row.names=1) 

Fibuladata 

FIlandmarks<-as.matrix(Fibuladata[,-c(1)]) 

FItime<-Fibuladata[,1, drop=FALSE] 

 

#Match tip labels to data 

tdFI<-treedata(tree,FIlandmarks, sort=TRUE) 

FIdata<-tdFI$data 

FItree<-tdFI$phy 

 

#Match tip labels of biome to data 

tdFIT<-treedata(FItree,FItime, sort=TRUE) 

FItimedata<-tdFIT$data 

FItimetree<-tdFIT$phy 

FItimef<-as.factor(FItimedata) 
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#align landmarks 

FIcoords<- as.matrix(FIdata, drop=FALSE) 

FIp<- ncol(FIcoords)/3 

FIn<- length(FIdata) 

FIk<- 3 

FIland<- arrayspecs(FIcoords, FIp, FIk) 

FIgpa<-gpagen(FIland) 

FIGPAcoords<-FIgpa$coords 

 

FIcentroid<-FIgpa$Csize 

 

####Phylogenetic Signal 

#multivariate K test 

FIPS.shape <- physignal(A=FIgpa$coords,phy=FItree,iter=999) 

summary(FIPS.shape) 

plot(FIPS.shape) 

 

####Evolutionary Rates Between the 2 times 

names(FItimef)<-dimnames(FIGPAcoords)[[3]] 

FItimefa<-as.factor(FItimef) 

FIrates<-compare.evol.rates(phy=FItree, A=FIGPAcoords, gp=FItimefa, iter=999, 

method="permutation") 

summary(FIrates) 

H R Code for Univariate Phylogenetic Signal Analysis 

setwd("")#User enters working directory 

 

install.packages("geiger",dependencies=TRUE ) 



 

356 
 

install.packages("phytools",dependencies=TRUE ) 

 

library(geiger) 

library(phytools) 

 

#Load Phylogeny 

tree<-read.tree("historic tree.phy") 

plot(tree, cex=0.6) 

 

#Load Data 

 

#input limb proportions data 

mydata<-read.csv("historic all bone centroid.csv", header=TRUE, row.names= 1) 

mydata 

humerus<-as.matrix(mydata[,1, drop=FALSE]) 

radius<-as.matrix(mydata[-c(18,20,22),2, drop=FALSE]) 

ulna<-as.matrix(mydata[-c(18,20,22),3, drop=FALSE]) 

femur<-as.matrix(mydata[,4, drop=FALSE]) 

tibia<-as.matrix(mydata[-c(25),5, drop=FALSE]) 

fibula<-as.matrix(mydata[-c(25),6, drop=FALSE]) 

 

 

 

#Convert to data frame 

humerusdata<-as.data.frame(humerus) 

radiusdata<-as.data.frame(radius) 
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ulnadata<-as.data.frame(ulna) 

femurdata<-as.data.frame(femur) 

tibiadata<-as.data.frame(tibia) 

fibuladata<-as.data.frame(fibula) 

 

######################################################################## 

##########################Phylogenetic 

Signal############################## 

####Humerus#### 

#Match tip labels to data 

tdHU<-treedata(tree,humerusdata, sort=FALSE) 

dataHU<-tdHU$data 

treeHU<-tdHU$phy 

 

phylosig(treeHU, dataHU, method="K", test=TRUE, nsim=999) 

phylosig(treeHU, dataHU, method="lambda", test=FALSE) 

 

####Radius#### 

#Match tip labels to data 

tdRA<-treedata(tree,radiusdata, sort=FALSE) 

dataRA<-tdRA$data 

treeRA<-tdRA$phy 

 

phylosig(treeRA, dataRA, method="K", test=TRUE, nsim=999) 

phylosig(treeRA, dataRA, method="lambda", test=FALSE) 

 

####Ulna#### 
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#Match tip labels to data 

tdUL<-treedata(tree,ulnadata, sort=FALSE) 

dataUL<-tdUL$data 

treeUL<-tdUL$phy 

 

phylosig(treeUL, dataUL, method="K", test=TRUE, nsim=999) 

phylosig(treeUL, dataUL, method="lambda", test=FALSE) 

 

####Femur#### 

#Match tip labels to data 

tdFE<-treedata(tree,femurdata, sort=FALSE) 

dataFE<-tdFE$data 

treeFE<-tdFE$phy 

 

phylosig(treeFE, dataFE, method="K", test=TRUE, nsim=999) 

phylosig(treeFE, dataFE, method="lambda", test=FALSE) 

 

####Tibia#### 

#Match tip labels to data 

tdTI<-treedata(tree,tibiadata, sort=FALSE) 

dataTI<-tdTI$data 

treeTI<-tdTI$phy 

 

phylosig(treeTI, dataTI, method="K", test=TRUE, nsim=999) 

phylosig(treeTI, dataTI, method="lambda", test=FALSE) 
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####Fibula#### 

#Match tip labels to data 

tdFI<-treedata(tree,fibuladata, sort=FALSE) 

dataFI<-tdFI$data 

treeFI<-tdFI$phy 

 

phylosig(treeFI, dataFI, method="K", test=TRUE, nsim=999) 

phylosig(treeFI, dataFI, method="lambda", test=FALSE) 
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Appendix VI: DNA Extraction and Concentration Quantification Protocol 

Introduction 

The protocol outlined below was used to extract DNA from both modern and historic 

(<150 years) samples. The methods differ for soft tissue and bone extractions and are 

separated, therefore, into two protocols. 

Soft Tissue DNA Extraction 

Materials 

Reagents: All reagents and plastic consumables must be sterile (DNA and DNase 

free) and be of molecular biology grade or equivalent. 

1. DNA lysis buffer (see Note 1) 

a.  Sigma-Aldrich® 50 mM Tris-Cl, pH 8  

b. Sigma-Aldrich® 20 mM ethylenediaminetetraacetic acid 

(EDTA), pH 8  

c. Sigma-Aldrich® 2% sodium dodecyl sulfate (SDS)  

2. Sigma-Aldrich® 3 M sodium acetate (NaOAc) (see Note 2) 

3. ThermoScientificTM Proteinase K 20 mg/ml (see Note 3) from 25 

mg/ml stock 

4. ThermoScientificTM RNase A 1 mg/ml (see Note 4) from 10 mg/ml 

stock 

5. Sigma-Aldrich® 5 mM dithiothreitol (DTT) (see Note 5) 

6. Sigma-Aldrich® Phenol:chloroform:isoamyl 25:24:1 (PCI) 

7. Sigma-Aldrich® Chloroform :isoamyl 24:1 (CI) equilibrated 

8. 100% ethanol (EtOH) 

9. DI H2O 

Methods 

All extraction steps in this protocol should be conducted in a DNA clean room and gloves 

should be worn at all times. The protocol can be carried out at room temperature unless 

specified below. Steps 8-22 must be conducted in a fume hood. 

1. Prior to DNA extraction mix DNA lysis buffer stock concentrations (see Note 1) 

following the protocol of Bello et al. (2001) (see Note 1). 

2. Weigh approximately 25 mg of soft tissue per sample. 

3. Place tissue in a labeled 2 ml capped tube and add 125 µl lysis buffer, 8.75 µl 

Proteinase K (20mg/ml), 5 µl RNase A (1mg/ml) (see Note 7), and 10 µl DTT 

(5mM). 

4. Vortex each vial at speed 6 for 10 s. 

5. Parafilm the lids of each 2 ml tube to prevent leaking. 

6. Place tubes in an oven on a tube rotator (see Note 6) for 24 hours at 55°C. 

7. After incubation, vortex each tube at speed 6 to ensure all tissue is degraded.  

8. Place 125 µl of PCI into each 2 ml tube. 
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9. Vortex each tube at speed 6 for 10 s then centrifuge at 13,000 rpm for 5 min. 

10. Remove the top aqueous layer (see Note 8) and place in a new 0.5 ml capped tube. 

11. Repeat steps 8-10. 

12. In the new 0.5 ml tube place 125 µl CI. 

13. Vortex each tube at speed 6 for 10 s then centrifuge at 13,000 rpm for 3 min. 

14. Remove the top aqueous layer (see Note 8) and place in a new 2 ml capped tube. 

15. Add 12.5 µl 3 M NaOAc and 250 µl 100% EtOH. 

16. Vortex each tube at speed 6 for 10 s and centrifuge at 13,000 rpm for 10 min to pellet 

the DNA. 

17. Discard the supernatant (see Note 9). 

18. Add 250 µl 70% EtOH. 

19. Let sit for 30 s then discard the supernatant (see Note 9). 

20. Repeat steps 18-19. 

21. Leave lid open and let air dry for 20-30 min. 

22. Elute each sample with 30 µl 10mM Tris-Cl, pH 8 or enough to reach a DNA 

concentration below 30 ng/µl (see Note 10). 

23. Store DNA extracts in 2 ml tubes in a -20°C freezer. 

Notes 

1. Below is the protocol for making the stock concentrations of each lysis buffer 

reagent. 100 ml working stocks were then created by diluting stock concentrations 

with DI H2O. All reagents can be mixed and stored at room temperature. I autoclaved 

each stock reagent. 

a. 50 mM Tris-Cl, pH 8 

i. In 500 ml flask add 7.57 g of Sigma-Aldrich® Trizma base and 125 

ml of DI H2O with a stir bar. 

ii. Once in solution, bring to 250 ml with DI H2O 

iii. Bring pH to 8 by adding drops of HCl and measuring with a pH 

meter. 

b. 20 mM EDTA, pH 8 

i. In a 500 ml flask add 18.612 g of Sigma-Aldrich® EDTA powder 

and 250 ml of DI H2O with a stir bar. 

ii. Bring pH to 8 by gradually adding NaOH pellets. Here 4.5 g of 

NaOH pellets were required. 

iii. Note the powder will not go into solution until the pH is 8. 

c. 2% SDS 

i. In a 250 ml flask, add 2 g of Sigma-Aldrich® SDS and 100 ml of DI 

H2O with a stir bar. 

ii. Heat mixture on a medium heat setting until the powder is in 

solution. 

iii. When measuring the SDS it is recommended that a mask is worn, 

because the powder is light and can easily be inhaled. 

2. 3 M NaOAc 

a. In 150 ml flask, add 40.824 g of Sigma-Aldrich® sodium acetate and 40 ml 

of DI H2O with a stir bar. 

b. Once in solution, bring to 100 ml with DI H2O 

3. Proteinase K 20 mg/ml 
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a. In a 2 ml capped tube place 800 µl of 25 mg/ml ThermoScientificTM 

Proteinase K stock and dilute with 200 µl DI H2O. 

b. This will provide enough working stock for 8 extractions and should be made 

fresh each time to prevent de-activation of the Proteinase K. 

4. RNase A 1 mg/ml 

a. In a 2 ml capped tube place 100 µl of 10 mg/ml ThermoScientificTM RNase 

A stock and dilute with 900 µl DI H2O. 

b. This will provide enough working stock for 200 extractions 

5. 5 mM DTT 

a. In a 250 ml flask add 0.07 g of Sigma-Aldrich® DTT powder and 100 ml of 

DI H2O with a stir bar. 

b. From this stock, allocate 100 µl working stock. 

6. RNase A must be kept on ice when working with other reagents. 

7. Here a Fisher ScientificTM Isotemp incubator with rotisserie was used. The chosen 

tube rotator should allow tubes to invert completely. This allows the contents to mix 

thoroughly.  

8. When removing top aqueous layer be sure to place pipette tip only in this top layer. 

Breaking the surface of the lower layer will contaminate the sample with partially 

digested tissue and molecules other than DNA. 

9. When discarding the supernatant simply pour out contents of the tube. 

10. If soft tissue is of good quality, DNA concentrations are often high (>200 ng/µl). In 

this case, first dilute with 30 µl 10mM Tris-Cl, pH 8, determine DNA concentration, 

then elute with an additional 250 µl 10mM Tris-Cl, pH 8. 

11. Store 2 ml tubes with DNA extracts in -20°F freezer. Samples can be stored in -20°F 

freezer for duration of experiment (approximately 1 year), but long term storage 

should be in a         -80°F freezer. 

 

 

Bone Tissue DNA Extraction 

Materials 

Reagents: All reagents and plastic consumables must be sterile (DNA and DNase 

free) and be of molecular biology grade or equivalent. All can be mixed 

at room temperature. 

1. 2-4% bleach 

2. 50% bleach 

3. 18 megaOhms (MΩ) H2O from a Milli-Q Reference Water 

Purification System 

4. Fisher Scientific AlcononTM LiquinoxTM detergent 

5. 100% EtOH 

6. Liquid nitrogen 

7. DNA lysis buffer (see Note 1) 

a. Sigma-Aldrich® 0.45 M EDTA, pH 8 



 

363 
 

b. ThermoScientificTM Proteinase K 20mg/ml from 25 mg/ml 

stock 

8. DNA binding buffer (see Note 2) 

a. Sigma-Aldrich® 6 M guanidine thiocyanate (GuSCN) 

b. Sigma-Aldrich® 300 µM NaOAc 

9. DNA wash buffer 

a. 80% EtOH 

10. DNA elution buffer (see Note 3) 

a. Sigma-Aldrich® 10 mM Tris 

b. Sigma-Aldrich® 0.1 mM EDTA, pH 8 

Supplies:  

1. Sterile weigh boats (sterilized using below protocol) 

2. SPEX SamplePrep Small Grinding Vial Set (stainless steel impactor, 

end plug, polycarbonate center cylinder 6751C4) 

3. FisherbrandTM General-Purpose Extra-Long Forceps 

4. Tin foil cut in 2x2 in squares (1 per sample) 

 

All tools must be sterilized before use and between samples using the 

following protocol: 

1. Wash in 2% LiquinoxTM detergent and DI H2O solution. 

2. Sonicate in a 50% bleach solution for 5 min. 

3. Soak in EtOH. 

4. Place in oven (see Note 4) at 65°C until dry, approximately 15 min. 

 

Methods 

All bone extractions should be conducted in an aDNA clean room. Gloves, masks, 

hairnets, and HAZMAT suits should be worn during each step to prevent contamination. 

Extractions can be conducted at room temperature. 

Bone powdering 

1. Weigh 50 mg bone tissue per sample. 

2. Place samples in a 5-15 ml lidded tube in a solution of 2-4% bleach and 18 MΩ water 

(see Note 5). 

3. Vortex each tube at speed 6 for 10 s. 

4. Allow samples to soak for 20 min. 

5. Pour out bleach solution from each tube and rinse immediately with 18MΩ water. 

Repeat rinse steps until no bubbles remain. 

6. Place each sample in a sterile weigh boat and allow to dry in a fume hood overnight 

(see Note 6). 

7. Place dry samples in the SPEX SamplePrep Small Grinding Vial and insert a metal 

impactor. 
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8. Place impactor vials in a 6775 Freezer/Mill ® SPEX SamplePrep and program cycle: 

5 min precool, 1-2 min grind, 15 impacts/s. 

9. Once cycle is complete, place the impactor vials in an oven (see Note 4) at 65°C until 

defrosted and powder inside is dry. 

10. Remove powder from the impactor vial in a 2 ml capped tube. 

11. Reweigh all samples to ensure approximately 50 mg of bone tissue was retained. If 

less than 50 mg is retained, the reagent quantities in the below protocol must be 

modified accordingly. 

Binding extraction protocol modified from Rohland (2012) 

1. Prior to DNA extraction mix DNA lysis buffer (1:20 0.45 M EDTA and Proteinase K 

20 mg/ml), DNA binding buffer (1:1 6 M GuSCN and 300 µM NaOAc), DNA wash 

buffer (4.7:1 100% EtOH and DI H2O), and DNA elution buffer (1:1 10 mM Tris and 

0.1 mM EDTA, pH 8). 

2. In each 2 ml tube, containing samples place 1 ml of lysis buffer. 

3. Parafilm each cap to prevent leaking. 

4. Place tubes in an incubator on a tube rotator (see Note 7) for 24 hours at 56°C. 

5. Centrifuge 2 ml tubes containing samples and lysis buffer at 13,000 rpm for 5 min. 

6. Pour off contents of the supernatant into 15 ml tubes with 7 ml of binding buffer (see 

Note 8). 

7. Place lids on 15 ml tubes tightly and parafilm to prevent leaking. 

8. Wrap 15 ml tubes in foil to prevent light exposure (see Note 9). 

9. Place 15 ml tubes on a nutator for 3 hours (see Note 10). 

10. Connect disposable plastic funnel to a 2 ml spin column. 

11. In a 50 ml tube place 5 ml of binding buffer (see Note 11). 

12. Place the connected funnel and spin column in the 50 ml tube. 

13. Pour the contents of the 15 ml tubes into the funnel, then cover the top with parafilm. 

14. Centrifuge the 50 ml tubes at 30,000 rpm for 5 min (see Note 12). 

15. Remove the spin columns and place in capless 2 ml tubes. 

16. Wash each sample with 300 µl of wash buffer. 

17. Centrifuge spin columns within the 2 ml tubes at 9,449 rpm for 30 s. 

18. Pour out wash buffer in the 2 ml tube. 

19. Repeat steps 20-22. 

20. Place spin columns in a new capped 2 ml tube. 

21. Elute samples with 40-65 µl of elution buffer (see Note 13) and allow to incubate at 

room temperature for 5 min. 

22. Centrifuge at 12,000 rpm for 30 s. 

12. Discard spin columns and store 2 ml tubes with DNA extracts in -20°F freezer. 

Samples can be stored in -20°F freezer for duration of experiment (approximately 1 

year), but long term storage should be in a -80°F freezer. 

Notes 

1. DNA lysis buffer 

a. 0.45 M EDTA, pH 8 

i. In a 1 L flask add 83 g of Sigma-Aldrich® EDTA powder and 500 

ml of DI H2O with a stir bar. 
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ii. Bring pH to 8 by gradually adding NaOH pellets. Here 9 g of NaOH 

pellets were required. 

iii. Note the powder will not go into solution until the pH is 8. 

b. Proteinase K 20 mg/ml 

i. In a 2 ml capped tube place 400 µl of 25 mg/ml ThermoScientificTM 

Proteinase K stock and dilute with 100 µl DI H2O. 

ii. This will provide enough working stock for 8 extractions and should 

be made fresh each time to prevent de-activation of the Proteinase K. 

2. DNA binding buffer 

a. 6 M GuSCN 

i. In a 1 L flask, add 70.896 g of Sigma-Aldrich® GuSCN and 500 ml 

of DI H2O. 

b. 300 µM NaOAc 

i. In a 150 ml flask, add 4 mg of Sigma-Aldrich® NaOAc and 40 ml of 

DI H2O. 

ii. Once in solution, bring to 100 ml with DI H2O 

3. DNA elution buffer 

a. 10 mM Tris 

i. In a 15 ml capped tube, add 0.012 g of Sigma-Aldrich® Trizma base 

and 5 ml of DI H2O with a stir bar. 

ii. Once in solution, bring to 100 ml with DI H2O 

b. 0.1 mM EDTA, pH 8 

i. In a 150 ml flask add 3.72 g of Sigma-Aldrich® EDTA powder and 

100 ml of DI H2O with a stir bar. 

ii. Bring pH to 8 by gradually adding NaOH pellets. Here 1.8 g of 

NaOH pellets were required. 

iii. Note the powder will not go into solution until the pH is 8. 

c. Must be kept warm at 86°C 

4. Here a ThermoScientificTM gravity convection oven was used, but any convection 

oven would be sufficient. 

5. Place enough solution in each tube to entirely cover the specimen. 

6. It is imperative the samples are dry prior to powdering or tissue will cake the inside 

of the impactor vial. 

7. The incubator used here was a ThermoScientificTM compact incubator. The chosen 

tube rotator should allow tubes to invert completely. This allows the contents to mix 

thoroughly. Here a Boekel mini tube rotator was used. 

8. When discarding the supernatant simply pour out contents of the tube. 

9. Binding buffer must be kept in dark to prevent destabilization (Rohland, 2012; 

Rohland and Hofreiter, 2007). 

10. The time left on the nutator is dependent on the quality of the samples. For historic 

and ancient bone 3 hours is sufficient. 

11. This additional binding buffer prevents loss of sample in case the spin column 

detaches. 

12. Gradually increase the speed of the centrifuge to prevent the spin columns from 

detaching. 

13. The amount of elution buffer used will depend on the quality of DNA. Samples are 

first diluted with 40 µl 10mM Tris, and 0.1 mM EDTA, determine DNA 
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concentration, then if samples are greater than 30ng/µl elute with an additional 15µl 

of buffer. 

 

 

DNA Concentration 

Introduction 

The protocol outlined below was used to measure the concentration of DNA in samples 

extracted from modern and historic (<150 years) tissue and from bone and soft tissue. It 

can also be applied to ancient bone samples. This protocol is specific to the 

ThermoFisherTM Qubit® Fluorometer. 

 

Materials 

Reagents: Reagents can be mixed at room temperature, however storage conditions 

vary by reagent. These are noted below. 

1. Qubit® dsDNA HS Assay Kit 

a. Reagent 

i. Store at room temperature protected from light 

b. Buffer 

i. Store at room temperature 

c. Standard 1 

i. Store at -4°C 

d. Standard 2 

i. Store at -4°C 

Supplies:  

1. 0.5 ml thin-walled PCR tubes (see Note 1) 

a. Qubit® assay tubes 

 

 

Methods 

All extraction steps in this protocol should be conducted in a DNA clean room and gloves 

should be worn at all times. The protocol can be carried out at room temperature 

 

1. Create master mix of 199 µl buffer plus 1 µl reagent per specimen plus an additional 

two samples which will act as calibration standards. 

2. Place 195 µl of master mix into each sample assay tube plus the two standard assay 

tubes. 
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3. Add 5 µl DNA to each sample assay tube and 10 µl of standard 1 to an assay tube 

and 10 µl of standard 2 to another assay tube. 

4. Allow samples and standards to incubate at room temperature for 2 min. 

5. Vortex for 10 s at speed of 4. 

6. Calibrate the Qubit® using standards 1 and 2. First select the desired assay, here I 

chose high sensitivity in case any of the extractions contain degraded DNA. The 

press read standard and insert standard 1. Once read, repeat with standard 2. When 

calibration is complete a Fluorescence vs. Concentration graph will appear. 

7. Press run samples then select the sample volume. Here 5 µl of sample was used. Next 

chose an output of ng/µl. 

8. Press read tube and continue until all samples are read. 

 

Notes 

1. Only thin-wall, clear 0.5-mL PCR tubes can be used in the Qubit® 3.0 Fluorometer. 

Other PCR tubes will prevent the Qubit® from detecting the fluorescent reagent. 
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Appendix VII: Simplex PCR Amplification of DNA Protocol 

Introduction 

The protocol outlined below was used for both modern and historic (<150 years) samples, 

although it can also be applied to ancient DNA. This protocol is appropriate for DNA 

extracted from either bone or soft tissue. 

Materials 

Reagents All reagents and plastic consumables must be sterile (DNA and DNase 

free) and of molecular biology grade or equivalent. 

1. ApexTM dNTPs of 100 mM combined and diluted in DNA free H2O 

to yield a dNTP mix of 2.5 mM each dATP, dGTP, dTTP, and dCTP 

(see Note 1) 

2. DNA polymerase and 10 X buffer (see Note 2) 

3. 50 mM MgCl2 (see Note 2) 

4. Promega 10 mg/ml BSA 

5. 100 µM stock concentration of forward and reverse primer (Table 1) 

6. DNA free H2O 

7. 1X TBE buffer (see Note 3) 

a. ApexTM Tris 

b. Gentrox Boric acid 

c. ApexTM EDTA salt 

8. 2% agarose gel (see Note 4) 

a. ApexTM general purpose LE agarose 

b. 1X TBE buffer 

9. 6X loading dye (see Note 5) 

a. Sigma-Aldrich® molecular grade glycerol 

b. ApexTM 0.5M EDTA 

c. Fisher ScientificTM bromophenol blue 

10. ApexTM low DNA 100 bp ladder 

11. ApexTM 0.625 m/ml biotechnology grade Ethidium bromide (EtBr)  

Methods 

Primer Design 

1. The DNA quality of each sample will differ such that the genes of some 

specimens can be amplified >1,000 bp per reaction while others will have to 

be amplified in fragments <300 bp. 

2. Design a series of overlapping primers whose annealing temperatures do not 

vary by more than 3°C. This will allow primer sets to be combined when 

targeting larger amplicons. 

3. Design primer sets that target between 100-300 bp and that overlap by 30-50 

bp with the next set.  

4. Design primers with >60% GC content to increase the likelihood of binding 

and amplifying the target region. 

5. Primers were ordered from Sigma-Aldrich® as 0.025 µM dry custom oligos.  

PCR Amplification 
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All PCR amplification must be conducted in a DNA clean room and can be done 

at room temperature. Gloves should be worn at all stages. 

1. Prepare primers by diluting the 100 µM solutions into a 10 µM working 

stock. 

2. Prepare a PCR master mix that includes all reagents except the DNA as 

outlined in Table 2. Prepare enough master mix for all samples, a negative 

control, and extra sample (see Note 6 and Note 7). Order of preparation does 

not matter, however, taq should be kept on ice during this step. 

3. Aliquot 20 µl of the master mix into PCR strip tubes and then close all lids 

(see Note 8). 

4. Add DNA template to each PCR tube individually, opening a single tube at a 

time. This prevents cross contamination. Fill the negative control last with 2 

µl DNA free H2O instead of DNA template. 

5. Cycle PCR reactions as outlined in Table 3 on a Labnet International, Inc. 

MultiGene Optimax thermocycler. Annealing temperatures vary by primer 

set and extension times differ depending on the targeted amplicon size (see 

Note 9). 

Agarose Gel Visualization 

1. Prepare a 2% agarose gel using 1X TBE buffer. EtBr can be added directly to 

the gel or after staining (See Note 10). Please note EtBr is a mutagen and 

should only be handled with gloves within a fume hood. 

2. Mix 1.5 µl 6X loading dye with 5 µl of PCR product. 

3. Load each dyed product into an individual well, as well as a ladder at the end 

of each row. 

4. Run out samples in an electrophoresis gel chamber for 30 min at 100 V. Here 

a Galileo bioscience system was used. 

5. Image gels using UV light. Here a BioRad Gel Doc XR system was used for 

all imaging. 

6. If bands are the expected length and the negative control is blank, continue to 

sequence cleaning. If they do not amplify, are faint, or the negative control is 

contaminated, modify PCR protocol (see Note 11). 

Notes 

1. Once mixed, dNTPs should be stored at -20°F. These should be mixed in 

small quantities to avoid excessive freezing and thawing, which results in the 

degradation of the nucleotides. Here, I allowed for two freeze thaw cycles for 

each mixture. 

2. Both Fisher ScientificTM AmpliTaq GoldTM and ApexTM Taq were used in this 

protocol. Fisher ScientificTM  AmpliTaq GoldTM was used in all reactions 

where specimens were extracted from bone tissue and DNA was, therefore, 

degrade. ApexTM Taq was used in all reactions where specimens were 

extracted from soft tissue. 

3. 1X TBE buffer 

a. In a 1 L flask mix 10.8 g Tris, 5.5 g boric acid, and 0.74 g EDTA 

with a stir bar. 

b. Bring to 1 L with DI H2O and allow to mix into solution. 

c. Can stored at room temperature. 

4. 2% agarose gel 
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a. For an 80 well 2% agarose gel mix 1 g ApexTM general purpose LE 

agarose, and 50ml 1X TBE buffer in a 250 ml flask. 

b. Cover flask with plastic wrap and poke a few holes in the top. 

c. Microwave flask for 2 min on high or until all powder has gone into 

solution. 

d. Use insulated gloves to remove flask from microwave. 

e. Allow agarose to cool by sitting at room temperature or by placing in 

cool water (at this stage EtBr could be added if desired). 

f. Once gel is cool to the touch but not solidified pour in sealed gel tray 

and add combs. 

g. Allow to cool until solid and cloudy, then remove combs and place 

in electrophoresis buffer chamber. 

h. Fill electrophoresis buffer chamber with 1X TBE buffer until fluid 

covers entire surface of the gel. The greater the amount of 1X TBE 

buffer that covers the gel, the longer samples will need to be run. 

5. 6X loading dye 

a. In a 50 ml capped tube mix 12.5 ml Sigma-Aldrich® molecular 

grade glycerol, 10ml ApexTM 0.5 M EDTA, and 0.12 5g Fisher 

ScientificTM bromophenol blue. 

b. Bring to 50 ml with DNA free H2O 

c. Must be stored in a refrigerator. 

6. Additional sample accounts for any pipetting error and prevents the last 

sample from not having enough of the master mix. 

7. For all DNA samples extracted from bone, Fisher ScientificTM AmpliTaq 

Gold buffer II was used in substitution of ApexTM Taq (Table 1). This is 

because AmpliTaq Gold is more successful in amplifying DNA that is 

degraded or damaged (Wales et al., 2014), which is often the case in bone 

samples (Adler et al., 2011). Concentrations of both taqs were equivalent. 

8. PCR strip tubes with individual lids or individual PCR tubes work best and 

prevent cross contamination between samples. 

9. When targeting differing amplicon lengths, extension times should be 30 s 

per 500 bp. Extension time for a 1400 bp amplicon, therefore, should be at 

least 90 s. 

10. Addition of EtBr to agarose gels should be done in a fume hood. If EtBr is 

placed directly in the gel, it must be added when the gel has begun to cool 

but prior to it solidifying. This aids in preventing vaporization of the EtBr. 

Add 1 drop of EtBr for every 50 ml of agarose/TBE. The gel can then be 

imaged directly after running samples. Unused portions of the gel can be 

used at a later time, however, the gel should be wrapped in plastic wrap and 

stored in a labeled, lidded container in a refrigerator. The gel can also be 

stained with EtBr after samples have been run. For this protocol, place the 

gel in a lidded container with 1 L of DI H2O or enough to cover the gel. Add 

10 µl of EtBr for every liter of water. Let sit for 30 min before imaging. After 

imaging, rinse the gel in DI H2O, removing the EtBr. Unused portions can 

then be wrapped in plastic wrap and stored in a refrigerator. All stained gels 

and liquids containing EtBr must be disposed of appropriately as chemical 

waste. 

11. If PCR product does not amplify, rerun protocol with either a lowered 

annealing temperature, which will make the primers less specific in binding, 

or increase the extension time, which will allow for amplification of longer 

amplicons. If bands are faint, modify the PCR protocol by decreasing 
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annealing temperature or increasing the number of PCR cycles. If the 

negative control amplifies, test for contamination in reagents or replace all. 

Amplification in the negative control may also be caused by cross 

contamination. If all reagents are DNA free, take steps to prevent cross 

contamination by cleaning hands between samples and using filtered pipette 

tips. 
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Table 1. Gene Primer Sequences and Annealing Temperatures 

Gene Primer Forward Sequence Reverse Sequence Annealing Temp C 

12S 1 GCCTAGAAGAGTC

ACAAGAC 

CACTGCTGTATCCCG

TGG 

60 

 2 GAGCGGGCATCAG

G 

CGCCGTGAGCCTAT

TAATTC 

52 

 3 CGTGCCAGCCACC GGCTGGGCATAGTG

G 

52 

 4 CTCCAACAACACG

ATAGCTG 

CGATTACAGAACAG

GCTCC 

60 

 5 GGACTTGGCGGTGC CATGGCCCTATTCA

ACTAAGC 

58 

 6 GGTCAAGGTGTAA

CCCATG 

GGTGTAAGCCAGGT

GC 

58 

16S 1 GCACCTGGCTTACA

CC 

CATCATTCCCTTGCG

GTAC 

52 

 2 CCAACTACCACGAC

ATCC 

CATAGGTAGCTCGT

CTGG 

50 

 3 GCTACCTATGAGCA

ATCCAC 

CTAAGCAAGGTTGT

TTCCTTG 

50 

 4 CCTAACGTATCACT

GGGC 

CAGTGCCTCCAATA

CTGAG 

52 

 5 GCACAAGCTTATAA

CAGTCAACG 

GGCCGTTAAACTAA

TGTCACTG 

52 

 6 CACAGGCGTGCAG

TAAG 

GTTAGACCTGGTTG

GTGG 

52 

 7 GACGAGAAGACCC

TATGGAG 

GATAGCTGCTGCAC

CATC 

54 

 8 GACCTCGATGTTGG

ATCAG 

CAATTACTGGGCTCT

GCC 

54 

Dloop 1 CAACAGCCCCGCC

ATC 

GTGRGGTGCACGGA

TGC 

58 

 2 CGTGCATTAATGGC

TTGCC 

GGATTGAGGACTTC

CATGGC 

58 

 3 CGTGTACCTCTTCT

CGCTC 

GAAGGATAAGCCCA

GCTACAAG 

58 

Cytb 1 CGAYYTACCTGCYC

CATC 

YAGGAACAGGCAGA

TGAAG 

60 

 2 YTCTTCATCTGCCT

GTTCCTG 

GCGAAGAATCGYGT

TAGGGTAG 

60 

 3 CTGAGGAGGATTCT

CGGTAGACAAGG 

GGATTAGGAATAGG

GCGCCTAGG 

60 

 4 CTAGGCGCCCTATT

CCTAATC 

CTGAGTGGGCGGAA

TATCAT 

60 

 5 CAATTRTCCCATTV

CTYCATAC 

RATGGCTGGCATRA

GGAYTAG 

60 
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Table 2. PCR Master Mix 

Reagent Volume (µl) per Sample 
Final Concentration in 

Reaction 

DNA free H2O 11.30 1X 

10X buffer 2.0 1X 

50mM MgCl2 0.8 2.0mM 

BSA (20mg/ml) 1.0 1mg/ml 

dNTPs (2.5mM each) 1.6 200µM 

Forward primer (10 µM) 0.6 0.4µM 

Reverse primer (10 µM) 0.6 0.4µM 

Taq (5U/µl) 0.1 1.25U 

Template (4-30 ng/µl) 2  

 

Table 3. PCR Cycle 

Initial 

Denaturation 
Denature Anneal Extension Final Extension 

 Repeat 35 cycles  

95°C 95°C 50-60°C 72°C 72°C 

15 min 15 s 30 s 30-90 s 5 min 
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Appendix VIII: PCR Cleaning and Sanger Sequencing Protocol 

Introduction 

The protocol outlined below was applied to PCR product amplified from both modern 

and historic (<150 years) samples and is appropriate for PCR product amplified from 

either bone or soft tissue extractions. 

Materials 

Reagents All reagents and plastic consumables must be sterile (DNA and DNase 

free) and of molecular biology grade or equivalent. 

1. Fisher ScientificTM Exonuclease 200 U/µl 

2. Fisher ScientificTM Shrimp Alkaline Phosphate 1 U/µl 

3. 1 µM forward and reverse primer (see Appendix # for primer design) 

4.  Sigma-Aldrich® 5 M Betaine 

5. Fisher ScientificTM 5X Big Dye Buffer 

6. Fisher ScientificTM Big Dye Terminator v3.1 

7. Sigma-Aldrich® Superfine G-50 Sephadex 

8. 18 megaOhms (MΩ) H2O from a Milli-Q Reference Water 

Purification System 

Supplies  

1. EdgeBio Optima DTRTM 96-well plate kit (plate lid, waste tray, and 

collection tray) 

2. FoilSealTMSealing foil for PCR 

3. 96 well PCR plate both skirted and non-skirted 

Methods 

All DNA cleaning and sequencing reactions must be conducted in a DNA clean 

room and can be done at room temperature. Gloves should be worn at all stages. 

 

 ExoSap Cleaning 

1. Create master mix of Exonuclease and Shrimp Alkaline Phosphate (1:3) 

(ExoSap). 

2. Aliquot 1-3 µl of ExoSap into PCR strip tubes (See Note 1) and then close all 

lids. 

3. Add PCR product to each PCR tube individually, opening a single tube at a 

time. This prevents cross contamination. 

4. Place samples in a Labnet International, Inc. MultiGene Optimax 

thermocycler for the cycle outlined in Table 1. Remove from thermocycler 

once it reaches 15°C. 

Sequencing Reaction 

1. To ensure adequate volume for both forward and reverse sequencing, as well 

as pipetting errors, create a sequencing master mix for twice the number of 
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samples plus one. The master mix consists of 2.55 µl DNA free H2O, 2.0 µl 

betaine, 1.5 µl primer, 0.5 µl Big Dye buffer, 0.4 5µl Big Dye. 

2. Aliquot 7µl of master mix into each well on a non-skirted PCR plate. 

3. Aliquot 3µL ExoSap cleaned product into each well. 

4. Cover plate with foil or with a FoilSealTM. 

5. Place samples in a Labnet International, Inc. MultiGene Optimax 

thermocycler for the cycle outlined in Table 2 (see Note 4). 

Sephadex Clean-up 

1. Mix 3 g of Sephadex beads per 50 ml of 18 MΩ H2O, ensuring beads are 

suspended. 

2. Pipette 400 µl of Sephadex into the same number of wells as samples in an 

EdgeBio Optima DTRTM 96-well collection tray. 

3. Weigh sample plate. Then fill balancing plate with equal weight of water (see 

Note 2). 

4. Place both plates in centrifuge and spin at 2,500 rpm for 5 min. 

5. Pour out waste tray and repeat steps 2-4 (see Note 3). 

6. Add 20 µl of DNA free H2O to the sequencing reactions of each sample and 

spin at 2,500 rpm for 2 min. 

7. Replace catch plate on the EdgeBio Optima DTRTM 96-well plate with a 

skirted sequencing plate. 

8. Add 30 µl of sequencing reaction product to each well containing Sephadex 

by pipetting directing over the column. 

9. Weigh sample plate. Then fill balancing plate with equal weight of water (see 

Note 2). 

10. Place both plates in centrifuge and spin at 2,500 rpm for 5 min. 

11. Sample is now ready to be Sanger sequenced. For storage, seal sample with 

FoilSeal and place in refrigerator (see Note 4). 

Notes 

1. The amount of ExoSap differs depending on the quality of amplicon. If bands on the 

agarose gel were smeared or faint, increase the amount of ExoSap. 

2. Plates must be within 1g or centrifuge will become unbalanced. 

3. Often an additional centrifuge cycle at 2,500 rpm for 5 min is required to remove all 

remaining water. 

4. After completion of sequencing reaction and Sephadex cleaning, samples CANNOT 

be frozen but should instead be stored in a refrigerator. 

 

 

 

 

 

 

 



 

376 
 

Table 1. ExoSap Cycle 

37°C 80°C 15°C 

15m 15m ∞ 

 

 

 

Table 2. Sequencing Reaction Cycle 

Initial 

Denaturation 

Denature Anneal Extension Final Extension 

 Repeat 44 cycles  

95°C 95°C 49°C 60°C 30°C 

3 min 15 s 15 s 4 min 30 min 
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