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Lay Abstract 

Pleistocene North America was a time period of immense climatic turbidity, with 

temperature swings greater than 15°C in response to the expansion and contraction of 

continental ice-sheets. Despite these massive swings in temperature, many species 

managed to thrive on the continent and adapt to glacial-associated ecosystem 

restructuring. Ancient DNA from Pleistocene megafauna can serve as a very useful tool 

to answer many questions about the distribution of megafaunal species, and how they 

may have responded to these climatic events. However, most studies have largely focused 

on species adapted to cold environments and from the last fifty thousand years. In this 

thesis I extend our knowledge of the genetic landscape of Pleistocene proboscideans, 

characterizing the mammoth inhabitants of Bechan Cave, Utah, and producing the first 

look at American mastodon diversity through space and time. This work increases our 

representation of warm-adapted specimens and characterizes the effects of glacial cycles 

on megafauna populations.  

  

 

 

  



 

iv 
  

Abstract   

The Quaternary (the approximately the last 2.6 million years) of North America is a 

tremendously exciting time period to study with respect to ecology. It saw periods of 

immense climatic turbidity - the expansion and retreat of continental ice-sheets and large 

swings in temperature, resulting in the wide scale restructuring of terrestrial ecosystem. It 

also saw widespread migrations of many species and out of Eurasia, mostly notably of 

modern humans. Ancient DNA offers powerful tools to examine the relationships and 

responses of megafunal species to these events, but has largely focused on cold-adapted 

species, and within radiocarbon-time (i.e. the last 50 thousand years). In this thesis I work 

to expand our understanding of the genetic landscape of Pleistocene megafuna in three 

ways. First, I describe the analysis of coprolites from Bechan Cave, Utah and characterize 

the mammoth inhabitants in the broader context of North American mammoths. Second, I 

characterize the diversity of American mastodons across the continent and through time, 

showing that their range likely repeatedly expanded and contracted in response to 

Pleistocene glaciations. Lastly, I begin to fill in some of the gaps in the American 

mastodon dataset from chapter 3, and begin to address some of the taxonomic and 

biogeographic questions about American and Pacific mastodons in Idaho. Understanding 

how North American megafauna responded to these climatic and anthropogenic stresses 

may help to explain why so many species went extinct at the end of the last glaciation, 

and how species may respond to present day warming. However, it is important to include 

taxa from warmer locales and environments to ensure our models and hypotheses are 

comprehensive.  
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Chapter 1: Introduction 

 The Quaternary (approximately the last 2.6 million years) was a period of 

immense climatic turbidity. This is especially true as the world transitioned from the 

Early to Middle Pleistocene (~770 kya; though the transition spanned from 1.4 – 0.4 

mya)1,2, when glaciations decrease in frequency (from approximately a 41 ky cycle to a 

100 ky cycle), but significantly increase in magnitude3,4. For continental North America, 

this mid-Pleistocene change in climatic periodicity manifests in the cyclic growth and 

retreat of two ice sheets: the Laurentide Ice Sheet, centered over present-day Hudson Bay; 

and the Cordilleran Ice Sheet, which spread out from the Rocky Mountains5.  

 The expansion and retreat of these ice sheets was coupled with large-scale 

temperature fluctuations (in excess of -15 °C from the last glacial maximum to today in 

parts of North America)6,7, as well as changes in sea-levels and climate variability7,8. 

Accordingly, as these abiotic factors changed between glacial and interglacial periods, the 

ecosystems they supported varied, resulting in the expansion and contraction of many 

plant and animal species9,10. While the ebb and flow of species and environments are still 

an area of active research (see Chapter 3 which addresses this question in American 

mastodons), these environmental changes have been implicated in the intra and 

intercontinental spread of megafauna that would become key constituents of modern 

landscapes. This includes the migration of horses into Eurasia11, bison into North 

America12, and perhaps most famously, of anatomically modern humans out of Africa and 

into the rest of the world13. These migrations were not only restricted to extant species, 

but included many now extinct species such as mammoths14,15. 

  The capability of many of these species to adapt to changing conditions, and 

sometimes even cross into new continents, raises questions about why such a large 

percentage of them went extinct at the Pleistocene-Holocene transition (~11.7 kya)16,17. 

These extinctions happened relatively synchronously (within the last 50-60 ky) and were 

believed to have primarily affected megafauna (animals with mean body size >44 kg). 

Additionally, while this extinction event claimed megafauna from across the globe, 

genera from Australia and the Americas were particularly hard hit16,17.  

 While not the focus of research addressed in this thesis (and it likely being too 

early to answer these questions with any certainty), it is worth quickly summarizing the 

main proposed hypotheses often put forth to explain the rapid disappearance of 

megafauna as, regardless of the root cause, both almost certainly played a role in stressing 

many late Pleistocene populations. Currently most research attempts to quantify the 

relative roles of two main causes: anthropogenic pressure from humans directly as a new 

top-level predator or indirectly as ecosystem modulators; or a particularly devastating 

episode of climatic change16,17. A variety of other less favoured causes have been put 

forth including a mass pandemic18 and meteor impacts19,20, the latter of which has been 
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gaining some support recently with the discovery of craters which possibly date to around 

the time of extinction21,22.  

 

Figure 1: Summary of glacial cycles and samples analyzed in this study. a, Global stack of benthic 

foraminifera δ18O for the last 1 million years, which tracks changes in deep-water temperature and global 

ice volume. The y-axis has been inverted so that periods of low ice buildup (and higher temperatures – red) 

are at the top of the graph, and periods of greater ice buildup (and lower temperatures – blue) are at the 

bottom. Marine Isotope Stage (MIS) extents are indicated with black bars above (interglacials) or below 

(glacials) the δ18O record. δ18O values and MIS terminations can be found in Lisiecki & Raymo4. The 

dashed grey line denotes the approximate age of the Matuyama – Bruhes paleomagnetic polarity boundary 

which official denotes the start of the Chibanian (formerly Middle) stage of the Pleistocene2. b, A map of 

North America showing the two main continental ice sheets, as well as the Greenland ice sheet, at 12 14C ky 

BP5. The location of successful specimens analyzed in Chapters 2 – 4 are also shown.  
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 Researchers who favour a human-driven cause for late Pleistocene extinctions 

primarily attribute the loss of megafauna to human hunting23, though also occasionally to 

anthropogenic practices of environmental change such as fire-clearing17. Perhaps the most 

influential paper in the human-mediated extinction debate is Paul Martin’s 

Overkill/Blitzkrieg model, which posits that the extinction of megafauna was quickly 

perpetuated by humans against “naive” megafauna24. More recent models usually argue 

for less rapid or less direct approaches, but still center around the idea that the arrival of 

humans as a new top-level predator introduced too much stress on megafauna populations 

and drove them to extinction25,26. Proponents of this hypothesis often point to the 

correlation duration of hominin presence and the extent of megafauna extinction, with 

Africa and Eurasia both losing less genera then Australia and the Americas, where 

humans only arrive in the late Pleistocene23. Critics of human-driven extinction models 

usually point to the lack of species associated with kill sites25,27,28; in North America for 

example only about 5 taxa can be confidently linked to human hunting28. Additionally, as 

the overlap in time between human colonization and megafauna extinctions in Australia 

and the Americas increases, critics question why megafauna appeared to live alongside 

humans for so long before going extinct28.  

 Researchers who attribute extinctions to environmental causes largely argue that 

the seesawing of climate during the transition out of the last glacial was particularly 

severe and rapid, such that many species could not easily adapt16,25. In the Americas, the 

effects of the Antarctic Cold Reversal and the Younger-Dryas events, which sharply 

reversed post-LGM warming trends, are usually implicated as a contributing factor to 

environmental extinctions29. Critics of climate extinction scenarios often question how 

extinct species managed to survive numerous other glacial/interglacial transitions during 

the mid-to-late Pleistocene (i.e. what makes the final glacial-interglacial transition 

unique?)26,28. Additionally, it’s unlikely that many species with continental or 

intercontinental distributions would have been equally impacted across the entirety of 

their range28.  

 Among the 38 megafauna genera lost in North America during the late-

Pleistocene extinctions, were two proboscidean genera – Mammut (mastodons), with two 

recognized species (M. americanum, and M. pacificus), and Mammuthus (mammoths), 

with at least three recognized species (M. primigenius, M. columbi, and M. exilis)28. 

Despite casual similarity in appearance, these two groups represented highly diverged 

lineages, sharing a common ancestor ~24-28 million years ago in Africa30. Mastodons are 

considered first radiation proboscideans, being the descendants of the first proboscideans 

that leave Africa ~20-23 mya31, while mammoths along with most other elephants 

represent some of the latest groups to diverge and eventually leave Africa31,32.  

 One of the key changes observed between earlier and later radiating lineages of 

proboscideans, is the shift from zygodonty to lophodonty, and an increase in the number 
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of tooth lamallae and crown height33,34. Consequently these species were adapted to 

unique ecological niches, with mastodons typically considered browsers with diets 

primarily of trees and shrubs, while mammoths are considered grazers with diets centered 

around grasses and forbs33,35. Recent tooth-wear, calculus, and isotope investigations have 

supported these claims, but also suggest both taxa did exhibit some dietary variability35–

37.  

 In line with their dietary preferences both taxa are believed to have responded 

very differently to the climatic stresses of the Pleistocene. Previous genetic work on 

mammoths has suggested they were restricted to small refugia during interglacials and 

expanded outwards during glaciations38. Palaeontological analyses in the American 

midcontinent found a similar trend, with mammoths dominant in the region during the 

last glacial maximum39. This same study also noted that American mastodons were absent 

from this region during the glaciation, likely due to the lack of suitable environments39. 

Similar hypotheses have also been proposed for the extirpation of mastodons in East 

Beringia during the last glacial period40.  

 Both mammoths and mastodons likely acted as quintessential keystone species 

that exhibited immense ecological impact within their respective environments33,41. 

Modern African and Asian elephant studies highlight their important roles as ecosystem 

engineers, whose environmental modifications increase species diversity and are 

important for maintaining savannah landscapes42–44. Ancient sedimentary DNA studies 

have also implicated Pleistocene megafauna in maintaining the diversity of steppe-tundra 

habitats41. Combined with the relative ease with which these large taxa can be identified, 

these animals represent prime candidates to better understand the roles and effects of 

Pleistocene stressors.  

 Since the first ancient DNA sequences reported in the late 20th century, 

palaeogenomics has rapidly become an important tool in understanding the evolutionary 

relationships of extinct taxa45. The ability to reconstruct mitochondrial and nuclear 

genomes from  ancient organisms and environmental samples allows for a more robust 

and complete evolutionary picture, and opens the fossil record to population genetics, 

demographics, and other genetic tools previously only applicable to extant taxa46. Broadly 

speaking, ancient DNA studies interested in the source organism (i.e. the animal 

represented by the palaeontological material) can be split into four categories based on 

the material, amount of data retrieved, and number of individuals targeted: 

systematic/taxonomy studies; those working with non-identifiable remains; large-scale 

phylogenetics; and nuclear genomics. While these four categories are by no means 

mutually exclusive, I would argue they offer a good way to categorize palaeogenomic 

studies and highlight their utility in understanding the Pleistocene and its megafauna.  

 Addressing questions of taxonomy or systematics is one of the earliest 

applications of ancient DNA45,47. These studies are usually interested in the relationships 



PhD Thesis – Emil Karpinski  McMaster University – Biology 

5 
  

between extinct taxa and modern relatives30,48 or interrogating the taxonomic divisions 

proposed by morphological analysis49. They typically feature few, well-identified 

specimens, and target sub-nuclear genetic loci (i.e. partial/complete mitochondrial 

genomes or nuclear fragments) which are also available for extent species30,48.  

 Studies on non-identifiable remains share many of the same characteristics as 

taxonomy/systematic projects (i.e. a low number of specimens and sub-nuclear loci), but 

as the name would suggest, deal with remains which cannot confidently be assigned to a 

particular taxa. These non-identifiable remains can range from associated material (e.g. 

palaeofeces)50–52 to mixed assemblages of broken or otherwise damaged skeletal 

material29. These studies are usually focused on identifying the source organism 

responsible for the material. 

 Large-scale phylogenetic analyses seek to shift their focus from the identification 

or relationships between species, to questions about a single (or a small handful of 

related) species. By incorporating many individuals, these studies can provide 

palaeontologically-inaccessible insights into the fossil record, such as identifying 

migration events or population replacements38,53. As their name would suggest, these 

studies require data from many members of a species, with the temporal and geographic 

scope of the dataset heavily influencing the type of questions that can be addressed. 

Given the large amount of data associated with these projects, these studies also typically 

use sub-nuclear loci.  

 Nuclear or whole genome sequencing studies, are the most recent application of 

ancient DNA and enable unprecedented insight into the evolution and extinction of 

Pleistocene megafauna. These studies have become feasible in the last five to ten years as 

a result of better methodologies, and the decreasing costs of next-generation 

sequencing54. Despite these advancements, the amount of sequencing necessary to 

recover complete genomes is still cost-prohibitive for many specimens, and particularly 

for those samples with poorer preservation. As such, most of these studies have been 

restricted primarily to low specimen numbers, and target remains from colder and drier 

environments (e.g. Siberia). However, the recovery of full nuclear genomes enables a 

much more detailed look at the population histories of a species, allowing for the 

identification of introgression events55, and the examination of functional adaptations at 

the genic level56.  

 Regardless of the design or questions, palaeogenetic studies are ultimately 

constrained by their ability to recover authentic ancient DNA. Consequently, most genetic 

work on Pleistocene megafauna has dealt with specimens from environments that are 

favourable to DNA preservation (i.e. relatively cool, stable temperatures, and low 

moisture) and primarily from the very late Pleistocene (the last ~50 ky) (see for 

example12,14,53,57). In this thesis I extend our understanding of the genetic landscape of 

extinct proboscideans, across three chapters, coinciding with the first three categories of 
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ancient DNA studies outlined above. In chapter 2, I examine work on palaeofecal remains 

from Bechan Cave, Utah, confirming previous palaoentological hypotheses about the 

occupants. In chapter 3, I look at the effects of glacial-interglacial cycling on American 

mastodons through the mid-Pleistocene, and the parallels we may be observing in extant 

taxa. Finally in chapter 4, I take a closer look at the genetics of mastodons from the 

American Falls Reservoir in Idaho, and the implications for Mammut taxonomy more 

generally. Together, this work extends the representation of extinct North American taxa 

from temperate regions, provides the first comprehensive analysis of Mastodon genetics 

within the continent, and illustrates the immense biogeographic effects that Pleistocene 

glaciations had on browsing megafauna.  
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Abstract 

 Recent advances in ancient DNA methodologies have enabled the retrieval of 

highly degraded DNA from contexts with poor preservation conditions. While paleofeces 

have previously been shown to contain endogenous DNA of the defecator, the preserved 

DNA is composed of a mixture of diverse microbial, floral and fungal constituents, with 

limited DNA from the host. However, in situations where skeletal remains are 

unavailable, paleofeces can serve as an important alternative genetic source, allowing for 

the molecular identification of the target species and diet. Here, we describe the 

extraction of ancient DNA from a paleofecal sample found within Bechan Cave 

(southeastern Utah, USA). Previous work in the cave has suggested that these remains 

likely stem from Mammuthus. We used a comprehensive proboscidean bait set which was 

used to enrich a nearly complete mitochondrial genome (81.6%) at an average coverage 

depth of 8.1x. Phylogenetic analysis of the derived consensus sequence revealed that the 

Bechan Cave bolus does indeed derive from Mammuthus, and its sequence falls within 

Clade 1 (haplogroups F or C), most similar to specimens identified as Mammuthus 

columbi.  
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Introduction 

 Desiccated paleofecal remains from extinct and extant mammals are well known 

from the dry caves and rock shelters of the arid American Southwest (see overview in 

Mead and Swift1). Some of the earliest discoveries and analyses come from the dung of 

the extinct herbivore Nothrotheriops shastensis (Shasta ground sloth)2–5. The predominant 

means of identification of these dried paleofecal remains (Nothrotheriops, Oreamnos 

[mountain goat]) is using external morphology and/or the size fraction of the contents6–9. 

More recently, molecular analyses have enhanced our ability to identify unknown dung 

producers, as well as elucidate aspects of their diets (e.g. shrub ox, Euceratherium, 

Harrington’s mountain goat, Oreamnos harringtoni; Nothrotheriops shastensis)10–14. 

Large accumulations of paleofeces have been found in a rock shelter known as 

Bechan Cave, along the Colorado Plateau, Utah15,16 (Fig. 1). The overall morphology of 

the dung boluses, their size (230 x 170 x 85 mm) (Fig. 2) and plant constituents, suggest 

that the producer was likely to be Mammuthus (mammoth)8, however, due to the large 

size of the boluses, there are at minimum two other possible producers in that vicinity and 

at that time:  mastodon (Mammut) and two species of ground sloths (Mylodon and 

Megalonyx). Here we provide a molecular analysis of a single bolus from Bechan Cave to 

further augment the putative identification of the paleofeces. 

 

Regional Setting 

 Bechan (the Navajo word for ‘big feces’) Cave is a large sandstone rock shelter on 

the southern Colorado Plateau of southeastern Utah. Excavation of the sand floor deposit 

exposed a rich organic layer upwards of 40 cm thick with a total volume in the cavern 

estimated to be 300 m3 8,17. A minimum of eight different morphologies of dung were 

recovered, with the dominant form (trampled and entire) identified as belonging to 

mammoth (see Mead et al.8, for details about the morphology and identification). No 

skeletal remains of mammoths have been recovered from the cave.  

 

Chronology 

 Paleofeces attributed to Mammuthus based on morphology have been recovered 

from a number of dry alcoves on the Colorado Plateau including Grobot Grotto, 

Mammoth Alcove, Oak Haven, Shrubox Alcove, Wither’s Wallow, Bechan Cave, and 

possibly in Cowboy Cave17,18. Mammuthus dung from Bechan Cave produced 

radiocarbon dates on six isolate boluses ranging in age from 11,670 ± 300 to 13,505 ± 

580 uncorrected radiocarbon years before present. The contents of an additional 

Mammuthus bolus were separated (by O.K. Davis and P.S. Martin) into different 
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taxonomic groups (e.g. grass culms, Atriplex, sedge achenes) and AMS dated, producing 

14 ages between 11,630 ± 150 to 13,040 ± 280 yr BP18. The paleofecal specimen used 

here for the molecular analysis is from the same dung bed unit that yielded the 

radiocarbon dates listed above. 

 

Figure 1: The entrance to Bechan Cave, southeastern Utah. The entrance is approximately 10 m high. 
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Materials and Methods 

A sample of the presumed mammoth bolus (based on characters outlined in Mead 

et al.8) was selected by JIM and provided to HP as a ‘blind test’ to determine the 

identification of the dung producer. All work done prior to indexing amplification was 

completed in the dedicated ancient DNA clean rooms of the McMaster Ancient DNA 

Centre (Hamilton, ON). All post amplification work was done in the McMaster Ancient 

DNA Centre’s BioBubble, a post-amplification clean room in a different building. 

 

Figure 2: Bechan Cave dung. a, Single dung bolus presumed to be Mammuthus from Bechan Cave. b, 

Close-up of bolus showing the size of poorly-chewed contents. 
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Subsampling and Extraction 

We took two subsamples (10 mg and 35 mg) from the bolus (labelled sample 

#SP442) and as a control, a subsample of Mylodon darwinni bone (40 mg) as well as an 

extraction control (a tube with no sample) to act as a carrier and extraction blank 

respectively (Appendix A: Subsampling). All samples were washed with 500 µl of 0.5 M 

EDTA for 1.5 hours at 400 rpm and room temperature in an Eppendorf ThermoMixer 

followed by an 18 hour demineralization with 1 ml of 0.5 M EDTA under identical 

conditions. Samples were then spun down, supernatants removed and then digested using 

500 µl of a proteinase K buffer (Table A.1) at 50°C with rotation in a hybridization oven 

for 3 hours.  

 Supernatants were extracted with 900 µl of PCI (phenol/chloroform/ isoamyl 

alcohol) (pH 8) and 600 µl of chloroform. Demineralized supernatants underwent an 

additional round of PCI extraction due to substantial discoloration of the organic fraction. 

Both aqueous phases were then concentrated over a 30kDa Amicon Ultra 0.5 Centrifugal 

Filter tubes (EMD Millipore) and washed three times with 1xTE (pH 8–8.5). 15 µl of 

each extract was then additionally purified through MinElute PCR Purification Kit spin 

columns (Qiagen) using 6:1 volumes of Buffer PB, two washes with 750 µl of PE, and 

eluted in 15 µl of TEB (Buffer EB with 1 mM EDTA) and stored at -20°C. 

 

Library Preparation 

 10 µl of each MinElute purified extract were converted into UDG-treated Illumina 

sequencing libraries using double-stranded methods of library preparation described 

previously19,20 (Appendix A: Library Preparation). Libraries were amplified using unique 

P5 and P7 indexing primers20 and purified over MinElute using the manufacturer’s 

protocol eluting in 13 µl EBT. Exact concentrations for each step of library preparation 

and indexing can be found in Tables A.2 through A.6. 

 

Proboscidean Enrichment and Sequencing 

 In-solution enrichment was carried out with 10 µl of indexed library using a 

previously designed bait set21. The bait set comprises five Mammuthus mitochondrial 

genomes (GenBank Accession #NC015529, EU153447, EU153453, EU153456, and 

KX027526) and a single Mammut americanum mitochondrial genome (NC009547). 

Samples and blanks underwent two rounds of enrichment and sequencing using a 

modified version of the MYbaits protocol (MYcroarray) (Appendix A: Enrichment).  

 Size selected libraries (150 bp to 600 bp) were sequenced on an Illumina HiSeq 

1500, with a 2x85 bp (enrichment round 1) or 2x90 bp (enrichment round 2) paired-end 
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double-index protocol at the Farncombe Metagenomics Facility (McMaster University, 

ON). Sequencing data was demultiplexed using CASAVA v1.8.2.  

 

Sequence Curation and Analysis 

 Demultiplexed reads from both enriched libraries were pooled, trimmed, merged, 

and all reads greater than or equal to 24 bp were mapped against four mitochondrial 

reference genomes, those of a woolly mammoth (Mammuthus primigenius - NC007596), 

Columbian mammoth (Mammuthus columbi - NC015529), American mastodon (Mammut 

americanum - NC009574), and mylodon ground sloth (Mylodon darwinii - KR336794) 

using a custom pipeline (Appendix A: Mapping Pipeline). Mapped files were imported 

into Geneious v6.1.5 and screened for any insertions or deletions (indels), by checking for 

their presence or absence in all reads mapped to a specific region. Indels which did not 

appear in all reads mapped to a particular region were removed from the consensus. 

Regions identified with less than 3x coverage were masked with N’s. We obtained 

consensus sequences via mapping against each reference (>50% SNP support or a 

minimum of 2 out of 3 reads in low-coverage regions) and aligned them with 23 

representative complete mammoth mitochondrial genomes spanning all major 

haplogroups across North America and Siberia (Table A.15) using MUSCLE v3.8.3122. 

The variable number tandem repeat (VNTR) of each sequence was masked with 10 N’s. 

We used jModelTest v2.1.423 using the corrected Akaike information criterion (AICc) to 

choose an appropriate substitution model for all subsequent analyses.  

 Maximum likelihood phylogenies were generated using iqtree v0.9.624 for each 

consensus sequence generated via mapping to our four references separately as well as 

pooled together, using both TN+G4 and TIM+G4 substitution models and 200 bootstraps. 

Five BEAST v1.8.025 runs of 10 million generations each were performed using the 

Mammuthus columbi mapped consensus sequence along with the same 23 representative 

Mammuthus mitochondrial genomes. Individual runs were visualized with tracer v1.6.0, 

before being combined through logcombiner v1.8.0 (Table A.16). Maximum clade 

credibility trees were generated using TreeAnnotater v1.8.0 with a 10% burn-in. An 

Asian elephant mitochondrial genome (EF588275) was used as an outgroup. 

 In addition, we analyzed the total (post trimming and merging) and mapped 

fractions (>23 bp; Mammuthus columbi reference) of our sequence data via BLASTN 

v2.3.026 taking the top 5 hits. The output was visualized in MEGAN v5.11.327 and 

KRONA v2.628. 
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Xenarthran Enrichment 

 As an additional control, the remaining library from the samples and blanks was 

indexed and subject to two rounds of in-solution enrichment using a previously designed 

xenarthran bait set29. The xenarthran bait set was designed using representatives of 

modern xenarthran mitochondrial genomes and ancestrally inferred mitochondrial 

genomes to maximize the capture potential from extinct taxa29. Enrichments were carried 

out with 5 µl of indexed library, using an optimized protocol (Appendix A: Xenarthran 

Enrichment). All remaining preparation and analysis steps were identical to those used for 

the proboscidean enriched libraries, with the exception that sequencing was done only 

once using a 2x90 bp run on an Illumina HiSeq 1500, and data was demultiplexed using 

bcl2fastq v2.17.1.14 (Illumina). 

 

Results 

Proboscidean Enriched Libraries 

 We obtained a total of 5,605,400 raw sequencing reads across both subsamples 

and enrichment rounds (2,864,055 reads post trimming and merging). The 35 mg 

subsample performed better during enrichment, as seen via mapping, in almost every case 

except the first enrichment round mapping against Mammut americanum (Table 1).  

 Mapping of the total read dataset against the woolly or Columbian mammoth 

reference genomes (Mammuthus primigenius NC007596] and Mammuthus columbi 

[NC015529]) produced more uniquely mapped reads than they did when mapped to the 

mastodon (Mammut americanum [NC009574]) reference genome (3822 and 3825 vs. 

2119 respectively) (Table 1). Mapping against the Mammuthus columbi reference slightly 

outperformed mapping against Mammuthus primigenius, with slight increases in 

reference coverage and depth (81.6% at 8.1x and 80.1% at 8.0x respectively). Mean 

unique mapped fragment lengths followed the same trend, increasing slightly from 34 bp 

against Mammut americanum to 35.8 bp against both the Mammuthus columbi and 

Mammuthus primigenius references (Fig. A.1). 

Following enrichment with the proboscidean bait set, only 392 reads (with a mean 

fragment length of 31.2 bp) of the entire dataset mapped to a Mylodon darwinii reference 

(KR336794) producing a mean coverage of about 0.7x and covering ~7.0% of the 

reference (Table 1).  Not surprisingly, the vast majority of these fragments aligned to 

conserved regions of the 16S and 12S rRNAs as well as conserved regions of the D-loop. 

In these spots reads stacked with mean coverage within stacks ranged from 10.2x to 26x 

(Fig. A.2). 
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 Mapping of the carrier blank reads (7,543,298 raw sequencing reads) following 

enrichment with the proboscidean bait set, against each of the three proboscidean 

mitochondrial reference genomes, produced a similar trend with between 16,877 

(Mammut americanum) and 17,627 (Mammuthus columbi) reads mapping (Table 1). The 

majority of these reads were concentrated into a few conserved regions (primarily D-loop, 

12S rRNA, and 16S rRNA) where they formed stacks at very high coverage (540x to 

1416.7x). Mapping of the carrier blank reads against the Mylodon darwinii reference 

resulted in 59,831 reads mapped, covering 80.6% of the reference with a mean depth of 

224.5x, as would be expected given our choice of carrier. No sequence data was obtained 

for the extraction blank. 

A BLAST analysis of the proboscidean enriched mapped carrier reads (against the 

Mammuthus columbi reference) further illustrated the non-specificity of these reads with 

only 23 of the total mapped reads being identified as Elephantidae. But upon closer 

examination, the 23 Elephantidae-identified carrier reads were found to have worse 

mapping quality (mean quality of 31.2) than the carrier reads mapped against the Myldon 

darwinii reference (mean quality 36.6) or the Mammuthus columbi mapped reads from 

the Bechan Cave sample (mean quality 36.9). Twenty-two of these reads were also found 

to stack in conserved regions such as the 16S rRNA (7 reads), tRNA-Leu (6 reads), and 

the ND5 CDS (9 reads). One read mapped to the COX3 gene. In comparison, even our 

worst-performing library (10 mg sample following enrichment round 2 [26 reads]) 

contained only two regions with two overlapping mapped reads each. Additionally, all the 

reads that mapped to the 16s rRNA and tRNA-Leu regions were found to map better 

(defined as fewer substitutions between the reads and the reference) to the Mylodon 

darwinii reference, while the COX3 read was found to map equally well. Finally, the 23 

identified Elephantidae reads in the carrier blank comprise a relatively small proportion 

(0.0007% of unique carrier reads post trimming and merging) when compared with the 

Elephantidae-identified reads of the paleofecal sample (0.1% unique reads post trimming 

and merging). Therefore, while it is possible these reads comprise contamination (either 

cross between the dung sample and the blank or background airborne contamination) or 

have been incorrectly identified by BLAST (due to random similarity or database 

underrepresentation), it is likely that these and similar reads did not have any effect on the 

consensus we generated from our paleofeces. 

 

Xenarthran Enriched Libraries  

 We obtained 11,837,066 raw reads combined from the 10 mg and 35 mg 

subsample libraries following enrichment with the xenarthran bait set. Mapping against 

each of the three proboscidean reference genomes produced between 872 (Mammut 

americanum) and 1132 reads (Mammuthus primigenius and Mammuthus columbi), and 

609 reads when mapped against the Mylodon darwinii reference (Table 2). The vast 
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majority of these reads tend to be concentrated in conserved regions, primarily within 

rRNA, tRNA, and intragenic regions (Fig. A.3). Notably, 58% to 65% of the mapped 

reads to Mammut americanum reference and both Mammuthus references were still 

identified as Elephantidae (Fig. A.4 to A.6) through BLAST analysis. Although the 

number of Elephantidae identified reads falls to 27% when mapped against the Mylodon 

darwinii reference, it still represents the most abundant family-level contributor (Fig. 

A.7). 

In comparison the carrier blank (14,538,132 raw reads) had significantly more 

mapped reads against each of the proboscidean references, but they were again found 

primarily within stacks in the same conserved regions as before. However, when mapped 

against the Mylodon darwinii reference we obtained about 725,271 reads mapping, 

resulting in approximately 87.5% coverage of the reference with a mean depth of 

2788.2x.  

 

Mapped Read BLAST 

To be certain of the identity (origin) of our reads, we analyzed all 3825 reads that 

mapped to the Mammuthus columbi reference from the combined dataset using the 

BLASTN algorithm at NCBI. Forty-nine percent of all reads returned hits as belonging to 

at least Mammuthus (Fig. A.8). When considering mapped reads less diagnostic between 

proboscidean species and could only be identified confidently at the family-level 

(Elephantidae) this ratio increases to 89%.  

 

Total Enriched Reads BLAST 

    Reads that could be confidently identified at the familial level (Elephantidae) 

formed a very small fraction of the total sequenced data from both samples, even after 

two rounds of enrichment. Following the first enrichment round, the 10 mg and 35 mg 

subsamples had only 0.08% and 0.12% of the total reads identified as Elephantidae 

respectively (Figs A.9 and A.10). Following the second round of enrichment, the 10 mg 

subsample produced 0.29% Elephantidae-identified reads representing a 3.63 fold 

increase, whereas the 35 mg subsample increased to ~2.2% Elephantidae-identified reads 

representing an 18.3 fold increase (Figs A.11 and A.12). The majority of all identified 

reads were bacterial in origin, constituting 83% to 76% of the 10 mg subsample and 78% 

to 76% of the 35 mg subsample (enrichment rounds 1 and 2 respectively).  
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Table 1: Proboscidean Enrichment. Mapping statistics of both proboscidean enrichment and sequencing rounds for libraries generated from the SP442 

subsamples and from the carrier blank. The number of unique mapped reads 24 bp or greater from each subsample or carrier that mapped against each 

mitochondrial reference genome is shown following enrichment rounds 1 and 2. The Total column contains the total number of unique mapped reads 24 

bp or greater that mapped against each reference combing across subsamples (for the 10 mg and 35 mg libraries) and enrichment rounds. The % 

coverage of each reference genome and the average depth of coverage when all regions with <3x coverage were removed from the consensus and 

masked with N’s of the total dataset, is shown in the coverage column. 

 

Proboscidean Enrichment 

Reference 

Genome 

Unique Mapped Reads (>23bp) 
Coverage (>=3x) 

Enrichment Round 1 Enrichment Round 2 Total 

SP442 Bolus 
Carrier 

SP442 Bolus 
Carrier SP442 Carrier SP442 Carrier 

10 mg 35 mg 10 mg 35 mg 

Mammut 

americanum 

(NC009574) 

129 74 198 11 2014 16,823 2119 16,877 
42.7% / 

4.1x 

15.8% / 

48.8x 

Mammuthus 

primigenius 

(NC007596) 

87 134 208 26 3717 17,374 3822 17,430 
80.1% / 

8.0x 

18.3% / 

49.1x 

Mammuthus 

columbi 

(NC015529) 

86 134 211 26 3625 17,570 3825 17,627 
81.6% / 

8.1x 

18.1% / 

51x 

Mylodon 

darwinii 

(KR336794) 

8 18 1029 4 365 59,229 392 59,831 
7.0% / 

0.7x 

80.6 % / 

224.5x 
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Table 2: Xenarthran Enrichment. Mapping statistics of for the SP442 subsamples and the carrier blank following enrichment with the xenarthran bait 

set. The number of unique mapped reads 24 bp or greater that mapped against each mitochondrial reference genome is shown both individually and 

combined across subsamples. The % coverage of each reference genome and the average depth of coverage when all regions with <3x coverage were 

removed from the consensus and masked with N’s, is shown in the coverage column. 

 

Xenarthran Enrichment 

Reference 

Genome 

Unique Mapped Reads (>23bp) Coverage (>=3x) 

SP442 Bolus 

Mylodon 

Carrier 

SP442 Bolus 

Mylodon 

Carrier 10 mg 35 mg 
Combined (10 

mg + 35 mg) 
10 mg 35 mg 

Combined (10 

mg + 35 mg) 

Mammut 

americanum 

(NC009574) 

222 662 872 28,435 
6.3% / 

0.4x 

12.9% / 

1.3x 
14.5% / 1.7x 

29.4% / 

75.0x 

Mammuthus 

primigenius 

(NC007596) 

264 881 1132 29,911 
0.4x / 

7.5% 

20.1% / 

1.7x 
22.7% / 2.3x 

28.2% / 

77.4x 

Mammuthus 

columbi 

(NC015529) 

264 880 1132 29,911 
7.6% / 

0.4x 

20.3% / 

1.8x 
23.0% / 2.3x 

28.7% / 

80.1x 

Mylodon 

darwinii 

(KR336794) 

173 463 609 725,271 
4.6% / 

27.5x 

8.3% / 

29.7x 
9.5% / 30.1x 

87.5% / 

2788.2x 
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Phylogeny 

 Our maximum likelihood analyses firmly placed all Bechan Cave consensus 

sequences within Clade 1, haplotype F/C21,30, regardless of the reference genome used for 

mapping, substitution model, or when tested individually or together (Figs A.13 to A.20). 

This result was further corroborated through our BEAST analyses, with the Mammuthus 

columbi reference and the Bechan Cave consensus clustering within Clade 1, haplogroup 

F/C with high posterior probability (Fig. 3). Notably, this haplogroup contains all 

currently described diversity of Mammuthus columbi mitochondrial DNA21. 

 

Conclusions 

We have reconstructed a nearly complete mammoth mitochondrial genome from 

the DNA of a paleofecal bolus from Bechan Cave, Utah. Our results corroborate the 

morphological analyses of Mead et al.8 in that the dung blanket of Bechan Cave was 

likely predominantly produced by mammoths and not other proboscideans nor other 

megafaunal species endemic to the area during the late Pleistocene. The placement of the 

Bechan Cave consensus sequence within Clade 1, haplogroup F/C suggests that the 

inhabitants of Bechan Cave were corresponding well with the known phylogeography of 

North American Mammuthus species21,31,32.  

These results further illustrate the utility in working with paleofecal remains for 

ancient DNA analyses. Paleofeces can be a source of endogenous DNA from the target 

organism10,14,33–35, in circumstances where skeletal remains of the defector are absent, 

such as Bechan Cave. While the high abundance of microbial DNA36 in palaeofeces 

restricts the accessibility of target eukaryotic DNA, advances in ancient DNA 

methodologies (such as targeted enrichment) have allowed for those minute fractions to 

answer long standing paleontological questions.  

 

Data Availability 

 The Bechan Cave consensus sequence generated against the Mammuthus columbi 

mitochondrial reference genome has been uploaded to NCBI under the GenBank 

accession #KX712146.  
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Figure 3: Phylogenenetics of Bechan Cave mammoths. Maps showing the distribution and (a) 

paleontological identification or (b) mitochondrial haplotype of representative North American mammoth 

specimens used in this study. The approximate location of the Bechan Cave specimen is indicated by a red 

star in both maps. c, Combined maximum clade credulity tree with a Bechan consensus generated against 

the Mammuthus columbi reference genome and 23 other representative mammoth genomes from five 

independent BEAST runs. An Asian elephant whole mitochondrial genome was included as an outgroup. 

Nodes with posterior support greater than 0.95 are indicated with an asterisks (*). Haplogroup and species 

identification coloring corresponds to the coloring in (A) and (B). Haplogroups are defined as in Enk et 

al.21; however in some studies haplogroups F and C are collapsed (into just haplogroup C) due to the 

paraphyletic nature of this clade.  
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Abstract 

 Pleistocene glacial-interglacial cycles are correlated with dramatic temperature 

oscillations. Examining how species responded to these natural fluctuations can provide 

valuable insights into the impacts of present-day anthropogenic climate change. Here we 

present a phylogeographic study of the extinct American mastodon (Mammut 

americanum), based on 35 complete mitochondrial genomes. These data reveal the 

presence of multiple lineages within this species, including two distinct clades from 

eastern Beringia. Our molecular date estimates suggest that these clades arose at different 

times, supporting a pattern of repeated northern expansion and local extirpation in 

response to glacial cycling. Consistent with this hypothesis, we also note lower levels of 

genetic diversity among northern mastodons than in endemic clades south of the 

continental ice sheets. The results of our study highlight the complex relationships 

between population dispersals and climate change, and can provide testable hypotheses 

for extant species expected to experience substantial biogeographic impacts from rising 

temperatures.  
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Introduction  

 Anthropogenic climate change is causing considerable increases to the earth’s 

mean surface temperatures1 and ecological stress2. As a consequence, many species are 

experiencing demographic declines or extinction, or are shifting their ranges into regions 

that have become more habitable given new environmental conditions3–6. Although 

human practices have been the primary cause of global temperature changes over the past 

century, the phenomenon of large-scale, climatically driven environmental change has 

occurred numerous times, at varying temporal scales, during the Quaternary period the 

last 2 Ma. The largest changes involved the alternation of glacial and interglacial 

intervals, which for the past 800 thousand years (ky) have operated on cycles of ~100 ky7. 

These cycles resulted in periodic ice-sheet expansion across ~50% of the habitable land in 

North America8 and fluctuations in global mean annual temperatures of greater than 10 

°C9–11.  

 The high-magnitude climate changes associated with glacial-interglacial cycles 

also resulted in dramatic rearrangement of North American terrestrial ecosystems and 

vegetation zonation12. Furthermore, these climate changes had substantial impacts on the 

amount of habitable land available as glacial formation and advance coupled with global 

sea level drop enabled new continental shelf lands to emerge during Pleistocene cold 

periods. Inversely, periods of climatic warming, such as those during previous 

interglaciations, resulted in climatic and biogeographic configurations across the 

continent similar to those experienced today. Examining the phylogeographic and 

demographic impacts of these major climatic oscillations on ancient populations can 

inform our understanding of how species respond to this scale of change and aid in the 

construction of predictive frameworks. 

 Ancient DNA recovered from fossil bones and teeth enables us to directly 

examine the genetics of extinct species over long periods of time. These methods can 

provide a nuanced understanding of responses (e.g. migration and extinction) to climatic 

stressors during the Pleistocene, and have already revealed demographic trends that are 

not easily recovered with traditional palaeontological techniques13–16. Most 

phylogeographic studies of North American Pleistocene taxa have focused on species 

adapted to grassland or steppe-tundra, and their responses to the arrival of humans and 

terminal Pleistocene warming13,17–19. Yet past climate change, particularly intervals of 

sharply increasing temperatures such as that which occurred during Marine Isotope Stage 

(MIS) 5e (Sangamonian interglaciation) ~125,000 years ago (kya), is also likely to have 

had substantial impacts on megafaunal populations14,20,21. This kind of climate-driven 

pressure would have especially applied to species adapted to forests and mixed woodland 

habitats, because these biomes, which greatly expanded during warmer interglacial 

intervals, were subsequently replaced or rendered inaccessible during subsequent 

glaciations12,20.  
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 American mastodons (Mammut americanum) were an iconic part of wooded and 

swampy habitats in Pleistocene North America22–24, with remains recovered from the 

Central American subtropics to the Arctic latitudes of Alaska and Yukon20,25. Stable 

isotope data, dental morphology, and microwear analyses reveal some regional and 

chronological variation or flexibility in diet, although C3 woody browse vegetation (e.g. 

spruce trees) seems to have been preferred25–28. Like most proboscideans, the mastodon 

was a keystone species and served an important role in maintaining the integrity and 

diversity of its preferred habitats25,29,30. 

 According to recent palaeontological investigations, mastodons and mammoths 

displayed contrasting responses to cyclical glacial-interglacial climatic shifts. Temporal 

analyses of mastodon distribution patterns within the American midcontinent31 and 

eastern Beringia (present-day unglaciated areas of Alaska and Yukon)20 have inferred that 

American mastodons briefly expanded into high latitudes during the last interglaciation 

(MIS 5), but underwent regional extirpation when climates became much colder during 

the last glaciation (i.e., MIS 4 to MIS 2), surviving thereafter only in lower-latitude 

temperate regions in North America. These extirpations were likely caused by climate-

driven changes in vegetation at the onset of glaciation, which, by contrast, favoured the 

spatial expansion of mammoths and other grazing species adapted to steppe-tundra. 

However, these arguments remain difficult to test empirically. This is particularly the case 

for eastern Beringia where there is often little or no chronostratigraphic context for 

mastodon fossils, and which regularly return age estimates greater than the effective limit 

of radiocarbon (14C) analysis (i.e., >50,000 years ago)20. Alternative dating methods, such 

as optically stimulated luminescence, may eventually prove useful but have yet to be 

applied to questions like these.  

 Here we present an alternative approach to testing models of expansion-

extirpation due to glacial-interglacial cycling, using detailed phylogeographic analysis 

and Bayesian clock dating of American mastodon mitochondrial genomes. Our findings 

suggest that American mastodons repeatedly expanded into northern latitudes in response 

to interglacial warming. However, we also note that northern clades have extremely low 

levels of genetic diversity, highlighting an important consideration for the conservation of 

modern species exhibiting similar dispersal patterns. 

 

Results and discussion 

Mastodon Phylogeography 

 Subsamples from fossil bones and teeth of American mastodons were obtained 

from museums, universities, and government institutions across North America 

(Supplementary Data 1). Complete mitochondrial genomes were sequenced from 33 of 

122 specimens (~27% success rate), with completeness defined as >80% sequence 
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coverage of the M. americanum mitochondrial reference (GenBank accession 

NC_035800), at a minimum coverage depth of 3 (Fig. 1A; Supplementary Fig. 2). 

Alignments contained 1,492–51,113 uniquely mapped reads, with the short inserts (mean 

fragment sizes 37.26–76.63 bp) and terminal cytosine deamination that are characteristic 

of authentic ancient DNA (Supplementary Methods – Sequence Authenticity and Map 

Damage). Partial sequences were also obtained from another 12 specimens, ranging from 

46 to 580 uniquely mapped reads, but these were excluded from all subsequent analyses 

(Supplementary Table 31).  

 We identified five well supported major clades in the mitogenomic phylogeny 

(Fig. 1B), through a combination of maximum-likelihood and Bayesian methods 

(Supplementary Methods – Phylogenetic Analyses). We named the five clades by the 

approximate geographic provenance of their constituent specimens (i.e., A = Alaska; Y = 

Yukon; G = Great Lakes; M = Mexico; L = Alberta/Missouri). We included two 

specimens from Virginia (southeastern USA; ETMNH 19334 and ETMNH 19335) in 

Clade G, due to the lower support for their monophyly. We also tentatively assigned a 

single specimen, NSM092GF182.011 from Nova Scotia (eastern Canada), dated to 74.9 ± 

5.0 ky32, to a separate Clade N. This specimen is geographically and temporally distinct; 

given the deep divergence that we estimate for this lineage, it is likely to represent a 

separate group of east coast mastodons from the Sangamonian interglaciation of MIS 5. 

 The phylogenies inferred by Bayesian and maximum-likelihood methods were 

consistent, except for the placements of the two specimens in Clade M (DP1296 and 

RAM P97.7.1). When the tree is rooted with a Mammuthus (mammoth) outgroup, Clade 

M is rendered paraphyletic, albeit with low bootstrap support (79%). However, the 

monophyly of this clade is supported by midpoint-rooted trees inferred using maximum 

likelihood, as well as by Bayesian methods (Fig. 1B; Supplementary Methods – 

Phylogenetic Analyses).  

 We find evidence of broad phylogeographic structure, with mastodons from 

neighbouring localities generally being more closely related. This trend is also observed 

in North American mammoths33, as well as in African34 and Asian elephants35, and is due 

to the matrilocal nature of proboscidean herds. A matrilocal herd structure for mastodons 

has also previously been argued based on difference in tusk growth profiles between 

males and females upon reaching sexual maturity36, and relationships in preserved 

trackways37. Notably, female proboscidean philopatry also results in deep divergences 

between clades38 and possibly explains the deep divergences that we observe in 

mastodons. 

  Despite the limited geographic dispersal expected within proboscidean matrilines, 

we identify two independent and genetically divergent clades (A and Y) that consist 

primarily of specimens from eastern Beringia. Clade Y is grouped with Clades G, L, and 

N, and diverged from Clade A between 1.37 million years ago (95% HPD interval: 857–
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1,881 kya, when the ages of all undated ancient samples are estimated simultaneously in a 

“Joint” analysis) and 609 kya (95% HPD interval: 335–998 kya, when the ages of 

undated ancient samples are “Individually Dated”).  

 

 

Fig. 1: Phylogeographic relationships of American mastodons. a, Locations of specimens included in 

this study. Circles indicate specimens for which complete mitochondrial genomes were obtained, coloured 

according to their clade assignment. Stars indicate previously sequenced specimens (EF632344, Alaska; 

NC_035800, Massachusetts). The locations of specimens from Alberta and eastern Beringia have been 

jittered to aid visualization (see Supplementary Fig. 2 for an unmodified version). b, Phylogenetic tree 

inferred by the Joint analysis. Median posterior ages are given for major nodes in the tree. Support values 

for each node represent posterior probabilities from the Joint (PPJT) and Individually Dated (PPID) analyses. 

The δ18O record for the last 3.5 million years is shown below the tree7, with the approximate extent of the 

MIS 5 interglacial period shaded in grey. Clades identified in this study are designated by colour and named 

where possible by the geographic provenance of their members (i.e., A = Alaska; Y = Yukon; G = Great 

Lakes; M = Mexico; N = Nova Scotia; L = Alberta/Missouri). Specimens with finite radiometric or 

geological ages are indicated with asterisks.   
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  Specimens from Alberta are found in three of the five well-defined clades (L, M, 

and Y; Fig. 1), highlighting a complex ecological and biogeographical history that could 

not have been recovered from the palaeontological record alone. Notably, central Alberta 

was the site of maximum convergence of the Laurentide and Cordilleran ice sheets, and 

contained the earliest deglaciated corridor connecting areas north and south of the ice 

sheets following latest Pleistocene deglaciation8. Previous work on Bison has shown that 

this region was also the site of dynamic range changes in response to this last deglaciation 

episode, with rapid population expansions into the region from both Beringian and 

southern areas coinciding with glacial retreat16,19. While further research is required to 

determine whether these findings also apply to other taxa and time periods, the 

phylogenetically divergent placements of Alberta mastodons suggest that this region was 

one of immense biological fluidity for this species as well.  

 

Mastodon Sample-Age Estimation 

 To explain the extirpation of American mastodons in eastern Beringia during the 

last glaciation, Zazula et al.20 proposed a palaeoecological model that tied mastodon 

occupation generally to the MIS 5 interglacial, when the regional vegetation would have 

been dominated by mixed boreal forests and wetlands39. Assuming that mastodon 

presence in Beringia varied with vegetation type, the question becomes whether there was 

a repeated pattern of mastodon expansion and extirpation corresponding to the ~100 ky 

glacial-interglacial cycle (Fig. 2). Evidence for extending the palaeoecological model in 

this way should include both a temporal signal (i.e., high-latitude mastodon presence 

should correlate with known interglacial intervals) and a biogeographic signal (i.e., high-

latitude populations ought to display lower levels of genetic diversity than southern 

populations, as a consequence of restricted subsets of matrilocal herds expanding 

northward as environmental conditions ameliorated). 

 Mastodon specimens from eastern Beringia and Alberta were determined by 

radiocarbon analysis to be greater than 50,000 years old, or analytically non-finite, and 

are often found out of stratigraphic context20,40. In the absence of any other applicable 

direct-dating method associated with a large date archive, we used a molecular clock 

analysis41,42 to estimate the ages of high-latitude specimens. Although molecular dating 

tends to produce date estimates that are less precise than those of some radiometric or 

geological methods, its accuracy has been demonstrated in studies of simulated and 

molecular data41 as well as morphological data42. Additionally, in cases where little to no 

temporal information is available, estimating the ages of undated specimens allows the 

inclusion of these specimens when they would otherwise need to be excluded from 

molecular dating analyses. We used two separate approaches to estimate the ages of the 

undated specimens: one where the dates of all specimens were estimated simultaneously 
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(Joint; JT), and one where we estimated the dates of specimens individually before 

analysing all of the samples together (Individually Dated; ID).  

 

Figure 2: Model of mastodon extirpation and expansion in response to glacial cycles. a, Global stack of 

benthic foraminifera δ18O for the last 1 million years, which tracks changes in deep-water temperature and 

global ice volume. The y-axis has been inverted so that periods of low ice buildup (and higher temperatures 

– red) are at the top of the graph, and periods of greater ice buildup (and lower temperatures – blue) are at 

the bottom. Marine Isotope Stage (MIS) extents are indicated with black bars above (interglacials) or below 

(glacials) the δ18O record. δ18O values and MIS terminations can be found in Lisiecki & Raymo7. One full 

glacial cycle is represented, showing the change from glacial (b) to interglacial (c) conditions, followed by 

a fall back into another glaciation (d). North American ice-sheet cover at each stage (c-d) is approximated 

from recorded δ18O to similar conditions during the transition out of the last glaciation8, or from published 

simulations where available (b)65. The ecological implications of these transitions are summarized in e-f, 

with mastodons being able to occupy most of eastern Beringia and Canada during interglacials (e), but 

progressively extirpated from these regions as conditions descend into the next glacial period (f). 

Populations would either need to retract to unglaciated regions south of the ice sheets or north to 

temporarily unglaciated refugia which would be unlikely to support mastodon populations throughout long 

glaciations. 
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 Median posterior ages for the east Beringian Clade Y mastodons ranged between 

98–130 kya (JT) and 74–91 kya (ID) (Fig. 3), falling within the boundaries of the MIS 5 

interglacial, the last major extended warm period prior to the Holocene7. Although the 

95% HPD intervals of the age estimates for individual samples are wide (combined 

Beringian mastodon 95% HPD range – JT: 50–219 ky; ID: 50–125 ky), their probability 

density is concentrated around times that correspond well with MIS 5, with the mode of 

each distribution also being located within the timespan of the MIS 5 interglaciation 

(Supplementary Table 42). Additionally, while the Joint analysis also includes a small 

subset of ages corresponding to the previous interglacial (MIS 7; ~191–243 kya)7 within 

some specimens’ 95% HPD interval, these ages are not recovered in the Individually 

Dated analysis. These findings strongly suggest that mastodon habitation in Eastern 

Beringia coincided with interglacial periods, as expected under our palaeocological 

model.  

 

Figure 3: Marginal posterior densities of specimen ages in molecular dating analyses. Specimens are 

coloured by clade and arranged as in Fig. 1B. Each violin represents the 95% HPD interval of each 

specimen age estimated in the Joint (left) and Individually Dated (right) analyses. The δ18O record for the 

last 800 thousand years is overlaid below both plots and corresponds to the one in Fig. 2A, with the 

approximate extent of the MIS 5 interglacial shaded in grey. The dashed grey line at 13 kya represents the 

lower bound imposed by the youngest specimen in the analyses.  
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 East Beringian mastodons in Clade A had much older posterior age estimates than 

Beringian mastodons in Clade Y. Median ages for UAMES 11095 were 586 ky (JT 95% 

HPD interval: 329–800 ky) and 267 kya (ID 95% HPD interval: 152–410 ky), and median 

ages for UAMES 30197 were 558 ky (JT 95% HPD interval: 292–784 ky) and 254 ky (ID 

95% HPD interval: 142–397 ky). However, the 95% HPD intervals of the ages of these 

specimens were much wider than those of specimens in Clade Y, spanning many more 

glacial and interglacial periods, and making it difficult to tie them to any specific marine 

isotope stage. Nevertheless, the ages of both specimens have 95% HPD intervals that do 

not overlap with those of east Beringian mastodons in Clade Y, which suggests that 

mastodons in these two clades are temporally distinct. Combined with their divergent 

positions in the phylogeny, these results are consistent with Clade A mastodons being part 

of a separate colonization event during an earlier interglaciation. 

 The Joint and Individually Dated analyses both estimate young ages for two 

mastodon individuals in Clade G. AMNH 988 has a median posterior age of 28 ky (JT 

95% HPD interval: 13–71 ky) and 17 ky (ID 95% HPD interval: 13–27 ky), while 

UM13909 has median posterior ages of 43 ky (JT 95% HPD interval: 13–94 ky) and 21 

ky (ID 95% HPD interval: 14–38 ky). In all analyses, however, the posterior age densities 

for these specimens have greater probability mass toward younger values and abut the 

lower bound at 13 kya, a hard limit based on the age of the youngest specimen in the 

dataset, INSM 71.3.261. These results are broadly consistent with the expected ages of 

these two specimens, given the radiometric and geological ages of other mastodons in this 

clade. Nevertheless, the shapes of the posterior age distributions suggest that these 

specimens might actually be younger than 13 ky.  

 Alberta mastodons were estimated at a range of ages, congruent with an 

interpretation of highly dynamic biogeographic landscape characterized by population 

turnover. However, we note that the limited number of specimens from this region, the 

wide 95% HPD intervals of their ages, and their scattered positions across the phylogeny 

make it difficult to tie them to specific periods. Specimen RAM P94.16.1B had a greater 

median posterior age (JT: 208 ky; ID: 117 ky) than other mastodons within its clade, 

although its 95% HPD interval overlapped those of other Clade Y mastodons (JT: 119–

311 ky; ID: 82–163 ky). The widths of the 95% HPD intervals and their overlap also 

varied between the two analyses, and in their association with either the MIS 5 or MIS 7 

interglacial. However, should this specimen ultimately be shown to date to MIS 7, it 

would suggest successive colonization events from the same or a similar source 

population.  

 The Alberta sample RAM P94.5.7 had a median posterior age estimate similar to 

those of mastodons in Clade A (JT: 474 ky; ID: 221 ky), but also with a wide 95% HPD 

interval that makes it difficult to associate with any particular marine isotope stage. 

However, unlike the separation between Beringian mastodons in Clade Y and Clade A, 
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the 95% HPD intervals of the ages of RAM P94.16.1B and RAM P94.5.7 do overlap by 

37 ky (JT) and 35 ky (ID), making their separation more uncertain.  

 The posterior density of the age of sample RAM P97.7.1 had a mode within the 

MIS 5 interglacial age boundaries (Supplementary Table 42), but with a very wide 95% 

HPD interval (JT: 50–467 ky; ID: 50–763 ky). As with mastodons in Clades A and L, this 

pattern is likely to be due to its phylogenetic position and deep divergence from the 

majority of calibration points in the dataset.  

 

Figure 4: Pairwise genetic distance heatmap for all samples in Clades Y and G. Pairwise genetic 

distances for all samples in Clade G (including ETMNH 19335 and ETMNH 19334) and Clade Y 

(including RAM P94.16.1B). Genetic distances are calculated using the F84 model of nucleotide 

substitution. Nucleotide diversity within each clade (outlined with the thick black border) is indicated. All 

values are given in substitutions per site. 
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Genetic Diversity within Mastodon Clades 

 Under a model of repeated expansion and extirpation, northern clades of 

mastodons would be expected to have lower levels of genetic diversity. This pattern 

would be consistent with repeated expansion of small founder matriarchal herds in 

response to climatic warming during interglaciations, and the transient nature of their 

occupation of northern latitudes. Genetic diversity is expected to be higher among 

samples from regions south of the continental ice sheets that were likely to have been 

inhabited by populations of mastodons throughout the Pleistocene. We examined levels of 

nucleotide diversity within our dataset to test this hypothesis. 

 Clade Y had a low nucleotide diversity (π) of π = 8.7910-5 substitutions per site 

(standard deviation (SD) = 8.910-5 substitutions per site) or 1.0110-4 substitutions per 

site (SD = 9.3810-5 substitutions per site) when including the potentially temporally 

distinct Alberta specimen (RAM P94.16.1B) (Fig. 4). The genetic distance between the 

two mastodons in clade A was also quite small (1.2410-4 substitutions per site). By 

comparison, there were much higher levels of nucleotide diversity in clade G, which 

contains mastodons from south of the ice sheets, their endemic range. This was the case 

when either including (π = 1.1710-3 substitutions per site; SD = 7.8710-4 substitutions 

per site) or excluding (π = 8.0910-4 substitutions per site; SD = 5.3110-4 substitutions 

per site) the two mastodons from Virginia. This is consistent with expectations of small 

numbers of matrilocal mastodons expanding northward in response to glacial retreat, and 

also supports previous palaeoecological models of environments inhabited by northern 

mastodons.  

 

Conclusions 

 Our sequencing and analysis of 33 mitochondrial genomes of the American 

mastodon, Mammut americanum, provides a framework for interpreting the genetic 

diversity of the species across space and time. We have identified six mitochondrial 

clades that span nearly the entire North American continent, from Alaska to Mexico. The 

two predominantly eastern Beringian clades are likely to have originated from separate 

expansions of mastodons into the region. We also note that the individuals from Alberta 

are distributed across the phylogenetic tree, highlighting the dynamic nature of American 

mastodon dispersal between southern and northern latitudes. Our proposed clade 

nomenclature may need revision as further mitochondrial genomes are sequenced, and as 

geographic and temporal gaps are filled. This applies especially to specimens in Clade M, 

which have a deep coalescence time and may stand as sole representatives of multiple 

lineages that are deeply divergent from the remaining mastodons. 
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 Our analyses add further support for the model20 that proposed that American 

mastodons only occupied higher latitudes (i.e., Canada and Alaska) during interglacials, 

when prevailing warm climatic conditions supported the establishment of forests and 

wetlands. The presence of temporally distinct clades in Alaska and Yukon indicates that 

the inferred pattern of expansion during warm interglaciations, followed by local 

extirpations and range contraction to the south during colder times, was likely to have 

been a recurring scenario. We infer that this was a major, and perhaps widespread, 

biological response to global glacial-interglacial cycling that affected many species in 

eastern Beringia (e.g. western camel Camelops hesternus21; giant beaver Castoroides 

ohioensis43). Similar processes presumably occurred in Eurasia, with warm-adapted 

species such as hippopotamuses and hyaenas episodically expanding their ranges 

northward during earlier interglaciations into previously ice-dominated areas like the 

British Isles and Scandinavia44–46. However, this pattern also poses further questions: for 

example, why were species that had managed to repeatedly expand into the northernmost 

parts of North America during previous interglacials unable to do so following the return 

to interglacial conditions after the last glacial maximum (~21 kya)? Were they already in 

severe decline? More critically, will similar trends be seen in extant browsers?  

 At present, numerous bird5, fish4, and mammal communities47,48 in northern North 

America are undergoing rapid restructuring in response to climatic warming. Moose47 and 

beavers48, iconic members of present-day northern boreal forest, have expanded their 

ranges northward by hundreds of kilometres in the last few decades alone. Our data 

suggest that regional expansion of at least some southern, temperate populations into 

northern latitudes is a probable outcome of the warmer and wetter conditions of today. 

However, populations at the expansion front are likely to be a subset of the current global 

diversity of these species, leaving them vulnerable if more genetically diverse southern 

populations are eventually lost. The phylogeographical history of Pleistocene megafauna 

can serve as a useful example for understanding the ecological responses of present-day 

species, and can generate testable hypotheses about the consequences of anthropogenic 

environmental impacts.  

 

Methods  

Sample Acquisition and Subsampling 

 Mastodons were subsampled at each of the institutions that contributed specimens 

to this study (Supplementary Data 1). Subsamples were then sent to the McMaster 

University Ancient DNA Centre, with all further processing conducted in dedicated 

ancient DNA clean rooms. 
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DNA Extraction and Processing 

 Specimens were processed using a variety of wet-lab methodologies in an attempt 

to maximize the probability of successful DNA extraction, and as new techniques were 

developed and modified to overcome issues with DNA recovery, inhibition, and poor 

endogenous preservation. Between 30 and 349.9 mg of material were demineralized and 

digested in successive rounds with 0.5 M EDTA or a Proteinase K digestion buffer. 

Supernatants were pooled and extracted using either organic or two different 

guanidinium-silica based extraction methods49,50. UDG-treated and non-UDG-treated 

libraries were prepared using double-stranded51,52 or single-stranded methodologies53,54, 

with some modifications from in-house optimization. Following indexing, all libraries 

underwent 1–2 rounds of in-solution enrichment with a comprehensive proboscidean bait 

set33, to increase the relative abundance of the degraded endogenous fraction. Full 

methods for each sample are given in Supplementary Data 1 and the Supplementary 

Methods.  

 

Sequence Mapping and Curation 

 Demultiplexed reads were trimmed and merged with leeHom55, using the ancient 

DNA flag, and the double-stranded or single-stranded library adapter sequences as 

appropriate. Reads were then mapped against the M. americanum mitochondrial reference 

genome (NC_035800) using a network-aware version of BWA56 

(https://github.com/mpieva/network-aware-bwa) with common ancient DNA settings: 

maximum edit distance of 0.01 (-n 0.01), a maximum of two gap openings (-o 2), and 

seeding effectively disabled (-l 16500). Mapped reads that were either merged or properly 

paired were extracted using the retrieveMapped_single_and_ProperlyPair program of 

libbam (https://github.com/grenaud/libbam). Replication duplicates were then removed 

based on unique 5’ and 3’ positions (https://bitbucket.org/ustenzel/biohazard/src/master/), 

and filtered to remove sequences below a minimum length of 24 bp and mapping quality 

of 30. Specimens with multiple libraries were combined at this point, and underwent 

additional duplicate removal if they contained the same index pair (Supplementary 

Methods – Reference Guided Mapping). 

 Alignments were imported into Geneious v6.1.5 and manually curated to remove 

any sequencing artefacts. Regions below our requirement of 3 minimum depth coverage 

were masked with Ns. Due to stacking observed in conserved mitochondrial regions (e.g. 

16S rRNA, D-loop), we further masked any positions with coverage depths greater than 

three standard deviations from the mean that displayed multi-allelic variants 

(Supplementary Methods – Sequence Curation). The variable number tandem repeat 

(VNTR) region of each sequence was masked with Ns in accordance with the 
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NC_035800 reference. Final consensus sequences were obtained using the majority base 

call at each position.  

 

Model Selection and Phylogenetic Analyses 

 The 33 new mitochondrial genomes were aligned with the only two mastodon 

mitochondrial genomes previously published, MAS1 (NC_035800) and IK-99-237 

(EF632344), using MUSCLE v3.8.3157. Model selection was performed using 

jModelTest v2.1.458 with the corrected Akaike information criterion. The HKY+G model 

was chosen for all subsequent analyses. 

 The phylogeny was inferred by maximum-likelihood analysis using IQ-TREE 

v1.6.659. We used two approaches to root the tree, either by midpoint-rooting or by 

including an outgroup comprising two mammoth mitochondrial genomes (NC_007596 

and NC_015529). In each case, node support was estimated using 1000 bootstrap 

replicates. 

 Both of the sequence alignments were also used for Bayesian phylogenetic 

inference in BEAST v.1.8.060 using an HKY+G4 model, a constant population size tree 

prior, a strict clock model, and default specifications for all priors.(Supplementary 

Methods – Phylogenetic Analyses). The analysis was run for 10 million steps sampling 

every 1000 states.   

 

Sample-Age Estimation  

 We compared coalescent tree priors and clock models by calculating their 

marginal likelihoods using generalized stepping-stone sampling61 (Supplementary 

Methods – Model Testing With GSS) in BEAST v.1.10.562. We ran two separate age-

estimation analyses. In the first approach, we jointly estimated the ages of all of the 

undated specimens in a single analysis (Joint; JT). We specified gamma prior 

distributions (shape = 1; scale = 200,000) for the ages of the undated samples. The ages 

of these samples were also bounded at 800 ky (the upper limit of successful ancient DNA 

recovery) and at 50 ky (the approximate limit of radiocarbon dating), with the exception 

of AMNH 988 and UM13909 which had a lower limit of 0 ky. In all cases, bounds were 

scaled relative to the age of the youngest specimen in the dataset (INSM 71.3.261 at 13 

ky). Samples with known radiocarbon ages were calibrated using Calib v7.0.463, then the 

ages of these specimens were treated as point values based on their median ages.  

 In our second approach, we estimated the age of each specimen individually in an 

analysis that included the dated specimens. We then used the marginal posterior densities 
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of the ages of the individual samples to specify the priors for the ages of these samples in 

a combined analysis of all samples (Individually Dated; ID).  

 Both analyses were run with the HKY+G substitution model and empirical base 

frequencies. We chose a constant population size tree prior and a strict clock model, with 

uniform distributions for the associated population size prior (Uniform [1, 1106]) and the 

substitution rate prior (Uniform [410-10, 810-8]), while all other remaining priors were 

left at their default distributions. To allow for more efficient sampling of unknown 

specimen ages, their weight was increased to 5. The chain length was increased to 500 

million steps (sampling every 10,000), and all analyses were run in duplicate.   

  

Nucleotide Diversity 

 Pairwise distances between all American mastodon mitochondrial genomes were 

calculated using the dist.dna() function in the R package ape64. Distances were calculated 

using the F84 model. Sites with missing data were deleted in a pairwise manner. For 

clades containing more than two mastodons, nucleotide diversity was calculated as the 

mean of all pairwise distances between specimens in that clade.  

 

Data Availability 

 Mastodon specimens examined in this study were obtained from the external 

institutions listed in Supplementary Data 1. All requests for access to the material should 

be made to the external institution that houses the material.  

 Final consensus sequences for all complete mastodon specimens have been 

uploaded to NCBI with GenBank accessions MN616941–MN616973 (Supplementary 

Table 1). Raw sequencing reads for each complete mitochondrial genome were also 

uploaded to the SRA (BioProject: PRJNA578413). New radiocarbon dates are reported in 

Supplementary Table 44. 

 Two previously published American mastodon mitochondrial genomes (GenBank 

accessions NC_035800 and EF632344) were also analysed in this study. Two mammoth 

mitochondrial genomes (NC_007596 and NC_015529) were used in some phylogenetic 

analyses as outgroups.  
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Code Availability 

 No new software was generated during the course of this study. Custom scripts 

used to produce nucleotide diversity graphics are available are available at: 

https://github.com/ekarpinski/MastoScripts. 
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Abstract 

 Palaeogenetics offers a powerful method to examine the evolutionary 

relationships between and within taxonomic groups. With sufficient data these analyses 

can be extended to provide information about the palaeodemography of extinct species. 

Recent mitochondrial genomes from American mastodons (Mammut americanum) have 

highlighted the roles glacial/interglacial cycles had on their range dynamics, but was 

geographically limited to a subset of American mastodon populations, with many lacking 

adequate representation. Here we extend previous mastodon ancient DNA analyses with 

two new mitochondrial genomes from the American Falls Reservoir in Idaho. Our 

phylogenetic analyses clearly place mastodons from this region as close relatives to other 

interglacial mastodons from eastern Beringia, and may represent a southward migration in 

response to glacial advance. We also attempt to contextualize our findings given what is 

currently assumed about the distribution of American and Pacific mastodons, and argue 

that a much more comprehensive examination of morphological variation within Mammut 

is likely required.   
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Introduction  

 North America was inhabited by two groups of morphologically distinct 

mastodons in the mid to late Pleistocene: the American mastodon (Mammut americanum) 

which begin to appear in the fossil record by at least 3.75 million years ago1; and the 

more recently described Pacific mastodon (Mammut pacificus)2, known from Irvingtonian 

(~1.35 my – 195 ky) strata in California, Idaho, and Montana, and persisting into the 

Rancholabrean (~195 to 135 ky – 11 ky) in California and Idaho2,3. The delineation of 

these two Mammut species is based on five skeletal and dental traits, though most work 

on M. pacificus has largely focused only on specimens containing intact second and third 

molars2,3. 

 Fluvial sediments of the lower American Falls formation are exposed around the 

margins of the American Falls Reservoir (AFR) of the Snake River in southeastern Idaho 

and have produced well over 6,000 late Pleistocene vertebrate fossils pertaining to a 

minimum of 51 taxa4,5. Amongst the medium to large mammals, the American Falls local 

fauna includes many taxa still present in the region today (Ursus, Canis, Puma, Lynx, 

Ovis, Antilocapra, Odocoileus, Cervus, Rangifer, etc.) alongside charismatic 

Rancholabrean megafauna: ground sloths (Megalonyx, Paramylodon), carnivorans 

(Aenocyon, Arctodus, Smilodon, Homotherium, Panthera atrox), a horse (Equus scotti), 

camelids (Camelops, Hemiauchenia), a peccary (Platygonus), a muskoxen (Bootherium), 

bison (Bison latifrons, B. priscus, and B. alaskensis), and proboscideans (Mammut, 

Mammuthus)4,6. The lower American Falls formation is bound in terms of absolute ages 

by the unconformably underlying Crystal Springs Basalt (K/Ar date of 210,000 years 

BP7) and the Cedar Butte basalt (K/Ar date of 72,000 years BP8), which dammed the 

Snake River. However, the lower American Falls formation is argued to preserve a fauna  

constrained to the climatically mild MIS 5 interglacial stage (125,000-75,000 years BP) 

due to the presence of Panthera atrox and the herpetofauna, and the lack of tundra 

adapted rodents (e.g. Dicrostonyx)4. Unpublished radiometric dates of several lower 

American Falls fossils have yielded ages of approximately 100,000 years BP, with one 

mammoth tooth at 125,000 years BP (Peecook, B.R., personal communication, June 10th 

2021).  

 The thinner upper American Falls formation consists of lacustrine sediments much 

less extensively preserved around the AFR, but contains a similar fauna. Samples of peat 

from the bottom of the upper American Falls formation have been dated to 51,900 to 

42,000 years BP (Peecook, B.R., personal communication, June 10th 2021), while 

unpublished radiometric dates of wood, bone, and enamel excavated from nearby landfills 

and potato cellars on the Snake River Plain yielded dates of 55,500 to 44,600 years BP. 

An in situ Equus incisor from the highest locality around AFR and within the American 

Falls formation (Duck Point) has been dated to 20,700 years BP (Peecook, B.R., personal 

communication, June 10th 2021). 
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 American Falls has also played an important role in the establishment of the 

Pacific mastodon, being one of the first locations outside of California where a specimen 

of M. pacificus was described (USNM 137012). Two additional M. pacificus molars have 

also been described from nearby Bingham county (<100 km from American Falls) from 

Irvingtonian strata2. 

 Ancient DNA provides a powerful dimension where evolutionary relationships, 

both within species9–11 as well as between species12,13 can be interrogated with temporal 

depth. It is particularly useful when the full extent of morphological variation within a 

species is unknown, or in cases of extensive convergent evolution9,14. Recent aDNA work 

on American mastodons has begun to elucidate their mitochondrial diversity throughout 

the mid-to-late Pleistocene, and highlighted the important role glacial/interglacial cycles 

played on biogeography15. It also shows that while mastodons exhibit a high degree of 

female philopatry, certain clades encompass animals across a very wide range, and some 

regions display a large amount of heterogeneity in mastodon matrilines15.  

 Here we describe our attempts to extract and analyze mitochondrial DNA from 

eight mastodon specimens found in the Lower American Falls formation. Our findings 

suggest that mastodons from American Falls are closely related to those that expanded 

into eastern Beringia likely during the previous interglacial (Marine Isotope Stage (MIS) 

5). Furthermore, their phylogenetic and geographic position have interesting implications 

for understanding the palaeogeographic distribution and interactions between American 

and Pacific mastodons.   

 

Results  

 Two of the eight mastodon specimens yielded sufficient data to reconstruct 

complete mitochondrial genomes: IMNH 50003/16643 and IMNH 52002/25939 (Table 

1). DNA preservation within each specimen was variable, but in particular in IMNH 

52002/25939 where the amount of recovered endogenous reads varied by over three 

orders of magnitude among generated libraries (Supplementary Table 1). Mean DNA 

fragment insert lengths for both specimens were short, and exhibited the expected 

increasing trend in cytosine deamination damage towards the 5’ and 3’ termini of the 

reads (Table 1; Supplementary Figures 2 and 3).  

 Extraction and library blanks contained no to very few reads that mapped to the 

Mammut americanum mitochondrial reference, suggesting minimal external 

contamination (Supplementary Table 1). Despite this we did notice a significant spike in 

coverage within the 16S rRNA region within specimen IMNH 50003/16643, containing 

reads primarily of bacterial origin (Supplementary Figures 4 and 5). To prevent any 

polymorphisms from this nonendogenous signal influencing phylogenetic reconstruction, 

we masked a 35 bp portion of this region in the IMNH 50003/16643 consensus.  
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Table 1: Mapping and coverage statistics. Sample information for the two IMNH for specimens which 

returned complete mitochondrial genomes.  

Specimen # Mapped Reads 

Mean Frag. 

Size 
Coverage 

Age 

Age 

Type 

IMNH 

50003/16643 
11,372 39.7 99.7 % / 27.4 

 
- - 

IMNH 

52002/25939 
29,129 40.4 99.8 % / 71.5 

 

26500 +/- 

3500 
14C 

 

 Maximum likelihood phylogenies recover a well-supported (100% bootstrap 

support) monophyletic relationship for IMNH 50003/16643 and IMNH 52002/25939 and 

other mastodons in clade Y, a clade primarily composed of east Beringian M. 

americanum likely dating to around MIS 5 15. This pattern is consistent regardless of the 

inclusion of outgroups or substitution model chosen for the analysis, and is recovered 

with very high bootstrap support in every scenario (Supplementary Figures 6-11). 

Ultrametric phylogenies constructed with BEAST v1.10.5pre16, recover a similar pattern, 

although place both Idaho mastodons as basal to other specimens within Clade Y 

(Supplementary Figures 12 and 13). This result is likely due to the large temporal range 

of samples across the tree and within this clade. When including prior information on 

estimated ages for each mastodon this pattern disappears (Supplementary Figures 15 and 

17).  

 We also attempted to estimate the age of IMNH 50003/16643 in a molecular 

dating framework under two models: one in which the median radiocarbon age of IMNH 

52002/25939 was used for calibration, and one in which both Idaho specimens were fit 

with broad priors spanning approximately the last 800 thousand years. When using IMNH 

52002/25939 as a calibration point, the age of IMNH 50003/16643 produced a corrected 

median estimate of 24 ky (95% highest posterior density (95% HPD): 13–51 ky) 

(Supplementary Table 3). This estimated age is very close to the median calibrated 

radiocarbon age of IMNH 52002/25939 (30,810 y BP; 2σ range: 23365 – 38635), 

unsurprisingly given the low genetic distance between the two specimens (pairwise 

distance = 0.000122 substitutions/site; ~2 substations total). When the ages of both 

specimens are instead fit with broad priors, the estimated ages for both mastodons 

produce older estimates (IMNH 50003/16643 median: 46 ky; IMNH 52002/25939 

median: 66 ky) (Supplementary Table 4). However the 95% HPD intervals for IMNH 

50003/16643 (95% HPD: 13 – 115 ky) overlaps between both analyses.  

 Regardless of the analysis, estimates for IMNH 52002/25939 and IMNH 

50003/16643 produce younger median age estimates and have much more of their 
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posterior probability density concentrated around younger ages than all other mastodons 

within clade Y. However, the 95% HPD intervals do overlap by ~ 1.5 ky with those other 

clade Y mastodons when IMNH 52002/25939 is used to calibrate the analysis 

(Supplementary Figures 14 and 16).  

 

Figure 1: Phylogeny of IMNH mastodons. a, Map showing the approximate location of specimens 

analyzed in this study. Specimen locations have been jittered to facilitate better visualization. Specimens are 

coloured based on their clade assignments. The positions of the two complete specimens from Idaho are 

indicated with stars. b, Tip-calibrated MCC tree with IMNH 52002/25939 used as a calibration point. New 

specimens generated as part of this study are indicated in bold. Nodes with posterior probability support 

greater than 0.9 are indicated with light-green circles. 

Discussion 

 The younger age estimates, coupled with their position on the tree, and their 

geographic origins (i.e. south of the glacial extent), have interesting implications for 

understanding the responses of mastodons to glacial/interglacial cycling during the 

Pleistocene. Low posterior probabilities prevent intraspecific relationships between 

mastodons within this clade to be resolved, however strong (posterior probability for 

clade monophyly = 1) support for their position within this clade allows us to propose two 
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possible explanations for the phylogenetic position. First, they could be descendants of a 

lineage that migrated along the Rockies from Alberta to eastern Beringia during the last 

interglacial approximately 130 kya. Under this scenario, these specimens should fall basal 

to all other mastodons within clade Y, as the migrating population would have branched 

off prior to the remainder moving further north in response to deglaciation. This would 

suggest a founder event that led to a long-term, highly stable population that occupied this 

region for approximately 100 ky. Alternatively, these animals could represent a 

southward migration from northern populations as North America transitioned from 

warmer interglacial conditions of MIS 5 to glacial conditions in MIS 4-2 as previously 

suggested15. While detailed pre-LGM environmental reconstructions would likely be 

needed to fully interrogate this scenario, this pattern appears to be consistent with glacial 

positions at the time17.  

 The relationships between the Idaho and other clade Y mastodons has interesting 

implications for better contextualizing the relationships between American and Pacific 

mastodons, in terms of their systematics and biogeography. Following its identification 

and description in 2019, M. pacificus has been identified in California, Idaho, and 

Montana and has been argued to be likely present in Oregon2,3. Furthermore, the 

habitation of M. pacificus in these regions was argued to have been stable and exclusive, 

having occupied these localities for large parts of the mid and late Pleistocene. The 

analysis presented here suggests at least a portion of these trends are incorrect, and 

instead highlight that the relationships and distributions of Pacific and American 

mastodons were likely much more complex.  

 While the degraded nature of the molars from our two Idaho mastodons prevent us 

from concretely assigning them to either species of mastodon, the genetics clearly show 

that these animals fall well within the currently described mitochondrial diversity of 

American mastodons. This finding has two important implications depending on whether 

we accept the designation of Idaho mastodons as belonging to M. pacificus.  

 If these and other contemporary mastodons from this region are identified as M. 

pacificus, our results would suggest there is little support, at least at the mitochondrial 

level, for a species-level delineation of the Pacific mastodon. Instead the patterns of 

morphological variation we see between these two groups, are likely to be morphotypes 

with localized adaptations to unique ecological niches. Similar patterns have recently 

been described in other Pleistocene taxa such as Bison latifrons, B. priscus, and B. bison, 

which exhibit tremendous morphological variation despite being conspecific based on 

mitochondrial phylogenies9.  

 If instead we accept that these remains belong to members of M. americanum, this 

would suggest the spatial and temporal co-occurrence of both mastodons in Idaho during 

the Rancholabrean. This pattern contradicts the previously assumed distributions of M. 

pacificus and M. americanum, and also produces additional questions as to how these 
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species may have interacted, including whether they may have interbred, something our 

mitochondrial phylogeny cannot specifically address. 

 To further examine this possibility, we also looked at the presence of mandibular 

tusks in other mastodon mandibles from American Falls. While this character is highly 

variable across Mammutidae and has also been attributed to sex18,19 or chronological 

age20,21, mandibular tusks are absent in all specimens identified as M. pacificus and the 

lack of them is a stated character difference from M. americanum in Dooley et al.2. Of the 

Mammut mandibles from American Falls the trait is variable: USNM 13701 (listed in 

Dooley et al.2), IMNH 52002/25817, and 69002/23158 indeed lack mandibular tusks, but 

in IMNH 35009/18144 and 71004/27988 mandibular tusks are present. Regrettably, the 

IMNH mandibles are lacking diagnostic m3 characters to identify them as M. pacificus or 

not. Assuming this trait is actually fully penetrant, the co-occurrence of tusked and 

tuskless mandibles amongst coeval American Falls mastodons is consistent with the idea 

that both species of mastodons were present in the region during the late Pleistocene.  

 

Conclusions 

 The results we present here expand our understanding of the genetic landscape of 

mastodons in Pleistocene North America, and have important implications for 

understating their biogeography and systematics. Our data supports published models 

which suggest that glacial/interglacial cycles played a key role in the distribution of 

mastodons and that these groups experienced high mobility in response to these cycles15. 

Our findings also question the true extent of the distribution and relationships between 

Pacific and American mastodons, suggesting that either these two groups are conspecifics 

exhibiting localized variation, or co-occurred within parts of North America. While there 

still remains a fair bit of uncertainty in how these results should be interpreted, they 

highlight that a more comprehensive look at mastodon morphological variation to 

ascertain the validity and consistency of described characters, as well as assumptions 

about the distribution of mastodon taxa are drastically required.  

  

Methods  

Sample Acquisition and Subsampling 

 Subsamples of each specimen were originally taken at the Idaho Museum of 

Natural history, then sent to the McMaster University Ancient DNA Centre for further 

processing.  
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DNA Extraction and Processing 

  Between 200 and 500 mg of material was sampled from each specimens’ tooth 

and manually pulverized. Subsamples were washed with 300 µl 0.5 M EDTA for 20 

minutes at 1000 RPM to remove dust, exogenous contaminants, and clean the outside of 

the subsampled remains. Subsampled were demineralized using 0.75-1 ml of 0.5M 

EDTA, incubating at room temperature for 24-92 hours with shaking (1000-2000 RPM). 

Digestion used 0.75-1 ml of a Proteinase K based digestion buffer (0.01 M Tris-CL (pH 

9); 0.20% Sarcosyl; 0.25 ml/ml Proteinase K; 0.01 M CaCl2), incubating at 45°C with 

either shaking (500 RPM) or rotation to keep tooth material suspended. 

Deminerealization and digestion was done in an alternating fashion for a total of five 

rounds (i.e. round one demineralization, round one digestion, round 2 demineralization; 

etc.), and pooled for  extraction. An extraction blank containing no material was treated in 

parallel and used to monitor for contamination throughout.  

 DNA was extracted using a 5 M guanidinium HCl buffer as described in Dabney 

et al.22 with the following modifications: 1 ml of supernantant was combined with 

binding buffer and successively passed over the column to bind all the 

demineralization/digestion supernatant; DNA was eluted twice with 25 µl of EBT (Buffer 

EB + 0.05% Tween-20).  

 Extracted DNA was used to construct non-UDG-treated double-stranded 

libraries23,24 using 10-20 µl of DNA as input and with the following modifications: NE 

Buffer 2 was replaced with NE Buffer 2.1 in the end-repair reaction; volumes of all 

reactions were changed to 40 µl; MinElute clean-ups between reactions included two 

wash steps with 750 µl PE Buffer, and an additional 60 second dry spin to remove 

residual ethanol; libraries were heat-deactivated at 80°C for 20 minutes following adapter 

fill-in instead of purified over MinElute columns. 12.5 µl of each library was combined 

with unique P5 and P7 adapters in 40 µl indexing reactions (1X KAPA SYBR Fast qPCR 

Master Mix; 750 nM each P5/P7 adapter). Indexing reactions were carried out for a 

maximum of 20 cycles (denaturing at 95°C for 30 seconds; annealing at 60°C for 45 

seconds), although specimens were monitored and removed at earlier points if observed 

to have entered the exponential phase. Multiple libraries were prepared from some 

specimens which were suspected of having higher DNA preservation (Supplementary 

Table 1). Indexing reactions were purified over MinElute columns using the same 

modifications as during library preparation, and eluted in 13 µl EBT.  

 To increase the recovery of endogenous DNA, indexed libraries were also subject 

to an in-solution enrichment using a proboscidean mitochondrial bait set25. Enrichment 

was carried out according to the myBaits v5 High Sensitivity protocol for one round using 

9.05 µl of indexed library as input with the following modifications: custom xGen oligos 

were used during the Blockers Mix setup instead of Block X; beads were resuspended in 

18.8 µl of EBT and used directly as input for reamplification (40 µl final reaction; 1X 
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KAPA SYBR Fast qPCR Master Mix; 150 nM each forward/reverse primer). Amplified 

post-capture libraries were purified over MinElute columns with the modifications 

described previously and eluted in 10.5 µl of EBT.  

 Enriched libraries were pooled to approximately equimolar concentrations and 

size selected for fragments between ~150-500 bp (3% Nusieve GTG Agarose Gel; 100 V 

for 35 minutes). Gel plugs were purified using QIAquick Gel Extraction Kit with the 

following modifications: two wash steps with 700 µl PE Buffer; an additional dry spin at 

max speed to remove residual ethanol; elution in 20 µl with Buffer EB. Libraries were 

sequenced on an Illumina HiSeq 1500 using 2x90 bp read chemistry.  

 

Sequence Mapping and Curation 

 Demultiplexed reads were trimmed and merged using the ancient DNA settings in 

leeHom26. A modified M. americanum mitochondrial reference genome (NC_035800) 

was constructed by appending ~20 bp from the start/end of the reference to the opposite 

end to facilitate better recovery towards the tails of the reference. Reads were mapped to 

this modified reference using a network-aware version of BWA27 

(https://github.com/mpieva/network-aware-bwa) with common ancient DNA settings: 

maximum edit distance of 0.01 (-n 0.01), a maximum of two gap openings (-o 2), and 

seeding effectively disabled (-l 16500). Reads which mapped and were either merged or 

properly paired were extracted using the retrieveMapped_single_and_ProperlyPair 

program of libbam (https://github.com/grenaud/libbam), and collapsed based on unique 5’ 

and 3’ positions to remove PCR duplicates 

(https://bitbucket.org/ustenzel/biohazard/src/master/). Reads were further filtered to a 

minimum mapping quality of 30 and a minimum length of 24 bp using SAMtools28. 

Specimens for which multiple libraries were sequenced were combined into a single 

alignment. Sequencing data from Karpinski et al.15 was also included for specimens 

which returned partial mitochondrial genomes (IMNH 50003/16643 and 52002/25939).  

 Alignments were imported in Geneious v11.0.9 and manually curated to remove 

sequencing artefacts and insertions not supported by a majority of reads. Positions with 

less than 3 coverage were masked with Ns. For all other positions the consensus was 

determined by a strict majority. We also masked a 35 bp fragment of the 16S rRNA 

region within the IMNH 50003/16643 alignment, as this region had a coverage depth 

greater than 10 standard deviations from the mean, and contained a large number of 

stacked reads, likely of bacterial origin (Supplementary Figures 4 and 5). The variable 

number tandem repeat (VNTR) region of each consensus sequence was also masked as in 

the M. americanum mitochondrial reference (NC_035800). The 20 bp regions appended 

to the start and end of the original reference were also removed.  
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 To ensure the data was consistent with expectations for authentic ancient DNA 

libraries, we also examined cytosine deamination rates towards the termini of our 

molecules using MapDamage2.029.  

 

Model Selection and Phylogenetic Analyses 

 Consensus sequences for IMNH 50003/16643 and 52002/25939 were aligned 

against all other complete Mammut americanum mitochondrial genomes currently 

available (n=35), and also separately including two mammoth mitochondrial genomes 

(NC_007596 and NC_015529) as outgroups. Substitution models were selected using the 

ModelFinder function of IQ-TREE v1.6.630,31 selecting the model that produces the 

smallest AICc estimate for the outgroup containing (TIM3+F+I+G4) and no-outgroup 

(TPM3u+F+I) datasets. Maximum likelihood phylogenies were subsequently generated 

for both datasets using the selected model for each, as well as the model other datasets 

model, and an HKY+F+G4 model used during BEAST analysis. All phylogenies were 

run with 1000 bootstrap replicates to assess branch support. Both datasets (with and 

without outgroups) were also investigated in BEAST v.10.5pre16. Chains were run using 

an HKY+F+G4 model and with a constant population size tree prior, for a total of 10 

million generations (sampling every 1000). Three independent chains were run to monitor 

for convergence, and combined for analysis.  

 We also attempted to estimate the age of the Idaho mastodons, as well as their 

divergence from other mastodons in Clade Y. The dataset was analyzed as per the Joint 

analysis in Karpinski et al.15, except that a radiocarbon date for ISNM 71.3.26 (11,450 ± 

110 (Lab ID: AA100650)32) was calibrated using Calib v8.233 and the median age (13,326 

ky) was used to calibrate the analysis instead of an estimate of 13 ky. Specimen IMNH 

50003/16643 was fit with a broad gamma distribution like other possibly finite mastodons 

in the tree. Specimen IMNH 52002/25939 was treated two ways: in the first we calibrated 

the radiocarbon age and used the median as a point estimate to help calibrate the model; 

in the second we fit it with an identical prior as 50003/16643. Three independent chains 

were run for 500 million generations (sampling every 10,000) to monitor for divergence, 

and combined for the final analysis. Sample XMLs for both runs can be found in the 

supplementary online materials.   

 

Distance Measurements 

 Pairwise distance and counts for mastodons were calculated using the dist.dna() 

function of the ape package in R34. Distances and counts were estimated using raw and N 

models respectively, with ambiguous sites removed in a pairwise manner.  
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Data Availability 

 Mastodon specimens examined in this study were obtained from Idaho Museum 

of Natural History. All requests for access to the material should be made to them.  

 Final consensus sequences for both complete mastodon mitochondrial genomes 

will be uploaded to GenBank and the SRA upon manuscript acceptance.   
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Chapter 5: Conclusion 

Main findings and contributions 

 The works contained within this thesis greatly expands our understanding of the 

genetic landscape of Pleistocene proboscideans, particularly from warmer locales and 

time periods. In the second chapter, I provide a genetic confirmation of the megafaunal 

inhabitants of Bechan Cave, Utah as Mammuthus columbi. This not only confirmed 

previous morphology-based hypotheses, but also contextualized the mammoths of Bechan 

Cave within the greater context of Mammuthus mithochondrial diversity.  

 However, this publication also represents a significant addition to the palaeofecal-

aDNA subfield, as well as to the representation of North American mammoths. While the 

extraction of ancient DNA from palaeofeces was shown to be possible in 19981, most 

palaeofecal studies did not recover complete mitochondrial genomes1–4. In fact, to the 

best of my knowledge, there has been only one previous study describing the recovery of 

complete mitochondrial genomes from coprolites of Pleistocene cave hyena and red deer5. 

Consequently, this study represents a fairly novel result, being only the second outlining 

the recovery of mitochondrial genomes from palaeofecal remains, and recovering this 

genome from hotter latitudes. This warmer location also means that not only does this 

study represent the first mitochondrial genome recovered from mammoth palaeofeces, but 

at the time of writing still represents the southernmost complete mammoth mitogenome 

ever recovered, and only the second from Utah.  

 In the third chapter, I conduct the first large-scale mitochondrial analysis of 

American mastodons across almost their entire range. This study provides a broad 

overview of mastodon mitochondrial diversity across space and time, and identified 5-6 

well supported, geographically structured clades. I also identified multiple lineages likely 

representing the repeated expansion of American mastodons into east Beringia in 

response to deglaciation, extending previous palaeontological models focusing on only 

the last interglacial transition, through the mid-Pleistocene. I also found that animals 

corresponding to these northward interglacial expansions exhibited a high degree of 

genetic similarity in comparison to populations from south of the ice sheets, consistent 

with the idea that these expansions were likely conducted by small matriarchal herds.   

 This study probably represents the single most important contribution of this 

thesis. It represents the first step towards understanding the dynamics of extinct 

megafaunal browsers during the Pleistocene, and what effect glacial-interglacial cycles 

had on their demography and biogeography. Additionally, the majority of the samples 

analyzed in the study were past the effective limits of radiocarbon dating (i.e. of non-

finite radiocarbon age). This differs from many ancient studies DNA which primarily 

focus on specimens from the last fifty thousand years. As such, it provides a good case 

study on how to work with these temporally-uncertain specimens in phylogenetic 
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analyses and the important contributions they can make to understanding complex 

Pleistocene ecology. This wide temporal range, combined with the near continental 

distribution of the samples also provides an important framework for addressing other 

palaeogenetic questions about mastodons.  

 In the fourth chapter, I start to fill in some of the gaps remaining in the American 

mastodon dataset generated in chapter 3, and take the first steps towards addressing the 

systemic and ecological questions about the relationships between the pacific mastodons 

(Mammut pacificus) and the American mastodons (Mammut americanum). I produce 

mitochondrial genomes from two mastodons from the American Falls Reservoir, Idaho. 

Phylogenetic analysis suggested these specimens were most closely related to other 

mastodons which inhabited eastern Beringia during the previous interglacial, and may 

represent a southward migration in response to glaciation.  

 However, this study also begins to address evolutionary and ecological questions 

about a newly described species of mastodon – M. pacificus. American Falls was one of 

the first locations this species was identified outside of California, and was argued to be 

the only mastodon present in the region6. While poor morphological preservation 

prohibits us from confidently assigning our two mastodons to either species, my study 

instead suggests that these palaeontologically-assumed patterns are not as clear as they 

were originally made out to be. We identify two possible scenarios that explain the data: 

either M. pacificus and M. americanum are conspecific and any morphological variation 

likely represents localized adaptations to unique diets or environments; or both M. 

pacificus and M. americanum occupied Idaho during the last Pleistocene and likely 

interacted. Regardless of the eventual outcome, the genetic work shows that the 

palaeobiology of Pleistocene Mammut is more complicated than was previously 

proposed, and can provide important information for further palaeontological analyses.  

 This thesis represents a significant increase in our understanding of Pleistocene 

proboscideans, increases the genetic representation of mammoths from southern locales, 

and provides the first high-resolution glimpse in the history of North American 

Pleistocene browsers. Collectively, these works represent a cross-section of the 

palaeogenetic field, providing well executed case studies from three of the four primary 

ancient DNA categories.  

  

Future Directions 

 The works contained within this thesis provides many avenues for future research. 

As seen in chapter 2, the Colorado plateau and parts of the American southwest contain a 

wealth of information in, still relatively unexplored, palaeofecal accumulations. Although 

the preservation in these coprolites appears to be fairly low, studies like mine and 

others5,7 highlight their usefulness as a source of ancient DNA, particularly in cases where 
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bone material may also be degraded or absent. Given their abundance in the southwest, 

and the greater willingness of many curators to destructively sample them over skeletal 

material for molecular analyses, they represent a powerful opportunity to increase the 

genetic representation of many species.  

 Palaeofecal analysis also comes with the additional advantage of providing data 

on diet. While outside the scope of my work in chapter two, this could be incorporated 

into future projects, particularly as methodologies of extracting and sequencing ancient 

DNA improve and decrease in cost. For example, newly developed sedaDNA extraction 

protocols may improve on endogenous DNA recovery and an enrichment based approach 

may allow for better recovery of rare floral constituents8. Combining this information 

with mitochondrial or nuclear data might allow for the simultaneous examination of both 

megafaunal demography, as well as any environmental factors they may have been 

experiencing. This would be most powerful in caves with significant accumulations of 

dung and strong chronological controls.  

 As mentioned previously, the mastodon genetic framework constructed in chapter 

3 is extensive, but has some geographic and temporal holes. This opens up the possibility 

of many localized studies addressing some of those shortcomings, akin to what we started 

in chapter 4. This comparative dataset allows for a much more detailed examination of 

the mastodons from any given region or time point, and their contexualization within the 

broader evolutionary history of the species. Of particular interest might be expanding 

along the American west coast to fully characterize the diversity of M. pacificus, as well 

as attempting more material from Nova Scotia and Mexico, both of which contain 

samples occupying unique positions in the mitochondrial phylogeny.  

 Outside of palaeogenomics, chapters 3 and 4 highlight a few additional avenues 

for research. Both chapters highlight the need for additional excavations to identify new 

material from many underrepresented locales, as well as closer re-examination of existing 

material to identify morphological trends consistent with DNA-informed phylogenies. For 

example, the Alberta mastodon record was identified as highly dynamic in chapter 3, but 

only thirteen mastodons have been recovered from the province, and currently only three 

mastodons have yielded mitochondrial DNA9.   

 Additionally, a lot of the work in chapters 3 and 4 was hindered by poor temporal 

resolution for many mastodons in the phylogeny. While a significant portion of this can 

be attributed to these specimens being past the effective limits of radiocarbon dating, 

identifying new mastodons in situ, or exploring other radiometric dating methods may 

provide desperately needed calibration points to better resolve the age of many parts of 

the phylogeny. This will become especially important as more and more mastodons from 

deeper time points are added, to be able to separate out migrations during different 

interglacial, versus multiple migrating lineages during the same interglacial.  
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 In chapter 3, I also highlighted that a similar pattern of expansion and contraction 

probably occurred in many other extinct Pleistocene taxa such as western camels and 

giant beavers10,11. The genetic analysis of these and other taxa should recapitulate similar 

biogeographic patterns as in mastodons, and may serve as a useful confirmation and 

identify periods of expansion not captured in the mastodon analysis. Extending these 

analyses to southern populations may also capture interesting biogeographic shifts in 

response to environmental restructuring as opposed to glacial progress. Additionally, we 

noted that many extant taxa are expanding northward in response to anthropogenic 

warming. If these taxa follow a similar expansion model to mastodons, northern 

populations may be genetically impoverished and present a false sense of security with 

respect to conservation. 

 Lastly, all the studies contained within this thesis deal with mitochondrial data. 

The mitochondrial genome’s small size and high copy number in cells, as well as its 

usefulness for phylogenetic analyses and for species identification have made it a staple 

in ancient DNA analysis12. However, mitochondrial analyses also come with a suite of 

limitations primarily due to its nature as a maternally inherited molecule. Extending 

analyses such as those in chapters 3 and 4 to nuclear DNA would provide additional 

information as to the population history of mastodons, how different populations or 

species may have interacted, and if any functional adaptations may have played a role in 

the dispersal or persistence of various lineages. For example, a recent study of Pleistocene 

bears found evidence of admixture in northern populations likely derived from the post-

LGM expansion13.  

 Like all good science projects, this thesis opens up more questions and more 

possibilities than it solves. The ones presented above represent some of the questions I 

would be most interested in addressing, but are just a sample of possible avenues for 

future research, especially as methodologies continue to improve. The large amount of 

questions posed by this thesis and similar research, bode well for the overall health of the 

field, and will no doubt lead to many exciting discoveries in the years to come.   
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Supplementary Figure 1: Map of the American Falls Reservoir. The green box shows the approximate 

location of Lower American Falls where specimens were found. An inset showing the location of the 

American Falls Reservoir within the continental United States is shown in the lower right corner. 
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Supplementary Table 1: Extract, library, and sequencing data for specimens analyzed as part of this study. The amount of mapped reads 

indicated is shown after filtering for a minimum length of 24 base pairs and a map quality of 30 against the extended M. americanum reference.  

Specimen  Extract # Amount Subsampled (mg)  Library Indexed Library  Clusters Mapped Reads  

50003/16643 1118 381 L1118 L1118-I 2,641,734 1,752 

PP19-I 3,120,457 1,275 

L1118B L1118B-I 3,075,586 1,156 

PP15-I 2,714,431 1,158 

1119 310 L1119 L1119-I 5,474,419 2,420 

PP20-I 2,182,755 1,089 

L1119B L1119B-I 2,276,193 1,183 

PP16-I 4,329,002 1,058 

52002/25939 1121 406 L1121 L1121-I 2,597,579 3,689 

PP21-I 3,062,495 11,676 

L1121B L1121B-I 2,022,365 8,704 

PP17-I 933,827 4,323 

1122 476 L1122 L1122-I 2,722,203 35 

PP22-I 1,985,155 38 

L1122B L1122B-I 1,751,077 47 

PP18-I 215,306 33 

48001/1562 1115 224 L1115 L1115-I 2,540,017 71 

48001/2282 1117 290 L1117 L1117-I 2,055,214 19 

48001/279 1114 200 L1114 L1114-I 2,227,159 41 

50001/1803 1116 235 L1116 L1116-I 1,899,471 0 

71005/25867 1120 356 L1120 L1120-I 2,402,583 16 

75008/39082 1123 500 L1123 L1123-I 13 0 

1124 373 L1124 L1124-I 6 0 

Extraction Blank 1135 NA L1135 L1135-I 1,630,667 17 

PP24-I 266,465 4 

Library Blank NA NA LBlankA LBlankA-I 50,088 0 
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Supplementary Table 2: Reanalysis of previous data. Number of mapped reads obtained from reanalysis 

of data generated as part of Karpinski et al.1. The number of mapped reads shown is after filtering for a 

minimum length of 24 base pairs and mapping quality of 30. 

Specimen Library Mapped Reads  

50003/16643 L956-E2B 235 

LFR3-E2 31 

LFR3-1P 17 

LFR3-2P 16 

LFR3-3P 9 

EEP38 6 

EEP79 208 

52002/25939 L957-E2B 110 

LFR4-E2 73 

LFR4-1P 206 

LFR4-2P 147 

LFR4-3P 48 

 

 

 

Supplementary Figure 2: MapDamage plots. Plots tracking the proportion of cytosine deamination at the 

5’ and 3’ ends of libraries from specimens 50003/16643 (A) and 52002/25939 (B).  
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Supplementary Figure 3: Mapped fragment lengths. Fragment length distributions for specimens 

50003/16643 (orange) and 52002/25939 (blue). 
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Supplementary Figure 4: Coverage plots. Coverage depth for specimens 52002/25939 (a) and 50003/16643 before (b) and after (c) masking of a 35 

base pair fragment of the 16S rRNA region.  
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Supplementary Figure 5: BLAST analysis of reads mapping to the 16S rRNA stack in specimen 

50003/16643. Reads from the >10 standard deviation stack as well as 10 bp upstream and downstream were 

extracted. Reads were then further filtered to a minimum fragment size of 24 bp to eliminate short reads 

spanning into this region and artificially truncated. The top 5 hits for each read were taken and summarized 

in Megan v6.21.12 before being summarized in KRONA3. Reads which returned a BLAST result (n = 244) 

are summarized below.  
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Supplementary Figure 6: ML tree with outgroup containing model. Maximum likelihood tree showing 

the relationships between specimens 50003/16643 and 52002/25939 and other American mastodons. 

Mastodons were rooted using two mammoth mitochondrial genomes – Mammuthus primigenius 

(NC_007596) and Mammuthus columbi (NC_015529). The phylogeny was constructed using a 

TIM3+F+I+G4 model with 1000 bootstrap replicates to assess node support.  
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Supplementary Figure 7: ML tree with best no-outgroup model. Midpoint-rooted maximum likelihood 

tree showing the relationships between specimens 50003/16643 and 52002/25939 and other American 

mastodons. The phylogeny was constructed using a TPM3u+F+I model with 1000 bootstrap replicates to 

assess node support. 
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Supplementary Figure 8: Outgroup rooted tree with no-outgroup model. Maximum likelihood tree 

showing the relationships between specimens 50003/16643 and 52002/25939 and other American 

mastodons. Mastodons were rooted using two mammoth mitochondrial genomes – Mammuthus primigenius 

(NC_007596) and Mammuthus columbi (NC_015529). The phylogeny was constructed using the best-

fitting model selected for the no outgroup dataset (TPM3u+F+I) with 1000 bootstrap replicates to assess 

node support.  
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Supplementary Figure 9: Midpoint rooted tree with outgroup model. Midpoint-rooted maximum 

likelihood tree showing the relationships between specimens 50003/16643 and 52002/25939 and other 

American mastodons. The phylogeny was constructed using the best-fitting model selected for the 

mammoth rooted dataset (TIM3+F+I+G4) with 1000 bootstrap replicates to assess node support. 
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Supplementary Figure 10: Outgroup rooted tree with BEAST model. Maximum likelihood tree 

showing the relationships between specimens 50003/16643 and 52002/25939 and other American 

mastodons. Mastodons were rooted using two mammoth mitochondrial genomes – Mammuthus primigenius 

(NC_007596) and Mammuthus columbi (NC_015529). The phylogeny was constructed using an 

HKY+F+G4 model used in BEAST v1.10.5pre with 1000 bootstrap replicates to assess node support. 
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Supplementary Figure 11: Mid-point rooted tree with BEAST model. Midpoint-rooted maximum 

likelihood tree showing the relationships between specimens 50003/16643 and 52002/25939 and other 

American mastodons. The phylogeny was constructed using an HKY+F+G4 model used in BEAST 

v1.10.5pre with 1000 bootstrap replicates to assess node support.  
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Supplementary Figure 12: MCC tree with outgroup. Maximum clade credibility tree constructed in 

BEAST v1.10.5pre4 to assess posterior probability support for nodes within the mastodon phylogeny with 

mammoth outgroups. The phylogeny was constructed using an HKY+F+G4 model and with no temporal 

calibration (i.e. all specimens assumed to be contemporary producing an ultrametric tree).  
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Supplementary Figure 13: MCC tree without outgroup. Maximum clade credibility tree constructed in 

BEAST v1.10.5pre4 to assess posterior probability support for nodes within the mastodon phylogeny. The 

phylogeny was constructed using an HKY+F+G4 model and with no temporal calibration (i.e. all 

specimens assumed to be contemporary producing an ultrametric tree).  
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Supplementary Table 3: BEAST output with 52002/25939 calibration. Data table of all parameters from dating analyses when 52002/25939 is used 

as a calibration point. Values are after burn-in has been removed and all three independent chains combined. All age values are uncorrected and relative 

to the youngest specimen (UWZM 19580 – 13087 yBP).     

 joint prior likelihood 
treeModel.

rootHeight 
age(root) treeLength 

tmrca(Unk

nowns) 

age(Unkno

wns) 

Mean -28570.5 -1139.26 -27431.3 2.96E+06 2.95E+06 1.23E+07 2.96E+06 2.95E+06 

Stderr of 

mean 
0.165 0.1695 0.0333 8000.903 8000.903 33823.59 8000.676 8000.676 

Stdev 12.7586 10.6398 5.8056 6.02E+05 6.02E+05 2.54E+06 6.02E+05 6.02E+05 

Variance 162.7823 113.2051 33.7055 3.62E+11 3.62E+11 6.43E+12 3.62E+11 3.62E+11 

Median -28571.1 -1140.07 -27431 2.95E+06 2.93E+06 1.23E+07 2.95E+06 2.93E+06 

Value 

range 

[-28622.7644, 

-28508.5414] 

[-1177.0523, 

-1082.7562] 

[-27459.5812, 

-27412.0594] 

[1.0212E6, 

6.0235E6] 

[1.0081E6, 

6.0104E6] 

[4.194E6, 

2.4454E7] 

[1.0212E6, 

6.0235E6] 

[1.0081E6, 

6.0104E6] 

Geo. 

mean 
n/a n/a n/a 2.90E+06 2.89E+06 1.20E+07 2.90E+06 2.89E+06 

95% 

HPD 

interval 

[-28594.8417, 

-28544.7164] 

[-1159.4268, 

-1117.6832] 

[-27442.7951, 

-27420.2833] 

[1.8038E6, 

4.1515E6] 

[1.7908E6, 

4.1384E6] 

[7.3721E6, 

1.7265E7] 

[1.8038E6, 

4.1515E6] 

[1.7908E6, 

4.1384E6] 

ACT 2.26E+05 3.43E+05 44505.5 2.39E+05 2.39E+05 2.40E+05 2.39E+05 2.39E+05 

ESS 5976.3 3938.7 30334 5657.8 5657.8 5621 5657.7 5657.7 

# 

samples 
1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 
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Supplementary Table 3. Continued. 

 

 

constant.po

pSize 
kappa alpha clock.rate meanRate 

age(50003_

16643) 

age(AMN

H_988) 

age(CMN_1

1697) 

Mean 7.66E+05 48.3341 0.054 4.70E-09 4.70E-09 14218.72 19955.74 1.20E+05 

Stderr of 

mean 
1675.485 0.0226 1.01E-04 1.58E-11 1.58E-11 40.3078 68.3887 405.8073 

Stdev 1.55E+05 8.3023 0.0361 1.09E-09 1.09E-09 12264.12 18292.92 42648.86 

Variance 2.41E+10 68.9282 1.30E-03 1.19E-18 1.19E-18 1.50E+08 3.35E+08 1.82E+09 

Median 7.87E+05 47.4715 0.0484 4.50E-09 4.50E-09 11152.29 14707.25 1.15E+05 

Value 

range 

[1.5713E5, 

1E6] 

[23.7329, 

114.0535] 

[2.7909E-

3, 0.3186] 

[2.2778E-9, 

1.3633E-8] 

[2.2778E-9, 

1.3633E-8] 

[0.0922, 

1.5867E5] 

[0.0897, 

1.874E5] 

[36913.2674, 

3.4299E5] 

Geo. 

mean 
7.48E+05 47.6478 0.0405 4.59E-09 4.59E-09 9073.1 11715.39 1.12E+05 

95% 

HPD 

interval 

[4.8263E5, 

9.9999E5] 

[33.4597, 

65.1634] 

[2.7909E-

3, 0.1209] 

[2.8664E-9, 

6.858E-9] 

[2.8664E-9, 

6.858E-9] 

[0.0922, 

38253.158

2] 

[0.0897, 

56553.572

2] 

[40894.6948, 

2.0037E5] 

ACT 1.57E+05 10000 10533.6 2.82E+05 2.82E+05 14583.19 18869.05 1.22E+05 

ESS 8592.6 135003 128164.1 4795.9 4795.9 92574.4 71547.3 11045.2 

# samples 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 
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Supplementary Table 3. Continued. 

 

age(EF_632

344) 

age(FAM_1

03291) 

age(RAM_

P94.16.1B) 

age(RAM_

P94.5.7) 

age(RAM_

P97.7.1) 

age(UAME

S_11095) 

age(UAME

S_12047) 

age(UAME

S_12060) 

Mean 1.20E+05 1.01E+05 1.93E+05 4.57E+05 1.97E+05 5.51E+05 1.20E+05 1.10E+05 

Stderr of 

mean 
416.59 297.5519 530.9651 1217.526 552.1791 3359.785 392.2957 327.9601 

Stdev 42430.47 40352.7 47058.31 1.04E+05 1.30E+05 1.36E+05 42338.38 41549.84 

Variance 1.80E+09 1.63E+09 2.21E+09 1.07E+10 1.68E+10 1.86E+10 1.79E+09 1.73E+09 

Median 1.16E+05 95921.01 1.90E+05 4.52E+05 1.68E+05 5.61E+05 1.15E+05 1.05E+05 

Value 

range 

[36923.558

5, 

3.5717E5] 

[36913.133

8, 

3.5837E5] 

[37278.160

9, 

4.7181E5] 

[1.2972E5, 

7.8691E5] 

[36914.844

4, 

7.8676E5] 

[44450.573

7, 

7.8691E5] 

[36926.069

1, 

3.5846E5] 

[36915.009

8, 

3.4063E5] 

Geo. 

mean 
1.13E+05 93613.04 1.87E+05 4.45E+05 1.62E+05 5.31E+05 1.12E+05 1.02E+05 

95% 

HPD 

interval 

[44038.729

6, 

2.0261E5] 

[36923.973

5, 

1.7585E5] 

[1.0459E5, 

2.8687E5] 

[2.5951E5, 

6.6451E5] 

[36917.753

4, 

4.5243E5] 

[3.1065E5, 

7.8678E5] 

[41890.571

4, 2.002E5] 

[36994.638

9, 

1.8532E5] 

ACT 1.30E+05 73405.21 1.72E+05 1.87E+05 24509.22 8.21E+05 1.16E+05 84110.48 

ESS 10373.7 18391.5 7854.8 7231.8 55082.5 1644.1 11647.6 16050.7 

# 

samples 
1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 

 

  



PhD Thesis – Emil Karpinski  McMaster University – Biology 

91 
  

Supplementary Table 3. Continued. 

 

age(UAME

S_30197) 

age(UAME

S_30198) 

age(UAME

S_30199) 

age(UAME

S_30201) 

age(UAME

S_34125) 

age(UAME

S_34126) 

age(UAME

S_7663) 

age(UAME

S_9705) 

Mean 5.24E+05 1.18E+05 1.20E+05 1.10E+05 1.20E+05 1.20E+05 1.09E+05 1.20E+05 

Stderr of 

mean 
3312.274 376.6707 410.8176 345.5785 394.2717 395.2017 334.5198 402.4302 

Stdev 1.36E+05 42419.59 42450.22 41757.68 42583.88 42541.95 41574.85 42433.75 

Variance 1.86E+10 1.80E+09 1.80E+09 1.74E+09 1.81E+09 1.81E+09 1.73E+09 1.80E+09 

Median 5.33E+05 1.13E+05 1.15E+05 1.05E+05 1.15E+05 1.16E+05 1.04E+05 1.15E+05 

Value 

range 

[39096.621

7, 

7.8689E5] 

[36914.751

3, 

3.5957E5] 

[36916.016

5, 

3.4069E5] 

[36913.571

9, 

3.8553E5] 

[36913.593

8, 3.568E5] 

[36916.958

6, 

3.5972E5] 

[36914.613

3, 

3.4437E5] 

[36920.968

4, 

3.8426E5] 

Geo. 

mean 
5.03E+05 1.10E+05 1.13E+05 1.02E+05 1.12E+05 1.13E+05 1.01E+05 1.12E+05 

95% 

HPD 

interval 

[2.7248E5, 

7.6487E5] 

[39993.588

8, 

1.9723E5] 

[43232.940

7, 

2.0167E5] 

[36913.571

9, 

1.8665E5] 

[42165.178

9, 

2.0089E5] 

[42751.333

1, 

2.0148E5] 

[36914.613

3, 

1.8551E5] 

[42859.908

2, 

2.0143E5] 

ACT 7.98E+05 1.06E+05 1.26E+05 92462.85 1.16E+05 1.17E+05 87403.49 1.21E+05 

ESS 1691.1 12682.5 10677.2 14600.8 11665.3 11587.6 15446 11118.3 

# 

samples 
1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 
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Supplementary Table 3. Continued. 

 age(UM13909) age(YG26.1) age(YG43.2) age(YG50.1) treeLikelihood coalescent 

Mean 33132.95 1.02E+05 1.20E+05 90915.33 -27431.3 -524.266 

Stderr of 

mean 
110.4195 293.4972 405.8554 244.9586 0.0333 0.1174 

Stdev 24012.23 40141.01 42480.85 37640.75 5.8056 8.7589 

Variance 5.77E+08 1.61E+09 1.80E+09 1.42E+09 33.7055 76.7177 

Median 28898.61 96608.46 1.15E+05 84444.25 -27431 -524.958 

Value range 

[0.1205, 

1.6679E5] 

[36913.224, 

3.2148E5] 

[36933.8075, 

3.6646E5] 

[36914.0461, 

3.0568E5] 

[-27459.5812, -

27412.0594] 

[-557.3283, -

475.7474] 

Geo. mean 22372.32 94088.39 1.12E+05 83677.78 n/a n/a 

95% HPD 

interval 

[0.1205, 

78135.8034] 

[36913.224, 

1.7569E5] 

[43844.3524, 

2.0211E5] 

[36914.0461, 

1.6215E5] 

[-27442.7951, -

27420.2833] 

[-540.8287, -

506.4301] 

ACT 28547.84 72173.52 1.23E+05 57176.23 44505.5 2.43E+05 

ESS 47290.1 18705.3 10955.7 23611.7 30334 5564.9 

# samples 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 
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Supplementary Table 4: BEAST output without 52002/25939 calibration. Data table of all parameters from dating analyses when 52002/25939 is 

treated as a specimen of unknown, but possibly finite age. Values are after burn-in has been removed and all three independent chains combined. All age 

values are uncorrected and relative to the youngest specimen (UWZM 19580 – 13087 yBP).     

 
joint prior likelihood 

treeModel.

rootHeight 
age(root) treeLength 

tmrca(Unk

nowns) 

age(Unkno

wns) 

Mean -28599.1 -1167.07 -27432 3.04E+06 3.03E+06 1.26E+07 3.04E+06 3.03E+06 

Stderr of 

mean 
0.1694 0.1628 0.0361 8113.613 8113.613 34517.13 8113.439 8113.439 

Stdev 12.6975 10.5526 5.8626 6.05E+05 6.05E+05 2.55E+06 6.05E+05 6.05E+05 

Variance 161.2258 111.3567 34.3696 3.66E+11 3.66E+11 6.51E+12 3.66E+11 3.66E+11 

Median -28599.6 -1167.82 -27431.8 3.03E+06 3.01E+06 1.26E+07 3.03E+06 3.01E+06 

Value 

range 

[-28652.5308, 

-28519.6888] 

[-1207.6653, 

-1093.3688] 

[-27464.1247, 

-27410.7436] 

[8.9833E5, 

6.0732E6] 

[8.8525E5, 

6.0601E6] 

[3.2008E6, 

2.4561E7] 

[8.9833E5, 

6.0732E6] 

[8.8525E5, 

6.0601E6] 

Geo. 

mean 
n/a n/a n/a 2.98E+06 2.97E+06 1.24E+07 2.98E+06 2.97E+06 

95% 

HPD 

interval 

[-28623.8415, 

-28573.8803] 

[-1187.0755, 

-1145.8241] 

[-27443.7615, 

-27420.8694] 

[1.8695E6, 

4.2301E6] 

[1.8564E6, 

4.217E6] 

[7.6923E6, 

1.7643E7] 

[1.8695E6, 

4.2301E6] 

[1.8564E6, 

4.217E6] 

ACT 2.40E+05 3.21E+05 51075.96 2.43E+05 2.43E+05 2.47E+05 2.43E+05 2.43E+05 

ESS 5615.4 4202.7 26431.8 5554.6 5554.6 5460.9 5554.7 5554.7 

# 

samples 
1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 
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Supplementary Table 4. Continued. 

 

constant.

popSize 
kappa alpha clock.rate meanRate 

age(50003

_16643) 

age(52002_

25939) 

age(AMNH_

988) 

Mean 7.76E+05 48.3509 0.0542 4.57E-09 4.57E-09 40355.32 57543.9 20565.68 

Stderr of 

mean 
1666.263 0.0228 1.01E-04 1.57E-11 1.57E-11 204.0842 249.7662 70.0295 

Stdev 1.52E+05 8.3349 0.0362 1.06E-09 1.06E-09 31533.12 34131.27 18870.66 

Variance 2.32E+10 69.4713 1.31E-03 1.12E-18 1.12E-18 9.94E+08 1.16E+09 3.56E+08 

Median 7.98E+05 47.4898 0.0488 4.39E-09 4.39E-09 33366.91 52432.27 15142.09 

Value 

range 

[1.2032E

5, 1E6] 

[25.3109, 

103.1907] 

[2.7908E-

3, 0.2841] 

[2.2449E-9, 

1.812E-8] 

[2.2449E-9, 

1.812E-8] 

[1.282, 

2.388E5] 

[9.4477, 

2.6224E5] 

[0.0966, 

1.7257E5] 

Geo. 

mean 
7.59E+05 47.6598 0.0407 4.46E-09 4.46E-09 26414.44 45770.2 12035.08 

95% HPD 

interval 

[4.9662E

5, 1E6] 

[33.3526, 

65.0729] 

[2.7908E-

3, 0.121] 

[2.8438E-9, 

6.6402E-9] 

[2.8438E-9, 

6.6402E-9] 

[1.282, 

1.0162E5] 

[18.7796, 

1.2129E5] 

[0.0966, 

58338.4031

] 

ACT 1.62E+05 10141.17 10483.11 2.97E+05 2.97E+05 56549.85 72295.12 18592.37 

ESS 8340.5 133123.7 128781.5 4552.7 4552.7 23873.3 18673.9 72612 

# samples 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 
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Supplementary Table 4. Continued. 

 

age(CMN_1

1697) 

age(EF_632

344) 

age(FAM_1

03291) 

age(RAM_

P94.16.1B) 

age(RAM_

P94.5.7) 

age(RAM_

P97.7.1) 

age(UAME

S_11095) 

age(UAME

S_12047) 

Mean 1.28E+05 1.28E+05 1.09E+05 2.12E+05 4.71E+05 2.02E+05 5.57E+05 1.28E+05 

Stderr of 

mean 
461.8398 459.0891 348.1166 602.5501 1214.547 556.3233 3223.453 468.3106 

Stdev 46393.52 46430.21 44182.72 50407.14 1.04E+05 1.32E+05 1.36E+05 46249.7 

Variance 2.15E+09 2.16E+09 1.95E+09 2.54E+09 1.09E+10 1.75E+10 1.84E+10 2.14E+09 

Median 1.23E+05 1.23E+05 1.03E+05 2.08E+05 4.66E+05 1.72E+05 5.68E+05 1.23E+05 

Value 

range 

[36913.598

8, 

4.0335E5] 

[36914.406

2, 

3.9708E5] 

[36915.689

7, 

4.2063E5] 

[38881.093

, 4.9782E5] 

[1.2128E5, 

7.8691E5] 

[36913.230

7, 

7.8685E5] 

[36981.180

1, 7.869E5] 

[36932.154

1, 

4.2502E5] 

Geo. 

mean 
1.19E+05 1.20E+05 99724.94 2.06E+05 4.59E+05 1.65E+05 5.37E+05 1.19E+05 

95% 

HPD 

interval 

[42031.143

7, 

2.1556E5] 

[42619.839

5, 

2.1571E5] 

[36915.689

7, 1.899E5] 

[1.1733E5, 

3.1298E5] 

[2.7233E5, 

6.8001E5] 

[36913.230

7, 

4.6626E5] 

[3.1485E5, 

7.869E5] 

[43219.360

9, 

2.1559E5] 

ACT 1.34E+05 1.32E+05 83809.14 1.93E+05 1.84E+05 23864.21 7.63E+05 1.38E+05 

ESS 10090.9 10228.3 16108.4 6998.3 7355.5 56571.3 1770.3 9753.2 

# 

samples 
1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 

 

  



PhD Thesis – Emil Karpinski  McMaster University – Biology 

96 
  

Supplementary Table 4. Continued. 

 

age(UAME

S_12060) 

age(UAME

S_30197) 

age(UAME

S_30198) 

age(UAME

S_30199) 

age(UAME

S_30201) 

age(UAME

S_34125) 

age(UAME

S_34126) 

age(UAME

S_7663) 

Mean 1.18E+05 5.29E+05 1.25E+05 1.28E+05 1.18E+05 1.28E+05 1.28E+05 1.17E+05 

Stderr of 

mean 
400.1423 3193.577 447.7493 465.3575 404.3619 454.8403 467.3196 389.7794 

Stdev 45857.32 1.36E+05 46178.45 46542.61 45699.65 46074.47 46306.49 45650.33 

Variance 2.10E+09 1.85E+10 2.13E+09 2.17E+09 2.09E+09 2.12E+09 2.14E+09 2.08E+09 

Median 1.12E+05 5.40E+05 1.20E+05 1.23E+05 1.13E+05 1.23E+05 1.23E+05 1.12E+05 

Value 

range 

[36918.799

9, 

4.1817E5] 

[36972.795

8, 

7.8686E5] 

[36928.929

1, 

4.1947E5] 

[36914.576

8, 

3.8519E5] 

[36917.937

3, 

4.0897E5] 

[36914.484

5, 

4.1492E5] 

[36919.945

6, 

3.6409E5] 

[36923.260

5, 

3.9177E5] 

Geo. 

mean 
1.09E+05 5.08E+05 1.17E+05 1.20E+05 1.09E+05 1.19E+05 1.19E+05 1.08E+05 

95% 

HPD 

interval 

[36934.758

3, 2.01E5] 

[2.7642E5, 

7.68E5] 

[41788.263

6, 

2.1279E5] 

[43362.081

5, 

2.1691E5] 

[37712.421

1, 

2.0218E5] 

[45459.540

1, 2.176E5] 

[43667.194

4, 

2.1653E5] 

[36930.038

4, 

2.0053E5] 

ACT 1.03E+05 7.44E+05 1.27E+05 1.35E+05 1.06E+05 1.32E+05 1.38E+05 98422.98 

ESS 13133.6 1815.5 10636.7 10002.9 12772.7 10261.2 9818.7 13716.6 

# 

samples 
1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 
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Supplementary Table 4. Continued. 

 

age(UAMES_

9705) 

age(UM139

09) 
age(YG26.1) age(YG43.2) 

age(YG50.1

) 
treeLikelihood coalescent 

Mean 1.28E+05 33895.06 1.09E+05 1.29E+05 97423.78 -27432 -525.043 

Stderr of 

mean 
462.1487 111.1997 355.9476 474.9622 290.6172 0.0361 0.1181 

Stdev 46355.91 24576.42 44471.4 46680.98 41772.57 5.8626 8.6776 

Variance 2.15E+09 6.04E+08 1.98E+09 2.18E+09 1.74E+09 34.3696 75.3009 

Median 1.23E+05 29524.53 1.03E+05 1.24E+05 90411.47 -27431.8 -525.643 

Value 

range 

[36919.0647, 

3.9912E5] 

[0.7069, 

1.7043E5] 

[36916.4922, 

3.7278E5] 

[36927.617, 

3.9298E5] 

[36913.59, 

3.6136E5] 

[-27464.1247, -

27410.7436] 

[-557.8955, -

458.9951] 

Geo. mean 1.20E+05 22871.66 1.01E+05 1.20E+05 89042.33 n/a n/a 

95% HPD 

interval 

[43590.8164, 

2.1688E5] 

[0.7069, 

80067.0724] 

[36916.4922, 

1.9155E5] 

[43622.0044, 

2.1748E5] 

[36913.59, 

1.7632E5] 

[-27443.7615, -

27420.8694] 

[-541.3466, -

507.3368] 

ACT 1.34E+05 27638.63 86488.29 1.40E+05 65344.19 51075.96 2.50E+05 

ESS 10061.1 48845.8 15609.4 9659.6 20660.3 26431.8 5396.3 

# samples 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 1.35E+05 
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Supplementary Figure 14: Sample age estimation with 52002/25939 calibration. Violin plot with the posterior probability distributions on the 

estimated age of all specimens when 52002/25939 is used as a calibration point. All values are relative to the youngest specimen in the analysis (UWZM 

19580 @ 13,087 years before present). 
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Supplementary Figure 15: MCC tree with node age estimates when the age 52002/25939 is used as a calibration point. Node bars represent 95% 

HPD intervals for estimated ages. Listed values are all relative to the youngest specimen in the analysis (UWZM 19580 @ 13,087 years before present). 
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Supplementary Figure 16: Sample age estimation without 52002/25939 calibration. Violin plot with the posterior probability distributions on the 

estimated age of all specimens when 52002/25939 is treated as a specimen of unknown but possibly finite age. All values are relative to the youngest 

specimen in the analysis (UWZM 19580 @ 13,087 years before present). 
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Supplementary Figure 17: MCC tree with node age estimates when the age 52002/25939 is treated as unknown, but possibly finite. Node bars 

represent 95% HPD intervals for estimated ages. Listed values are all relative to the youngest specimen in the analysis (UWZM 19580 @ 13,087 years 

before present).  
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"But is all this true?" said Brutha. 

Didactylos shrugged. "Could be. Could be. We are here and it is now. The way I see it is, 

after that, everything tends towards guesswork." 

"You mean you don't know it's true?" said Brutha. 

"I think it might be," said Didactylos. "I could be wrong. Not being certain is what being 

a philosopher is all about."  

 – Terry Pratchett, Small Gods 

 

 


