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Thesis summary 

 

Assessing the information content of fossilizable data, with a focus on the Asian origin and 

diversification of Glires (Mammalia) 

Aime Hall Rankin 

 

Chapter One: introduction. My thesis explores how the information content of fossil Glires (rodents 

+ rabbits) effects phylogenetic reconstruction and the implications for downstream analysis and 

interpretation. The first two chapters take a detailed look at the phylogenetic signal contained within 

fossil Glires, while the third and fourth chapters put interpretation of fossils into practice through 

analyses of phylogeny, biogeographic history, anatomy and geometric morphometrics. 

 

Chapter Two: assessing the information content of the Glires fossil record. This chapter investigates 

the role of missing data and preservational biases in the ability of fossil Glires to accurately reconstruct 

phylogeny. In particular, I challenge the idea that fossils distort trees by occupying erroneously 

primitive positions. I use a method called ‘artificial extinction’, which degrades the information of a 

living species with known phylogenetic affinities to match the quality of data found within a real fossil. 

These ‘artificial fossils’ are then tested to see if they can recover the same phylogenetic positions in a 

tree as their living counterparts. My results indicate that these artificial fossil proxies of real fossil 

Glires can adequately reconstruct phylogeny. Tests on artificial fossils that are forced to sample 

characters evenly across morphological partitions suggest that the preservational biases within fossil 

Glires play a minor role in phylogenetic accuracy. Finally, I find no evidence that fossil Glires distort 

trees by means of a stemward slippage bias, further implying that fossil Glires are suitable for 

phylogenetic reconstruction.  

Chapter Three: morphological data partitioning and phylogenetic signal in Glires. This smaller 

chapter carries on from Chapter Two’s discussions on the importance of preservational biases within 

fossils. Some partitions are known to contain different phylogenetic signal to others, but little work 

has been done on whether a single partition contains differentiated signal across a tree. I investigate 

if morphological character partitions in Glires optimize as apomorphies in different parts of the tree. 

My results indicate that some morphological partitions resolve groups near the tips of a tree, whereas 

others are more likely to support groups near the root. I discuss the implication of this in phylogenetic 

analysis and the possibility of weighting schemes to take this information into account. 
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Chapter Four: origins, diversification and biogeography of Glires; the role of the Asian continent and 

uplift of the Tibetan Plateau. This chapter compares total-evidence approaches towards Glires 

phylogeny and how different topologies affect our interpretation of biogeographic history. 

Ultraconserved elements (UCEs) are known to provide unconventional hypotheses of basal rodent 

affinities and so I compare topologies made from fossil data and protein coding DNA to those that also 

include UCEs. I describe differences in the root of rodents, the positions of key fossils and the timing 

of rodent evolution. Glires are considered to be of Asian origin and so I also carry out biogeographic 

analyses on my two topologies. I find that standard total-evidence approaches fully support an Asian 

origin for the group, while UCEs provide a less resolved answer. I also compare some competing 

hypotheses on the origins of the three main rodent crown groups. Finally, I discuss how the timings 

and diversity data support a role of the Tibetan Plateau uplift in rodent diversification.  

Chapter Five: anatomical sciuromorphy in 'protrogomorph' rodents.  This chapter focuses on the 

interpretation of anatomical characters in fossil Glires and the implications for character evolution. I 

present a paper published from this thesis on anatomical sciuromorphy present within 

'protrogomorph' rodents. I give a history of how the rodent master system has been interpreted from 

fossils over the years and describe the presence of derived musculature in a well-preserved Eocene 

rodent specimen. I describe the osteological features of this specimen, provide an identification and 

use geometric morphometrics to assess if its musculature is closer to modern day rodents or fossil 

taxa. 

Chapter Six: general discussion and concluding remarks. I discuss the importance of my 

biogeographic, anatomical and phylogenetic results within the context of Glires evolution. I also 

recommend the inclusion of fossil data in total-evidence approaches where possible and give 

suggestions for future work. 
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Contributions 

 

Chapter Two: I collected and analysed the data and Dr Rob Asher provided R scrips which I adapted 

to suit my dataset. For taxa not included in the Asher et al (2019) dataset, I selected the specimens, 

undertook microCT scans and coded the characters. I wrote the text and made the figures.  

Chapter Three: I gathered and analysed the data. Dr Rob Asher provided R scrips which I adapted to 

suit my dataset. I made the figures and wrote the text. 

Chapter Four: I gathered and analysed the data. I adapted a script provided by Bethany J. Allen 

(University of Leeds) to calculate squares estimates of diversity. I made the figures and wrote the text. 

Chapter Five: This chapter is a reproduction of a paper published in the journal Palaeontologia 

Electronica (https://palaeo-electronica.org/content/2020/3043-protrogomorph-rodents). I have 

made some small adjustments to the paper so that the formatting is in keeping with the rest of the 

thesis. I wrote the paper before all co-authors, three reviewers and one editor commented on the 

work. Dr Bob Emry provided the specimen of Ischyromys douglassi and aided the interpretation of 

dental characters and identification. I analysed the data and made all but the following figures: Figure 

24 (made by Dr Rob Asher), Figure 28 (photos taken by Dr Bob Emry, figure made by Dr Rob Asher), 

Figure 31 (made by Dr Rob Asher and myself), Figure 34 (made by Dr Rob Asher). Access to specimens 

and microCT data were made possible by several individuals: Lionel Hautier, Pierre-Henri Fabre and 

Monique Vianey Liaud (Montpellier), Brian Kraatz (Pomona), Jin Meng (New York), Ornella Bertrand 

and Mary Silcox (Toronto), Matthew Lowe, Natalie Jones and Ewan St. John Smith (Cambridge), Pip 

Brewer, Jerry Hooker, and Roberto Portela Miguez (London), and Jessica Nakano and Jennifer 

Strotman (Washington DC). 
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The fossil record and phylogenetic analysis 

It is a widely acknowledged circumstance that the majority of species to have ever lived on Earth are 

now extinct. Our knowledge of these past life forms comes from the fossil record, which documents a 

wide variety of plants and animals over millions of years. By looking at this record of life, it is clear that 

the great wealth of species that we see around us today represents a drop in the ocean compared to 

the diversity of taxa that once lived (Simpson, 1952). In order to understand the evolutionary history 

of life on Earth, it is often necessary to refer back to these extinct forms. Fossils are usually the only 

physical evidence we have of extinct species and of macroevolutionary processes, which makes them 

an invaluable source of data. 

Including fossils in phylogenetic analyses can have many benefits. The foremost of course, is an 

increased density of taxon sampling, which could not be achieved by molecular data alone. In addition, 

the characters states provided by fossil data can alter our hypotheses of character polarity and 

homology (e.g., Smith, 1998; Asher et al., 2008; Edgecombe, 2010). Fossils can also be used to infer 

minimum dates, provide calibration for molecular clocks (dos Reis et al., 2016), estimate divergence 

times, break up long branches (Giles et al., 2017) and infer ancestral character states and sequences 

of character evolution (Puttick, 2016). Hypotheses of biogeography are also enhanced by fossil data 

(Marivaux and Boivin, 2019). There is no doubt that fossils have the potential to provide significant 

contributions to phylogenetic analyses. However, much of the results are contingent on where fossils 

are placed on the tree and how their anatomy is interpreted. Given the minimum age of a fossil, where 

it is positioned in relation to other taxa on a tree could adjust the age of a clade by millions of years 

(Doyle and Donoghue, 1993; Magallón and Sanderson, 2001; Magallón, 2004). This in turn could alter 

our understanding of where and under what environmental pressures a clade diversified. Given a 

fossil’s set of morphological character states, where it is placed on a tree could also lead to different 

theories of how anatomical adaptations evolved. The accurate placement of fossil taxa is therefore an 

important consideration of any phylogenetic study which uses them.  

Phylogenetic accuracy and fossil placement are often discussed under the context of missing data. The 

process of fossilization results in an inevitable degradation of material and so fossils represent 

incomplete data. Soft tissues are the first body parts to decompose after death and DNA is surprisingly 

short lived: the oldest translated amino acid sequences are only 1.77 Ma old (Cappellini et al., 2019). 

Soft tissues can of course preserve under exceptional conditions, such as in Lagerstätten, but this is 

not a common occurrence and most fossils comprise of osteological data only (Allison, 1988). The 

fossil record is therefore subject to preservational biases towards hard tissue. Nevertheless, fossils 

remain our best evidence of extinct creatures. 
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For most of the 19th and 20th centuries, fossil material was thought to be essential for understanding 

the relationships between living taxa (Smith, 1998). However, this viewpoint started to change in the 

late 1970s with the onset of cladistic analysis. Researchers began to debate about the limitations of 

fossils, given their missing data, and how best to incorporate fossils into analyses of phylogeny. The 

harshest criticisms of fossil data came from palaeontologists themselves, such as Collin Patterson. 

Patterson (1981) argued that fossils do not contain enough information to accurately place them on 

the tree of life. Further studies claimed that the level of missing data in fossils rendered them either 

uninformative for phylogenetic analysis or at worst, misleading (Hennig et al., 1981; Ax, 1987). Both 

Hennig et al. (1981) and Ax (1987) advocated that fossils, if included at all, should only be allocated to 

stem groups after a tree of living taxa is made. However, not all researchers at the time felt this way. 

Gauthier et al. (1988) performed experiments which showed that fossils were capable of influencing 

the relationships between living taxa, and so they contended that fossils did indeed contain useful 

phylogenetic information. Researchers such as Donoghue et al. (1989) encouraged the incorporation 

of fossil data wherever possible. Yet the debate of whether or not to include fossil data has not gone 

away.  Recent advances in molecular data analysis have made molecular based phylogenies the 

standard in inferring relationships, with some authors reasoning that morphological data have been 

superseded (Scotland et al., 2003) or that they should not be used to infer phylogeny altogether 

(Halanych, 2016). 

In light of continuing discussion on the efficacy of fossil data, great effort has been made to find 

empirical ways of testing the ‘reliability’ of fossil data. Early simulation studies by John Wiens for 

example (Weins, 1998; Wiens, 2003a,b; Wiens, 2005), tested the effects of increasing missing data 

against the addition of more morphological characters in phylogenetic analysis. Wiens found that in 

general, large amounts of missing data have little effect as long as character sampling is sufficiently 

thorough. As well as simulated data, research has also been carried out on real morphological 

characters. Taphonomic studies of living animals have been used to understand the nature of decay 

and to assess the phylogenetic signal of characters that are most likely to preserve. For example, 

Sansom et al. (2010) examined the preservational bias towards soft tissues in Amphioxus and 

ammocoetes. They found that the morphological characters that were most likely to preserve were 

also the plesiomorphic ones. This, they hypothesised, would lead to fossils occupying erroneously 

primitive positions in phylogeny. 

Another approach to investigating the phylogenetic information content of fossils is to artificially 

degrade the characters of living species and see how this would affect congruence to a known 

topology. In 2013, Sansom and Wills compared the deletion of soft tissue characters in a taxon to the 

deletion of an identical number of characters spread randomly across hard and soft tissue data 
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partitions. They found that trees where the soft tissue data had been deleted were less congruent to 

the optimal tree than when they had deleted characters at random. Furthermore, they found that 

when soft tissues were deleted, a taxon was more likely to experience stemward slippage rather than 

crownward slippage. It should be noted however, that some of their optimal trees were based on 

small molecular datasets that no longer reflect current ideas of animal relationships. Another study, 

conducted by Springer et al. (2007), degraded the information of mammal species. Springer et al. 

replaced whole orders of mammals in their matrix with artificially degraded taxa and then tested 

congruence with their optimal tree. Under a third of their artificially fossilized mammal orders were 

able to return the same phylogenetic positions as in the optimal tree. 

Finally, there is a method which has been developed that is based on the missing data content of real 

fossils. In artificial extinction, the information provided by a living species is reduced to only the 

characters that are coded in any given fossil specimen. For example, a character coded as ‘?’ in a fossil 

would then be coded as ‘?’ in the living species. The ‘artificial fossil’ then replaces its living species 

counterpart in a phylogenetic analysis. If the artificial fossil recovers the same phylogenetic 

relationship as we know the living species to do, then we can assume that the information content of 

the fossil template is sufficient enough to accurately place the real fossil on the tree. This method was 

first attempted by Asher and Hofreiter (2006) who used the fossil Parageogale as a template to make 

artificial fossils of living tenrecids. Their topologies that contained an artificial fossil were not 

significantly incongruent with their well-corroborated tree of tenrecids, suggesting that Parageogale 

is capable of accurately reconstructing phylogeny. A further study by Pattinson et al. (2015) performed 

artificial extinction experiments on 85 fossil primates. Their results suggested, at least for primates, 

that fossils are capable of accurately reconstructing known phylogeny. 

Another element of missing data in fossils that has been investigated is the bias towards preservation 

of denser osteological material (e.g. teeth) over softer ones.  It has been shown that different parts of 

the body contain different phylogenetic signal (Pattinson et al., 2015; Mounce et al., 2016; Sansom et 

al., 2017). The morphological characters of an organism can be split into different parts called 

‘morphological partitions’ and often these partitions are based on preconceived notions of function 

(e.g. crania and postcrania). Fossils that sample across these partitions are better equipped to 

accurately construct phylogeny (Pattinson et al., 2015; Mounce et al., 2016). So as well as the volume 

of missing data, the representation of different morphological partitions can have a large effect on the 

performance of fossils in phylogenetic analysis.  
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Glires: the most successful mammals on Earth 

Glires (Rodentia + Lagomorpha) act as a good study group for artificial extinction and other 

experiments due to decent knowledge of their phylogenetic relationships, their relatively complete 

fossil record and large sample size. Glires comfortably hold the title of the world’s most successful 

mammal group. They fulfil this role through a number of different criteria. They are the most speciose 

group of mammals, with diversity estimated to range from 2,277 species to 2,600 species (Wilson and 

Reeder, 2005; Fabre et al., 2015; Wilson et al., 2016; Elia et al., 2019). The majority of this diversity is 

accounted for by Rodentia, the larger of the two groups, comprising over 95% of glires species. As well 

as accounting for 30–40% of all living mammal diversity, Glires have a global distribution. Glires are 

native to every continent except Antarctica, although rodents have made it as far as South Georgia 

with our unintended help (Martin and Richardson, 2017). As well as being found in most places, Glires 

practice a number of different lifestyles, from scansorial to arboreal and semiaquatic to fossorial.  They 

have evolved several different locomotion styles, which allow them to move around their 

environment, including gliding and ricocheting. Glires are also represented by a wide variety of diets 

including herbivory, granivory, omnivory, carnivory, fruigivory and vermivory (a specialised diet of 

worms). Finally, extant Glires range in size from as little as ca. 3g to over 60kg, with the largest ever 

rodent, the extinct Josephoartigasia monei, weighing in around 1000kg (Millien, 2008; Rinderknecht 

and Blanco 2008). 

Specialised masticatory systems and systematics 

One thing all Glires have in common is a highly specialised dentition for gnawing food. Rodents have 

an upper and a lower pair of ever-growing incisors, while lagomorphs have two pairs. The incisors are 

followed by a large diastema, molars and premolars, which are variably reduced in number. 

Continuously growing incisors are not unique to Glires as diprotodonty exists in the aye-aye, some 

hyrax species, the common wombat, the extinct multituberculate Ptilodus (Krause, 1982) and the 

extinct marsupial Diprotodon (Owen, 1870). However, the highly specialised masticatory muscles of 

Glires are more unusual and are another key component to their success. Four arrangements of the 

masseter muscle are observed in Glires: protrogomorphy, sciuromorphy, hystricomorphy and 

myomorphy. The masseter muscle in rodents is divided into several slips, which includes (in order of 

depth) the superficial masseter, deep masseter and zygomaticomandibularis. Where the different 

parts of the masseter attach to the cranium varies across rodents. In protrogomorphy, the masseter 

muscle’s attachment is limited to the zygoma, as it is in many other mammal species (Figure 1). This 

anatomical condition is seen in Lagomorpha, the mountain beaver (Aplodontia rufa), some bathyergid 

moles (Cox and Faulkes, 2014), but most predominantly in groups of fossil Glires. In sciuromorphy, the 
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deep masseter extends forwards off the zygomatic arch and attaches onto the rostrum (Figure 1). This 

is coupled with a widening of the anterior root of the zygoma to form a structure known as the 

‘zygomatic plate’. Sciuromorphy is found in squirrels, beavers and Geomyoidea. In hystricomorphy, 

the deep masseter is restricted to the zygoma, but the zygomaticomandibularis extends forwards and 

invades an enlarged infraorbital foramen before attaching to the rostrum (Figure 1). This arrangement 

is found in anomalurids, dipodids, caviids, porcupines and some dormice. The last condition, 

myomorphy, combines the deep masseter extension and zygomatic plate of sciuromorphy and the 

zygomaticomandibularis extension and infraorbital invasion of hystricomorphy (Figure 1). This 

arrangement appears in murids and some dormice. 

 

It is now generally accepted that Lagomorpha and Rodentia are sister groups, with the latter being 

split into three main clades: Sciuromorpha, Ctenohystrica and Myomorpha (Figure 1; Fabre et al., 

2012; Asher et al., 2019). However, ideas of rodent taxonomy in the past were heavily influenced by 

the complicated system of masticatory muscles, and it took a while to arrive at the modern 

classification we recognise today. In 1855, Brandt divided the rodents into three groups based on the 

different conditions of the masseter muscle: Sciuromorpha, Hystricomorpha and Myomorpha. A few 

years later, Zittel (1893) formally defined ‘Protrogomorpha’, a group of rodents based on anatomical 

protrogomorphy. This group contained all of the fossil rodents as well as Aplodontia.  Molecular based 

studies now show that these groupings based on anatomical definitions are unnatural and that the 

arrangements of the masseter muscle have evolved independently in several rodent groups 

(Hartenberger 1985; Fabre et al., 2012; Asher et al., 2019; Swanson et al., 2019). For example, the 

modern grouping of Sciuromorpha has representatives of all four conditions of the masseter muscle.  

Later on in 1899, Tullberg conceived a new way to group rodents based on the lower jaw. Rodent 

lower jaws can be split into two categories (Figure 1). The angular process can either be in line with 

the plane of the incisor alveolus (defining Tulberg’s group Sciurognathi) or at an angle (as in Tullberg’s 

Hystricognathi). Tullberg’s Hystricognathi is still recognised as a monophyletic group today within 

Ctenohystrica, but rodents with sciurognathous jaws comprise the rest of Rodentia (Figure 1). Another 

system to abandon the idea of masseteric classification was developed by Landry (1999). In Landry’s 

new scheme, rodents were split according to the position of the nasolacrimal canal in relation to the 

incisor alveolus. His Entodacrya group possessed a canal running internally all the way down to the 

posterior end of the incisor alveolus, which allied the ctenodactylids and Hystricognathi. This group is 

still recognised as monophyletic today, but under the more frequently used name ‘Ctenohystrica’ 
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(Huchon, 2000). His Sciurognathi group, where the canal is partially exposed, is no longer recognised 

as a natural grouping. 

 

Figure 1: Rodent masseter muscle arrangements and angular process positions mapped onto a 

simplified topology of Glires. The uncertain angular jaw position of Diatomyidae reflects the 

intermediary condition in Laonastes described by Hautier et al. (2011). The tree is based on Fabre et 

al. (2012), Asher et al. (2019) and Elia et al. (2019). Figure layout is based on Hautier et al. (2015). 

While the masseteric system is no longer used for classification purposes, the concept of a 

‘protrogomorph’ group of animals has persisted, with the term ‘protrogomorph’ sometimes referring 

to members of a clade (Catzeflis et. al., 1992; Qiu and Li, 2005; Li et al., 2015), to members of a grade 

(Wood, 1965; Dawson, 1977; Vianey-Liaud; Korth, 1994), or describing the anatomical condition 

(Heaton 1966) or sometimes a grade and an anatomical condition interchangeably (Wood, 1980).  The 

majority of the earliest fossil rodents have an anatomically protrogomorphous skull (Wood, 1962) and 

ancestral state reconstructions performed on recent topologies suggest that the ancestors of 

Sciuromorpha, Myomorpha and Rodentia itself were anatomically protrogomorphous (Swanson et al., 

2019). However, the derived anatomical condition of sciuromorphy may be much older than first 

suspected. The fossil group ‘Ischyromyidae’ is often regarded as an exclusively protrogomorphous 

group and comprises of a paraphyletic assembly of several North American rodents from the 
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Paleocene and Eocene: Franimys, Ischyromys and Paramys to name a few (Korth, 1994). In 1976, the 

eminent anatomist A.E. Wood tried to convince the scientific community that some specimens of 

Ischyromys (which he referred to as Titanotheriomys) were anatomically sciuromorphous. This was 

met with criticism, most notably from his former student C.C. Black (1968), but while their debate was 

never settled, more recent studies still refer to this group of rodents as anatomically 

protrogomorphous (Korth, 1994). However, such discussions are worth revisiting in order to fully 

understand the evolution of the masseter system in rodents. For example, the application of 

geometric morphometric techniques to fossil data and new evidence of sciuromorphy in Ischyromys 

is discussed by Rankin et al. (2020). The results of this paper, which are presented in Chapter Five of 

this thesis, highlight the mosaic nature of masseter evolution and indicate that not all early-rodent 

clades were anatomically protrogomorphous. 

Origins of Glires in Asia 

Like in many other mammal groups, the timing and setting of the origin of Glires is of great interest 

and has led to several discussions on the matter. Glires has good molecular sampling and a fairly well 

sampled fossil record, but despite uncovering much of their evolutionary history throughout the years, 

there are still parts of their past which lack resolution.  

Currently, molecular based estimates suggest that Glires appeared sometime between the Late 

Cretaceous (Hallstrom and Janke, 2010; dos Reis et al., 2012; Tarver et al., 2016) and the early 

Cenozoic (Douzery et al., 2003; Kitazoe et al., 2007; Wu et al., 2012). The oldest recognisable fossil 

Glires date to the Early Paleocene, just proceeding the K-Pg extinction event. These ancient fossils are 

so far only known from Asia and are allocated to one of two groups: eurymylids and mimotonids (Li, 

1977; Li et al., 2016). Sometimes named collectively as ‘Mixodontia’, these animals are thought to 

possess the ancestral characters of Glires. Mimotonids have two pairs of upper and lower ever-

growing incisors, the defining feature of grade ‘Duplicidentata’, and so are considered to be more 

closely related to Lagomorpha than Rodentia (Sych, 1971). Eurymylids only have one pair of upper and 

lower ever-growing incisors, characters of the grade ‘Simplicidentata’, and so are thought to be more 

closely related to Rodentia. Mimotonids can be referred to as ‘non-lagomorph duplicidentates’, and 

eurymylids as ‘non-rodent simplicidentates’ (Dashzeveg and Russell, 1988). In reality, the division 

between eurymylids and mimotonids is oversimplified and they do not constitute a monophyletic 

group (Meng and Wyss, 2001; Meng et al., 2003; Asher et al., 2005).  
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While an Asian origin of Glires seems very likely given the distribution of eurymylids and mimotonids, 

the origins of the three rodent crown groups (Sciuromorpha, Myomorpha and Ctenohystrica) is less 

certain. There are plenty of basal fossil Glires in North America, such as the rodentiaform family 

Algomyidae and the slightly younger ‘Ischyromyidae’, which have been used to suggest possible North 

American origins for Rodentia (Sloan, 1969; Wood, 1977). For example, the rodentiaform Alagomys is 

found on both sides of the Pacific, but current age correlates indicate that North American specimens 

from the Late Paleocene (Late Clarkforkian NALMA) predate their Asian neighbours from the Early 

Eocene (Bumbanian ALMA) by millions of years (Dashzeveg, 1990; Tong and Dawson, 1995; Bowen et 

al., 2012). Ischyromyidae are exclusively North American and latest Paleocene members such as 

Acritoparamys and Paramys were contemporaneous with the later Asian rodentiaformes and 

eurymylids (Korth, 1994; Figure 2). The contrast between the distribution of ancient ischyromyid and 

alagomyid fossils in North America, with their presumed ancestors in Asia, has been termed the 

‘Paleocene Paradox’ (Dawson, 2015; Fostowicz-Frelik, 2020).  

 

Figure 2: Distribution of fossil Glires during the Paleocene. Orange circles represent occurrence 

records. Data and map sourced from PBDB (www.paleobiodb.org). 

The phylogenetic affinities of ‘ischyromyid’ rodents require further clarity, but the presence of some 

fossils forms within Sciuromorpha (e.g. Ischyromys; Asher et al., 2019) warrant a detailed investigation 

into the role of the North American continent in the diversification of this crown group.  The origins 

of Myomorpha may also have roots in North America. There are Eocene fossils with ancestral 

myomorph features in Asia, such as Pappocricetodon (Tong, 1997), and also in North America, such as 

Heliscomys (Cope, 1973). The North American fossil Elymys in particular, is one of the earliest rodents 
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to possess myomorph characters and has been used to suggest a North American origin of 

Myomorpha (Emry, 2007).  

Finally, the biogeographic history of Ctenohystrica is of interest as it has the most restricted 

distribution of the main three rodent groups. Extant species of Ctenohystrica live across South America 

and Africa, with only Hystricidae and Laonastes found in Asia. The diverse Hystricognathi clade 

(porcupines and caviids) is thought to share a common ancestor with Ctenodactylidae (gundis) and 

Diatomyidae (Laonastes), with the latter two forming Ctenodactylomorphi (Elia et al., 2019). Fossils 

thought to be closer in appearance to Ctenodactylomorphi than Hystricognathi form part of the 

‘Ctenodactyloidea radiation’, which has fossil roots in the Paleogene of Asia (Antoine et al, 2012). 

However, the oldest ancestors of Hystricognathi, are found in Africa and South America 

simultaneously during the Late Middle Eocene (Antoine et al, 2012; Marivaux et al., 2014; Boivin, 2017; 

Boivin et al., 2019), with Asian hystricognaths not evident until a few million years later in the Late 

Eocene. If Hystricognathi originated in Asia from a ctenodactyloid-like ancestor, then this would imply 

large ghost-lineages and therefore gaps in the fossil record. 

The influence of the Tibetan Plateau 

The role of the environment is another important consideration when trying to understand the 

diversification of Glires in Asia. Furthermore, it would be impossible to discuss Asian environmental 

conditions without mentioning the uplift of the Tibetan Plateau. Spanning across central, southern 

and eastern Asia, the Tibetan Plateau is the largest geological structure of its kind and is elevated more 

than 4,500m above sea level (Wang et al., 2011). It began to form during the Late Cretaceous as the 

Indian plate travelled across the ocean from Africa towards Asia. Before impact, the Tethys ocean floor 

was already experiencing subduction from the approach of the Indian plate, leading to some uplift in 

Southeast Asia (Royden et al., 2008). The Indian plate then collided with Asia ca. 50 Ma in the Eocene 

(Torsvik and Cocks, 2016). Subduction of the Indian continental crust under the Asian continent 

resulted in huge uplift, forming the Tibetan Plateau in the process (Wang et al., 2011). A notable 

second peak in uplift occurred during the Late Paleogene–Early Neogene, which resulted in the 

formation of the Tien Shan, Karakorum, Himalaya and Altai mountain ranges (Torsvik and Cocks, 

2016). The Tibetan Plateau continues to increase in elevation today (Wang et al., 2011). Severe 

tectonic activity is thought to be a driver of speciation (Badgley, 2010; Fortelius et al., 2014) and so 

we might expect peaks in Asian mammal diversity to coincide with periods of significant uplift of the 

plateau.  

Furthermore, the large size and elevation of the plateau is thought to have a considerable effect on 

weather patterns across Asia. For example, the plateau and surrounding mountain ranges are thought 
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to drive the seasonal monsoons in Southeast Asia as well as levels of snowfall across Eurasia. There 

are several case studies which have linked the effects of climate and plateau uplift to the 

diversification of Cenozoic vertebrates (Wang et al., 2015). These include instances of where cold-

adapted species are thought to have diversified in the plateau region during the Pliocene, before 

expanding into the rest of Asia during the Ice Age (Deng et al, 2011; Deng et al., 2015; Tseng et al., 

2013a; Tseng et al., 2013b; Wang et al., 2015). This pattern of adaptation in Tibet and subsequent 

dispersal when global temperatures cooled has been termed the ‘out of Tibet’ hypothesis. Although 

there are many examples of this occurring around the time of the Ice Age, less work has investigated 

the role of the Tibetan Plateau as a refuge for cold-adapted species further back in time. However, the 

fossil record of dipodoid rodents points towards the Tibetan Plateau performing a similar role during 

the Oligocene Glaciations (Pisano et al., 2015). 

Thesis aims 

The aims of my thesis are 1) to examine whether or not the information content of fossil Glires is 

capable of accurately reconstructing phylogeny, 2) to determine whether morphological partitions in 

Glires contain different phylogenetic signal, 3) to reconstruct a phylogeny of Glires in order to explore 

the role of the Asian continent in the origin of the group and 4) to investigate the presence of derived 

musculature in Eocene fossil Glires.  

This thesis encompasses six chapters, including this brief introduction and a short chapter of 

conclusions. The four middle chapters have been prepared in the form of research articles and so 

there is some overlap between this summary and their more detailed introductions.  

In Chapter Two, I investigate whether or not fossil Glires can accurately reconstruct phylogeny using 

the artificial extinction method, before teasing apart the nuanced effects of partition biases in Chapter 

Three. In Chapter Four I use different total-evidence approaches to reconstruct the phylogeny of 

Glires. I then use these topologies to undertake ancestral range reconstructions to investigate where 

Glires and groups therein originated. I also combine this information with data on the uplift of the 

Tibetan Plateau to assess its role in the evolution of Glires in Asia. Finally, in Chapter Five I examine 

the anatomical characters of ‘ischyromyid’ specimens to determine whether or not anatomical 

sciuromorphy was present in Eocene ‘protrogomorph’ rodents. 
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Chapter Two: assessing the information content of the Glires 

fossil record 
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Abstract 

Many lines of research in evolutionary biology rely upon highly degraded fossil data to provide 

information about extinct organisms. There is some evidence to suggest that the level of missing data 

in fossils can distort phylogeny, as well as alternative evidence which contradicts this. My study used 

a heuristic method called ‘artificial extinction’ to degrade the information content of a living species 

with known phylogenetic affinities to emulate data present in a real fossil. These artificial fossils were 

then tested to see if they could recover the known phylogenetic relationships of living taxa. I found 

that artificial fossils based on real fossil Glires (rodents + rabbits) are capable of accurately 

reconstructing known phylogeny, whereas artificial fossils with randomly coded states (representing 

noise) do not. Furthermore, the artificial fossils based on real fossil Glires performed just as well as 

artificial fossils whose morphological partition biases had been removed, suggesting a minimal role of 

preservational biases in phylogenetic accuracy. However, some fossil taxa that performed better than 

others with similar amounts of missing data were found to possess less partition bias, indicating that 

evenly spread data can be more important than the amount of data coded. Finally, I found no evidence 

for the theory that fossils exhibit 'stemward slippage', further implying that fossil Glires are suitable 

for phylogenetic reconstruction.  

 

Introduction 

Fossils and missing data 

The diversity of life we see around us today represents the tip of the iceberg in terms of lifeforms 

which have lived on the surface of this planet. The majority of species that have ever lived are now 

extinct, and while it is difficult to know exactly how many species there have been, the fossil record 

documents an amazing abundance of taxa that are no longer present (Simpson, 1952). The study of 

evolutionary biology seeks to understand how the world’s diversity came to be and many research 

questions require information about extinct lifeforms. In nearly all cases, fossils and their geological 

context are the only tangible evidence of past species' existence. 

Fossils provide direct evidence for macroevolutioary processes and so their incorporation into 

evolutionary studies, phylogenetics in particular, has many advantages. Fossils, in combination with 

stratigraphy, provide minimum dates for the origin of ancestral clades and so can be used to calibrate 

molecular clocks and estimate divergence times (dos Reis et al., 2016). A dated tree enables inferences 

about when living clades first evolved and under what environmental conditions and evolutionary 
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pressures. Long branches in evolutionary trees, which can be problematic for dating, can also be 

broken up by including fossil taxa (Giles et al., 2017). Furthermore, the morphological data available 

through fossils are useful for working out sequences of character evolution and how key anatomical 

structures might have evolved (Puttick, 2016). Finally, including fossils in evolutionary trees allows us 

to elucidate the relationships between extinct and extant taxa, and between extant taxa themselves. 

There are evidently many benefits to incorporating fossil data, but the extent of their usefulness 

ultimately depends on how accurately they are positioned within the tree of life. Phylogenetic 

affinities of a given fossil can have very large consequences. For example, two competing hypotheses 

on the placement of a single fossil might alter the age of a clade by millions of years (Doyle and 

Donoghue, 1993; Magallón and Sanderson, 2001; Magallón, 2004). This could then have the knock-on 

effect of changing the sequence of steps by which an anatomical adaptation evolved and how it could 

be interpreted in terms of biogeography and climate. Deciding how much confidence we have in the 

phylogenetic placement of a particular taxon is not a problem unique to using fossil evidence, but one 

which can be scrutinized under the lens of one very prominent fossil problem: missing data. 

The process of fossilization inevitably results in data loss as the body of a creature decomposes and is 

subject to the pressures and conditions under which it was preserved. While this in itself is not 

necessarily cause for alarm, the observed preservational bias towards hard tissues could be. DNA 

degrades relatively quickly and currently the oldest molecular data to be extracted from an animal 

dates to 1.77 Ma (Cappellini et al., 2019). Compare this to the age of one of the oldest vertebrate 

fossils from the Lower Cambrian (ca. 518 Ma) and the scale of missing molecular data in the fossil 

record becomes evident (Shu et al., 1999). As well as molecular data, the structural soft tissues 

themselves are also destroyed very quickly. Truly exceptional preservation of soft tissues such as fur, 

muscle and protein structures can sometimes be observed, particularly in special sites known as 

Lagerstätten, but these are the exceptions rather than the rule with most fossils only preserving 

osteological characters (Allison, 1988). Yet fossils remain our best evidence for past life on Earth. 

Handling missing data 

How fossils should be incorporated into phylogeny, given their predisposition towards missing data, 

is something that has been debated for an extended period of time. Since the onset of cladistics and 

the application of new cladistic methods in the late 1970’s, fossils came under a critical eye, most 

notably from within the palaeontology community itself (Edgecombe, 2010).  In his critique on the use 

of fossils in cladistic inference, palaeontologist Colin Patterson said that the “paucity of characters 

may severely limit the precision with which relationships may be proposed and tested” (Patterson, 

1981, p. 219). Patterson also believed that fossil taxa could not justifiably be interpreted until they 
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had been assigned to living groups and that the latter should always be the starting point for inferring 

relationships. This sentiment was echoed by Hennig et al. (1981) and later on by Peter Ax who 

advocated that “fossils (if any) should be added into appropriate stem lineages after the fact” (1987, 

p. 229). These views led to fossils being treated as secondary, almost inferior data, which was assumed 

to have either a negative or little to no influence on evolutionary relationships.  

In contrast, Jacques Gauthier, a contemporary of Patterson, Hennig and Ax pointed out that extant 

taxa themselves are not exempt from missing data (Gauthier et al., 1988). For example, it is easy to 

imagine a scenario where we might not have a particular gene sequenced for a species or that it could 

be underrepresented in museum collections and so details of its osteology might be hard to obtain. 

The difference of course being that while an animal is still extant, the possibility to collect this data 

remains. To address the effect of fossils and missing data on topology, Gauthier et al. (1988) 

demonstrated that alternative sister group relationships for reptiles could be achieved by including 

fossil data. This was one of the first empirical studies of its kind to prove that in spite of their 

incomplete state, fossils had a measurable influence on evolutionary relationships. This inspired many 

other researchers to adopt the position that “every effort” should be made to include fossils in 

analyses from the outset (Donoghue et al., 1989). 

Researchers have since attempted further empirical experiments on the effect of missing data, with 

the focus moving away from proving if a topological effect exists to whether or not it is a desirable 

one. A series of simulation studies by John Wiens investigated the trade-offs between adding 

additional morphological characters to a matrix against increasing amounts of missing data (Wiens, 

1998; Wiens, 2003a,b; Wiens, 2005). These experiments indicated that large amounts of missing data 

have surprisingly little effect on tree accuracy as long as the character sample is sufficient. With that 

said, simulated characters cannot be expected to truly mimic the very complex and often yet unknown 

processes of evolution and so the need for experiments focusing on real characters is also required. 

Sansom et al. (2010) recognised this need and so investigated the preservational bias towards soft 

tissues in living amphioxus and ammocoetes. They performed taphonomic experiments by leaving 

specimens to decay and assessing the phylogenetic signal of the characters which remained. They 

found that characters encoding synapomorphies in chordates, according to an a priori topology, 

decayed at a greater rate compared to the less phylogenetically informative characters, an effect 

known as ‘synapomorphic decay bias’. They generalized that this could be the case across all 

chordates, and with reference to a single cephalochordate fossil, that the fossil record in its entirety 

is fundamentally biased towards plesiomorphic characters. The effect of this being, they proposed, 

that fossils occupy erroneously primitive positions within topologies due to stemward-slippage. The 
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implications of this conclusion for taxa with predominantly soft tissues, such as invertebrates, is of 

course, much more severe than for vertebrates. 

As well as decay experiments, researchers have taken datasets of living taxa with known phylogeny, 

and artificially reduced the data content by removing characters at random or targeting particular 

partitions.  An example of this would be Springer et al’s (2007) "pseudoextinction" experiments. Their 

dataset consisted of 44 living taxa representing each order of placental mammals. For each taxon they 

removed all of the molecular and soft tissue characters, whilst keeping all of the osteological 

characters. This in effect constructs a ‘perfect’ osteological fossil of an extant taxon.  They then 

substituted whole orders of placental mammals in their dataset with their artificially fossilized 

counterparts. Their datasets were then subject to phylogenetic analysis before assessing congruence 

between the resulting topologies and their optimal topology. They found that under a third of 

placental orders remained in the superordinal groups as defined by the optimal tree. In 2013, Sansom 

and Wills analysed the effects of missing data across a dataset of 78 vertebrate and invertebrate 

matrices. They compared the deletion of all soft-tissue characters to the deletion of an identical 

number of missing characters spread randomly across soft-tissue and hard-tissue partitions. They 

found that artificial fossils where the soft-tissue characters were excluded performed more poorly in 

tests of congruence with the optimal tree than artificial fossils where the characters were deleted at 

random. Furthermore, they found that the movement of taxa within a tree could be predicted based 

on the type of artificial fossil substitution. The artificial fossils without any soft-tissue characters 

displayed more stemward slippage than the randomly degraded artificial fossils, which had even levels 

of crownward and stemward slippage. It is perhaps worth mentioning, that some of their optimal trees 

were based on small molecular datasets from the 1980s and 90s, and are in conflict with what we 

know about animal phylogeny today. However, based on their findings, Sansom and Wills (2013) 

suggested that since real fossils comprise almost of entirely hard-tissue characters, the use of fossils 

in analyses would lead to misleadingly primitive positions for taxa. They argued that this would lead 

to spuriously primitive placements of fossils and consequent overestimations of evolutionary rates.  

The artificial extinction approach 

Taphonomic studies are useful for studying the nature of decay, but living proxies for fossil diagenesis 

may still struggle to accurately represent the complex conditions and variety of processes under which 

fossils are formed. Experiments which artificially reduce the information content of living taxa help us 

to understand the consequences of missing data in phylogenetic analysis, but neither approach makes 

reference to particular fossil taxa. Another technique to investigate missing data, directly informed by 

the fossil record is ‘artificial extinction’ (Asher et al. 2008). This method involves taking a living taxon 
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(the subject), for which we have a well-corroborated phylogeny, and degrading its data to reflect that 

found in a real fossil specimen (the template). The artificial fossil then replaces its living taxon 

counterpart in a new analysis and the resulting topology is compared to the well-corroborated tree. 

We are in effect asking, if a living species were to be known only from fossilizable data, could we still 

accurately reconstruct its phylogenetic affinities? This method was first implemented by Asher and 

Hofreiter (2006) who took a matrix of 10 living tenrecids and made an artificial fossil for each using 

the fossil Parageogale as a template. All characters coded as missing in Parageogale were now coded 

as missing in the artificial fossils. They repeated their tree search with each of the artificial fossil 

substitutions and found little incongruence with their topology when other living species were left 

intact. This result boosted the authors' confidence in the placement of Parageogale, an African taxon, 

within the clade of living tenrecs on Madagascar, thus confirming that Malagasy tenrecs are 

paraphyletic.  

Another study, by Pattinson et al. (2015), used a matrix of extant and extinct primates. In this study, 

three different categories of artificial fossils were made based on real fossil templates. An illustration 

of how the three types of fossil are made is provided in Figure 3. The first category of artificial fossil 

they used, called ‘real templates’, followed the same procedure as Asher and Hofreiter (2006). A living 

taxon (the ‘subject’) has any character removed that is coded as missing in a given fossil (the 

‘template’). The second type of artificial fossil they used were ‘random templates’. In this case, the 

artificial fossil has the same percentage of missing data as the template fossil, but these are distributed 

randomly across osteological partitions. The final category of artificial fossil used by Pattinson et al. 

was ‘random states’. In these artificial fossils, all characters coded as missing in the fossil template are 

coded as missing in the subject, but any remaining coded characters are assigned random states. This 

combination should test if fossils contain genuine phylogenetic signal, as opposed to noise, which is 

capable of reconstructing known clades according to the well-corroborated tree. Pattinson et al. 

observed that artificial fossils were more congruent with the well-corroborated tree with increasing 

amounts of data, although even the most incomplete real template artificial fossils performed 

relatively well. The random state artificial fossils shared fewer splits with the well-corroborated tree 

than the real or random template artificial fossils at any level of template completeness. This 

suggested that primate fossils contain phylogenetic signal capable of accurately reconstructing 

phylogeny. At high levels of missing data within the fossil templates, the random template artificial 

fossils displayed better phylogenetic accuracy than the real template artificial fossils. This indicated 

that fossils which sample across multiple partitions were better at accurately reconstructing 

phylogeny than if they were biased towards one partition.  
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Figure 3:  Illustration of how molecular and morphological data are degraded to produce the three 

categories of artificial fossil used in Pattinson et al. (2015) and this study: 1) real templates, 2) random 

templates and 3) random states. 

Character partition bias 

This last finding of Pattinson et al. (2015) is in agreement with later papers written on character 

partition bias (Mounce et al., 2016; Sansom et al., 2017). The higher density and strength of dental 

tissues in comparison to other osseous matter often means that teeth are all that remains of a 

mammal fossil. This observation is likely to be amplified for smaller taxa, which have more fragile 

remains. As such, there have been many mammal phylogenies based almost entirely on dental 

characters (Heaton, 1996; Marivaux et al., 2004; Rodrigues et al., 2010; Antoine et al., 2011). However, 

several authors including Pattinson et al. (2015) and Mounce et al. (2016), have found that sampling 

across multiple character partitions is beneficial to accurately reconstructing phylogeny. For example, 

Pattinson et al. (2015) described and implemented a new metric to measure partition bias, called the 

‘Q metric’. The Q metric is calculated by counting the number of coded characters for each partition 

and then converting this to a proportion of characters that could have potentially been coded for that 

partition. The products of these proportions are then summed and divided by the number of 

partitions. The Q metric measures the extent to which partitioned data are dominated by one 

element. A score of ‘0’ indicates that the data are present in only one partition, increasing towards ‘1’ 

as distinct partitions become more complete. They found that fossil templates that were more 

congruent with the well-corroborated topology than expected for their level of completeness, also 

had high Q values. It is therefore important when analysing the effects of missing data to also take 

into account the effects of any character partition biases.  
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While the artificial extinction method has so far provided compelling results for both arguments 

relating to the effects of missing data, more can still be done. Sansom et al’s (2013) study, although 

large and taxonomically comprehensive, doesn’t make reference to real fossils. Whilst Pattinson et al. 

(2015) do cover this area, they do so only with one small mammal group and two measures of tree 

similarity. To address this first point, my study will examine if fossils can accurately reconstruct 

phylogeny while focusing on the world’s largest group of mammals: the rodents and rabbits. 

Glires as a study group 

Collectively known as Glires, rodents and rabbits comprise almost two thirds of all mammal species, 

with roughly 2,277 living species described so far (Wilson and Reeder, 2005; Fabre et al., 2015). There 

are a number of different factors that lend this group to the artificial extinction method and tests of 

phylogenetic congruence. With the exception of Antarctica, they have colonised every continent and 

so their fossils can be found in many geographical regions. They also have evolved to occupy a diverse 

range of niches and lifestyles from arboreal to semiaquatic, cursorial to fossorial. The size range of 

extant rodents is also disparate with animals ranging from as little as ca. 3 g to as much as 60 kg. All 

of these factors will affect the conditions and preservational potential of fossil Glires, making them an 

ideal study group with which to investigate missing data. Furthermore, with advances in phylogenetic 

methods and molecular data availability, we now have a better picture of Glires systematics than ever 

before. 

Measures of tree similarity 

The measure of congruence used to compare tree similarity should be considered thoroughly in 

artificial extinction experiments as each method measures a different aspect of a tree’s structure. The 

resemblance between any two given topologies is consequently nuanced by the method that is used 

to calculate it. It is therefore beneficial to examine several measures of similarity. To improve upon 

the range of similarity indices used in past studies of artificial extinction, my work examines the ability 

of fossils to reconstruct phylogeny using three different measurements of tree distance: corrected 

Robinson-Foulds (cRF), shared splits, and quartet divergence (QD). Of these three metrics, the simplest 

to compute are shared splits and cRF. The shared splits measure counts the number of splits 

(sometimes called ‘bipartitions’) present in a tree that are also present in another tree. This method 

effectively focuses on similarity and ignores unresolved or different relationships. The cRF is a 

modified version of the Robinson-Foulds metric (RF). The RF method counts the splits that are not 

shared by two trees, and thus sums the number of splits unique to each tree (Robinson and Foulds, 

1981). There are five problems associated with this metric and while they are not unique to this 

particular measure of congruence, it is undesirable that the RF score is affected by all of them. Firstly, 
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the RF metric could be considered overly conservative as only perfectly preserved splits are treated 

as equivalent. Therefore, a very small reshuffle of taxa can disturb many clades simultaneously. It is 

possible for two topologies with very similar structures to be awarded the worst RF score possible for 

that topology. For example, two fully pectinate trees can be awarded the maximum RF score (the 

higher the score, the more dissimilar the topologies) if only the most-nested taxon is grafted and 

pruned onto the least-nested taxon. This effect can therefore lead to saturation and biased RF scores 

(Lin et al., 2012). Secondly, the RF metric is somewhat imprecise as the number of unique splits 

possible is always two less than that of the total number of taxa (Smith, 2019). Thirdly, certain 

rearrangements of topology can lead to counter-intuitive RF scores. For example, moving one taxon 

can sometimes give a higher RF score than moving both that taxon and its neighbour to the same 

position. Fourthly, asymmetric topologies with more even partitions will receive relatively higher 

scores than more balanced topologies (Smith, 2019). Fifthly, the RF score counts artefactual 

'congruence' implied by non-resolved topologies, which is not necessarily desirable. The corrected 

Robinson-Foulds (cRF) metric implemented in this study aims to reduce some of this effect by scaling 

the RF score by the resolution of the tree. That is to say, the RF value is normalised against the 

maximum amount of information that could possibly be resolved on the topology and so punishes 

poorly resolved trees that are otherwise congruent with better resolved ones. However, even with 

this adjustment, the cRF is still prone to problems of saturation and does not scale linearly. A different 

metric that is often proposed, although perhaps less prevalent in the literature due to the ease of 

calculating RF, is quartet divergence (QD). As the name suggests, rather than breaking the tree down 

into splits, this metric treats topologies as a series of four taxon statements (Estabrook et al., 1985; 

Day, 1986; Bandelt and Dress, 1986). The ability to capture all of the tree’s structural information 

means that QD has several advantages over the cRF metric. Quartets contain identical volumes of 

information, scale consistently as trees diverge and are less likely to reach saturation (Smith, 2019). 

While metrics such as cRF reward accuracy between trees, the QD metric focuses on information 

content and precision. As a result, it may be less sensitive to changes in one taxon than shared splits 

or cRF. 

Each metric of tree similarity captures different aspects of tree congruence and so has its own 

advantages and disadvantages, depending on what features of congruence are being focused on. For 

this reason, it is good practice to examine several metrics when measuring tree similarity.  

Aims and hypotheses  

By carrying out artificial extinction experiments and using the various tests of tree similarity 

mentioned above, my work aims to investigate if fossil Glires are capable of accurately reconstructing 
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phylogeny. Using several indices of tree similarity should provide a more in-depth understanding of 

fossil performance than in previous studies, while focusing on Glires provides a large and varied 

sample with which to test the artificial extinction method. Although it has been argued that fossils 

distort phylogeny, it is my hypothesis that fossil Glires will contain phylogenetic signal capable of 

accurately constructing phylogeny, and I will test Sansom and Wills’ (2013) claim that fossils are biased 

towards occupying “erroneously primitive” positions within trees. I will further test if particular 

categories of morphological characters (such as dental, cranial, and postcranial) exhibit different levels 

of information content. If a tree resulting from an artificial fossil is more congruent with the well-

corroborated tree than expected for the template’s percentage of missing data, I anticipate that it will 

also have a higher Q value than expected. Given that morphological characters are designed to capture 

a wide variety of phenotypic information (covering both conserved and less-conserved body parts), I 

expect that in spite of preservational biases, fossil Glires will contain phylogenetic signal capable of 

recovering crown and stem clades equally.  

 

Methods 

Experimental matrix 

In order to perform artificial extinction experiments, I assembled a matrix of morphological and 

molecular characters. The matrix of Asher et al. (2019) contains 219 morphological characters and 14 

genes (six mitochondrial, eight nuclear) for 60 living genera and 42 fossils and formed the foundation 

of my matrix. I added an additional 22 taxa to Asher’s matrix (124 in total) based on their completeness 

and to maximise taxonomic representation. I coded the morphology of one more extant genus 

(Cricetulus) and 21 fossil Glires (Alagomys, Birbalomys, Branisamys, Dawsonolagus, Elymys, Eocardia, 

Eogliravus, Eutypomys, Exmus, Franimys, Gaudeamus, Hulgana, Knightomys, Paradelomys, Prolapsus, 

Protechimys, Sallamys, Sayimys, Tamquammys, Tarnomys and Tsinglomys). I obtained microCT scans 

of Cricetulus, Franimys, Ischyromys, Paleolagus, Tarnomys and Sciuroides and also examined the 

microCT scans of Gomphos, Ischryomys and Paradelomys (Rankin et al. 2020). I made virtual 

reconstructions of the microCT scans using Drishti v.2.6.4 (Limaye, 2012). Other taxa were examined 

from a mixture of museum specimens and illustrations from the literature. In addition, I added 13 

gene sequences for Cricetulus to the molecular matrix and aligned them using Opal 2.1.0 and Mesquite 

(Wheeler and Kececioglu, 2007; Maddison and Maddison, 2019). Appendices 1a and 1c provide 

information on the specimens I examined. Appendix 1b lists DNA sequences and Appendix 1d provides 

the combined morphological and molecular data matrix. 
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Artificial fossils 

I followed Pattinson et al. (2015) by making three types of artificial fossil from the data matrix: real 

templates, random templates and random states (Figure 3). While Pattinson et al. used Python scripts 

to process the artificial fossils, I adapted R (R Core Team, 2020) scripts from Asher et al. (2019) and 

Asher and Smith (in prep, 2020). The scripts contain a series of commands to write batch files that can 

be parsed by the phylogenetics program TNT (Goloboff and Catalano, 2016). A batch file contains the 

location of the data matrix and instructions for TNT to build several trees. I used the command ‘agroup’ 

in the batch file to specify which taxa are extant and which are fossils. I then used the command 

‘xgroup’ to specify the start and end points of the various data partitions, e.g. molecular, crania, etc. I 

also formatted the batch file to include tree search parameters and modifications to the data matrix. 

I used the command ‘taxcode’ to exclude fossil taxa from the tree search. I then used the command 

‘xread’ to define which living taxa to treat as artificial fossils. The R script finds the positions of ‘?’s in 

a fossil template and then writes an xread command, which for any given subject taxa, replaces the 

characters at these positions with a ‘?’. The R script then writes tree building instructions for each 

combination of subject and template. I used separate R scripts to make TNT batch files for the real, 

random template and random state artificial fossils, all of which can be found in Appendix 1e–g. In 

total, 11,340 artificial fossils were generated, almost twice the amount made possible by Pattinson et 

al’s (2014) dataset.  

Phylogenetic analysis 

The batch files for TNT created by the R scripts contain specific information on tree search parameters 

such as the number of replications, type of branch pruning and consensus tree, etc. I used parsimony 

as the optimality criterion and all characters were treated as unordered and of equal weights. Given 

the large numbers of trees to be processed, my searches comprised of 100 replications of random 

addition sequences and held 10 trees after each replication. I performed sporadic tests with more 

thorough tree search parameters on samples of my data to make sure that the parameters I did use 

could obtain the same results. Tree bisection reconnection was used for all branch swaps. All most 

parsimonious trees were kept and a strict consensus tree was calculated for each of the 11,340 tree 

searches: 60 subjects (not including the root) x 63 templates x 3 types of artificial fossil (real templates, 

random templates and random states). 

Measuring partition bias 

To examine if the fossils had biases due to any particular morphological partition, I calculated the Q 

metric, which was first devised by Pattinson et al. (2015). I divided the morphological characters in my 

matrix into three partitions based on their common usage in the literature: cranial, postcranial and 
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jaw-dental characters. The volume of characters in each partition is slightly unequal as 39.7% of the 

characters in the matrix were jaw-dental, 35.6% were cranial and 24.7% were postcranial. I calculated 

the Q metric for each fossil template, as well as the percentage of characters coded as ‘missing’ and 

the overall percentage of missing characters within each morphological data partition. 

Measuring topological incongruence 

In order to examine the relative performance of artificial fossils in reconstructing phylogeny, I 

compared the congruence of artificial extinction topologies to an independent, well-corroborated 

topology (WCT) of living taxa (Figure 4). I summarised topologies from independent sources. The 

independent data include; UCEs (Esselstyn et al., 2010; Faircloth et al., 2012; McLean et al., 2019; 

Swanson et al., 2019), SINEs (Veniaminova et al., 2007; Churakov et al., 2010), microRNAs (Tarver et 

al., 2016), introns (Rodríguez-Prieto et al., 2014) and RGCs (Mason et al., 2016).  

I calculated three types of tree distance metric for each comparison between the WCT and artificial 

extinction topology: shared splits, corrected Robinson-Foulds (cRF) and quartet divergence (QD). A 

detailed explanation of each distance metric, including their advantages and disadvantages, is 

provided in the introduction section above. As TNT produced multiple most parsimonious trees 

(MPTs), metrics were calculated for each strict consensus of each subject-template combination, 

before averaging across each template. The R scrips I used to calculate the tree similarity metrics were 

adapted from Asher et al. (2019) and Asher and Smith (in prep, 2020; see Appendix 1e).  

In order to assess whether taxa treated as artificial fossils consistently slip stemwards or crownwards 

in the tree, I calculated the average node-to-root distance of subject taxa from the root of the tree, 

before and after artificial extinction using an R script adapted from Asher and Smith (in prep, 2020) 

and presented in Appendix 1h. As the WCT contains polytomies to reflect the different hypotheses of 

Glires evolution and does not have representatives for a few of the subject taxa, using this topology 

for node-to-root calculations would artificially inflate values of slippage for some taxa. To remedy this, 

I made two additional trees that resolved the polytomies according to competing hypotheses, e.g. the 

Sciuromorpha-Ctenohystrica clade versus the Myomorpha-Ctenohystrica clade. For 20% of the subject 

taxa, data independent of the morphology and protein coding DNA in my matrix are too sparse to 

place them on the WCT with confidence. However, for the purpose of calculating slippage for every 

possible subject-template combination, I decided to add these 20 taxa and create two completely 

bifurcating trees (Appendix 1i). I decided their positions within these trees based on long held views 

of their systematic relationships, as reflected in Wilson and Reeder (2005). I recognise that the 

placement of 20 taxa based on this data reduces the independence of these two trees and so I will 

refer to their combined information as the ‘reference tree’ instead.  I calculated the node-to-root 
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distances for both of these trees and took an average distance for each taxon. I also calculated the 

average node-to-root distances for each taxon across all MPTs for each combination of subject and 

template.    

 

 

Figure 4: Well-corroborated topology, focusing on Glires and based on a consensus from UCEs 

(Esselstyn et al., 2010; Faircloth et al., 2012; McLean et al., 2019; Swanson et al., 2019), SINEs 

(Veniaminova et al., 2007; Churakov et al., 2010), microRNAs (Tarver et al., 2016), introns (Rodríguez-

Prieto et al., 2014) and RGCs (Mason et al., 2016). Lagomorpha is shown in pink, Ctenohystrica in 

green, Sciuromorpha in orange and Myomorpha in blue. Abbreviations are as follows: Di, 

Diprotodontia; Eu, Euarchontoglires; Gl, Glires; Pl, Placentalia; Pr, Primates; Ro, Rodentia. Branches 

are of equal length and are arbitrary. 
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Results 

Phylogenetic congruence 

Figure 5 shows the congruence between artificial extinction topologies and the well-corroborated tree 

(WCT) for each type of artificial fossil: real templates, random templates and random states. Results 

are reported for the three measures of tree similarity used: mean shared splits (Figure 5a), corrected 

Robinson-Foulds (cRF; Figure 5b) and quartet divergence (QD; Figure 5c). As the molecular and 

morphological data are only degraded in one subject taxon (the artificial fossil) per artificial extinction 

topology, we would expect some similarity to the WCT that is not contributed by the artificial fossil’s 

presence. The relative congruence supplied by the artificial fossils is best assessed by looking at the 

performance of the random state experiments. The random state artificial fossils, unlike real 

templates or random templates, are coded randomly and so are designed to represent ‘noise’ rather 

than meaningful phylogenetic signal. For each measure of tree similarity, the random state artificial 

fossils recover far fewer WCT splits than either the real or random templates (Figure 5). Additionally, 

the variation around the mean is much higher for random states, yet they have very minimal overlap 

with the real and random templates, even at very low levels of fossil template completeness. In fact, 

even the most incomplete real and random fossil templates have higher congruence values than the 

most complete random states artificial fossil. This result would suggest, at least for Glires, that real 

and random fossil templates contain phylogenetic signal capable of reconstructing known phylogeny, 

whereas random states do not.  

Furthermore, the morphological completeness of real templates is positively correlated with mean 

shared splits (p<0.001, R2=0.91), QD (p<0.001, R2=0.89) and negatively correlated with cRF (p<0.001, 

R2=0.6). The more complete a real fossil template is, the better its chances of accurately reconstructing 

the WCT. The morphological completeness of random templates is also positively correlated with 

mean shared splits (p<0.001, R2=0.84) and QD (p<0.001, R2=0.86), but negatively correlated with cRF 

(p<0.001, R2=0.86). The variation around the mean congruence values for real and random templates 

decreases with increasing fossil template completeness. Fossil templates with higher levels of missing 

data are still capable of recovering the majority of the WCT’s structure, but they do so less consistently 

than more complete templates. This relationship between fossil completeness and phylogenetic 

accuracy for real and random templates is not linear. Both shared splits and cRF approach an 

asymptote as more morphological data are added. QD reaches an asymptote around 60% 

completeness, after which the addition of more morphological information does not increase QD. This 

could be interpreted to mean that the addition of more morphological characters to fossil templates 

would further improve shared splits and cRF values, but not the QD of topologies resulting from real 
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and random templates. Fossils above the QD threshold have between 80–99% of their jaw-dental 

characters coded, 28–99% of their cranial characters and 2–98% of their postcranial characters coded 

(Appendix 1j). For this dataset, QD reaches its maximum value once the majority of dental characters 

are coded. It is worth noting however, that QD behaves differently to shared splits and cRF, as it is less 

sensitive to changes in one taxon across the strict consensus trees. For example, a single rogue taxon 

does little to the overall structure of a tree, resulting in a high QD, but depending on where it is placed 

in the tree, accuracy may lead to poor shared splits and cRF.   

Both real and random templates follow similar trajectories as the amount of missing information in a 

fossil template decreases (Figure 5). The variation around the mean congruence for each fossil 

template overlaps for real and random templates across all 3 measures of tree similarity. However, 

there is a notable difference between the congruence of artificial extinction topologies made with real 

and random templates when the fossil template used has a high level of missing data. When 

measuring shared splits and cRF, random template artificial fossils are better at reconstructing the 

WCT than their real template counterparts when morphological completeness is less than 60%. This 

might be expected given the nature of random templates. The random template artificial fossils are 

designed to mimic the volume of data in a real fossil, but with information sampled evenly from each 

morphological partition, which has been found to improve congruence in other studies (Pattinson et 

al., 2015; Mounce et al., 2016). However, when measuring QD, real templates perform better than 

random ones with high levels of missing data. According to my QD results, artificial fossils with 

sampling biases are better at reconstructing the WCT than artificial fossils without sampling biases 

when there is little information available. As above, this could be due to the QD metric’s lowered 

sensitivity to single taxon changes in the strict consensus trees. 

There appears to be no correlation between the morphological completeness of a random state 

artificial fossil and similarity to the WCT (Figure 5). However, statistical tests report that completeness 

is negatively correlated to mean shared splits (p<0.05, R2=0.05), cRF (p<0.05, R2=0.1) and positively 

correlated with QD (p<0.05, R2=0.06). As random state artificial fossils increase in completeness, we 

are effectively adding more ‘noise’ to the matrix. This could potentially dilute the phylogenetic signal 

provided by the living subject taxa and therefore result in the slight decrease in congruence reported 

by shared splits and cRF. The opposite relationship implied by QD could, as mentioned before, be due 

to the reduced sensitivity to single taxon changes. For each of these metrics however, the variation in 

tree similarity that is explained by morphological completeness (represented by R2) is very low. This 

reflects the uncertainty caused by large variation around the mean congruence values.  
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Figure 5: Congruence of artificial extinction topologies to the WCT as described by three 

measurements of similarity: a) mean shared splits, b) mean corrected Robinson-Foulds and c) mean 

quartet divergence. Each point represents the mean congruence across all 61 subject taxa and the 

horizontal bars represent the standard deviation around this mean. The x-axis represents the 

proportion of morphological characters (out of 219) coded for each fossil template. Real template 

artificial fossils are coloured blue, random templates are red and random states are green. Lines of 

best fit accompany each type of artificial fossil along with adjusted R2 and p-values. 
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Q metric and partition biases 

The Q metric, which measures how data are spread across partitions, increases as fossil template 

completeness increases (Figure 6). As a fossil template nears 100% completeness, it will eventually 

sample every character from every partition, thus increasing the Q value. Nevertheless, the results 

show that a combination of sampling across partitions can increase a fossil’s ability to be accurately 

placed on a phylogeny. We would therefore expect that templates representing data that produce 

trees with better phylogenetic accuracy than expected for a given amount of missing data would also 

have higher Q values than expected.  

Template taxa, which are considered ‘outperformers’ in terms of their ability to correctly place living 

taxa despite fewer coded characters, are highlighted in Figure 6. Different fossil template 

outperformers can be identified across the three tree similarity metrics, with the most striking outliers 

found above 50% missing data. Alagomys and Sinomylus are both outliers in shared splits, cRF and QD 

measures of congruence. Other fossil outliers below 50% complete include Protechimys (shared splits; 

Figure 6a), Eogliravus (cRF and QD; Figure 6 b–c) and Kulbeckia (cRF and QD; Figure 6 b–c). Above 50% 

complete, the near complete heteromyid fossil Heliscomys recovers more shared splits than expected 

(Figure 6a). Interestingly, not all of these outliers have Q values higher than neighbouring templates 

with similar amounts of missing data. Alagomys, Protechimys and Kulbeckia each have very similar Q 

values to their neighbours, despite their ability to better place living taxa (Figure 6).  Sinomylus, 

Eogliravus and Heliscomys are the only outliers to have Q values that are higher than fossil templates 

with similar amounts of missing data. Kulbeckia is an interesting case as it recovers an almost identical 

number of splits in the WCT as the fossil Eogliravus (cRF and QD; Figure 6b–c). These two fossil 

templates have different levels of missing data (52.5% and 56.2% respectively), but almost identical 

values of Q (0.107 and 0.109 respectively).This could suggest that when missing data are above 50%, 

even sampling across fewer characters is more important for phylogenetic accuracy than the addition 

of extra characters at the expense of unbalanced partition contribution. Similarly, if we compare 

Sinomylus to Protechimys (Figure 6a), we can see that the latter is more complete than the former, 

but has a lower Q value and recovers fewer WCT splits. Protechimys is more complete than Sinomylus, 

but these are 93% jaw-dental characters, compared to 72% in Sinomylus. This is another example of a 

fossil template with fewer characters than another, which can nonetheless reconstruct phylogeny just 

as accurately with more evenly spread data. For Glires at least, this would suggest that sampling across 

multiple partitions is likely to improve phylogenetic accuracy. Having said this, Alagomys is 

consistently identified as an outperformer in my results, yet consists of entirely jaw-dental data. It is 

not clear why some taxa that are known only from teeth perform better than their peers. It is likely 
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that some dental characters are less prone to homoplasy than others, thus containing more useful 

phylogenetic signal, causing this disparity among dental only taxa.  

Taxon slippage 

There is a positive relationship between a fossil template’s morphological completeness and the node-

to-root distance of its corresponding artificial extinction topology (Figure 7; p<0.001, R2=0.19). 

Artificial fossils made from increasingly complete templates occupy more crownward positions than 

artificial fossils from less complete templates. It is important to note however, the large range of 

variation observed, which has led to a very low R2 score. Figure 8 explores the change in node-to-root 

distance between living taxa in the WCT and their real template artificial fossils in the artificial 

extinction topologies. Just over half of the living taxa occupy more crownward positions in the artificial 

extinction topologies, with one taxon remaining static and the others experiencing stemward slippage. 

Sansom and Will’s (2013) hypothesis that fossils would occupy erroneously primitive positions in the 

phylogeny is not supported by my data. If my artificial fossils can be taken as proxies for the behaviour 

of real fossils, then fossil Glires have an almost equal chance of occupying either erroneously derived 

or erroneously primitive positions within phylogeny. 

 

 

 

 

 

 

 

↓ Figure 6: Congruence of artificial extinction topologies to the WCT as described by three 

measurements of similarity on the first y-axis: a) mean shared splits, b) mean corrected Robinson-

Foulds and c) mean quartet divergence. The second y-axis represents the Q metric for each fossil 

template. The x-axis represents the proportion of morphological characters (out of 219) coded for 

each fossil template. Four outliers for each measure of congruence have been labelled and are 

accompanied by a pie chart, which shows what proportion of coded characters are attributed to the 

jaw-dental (JD), cranial (C) and postcranial (P) morphological partitions. Lines of best fit for each 

congruence metric (taken from Figure 5) are coloured blue.  
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Figure 6 
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Figure 7: Mean distance from real template artificial fossils to the root of an artificial extinction 

topology. The y-axis measures the mean node-to-root distance of an artificial fossil to the root of the 

tree. The vertical bars represent the variation observed around the mean node-to-root distance across 

the 61 subjects used with each real fossil template. The x-axis represents the proportion of 

morphological characters (out of 219) coded for each fossil template. A line of best fit is coloured blue 

along with adjusted R2 and p-values. 

 

 

Figure 8: Mean change in node-to-root distance between a subject in the reference tree and each 

corresponding real template’s position in the artificial extinction topologies. Subject taxa whose 

artificial fossils slip stemwards from their position in the reference tree are coloured red. Those that 

slip crownwards are coloured blue and those that maintain the same node-to-root distance as in the 

reference tree are coloured black. 
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Discussion 

The artificial extinction method tests whether fossils retain sufficient signal to accurately reconstruct 

phylogeny by using artificially degraded living taxa as proxies for fossils in a well-known topology. 

Whether or not we trust a particular fossil to achieve accurate placement depends on how well it 

performs in such experiments. In this study, I show that the information contained within even the 

most incomplete fossil Glires is capable of recovering the majority of relationships within a well-

corroborated tree (Figure 5). The most incomplete fossil template in my matrix, the ctenodactyloid 

Sayimys, is coded for only 21 morphological characters (less than 10% complete and exclusively dental 

characters) and yet recovers 69% of the splits in my well-corroborated tree (WCT), albeit with a large 

standard deviation. This result is consistent with Pattinson et al’s (2015) study of primate fossils, where 

real templates were also able to recover the majority of splits in their tree of living taxa. My artificial 

fossils based on random data are not capable of obtaining this level of tree similarity and perform far 

worse than any of the artificial fossils based on real fossil data (Figure 5). If real fossils were likewise 

devoid of useful phylogenetic information then we would expect them to behave like these random 

state artificial fossils, which they do not. This supports the interpretation, at least for Glires, that fossils 

contain at least some phylogenetic signal. While this may seem like an obvious and perhaps needless 

deduction, it is important to remember that fossil data has been scrutinized for a long period of time 

and still continues to be so. As recently as four years ago, Halanych (2016, p. 325) argued strongly that 

we “should not employ morphology and developmental data to reconstruct the tree” and that instead 

we should interpret fossils independently of phylogeny. Thirty-five years after the fact, this quote is 

reminiscent of Hennig (1981) and Ax’s (1987) first criticisms on the efficacy of fossil remains. However, 

artificial extinction experiments support the inclusion of fossil data in analyses of phylogeny. 

Nevertheless, preservational biases are still worth investigation. The results of this study indicate that 

real fossil data are better at reconstructing phylogeny when they are complete (Figure 5; Pattinson et 

al, 2015). If the remains of extinct taxa contain phylogenetic signal, then any reduction in coded 

characters is likely to dilute this signal. Conversely, the addition of informative characters is likely to 

boost it. My artificial extinction experiments show that this assumption only holds up until a certain 

threshold. When congruence with the WCT is measured by shared splits and corrected Robinson-

Foulds (cRF), the incline of the slope gradually decreases as more data are added, and for quartet 

divergence (QD), this positive incline reaches a plateau. The point of QD saturation occurs when the 

fossil template is about 60% complete and could be explained by the morphological content of the 

artificial fossils as well as the behaviour of the QD metric itself. Most of the fossils at this level of 

completeness already have the majority of their jaw-dental characters coded and so the addition of 
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extra cranial and postcranial information after this point does not seem to aid phylogenetic 

congruence. It is also worth noting that QD is less sensitive to individual rogue taxa than shared splits 

or cRF, as QD focuses on overall structural similarity rather than accuracy. Therefore, with increasing 

levels of completeness, there may also be fewer instances of multiple tips changing positions, and so 

less change to QD values than cRF values or shared splits. The differing results between the three tests 

emphasise the importance of applying more than one tree similarity metric when measuring the 

congruence of topologies that include fossil taxa. Acknowledging the differences between the various 

methods, but only reporting the results from one, can allow bias to creep into the results and lead to 

potentially misleading conclusions about fossil efficacy.  

In relation to preservational bias, I hypothesised that fossil templates with higher than expected cRF, 

shared splits and QD, would also have more evenly sampled characters for their given level of missing 

data. That is to say, characters sampled across partitions could give fossils an advantage over taxa with 

similar amounts of missing data from fewer partitions. The reason we might expect this is that any 

one partition could be affected by divergent selective pressures or noise more than phylogenetic 

history. This in theory would be overcome when partitions are equally represented (Gatesy and Baker 

2005; Thompson et al. 2012). Signal that is common to each partition, but weak when considered 

alone, can be amplified by including data from multiple sources (Gatesy et al 1999; Gatesy and 

Arctander, 2000). If we first take into account my random template artificial fossils, which are designed 

to mimic a fossil with no partition biases, my hypothesis is not very well supported. Across all three 

metrics of tree similarity, the real and random artificial fossils produce similar results, although at high 

levels of missing data, there is a small disparity between real fossil templates and the random 

templates (Figure 5). Shared splits and cRF scores indicate that fossils with evenly spread data slightly 

outperform real fossils when missing data are extensive (Figure 5a–b). Quartet divergence on the 

other hand, suggests that real template artificial fossils perform better than the random templates at 

high levels of missing data, and the disparity is larger too. This might suggest that QD is less sensitive 

to preservational biases than shared splits or cRF when measuring congruence. The QD metric’s 

robustness towards single taxon movement is less likely to be contributing a factor at high levels of 

missing data, as more taxa are likely to move positions with increasing missing data. Overall, these 

results suggest that partition biases account for little disadvantage in fossil Glires. This is an 

encouraging result for researchers whose mammal groups are particularly affected by an 

overabundance of certain body parts. 

As regards to individual fossil taxa performing beyond what was expected for their amount of missing 

data, I identified several such taxa from across Europe, Asia and North America (Figure 6). Half of these 

outperformers had higher Q values and so less partition bias than their peers, whereas the other half 
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did not. This was the case for outliers identified by each measure of congruence, thus reconciling some 

of the difference between the various approaches to tree similarity. I also highlighted an example 

where two outperformers with different completion levels could have the same congruence scores, 

such as in the zalambdalestid Kulbeckia and glirid Eogliravus (Figure 6). In this case, Eogliravus is less 

complete, but has a higher Q value than Kulbeckia, indicating that that sampling data across partitions 

outweighs the benefits of being more complete. There are also cases where a more complete fossil 

template has a poorer congruence score than near neighbours with more missing data. For example, 

the theridomyid Protechimys is more complete than the eurymylid Sinomylus, but because it has a 

relatively higher proportion of jaw-dental data, its congruence scores, despite being relatively high for 

its level of missing data, are below that of Sinomylus. In this sense, fossil templates such as Sinomylus 

and Eogliravus could be considered ‘overachievers’ as they can accurately reconstruct phylogeny, 

across shared splits, cRF and QD, better or just as well as neighbouring outliers that have more or 

similar amounts of coded characters.  

There is however, one outlier which is composed of only dental characters. The alagomyid fossil 

Alagomys, has relatively high shared splits and cRF for its level of missing data. In addition, Alagomys 

has an almost identical QD score to the ischyromyid fossil Franimys (0.9296 and 0.9298 respectively), 

but is coded for only half of the characters (24% and 54% respectively). This result is unexpected as 

there are several reasons why we might expect dental only fossils to fare poorly in tests of congruence. 

In artificial extinction experiments performed by Sansom et al. (2017), dental characters were found 

to contain different phylogenetic signal to other osteological characters and to molecules. In analyses 

of morphological partitions, Mounce et al. (2016) found differences in phylogenetic signal between 

craniodental and postcranial characters, and in Chapter Three of this thesis, I discuss how the jaw-

dental characters of Glires have a significantly different phylogenetic signal to cranial characters 

(Figure 11). In general, it is thought that conflicting homoplasy between morphological partitions can 

be overshadowed by stronger, shared phylogenetic signal when all data types are combined (Gatesy 

et al, 1999). At high levels of missing data, it is harder to predict how well a fossil might accurately 

reconstruct phylogeny and it likely depends on whether the few coded characters happen to share 

the same signal as the molecular data used to build the WCT. As simulation studies have suggested, 

high levels of missing data are not necessarily a cause for concern so long as the few coded characters 

are ‘sufficient’ for their purpose (Wiens, 1998; Wiens, 2003a,b; Wiens, 2005). In this case, the 

phylogenetic signal encoded by the dental characters of mostly incomplete fossil Glires does appear 

to be sufficient for fairly accurate tree construction. My results demonstrate that a paucity of 

characters should not be used as the sole reason to exclude a fossil from a phylogeny. Often fossils 

below a certain amount of completeness are filtered out of matrices due to a perceived notion that 
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they might produce biased and misleading trees. If fossils that have lots of missing data, such as 

Alagomys or Sinomylus, are given the chop, then we lose out on the potential benefits that including 

those fossils would entail. Partiality is introduced to our studies when we first approach taxon 

selection (e.g. favouring the beautifully preserved Franimys specimen over the assortment of loose 

Alagomys teeth), but it is thankfully becoming easier to perform quantitative tests such as artificial 

extinction to make truly informed decisions. If an independent source of phylogeny is available, I 

recommend that artificial extinction studies should be carried out a priori, in order to determine a 

fossil’s suitability for phylogenetic analysis. It is also my recommendation that future studies which 

include fossil data should calculate QD as well as the more common measures of tree similarity, in 

order to thoroughly investigate the value of fossils in topology reconstruction and to make balanced 

conclusions. 

A further bias that could affect our decision on how to treat fossil data is the idea that extinct taxa 

occupy erroneously primitive positions within a tree, thus misrepresenting phylogeny. As Sansom and 

Wills (2013) pointed out, such a widespread bias would have the unwanted consequence of inflating 

evolutionary rates. The view of Sansom and Wills (2013), that missing data within fossil taxa 

systematically and consistently distorts evolutionary trees through stemward slippage, is not 

supported by my data. It is true that fossil Glires that are more complete are more likely to occupy 

crownward positions in the reference tree, but the maximum observed difference in node-to-root 

distance of my most and least complete fossils amounts to only 1.2 bipartitions (Figure 7). In practice, 

this is mostly an undetectable difference. In fact, if we look at the mean node-to-root depth of subject 

taxa before and after artificial extinction treatment, just over half (57%) move crownwards and only 

42% move stemward from their known position on the reference tree (Figure 8). If we accept 

artificially degraded living taxa based on fossil data as proxies for said real fossils, then these results 

indicate that there is a greater chance of a fossil slipping crownwards than stemwards in a phylogeny. 

The maximum change in node-to-root distance observed in subject taxa after artificial extinction (4.9 

splits to the root; Figure 8) is actually much higher than the difference in node depth between the 

positions of the most and least complete fossil templates in this study (1.2 splits to the root; Figure 7). 

This suggests that the living subject taxon used to make an artificial fossil actually has a larger effect 

on slippage than the influence of the fossil template used. 

As a whole, fossil Glires are capable of accurately reconstructing known phylogeny, whether they are 

preserved well or poorly in the fossil record. Since the particular methods employed here use the 

information content of real fossils, this provides confidence that these same fossils will obtain the 

‘correct’ position within the tree of life. As with all methods however, there are limitations to the 

artificial extinction method. My study only substitutes one living taxon for an artificial fossil at a time, 
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for any given tree search. Studies by Springer et al. (2007) and Brady and Springer (2020), which 

replace several living taxa at a time, report lower levels of congruence than reported here for single 

taxon replacement. However, neither Springer et al. (2007) or Brady and Springer (2020) based their 

artificially fossilized taxa on real fossil templates. Performing artificial extinction experiments on 

several taxa at a time could mimic more realistic scenarios, as often we wish to incorporate several 

fossil taxa in phylogenetic analyses. Future research could examine the interaction between missing 

data and the effects of including multiple artificial fossils in analyses. Another way to enhance the 

artificial extinction method could be to expand upon the benchmark for phylogenetic ‘truth’. The well-

corroborated tree used in this study represents congruence across multiple independent molecular 

datasets and is an improvement on the optimal trees based on single loci used by some studies (e.g. 

a couple of trees within Sansom and Wills, 2013). For some fossil groups however, a well-corroborated 

phylogeny may well be possible through ancient DNA recovered from extinct species. Furthermore, 

an interesting new approach, which compares phylogenetic congruence to the stratigraphic record, 

has also been developed and could be used for groups without living relatives (Sansom et al., 2018). 

The artificial extinction method can therefore be extended beyond its current use in this study to 

further explore the ability of fossils to produce phylogenetic accuracy.   

 

Conclusion 

The results of my study offer a positive outlook on the use of fossil data to reconstruct phylogeny. The 

artificial experiments have shown that fossil Glires can indeed reconstruct phylogeny with acceptable 

levels of accuracy. Paired with Pattinson et al’s (2015) similarly encouraging results for primate fossils, 

these findings could indicate similar trends across Mammalia. Although preservational biases (towards 

dental data in particular) have been proposed as a disadvantage of using fossil data, I have not found 

any serious consequences of partition biases in fossil Glires. However, there is evidence that even 

sampling across partitions becomes more important for phylogenetic reconstruction than increased 

volumes of information when the total amount of missing data is high. It is important to note that the 

different metrics of tree similarity were often in opposition, and so studies that look into the ability of 

fossils to reconstruct phylogeny should take into account these different metrics. Quartet divergence 

in particular was less sensitive to preservational biases, which could affect the results of morphological 

partition experiments or analyses of datasets with large preservational biases. Finally, the idea that 

missing data in fossil taxa causes them to occupy misleadingly basal positions in phylogeny is not true 

for fossil Glires. Reassuringly, there is no bias in the movement of fossil Glires towards the stem and 

very minimal bias towards the crown. The benefits of including fossil data, whether it is sparse or 
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uneven, far outweighs the costs in terms of benefits for studies of animal evolution. Edgecombe (2009, 

p. 72) phrased it very well when he concluded that “the exclusion of fossils from phylogenetic analyses 

is neither theoretically nor empirically defensible”. 
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Chapter Three: morphological data partitioning and 

phylogenetic signal in Glires 
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Abstract 

Different morphological character partitions (e.g. crania and postcrania) may contain distinctive 

phylogenetic signal. There have been numerous studies exploring homoplasy and phylogenetic 

incongruence between partitions, but less work has focused on their impact across individual nodes 

in a phylogeny.  For example, a partition could reflect accurate, historical signal among recently 

diverged species and genera, but become noisier with deeper nodes and older divergences. In this 

study, I measure how signal contained within different morphological partitions of Glires (Rodentia + 

Lagomorpha) varies with node depth across a tree. By measuring the median root-to-unambiguous 

character change distances across partitions, I found no significant differences between the depths of 

clades supported by the cranial and postcranial characters. However, when characters are split into 

smaller groups (e.g. dental, jaw, crania and postcrania), there is a significant difference. For example, 

dental characters optimize as apomorphies closer to the root of a tree, and rostrum characters 

towards the tips of a tree. However, knocking out partitions which define basal clades does not 

generally result in more taxa slipping crownwards than expected. This shows that all morphological 

partitions of Glires contain at least some signal to support clades across the tree, much of which is 

likely to be ‘hidden signal’ when partitions are analysed together.  

 

Introduction 

As discussed in Chapter Two, fossils are the only evidence we have for most extinct taxa, but the 

information that fossils provide is incomplete. Fossils usually represent the osteology of an animal, as 

soft tissues do not preserve well and additionally, not every bone will withstand the process of 

fossilization. The fossil record therefore contains large preservational biases. This would not be so 

troubling if it had been found that all morphological characters carry the same phylogenetic signal. 

However, increasing amounts of evidence point towards the opposite. 

Sansom et al. (2017) found that dental characters are less congruent with trees based on molecular 

data than osteological characters, with the former being subject to higher levels of homoplasy. 

Mounce et al. (2016) discovered significant incongruence between the phylogenetic signal of cranial 

and postcranial characters. In my own results from Chapter Two, I find that fossils which sample 

partitions more evenly, tend to be more congruent with a well-corroborated tree than fossils which 

do not (Chapter Two, Figure 6). This result is also seen with morphological data from primates 

(Pattinson et al., 2015). The cause of homoplasy in morphological characters may concern the 

functionality of the body parts they encode. Separate anatomical regions can be subject to different 
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functional selection pressures (e.g., locomotion or feeding), leading to convergence in certain body 

parts and organ systems across taxa (Ji et al., 1999). In the case of rodent teeth, a strong association 

between cusp complexity and diet has been hypothesised as the cause for increased levels of 

homoplasy in dental characters (Evans et al., 2007). Furthermore, we are becoming increasingly aware 

that anatomical modifications within constrained regions, known as modules, are correlated through 

time (Klingenberg, 2008; Goswami et al., 2011). Different pressures on modules result in different 

evolutionary rates across the body and different patterns of homoplasy (Clarke and Middleton, 2008). 

A practical implication of this is that if it is not possible to sample characters widely across partitions, 

results could produce trees that are different to those based on all of the partitions combined 

(Pattinson et al., 2015; Mounce et al., 2016). Researchers who work with fossil data have no choice 

but to use the paucity of characters available in the fossil record. However, even when morphological 

data are bountiful and all partitions are represented, some may still choose to exclude characters that 

are deemed ‘unreliable’ on account of homoplasy. The Consistency Index (CI), which measures the 

homoplasy of a character on a certain topology, can be used to identify highly homoplastic characters, 

which can then be excluded from analyses or downweighted in some way. An equal weighting scheme 

gives each character the same weight on topology. Successive Approximations Weighting (SAW) 

calculates a tree using equal weights and then based on this topology, reweights characters according 

to their CI, before conducting another tree search with the newly weighted characters (Farris, 1969). 

This process is repeated iteratively until the weights stabilise. Implied Weighting also gives more 

influence to characters with low levels of homoplasy, but each additional state change of a 

homoplasious character is penalised less and less, according to a concave function (Goloboff, 1993). 

Implementing these different weighting schemes has been demonstrated to have a big effect on tree 

topology (Wills, 1998; Congreve and Lamsdell, 2016; Lukashevich and Ribeiro, 2020). Common to all 

of these weighting schemes, is the assumption that a character’s likelihood of homoplasy is equal 

across the whole tree. For example, in equal weighting and SAW, a character change ‘costs’ as much 

on lower branches as it does on more superficial branches. In Implied Weighting, although a 

character’s weight is calculated in proportion to how many changes occur, the distance on the tree 

between these state changes is not taken into account. This however, might not be very desirable and 

misses out another interesting and understudied aspect of phylogenetic signal.  

As pointed out by Goloboff in 1991, it is unrealistic to assume that a character’s likelihood of 

homoplasy is equal across the whole tree, and homoplasy might be more or less of a problem 

depending on where in the tree it is expressed (Goloboff, 1991; Goloboff et al., 2008; Mounce et al., 

2016). Homoplasy at the base of a tree could be more disruptive and result in more incongruence than 

homoplasy near the tips of a tree. Therefore, it might be good to examine where a character partition 
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expresses homoplasy before passing judgement on its reliability when reconstructing phylogeny. It 

also stands to reason that characters in a given partition might optimize as apomorphies differently 

across a tree, with partitions providing phylogenetic signal in either shallow or more basal parts of a 

topology. If a particular partition defines clades near the tips of a tree, then absence of this 

information through fossilization could result in the affected taxa appearing in more stemward 

positions than they ought to.  

In this study, I investigate whether morphological partitions in Glires express phylogenetic signal 

differently across a tree by examining the distribution of apomorphies. I measure the distance from 

the root to the node where an apomorphy occurs to determine if partitions provide phylogenetic 

signal for either more basal or shallower clades. Given the strong functional links of certain 

morphological characters, I would expect that partitions will differ in where they express phylogenetic 

signal in the tree. For example, dental data could define clades nearer the tips, as many characters are 

highly linked to diet, which would not necessarily carry a strong phylogenetic signal through 

evolutionary time. The mosaic evolution of the rodent masseter system (see Chapter Five of this 

thesis; Swanson et al., 2019), leads me to believe that characters associated with mastication, such as 

the zygoma and rostrum, would also be more likely to define superficial relationships. Similarly, I 

would expect characters less sensitive to changes in ecology and function, such as the middle ear, to 

optimize as apomorphies closer to the root of a tree. To test how influential these patterns in 

phylogenetic signal can be for analyses of phylogenetic reconstruction, I examine how the topology of 

a tree changes when a particular partition is removed. I hypothesise that removing partitions which 

define clades near the tips, will result in more stemward slippage than removing characters which 

define more basal clades, whose removal ought to result in more crownward slippage. This 

information could be useful to consider in analyses where extinct taxa are used, as fossils are often 

overrepresented by certain partitions, such as dental data. 

 

Methods 

Experimental matrix 

In order to explore the phylogenetic signal contained within different partitions, I assembled a matrix 

of morphological characters for living species. While results pertaining to morphological partitions are 

of particular interest with regard to fossil data, for these specific experiments I focused on extant 

Glires to eliminate the effect of missing data as a confounding factor. For the matrix I used a dataset 

of 219 morphological characters for 60 living genera, as published by Asher et al. (2019). I also included 
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one additional extant genus, Cricetulus (Appendices 1a, 2a), sampled with microCT using Drishti v.2.6.4 

(Limaye, 2012).  

Phylogenetic analysis and character optimization   

In order to investigate character optimization, I made a topology based on the morphology matrix. I 

performed a tree search using the program TNT (Goloboff and Catalano, 2016), carrying out 200 

replications of random addition sequences and holding 20 trees after each replication. I chose not to 

constrain the tree search with a backbone based on molecular data. The goal of this study is to 

examine the variation in phylogenetic signal provided by morphological data and not to determine if 

it is capable of accurately reconstructing a well-corroborated tree. I concede that this could result in 

relationships that are not generally recognised, but constraining the trees in this study would make it 

impossible to tease apart the phylogenetic signal provided by the morphology and the nuanced 

contributions of each individual partition when they are removed in subsequent analyses. After the 

tree search, I calculated a fully bifurcating majority rule consensus tree from 11 fully bifurcating 

multiple most parsimonious topologies (MPTs). As this consensus tree contains data from all of the 

morphological partitions, I will refer to it as the ‘optimal topology’. This tree can be found in Appendix 

2b. I then optimized character changes across the tree from within Mesquite (Wheeler and Kececioglu, 

2007; Maddinson and Maddinson, 2019) and used parsimony as the optimality criteria. For each 

character in the matrix, I counted the number of splits from the base of the tree (excluding the root) 

to any unambiguous character changes (UCCs). As the state of a character can change multiple times 

across a topology, I took a median value of the root-to-UCC distances for each character. This 

effectively measures the depth of the tree where a particular character tends to optimize as 

apomorphies. Ideally, the depth of character changes would be calculated for each MPT individually 

and then averaged. However, the calculation of root-to-UCC distances is not yet programmable within 

TNT and it would be inefficient to calculate by hand given the volume of characters and number of 

MPTs. I used the majority rule consensus tree as a compromise, as it represents an ‘average’ tree that 

characters can be optimized on. 

Character partitions and statistical tests 

Once character optimization data had been calculated for every character in my matrix, I divided the 

characters according to different partition schemes. There are many ways in which characters can be 

split, based either on common usage within the literature or by suspected functional unit. I tested five 

different partition schemes. My first partition scheme split characters into crania and postcrania, as in 

Mounce et al. (2016). The second partition scheme split characters into three partitions: jaw-dental, 

crania and postcrania, as used in Chapter Two of this thesis and by Pattinson et al. (2015). The third 

partition scheme split the characters into four partitions: dental, jaw, crania and postcrania. The fourth 
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partition scheme split the characters into 15 partitions: dental, jaw, palate, rostrum, orbitotemporal, 

fronto-parietal, zygoma, basicranium, occipital, middle ear, axial, pectoral girdle, forelimb, pelvic 

girdle and hindlimb. The final partitioning scheme split the characters into dental and non-dental 

characters, as in Sansom et al. (2017). 

For each partition scheme, I performed a one-way analysis of variance (ANOVA) to test whether the 

mean root-to-UCC distances were significantly different between each character partition. I 

implemented sum contrasts rather than treatment contrasts so that the mean root-to-UCC distance 

of a character partition would be compared to the mean root-to-UCC distance across all partitions. In 

other words, this test measures if a character partition’s data optimize as apomorphies significantly 

closer to the tips, or to the roots of a tree, than we would expect given the average root-to-UCC 

distance across all partitions. I also implemented a Kruskal-Wallis test for each partitioning scheme, 

which is a non-parametric equivalent of ANOVA. The Kruskal-Wallis test is similar to ANOVA, in the 

sense that it measures variation among groups of an independent variable given a dependent variable. 

However, like many parametric tests, ANOVA requires certain conditions to be fulfilled, such as 

normally distributed variables. The Kruskal-Wallis test does not rely upon distributions and so it is 

useful to use when the assumptions of ANOVA are not met (e.g. in very skewed data), although it is 

less powerful than ANOVA (Hecke, 2012). An additional approach to comparing the difference 

between groups is the Tukey’s Honest Significant Difference test (Tukey HSD). While ANOVA and the 

Kruskal-Wallis test can detect overall significant variation, they do not describe explicitly where those 

differences can be found. After performing an ANOVA, the pairwise comparisons performed by Tukey 

HSD will identify which group’s means are significantly different from each other (Tukey, 1949). I used 

Tukey HSD as another method to test if the character partitions contained different phylogenetic 

signal from each other. This time, the mean root-to-UCC distance for each character partition was 

directly compared to the mean root-to-UCC distances of other partitions, in a series of pairwise 

comparisons.  

Knockout analyses 

In order to test if character partitions cause predictable displacement of taxa when removed (i.e., 

crownward or stemward slippage), I performed a series of knockout analyses and compared the 

resulting topologies to the optimal topology. For each partition scheme, I removed one character 

partition from the matrix and then performed a tree search using TNT, saving all of the MPTs. I 

repeated this process for each character partition within each partitioning scheme. To see if taxa in 

the knockout trees had changed position from their placement in the optimal topology, I calculated 

node-to-root distances for each taxon in the optimal tree and then each of the knockout MPTs. As the 

knockout TNT tree searches produce multiple MPTs, I took an average of node-to-root distances for 
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each taxon across the individual MPTs. In order to do these calculations, I used an R script written by 

Asher and Smith (in prep, 2020), which contains a node-to-root calculation function written by Seraina 

Klopfstein (Naturhistorisches Museum Baselcan). This script can be found in Appendix 1h. Finally I 

compared the mean node-to-root distances of taxa between the optimal topology and every knockout 

topology, and described the movement as either stemward slippage, crownward slippage or no 

slippage. 

 

Results 

My hypothesis that different morphological character partitions in Glires would contain different 

phylogenetic signal is supported, but depends on how the characters are divided.  

Two character partitions 

When morphological characters in Glires are split into cranial and postcranial characters (Figure 9), 

there is no significant difference in median root-to-UCC distance between the two partitions (ANOVA 

p>0.05 and Kruskal-Wallis Test p>0.05). Cranial and postcranial characters optimize throughout the 

tree and not predominantly near the tips or root.  

Three character partitions  

However, this result changes when characters are split into smaller, more localised partitions. For 

example, when characters are divided into jaw-dental, cranial and postcranial characters (Figure 10), 

there is a significant difference in where these partitions optimize on the optimal topology (ANOVA 

p<0.05, Kruskal-Wallis p<0.01).  A visual inspection reveals that jaw-dental data optimize character 

changes over a much broader depth of the tree, from root to tips, than the cranial or postcranial 

partitions. According to the ANOVA results, the jaw-dental partition optimizes as apomorphies closer 

to the root of the optimal topology than we would expect (p<0.01), given the mean root-to-UCC 

distance across all partitions. Postcranial characters, on the other hand, optimize as apomorphies 

closer to the tips of the optimal topology than expected (p<0.05). The mean root-to-UCC distance of 

the cranial partition is neither closer to the roots nor to the tips of the optimal topology (p>0.05). The 

Tukey HSD test suggests that the only notable pairwise comparison between these partitions is that 

of the jaw-dental and cranial characters (p<0.05), with the latter exhibiting synapomorphies closer to 

the crown of tree, and the former closer to the root.  

Given that jaw-dental data express character change nearer the base of the tree, we might expect that 

excluding this data from the matrix would result in more crownward slippage than would be achieved 
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by removing any of the other partitions. Conversely, we might predict that excluding cranial and 

postcranial characters would result in more stemward slippage than if we removed the dental 

character partition. The outcome of the knockout experiments show that it is in fact, more 

complicated than this (Figure 11). Cranial characters, despite defining clades closer to the tips of the 

tree than jaw-dental characters, result in more taxa moving towards the tips when excluded (58.3%) 

than jaw-dental characters (48.3%). However, postcranial characters also define clades closer to the 

tips of the tree and removing them does result in less crownward slippage (31.7%) than excluding jaw-

dental characters. My hypothesis that excluding partitions which provide signal for crown clades 

would result in stemward slippage is only partially supported.  

 

 

 

 

Figure 9: Median root-to-UCC distances of characters optimized on the optimal topology. Characters 

are split into two partitions: crania and postcrania. The red line represents the mean root-to-UCC 

distance across both character partitions 
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Figure 10: Median root-to-UCC distances of characters optimized on the optimal topology. 

Characters are split into three partitions: jaw-dental, crania and postcrania. The red line represents 

the mean root-to-UCC distance across all three character partitions. The blue symbols represent 

significant Tukey HSD p-values, and the red symbols represent significant one-way ANOVA p-values: 

* = <0.05, ** = <0.01. 

 

Figure 11: Movement of taxa between the optimal topology and the knockout topology when one 

character partition is excluded from the analysis. Numbers on the bars indicate the percentage of taxa 

that have moved positions. Characters are split into three partitions: jaw-dental, crania and 

postcrania. 
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Figure 12: Median root-to-UCC distances of characters optimized on the optimal topology. Characters 

are split into four partitions: dental, jaw, crania and postcrania. The red line represents the mean root-

to-UCC distance across all four character partitions. The blue symbols represent significant Tukey HSD 

p-values, and the red symbols represent significant one-way ANOVA p-values: * = <0.05, ** = <0.01. 

Four character partitions  

When characters are split into four partitions (Figure 12), there is also a significant difference in where 

the characters optimize on the optimal tree (ANOVA p<0.05, Kruskal-Wallis p<0.05). When dental and 

jaw characters are differentiated, the Tukey HSD test indicates that their characters optimize at 

different depths of the tree (p<0.05). Dental characters optimize as apomorphies closer to the roots 

of the optimal topology, and jaw characters optimize closer to the tips. The results of the ANOVA test 

suggest that dental characters define clades closer to the roots than we would expect, given the 

overall mean root-to-UCC distance. This contradicts my hypothesis that dental characters would 

define superficial clades, based on the common selective pressure of feeding. These dental characters 

are therefore, on balance, conserved. The number of molars, premolars and incisors are a few 

examples of characters that would be considered highly conserved in Glires, showing relatively little 

change throughout the clade. The cranial characters optimize closer to the tips of the optimal 

topology, with jaw and postcranial characters remaining in the middle. In this case, we might expect 

excluding jaw characters to result in more crownward slippage than removing cranial characters. 

However, we would also expect that removing dental characters would result in more crownward 

slippage than removing jaw characters, as dental characters define clades closer to the root. Instead, 

the opposite of these expectations is true (Figure 13). Excluding cranial characters results in more taxa 

moving crownward (58.3%) than by removing any of the other partitions. Even the pairwise 



   

48 
Chapter Three   

comparison highlighted by the Tukey HSD test, between dental and jaw characters, does not result in 

the slippage patterns we would expect.  

 

Figure 13: Movement of taxa between the optimal topology and the knockout topology when one 

character partition is excluded from the analysis. Numbers on the bars indicate the percentage of taxa 

that have moved positions. Characters are split into four partitions: dental, jaw, crania and postcrania. 

15 character partitions 

When characters are divided into 15 partitions (Figure 14), there is a significant difference in where 

characters optimize on the optimal topology according to the ANOVA (p<0.05) test, but not according 

to the non-parametric Kruskal-Wallis test (p>0.05). The Tukey HSD analysis finds no significant 

comparisons between the different partitions, but the ANOVA identifies six partitions that deviate 

from the overall mean root-to-UCC distance: rostrum (p<0.01), orbitotemporal, fronto-parietal, 

zygoma, forelimb and hindlimb (all p <0.05). The results indicate that each of these partitions optimize 

as apomorphies closer to the tips of the optimal topology than we would expect. For the majority of 

these partitions, excluding them in the knockout analyses results in the majority of taxa slipping 

stemward (Figure 15). For example, excluding zygoma characters results in 63.3% of taxa moving 

towards the root from their position in the optimal topology.  However, there are partitions which 

were not identified as defining crown or basal clades that produce more stemward slippage when 

excluded, than excluding partitions which were found to define crownward clades. For example, 

removing dental characters results in 55% of taxa moving stemward, whereas removing fronto-
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parietal characters results in only 23.3% of taxa moving down the tree. In general, the percentage of 

taxa that do not move after a partition is excluded is higher using this partition scheme than in the 

more condensed partitioning schemes discussed above. This is probably due to each partition 

containing fewer characters. 

 

 

 

Figure 14: Median root-to-UCC distances of characters optimized on the optimal topology. Characters 

are split into 15 partitions: dental, jaw, palate, rostrum, orbitotemporal, fronto-parietal, zygoma, 

basicranium, occipital, middle ear, axial, pectoral girdle, forelimb, pelvic girdle and hindlimb. The red 

line represents the mean root-to-UCC distance across all 15 character partitions. The red symbols 

represent significant one-way ANOVA p-values: * = <0.05, ** = <0.01. 
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Figure 15: Movement of taxa between the optimal topology and the knockout topology when one 

character partition is excluded from the analysis. Numbers on the bars indicate the percentage of taxa 

that have moved positions. Characters are split into 15 partitions: dental, jaw, palate, rostrum, 

orbitotemporal, fronto-parietal, zygoma, basicranium, occipital, middle ear, axial, pectoral girdle, 

forelimb, pelvic girdle and hindlimb. 

Dental versus non-dental characters 

Finally, a large difference in where characters optimize on the optimal topology is noted when 

characters are split into dental and non-dental characters (Figure 16). In this case, both ANOVA 

(p<0.01) and Kruskal-Wallis (p<0.01) tests find a significant difference between the two partitions. 

Dental characters define clades closer to the root of the optimal topology than expected, and non-

dental characters define clades closer to the tips than expected. The Tukey HSD test also confirms that 

dental characters optimize closer the root of the tree than non-dental characters (p<0.01). This result 

would seem to support Sansom et al’s (2017) finding that dental and osteological characters contain 

different phylogenetic signal. Once again, we would expect that removing the partition that optimizes 

character changes near the root (dental partition), would result in more crownward slippage than 

removing the partition that defines clades closer to the tips. This turns out not to be the case here, as 

knocking out the dental partition results in less taxa moving crownward than knocking out the non-

dental characters (Figure 17). 

In general, my results show that different morphological partitions exert influence variably across a 

tree through localised phylogenetic signal near the root or near the tips. My knockout analyses suggest 

that removing this signal does not produce the results expected. My hypothesis, that removing crown-
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defining partitions will result in more stemward slippage than removing partitions which define more 

basal clades, is only supported when characters are split into jaw-dental, cranial and postcranial 

characters. 

Figure 16: Median root-to-UCC distances of characters optimized on the optimal topology. Characters 

are split into two partitions: dental and non-dental. The red line represents the mean root-to-UCC 

distance across both character partitions. The blue symbols represent significant Tukey HSD p-values 

and the red symbols represent significant one-way ANOVA p-values: ** = <0.01. 

Figure 17: Movement of taxa between the optimal topology and the knockout topology when one 

character partition is excluded from the analysis. Numbers on the bars indicate the percentage of taxa 

that have moved positions. Characters are split into two partitions: dental and non-dental. 
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Discussion 

My hypothesis that different morphological character partitions in Glires express phylogenetic signal 

in different parts of the tree is supported by my data. However, this depends on how the characters 

are divided. I find no such difference between cranial and postcranial partitions (Figure 9). There is 

good reason to believe that cranial and postcranial partitions are biomechanically distinct and so we 

would expect them to be at least partially independent, phylogenetically speaking (Ji et al., 1999). In 

animals lacking a functional neck region between the head and body (e.g. fish), less incongruence 

between crania and postcrania partitions have been found (as well as fewer homoplasies), supposedly 

due to selective pressure from shared locomotion constraints (Klingenberg, 2008; Mounce et al., 

2016). In Glires, the subpartitions within my cranial and postcranial partitions likely contain both 

conserved and less conserved characters, thus providing phylogenetic signal from the roots to the tips 

of the tree.  

As regards to dentition, all of the different partition schemes indicate that dental characters change 

closer to the root of the tree than those of other partitions (Figures 12 and 16). Sansom et al. (2017), 

Evans et al. (2007) and Dávalos et al. (2014) all found evidence to indicate that dental data contains 

different phylogenetic signal to other partitions. My results on the node depth of character changes 

offer a different type of evidence to suggest this. However, the average node depth of dental 

phylogenetic signal does not align with what I first anticipated. I hypothesised that dental data would 

contribute signal to more shallow parts of the tree, but this was not supported by my data. Of the 

dental characters coded in this study, some are indeed found to define superficial clades at the tips of 

the tree, such as the presence of P4 lingual cusps in perognathids. However, there are other characters 

which are very conservative and define basal clades, such as the presence of two incisors per quadrant 

in Lagomorpha. This finding could reassure researchers who work on mostly dental data that the 

morphological characters designed to encode dentition provide broad coverage of rodent 

evolutionary history.  

My results also identify partitions which contribute signal to more shallow clades on the tree. Jaw and 

cranial characters both frequently optimize on more crownward branches than dental characters. 

(Figure 12). When cranial characters are broken down into multiple partitions, the resolution becomes 

finer still, with phylogenetic signal from rostrum and zygoma characters clustering towards the tips 

(Figure 14). Several jaw characters, as well as zygoma and rostrum characters, are directly related to 

the masseteric muscle system in rodents. As discussed in detail in Chapter Five, the masseteric system 

in rodents is highly linked to the ability to gnaw, chew and to other dietary specialisations. These 

adaptations are also widely spread across rodents, with several independent acquisitions and 
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reversals recorded (Swanson et al., 2019; Rankin et al., 2020). The mosaic nature of rodent masseter 

evolution could explain the tendency of rostrum, jaw and zygoma characters to provide phylogenetic 

signal closer to the tips of the tree. There are also conserved partitions within the cranial region, which 

express phylogenetic signal along more basal branches. The middle ear characters for example, 

although not significantly different to the mean depth of character change across partitions, do in fact 

have a large spread of phylogenetic signal across the tree, including close to the root (Figure 14). 

Knowing that character partitions in Glires show patterns of localised phylogenetic signal on a tree, 

we may wish to consider if it is desirable to incorporate this information into analyses of discrete 

morphological data. In many ways it could be seen as intuitive to weight character changes differently 

across a partitioned topology, rather than forcing an equal weight for character changes whether they 

occur near the root or the tips.  To not weight characters in this manner is to assume that the presence 

or absence of phylogenetic signal is equally influential across the whole tree. If a character partition 

provides phylogenetic signal for basal clades, but is noisier near the tips, we could decrease the cost 

of character changes along deep branches and increase the cost near tips. In contrast, if a character 

partition provides reliable phylogenetic signal at the tips of a tree, but is nosier towards the root, we 

could simply reduce the weight of characters that transform with increasing node depth. The current 

standards of equal and implied weighting schemes for discrete morphological data have not been 

greatly expanded upon, except from the implementation of self-weighted optimization by Goloboff in 

1997, where character state transformations are weighted depending on congruence. So far, only one 

weighting scheme has been developed which allows morphological data to be weighted differently 

across branches. The variable weights criterion was designed to take into account the fact that 

character reliability might vary in different parts of the tree (Goloboff et al., 2010). Although applying 

varied weights across an arbitrarily partitioned tree would be possible, this would require prior 

knowledge of the topology. Instead, Goloboff et al’s (2010) method uses the distance between 

character state changes to calculate the penalty for those changes on the tree being reconstructed. 

To paraphrase Goloboff (2010), the ‘cost’ of a transition depends on how many other times this 

character state transformation occurs in other branches and how far away those branches are from 

one another. This results in transitions being given more advantage in some parts of the tree than 

others. The magnitude of this effect is controlled by a topological weighting constant ‘q’. When q is 

large, distant character state changes have as much influence as proximal transformations. In contrast, 

when q is smaller, character state changes only have an influence if they are very close together. In 

simulations, the variable weights criterion was found to produce topologies more congruent with a 

model tree than equal or implied weights, on account of topological weighting (Goloboff et al., 2010). 
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Perhaps the cost of transformations across a tree could be partitioned to reflect the localised signal 

within morphological partitions. 

It would certainly be interesting to apply a version of the variable weights criterion to future 

phylogenetic analyses of morphological data for Glires. However, the authors of this method 

discovered some unexpected and irreconcilable assumptions behind this weighting scheme. They 

observed that under some circumstances, clades in their trees were being grouped by plesiomorphy 

as well as underlying synapomorphy (Goloboff et al., 2010). Under simulation conditions where 

character states evolved independently in several taxa, a tree which grouped them closer together 

was sometimes preferred over a tree which placed the taxa further apart. Under parsimony, a tree is 

considered superior to another if it can describe more similarities by common ancestry than its 

competitor. In the example of the clade being grouped by multiple independent acquisitions of a 

character, it was not common descent driving this selection. Goloboff et al. (2010) concluded that the 

variable weights criterion violates parsimony and in fact, any attempt to adjust weights according to 

distance would have the same consequence. Since common ancestry is the foundation of phylogenetic 

analysis, it would now seem premature to attempt to weight the morphological characters of Glires 

according to phylogenetic signal expressed at different tree depths. 

With that being said, the fact that partitions express phylogenetic signal at different tree depths might 

not warrant the need for complex weighting solutions. My results find little evidence to suggest that 

the topologically localised phylogenetic signal expressed in partitions has much influence in 

phylogenetic reconstruction, or at least not in the ways I hypothesised. If a tendency to optimize 

characters at particular tree depths has a notable effect on phylogenetic reconstruction, we would 

expect the removal of this localised signal to have consequences for the robustness of clades defined 

by this data.  Data that define shallow clades ought to result in stemward slippage when they are 

removed. Data that define basal clades should result in crownward slippage when removed. However, 

my results show that in almost every case, this does not occur. Although movement of taxa in respect 

to the optimal tree was a consequence of removing any partition in my knockout analyses, 

overwhelmingly, slippage was in the opposite direction to that expected. The removal of dental 

characters, for example, resulted in more stemward rather than crownward slippage, despite the fact 

that they express phylogenetic signal towards the root (Figures 13 and 17). The removal of cranial 

characters, which define clades nearer the tips, resulted in more crownward slippage than stemward 

slippage (Figures 11 and 13). The only notable exception to this was when characters were split into 

jaw-dental, cranial and postcranial partitions. In this case, removing the jaw-dental partition resulted 

in more crownward slippage than the postcranial characters, whose removal resulted in more 

stemward slippage (Figure 11). As to why most knockout experiments did not produce the expected 



   

55 
Chapter Three   

results, it seems likely that while localised phylogenetic signal exists, partitions also contribute signal 

in other parts of the tree. For dental and middle ear partitions, this is made clear by the large range of 

their root-to-UCC distances across the tree (Figure 14). When the exclusion of a partition that 

optimizes nearer the roots results in stemward slippage, it could be that they contain ‘hidden signal’ 

for more crownward clades. Hidden signal refers to phylogenetic signal that is weak in any given 

partition, but when it is combined with the signal from other partitions, becomes strong enough to 

influence topology (Gatesy et al 1999; Gatesy and Arctander, 2000). In the case of cranial data, which 

appears to express phylogenetic signal at the tips, we know that it also carries some signal for basal 

clades (e.g. highly conserved middle ear characters), albeit a smaller amount. However, this smaller, 

deep-node phylogenetic signal is combined with that of other partitions in combined analyses. When 

cranial data are removed from an analysis, the small reduction in signal for basal clades might be 

enough to reduce the combined signal for a particular basal clade, thus resulting in it slipping towards 

the tips. Hence, exclusion of cranial characters, which appear to define superficial clades, could still 

result in crownward slippage. Equally, clades near the tips might not move down the tree more than 

we would expect if the remaining partitions contained enough combined signal to hold their positions. 

My results could be relevant to fossil data, which are unavoidably missing certain categories of data, 

such as DNA, soft tissues and are often over-represented by dental characters. Although reduction in 

phylogenetic signal for some parts of the tree may occur through missing data, it seems likely that 

even fragmented fossil data will have some phylogenetic signal to cover every part of the tree. 

 

Conclusion 

Morphological partitions in Glires contain phylogenetic signal that is localised to different regions of 

the tree. Partitions such as dental data tend to optimize as apomorphies closer to the root of the tree, 

whereas cranial characters optimize closer to the tips. Weighting methods could be designed to take 

this node-depth influence of character partitions into account, but would likely violate the 

assumptions of parsimony. Knockout analyses however, indicate that removing this localised signal 

does not force taxa to slip away from these regions of the tree. This suggests that hidden signal is 

present across partitions in combined analyses of Glires morphological data, which should be 

beneficial for datasets with under-represented partitions, such as fossil data. 
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Chapter Four: origins, diversification and biogeography of 

Glires; the role of the Asian continent and uplift of the Tibetan 

Plateau 
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Abstract 

The Asian origins of Glires have been suspected for a long time, but the origins of Sciuromorpha, 

Myomorpha and Ctenohystrica require clarity. Furthermore, the role of the Tibetan Plateau in Asia 

has been suggested as a driver of evolution in several large mammal groups, but little work has 

investigated its influence in deep-time or for smaller-bodied mammals. In this chapter I used total-

evidence phylogenetic methods to analyse a combined matrix of fossil data and protein coding loci, 

as well as a matrix which includes ultraconserved elements (UCE). I then performed analyses of 

ancestral range estimation on the resulting topologies to trace the geographic history of Glires and 

combined this data with known periods of intense uplift in the Tibetan Plateau region. My results 

corroborate an Asian origin for Glires, but are unable to resolve the root of Rodentia. The positions of 

several key fossil taxa differ between the topologies and have resulted in different hypotheses of 

biogeography for the main three rodent groups: pitching either a North American origin for 

Myomorpha and Sciuromorpha, or almost anywhere other than North America. Both topologies 

however, confirm an important role of the Tibetan Plateau in the evolutionary history of Glires, which 

possibly acted as refuge for cold-adapted taxa, which later diversified during the Oligocene and 

Miocene glaciations. 

 

Introduction 

Lagomorphs and Rodents (collectively known as Glires), are the most speciose group of living 

mammals known today and are represented by around 2,500 species (Wilson et al., 2016). 

Lagomorpha contains the rabbits, hares and pikas and is the smaller of the two extant groups (around 

95 species). The rest of the species belong to Rodentia, which comprises of three living groups: 

Sciuromorpha (squirrels, dormice and the mountain beaver), Ctenohystrica (gundis, porcupines, 

blesmols, degus, agoutis, spiny rats, chinchillas and guinea-pigs) and Myomorpha (anomalurids, 

beavers, kangaroo rats, mole-rats, hamsters, voles, and true rats and mice).  Glires are an incredibly 

successful group, not just in terms of numbers of species. They are found on every landmass except 

Antarctica and cover most locomotor adaptations and diets, thus filling many niches. 

The timing and geographical setting of the origin of Glires is an important topic, but there has been 

debate over where and when Glires first appeared.  Most molecular clock analyses suggest either a 

Late Cretaceous (Hallstrom and Janke, 2010; dos Reis et al., 2012; Tarver et al., 2016) or an early-

Cenozoic origin (Douzery et al., 2003; Kitazoe et al., 2007; Wu et al., 2012). Of course, knowing the 

membership and fossil taxa of a particular group is key to calculating the date of its origin. Fossil 
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occurrences provide minimum dates and so the inclusion of a fossil taxon could in theory move the 

beginnings of a clade backwards or forwards respectively, by many millions of years. The locations of 

fossil finds are also vital to understanding the geographic history of a group, as the present-day 

distribution of living species may not reflect past biogeography. In order to truly understand the 

evolutionary history of Glires, we need to examine fossil data carefully and consult phylogenies based 

on information from both living and extinct taxa.  

Origins in Asia and the oldest Glires 

The oldest mammals that are recognisably Glires date back to the Early Paleocene, just after the K-Pg 

extinction event (Table 1). From this time until the Late Paleocene, the remains of these ancient 

animals are known only from a single Chinese region, Qianshan in Anhui (Li, 1977; Li et al., 2016).  Most 

of these basal Glires are attributed to one of two groups, eurymylids and mimotonids (sometimes 

referred together as ‘Mixodontia’), which are thought to possess ancestral Glires characters. 

Traditionally, mimotonids have been defined by two pairs of ever-growing upper and lower incisors 

(as in lagomorphs), conforming to the morphological grade ‘Duplicidentata’ (Sych, 1971). The oldest 

mimotonid is Mimotona from the Early Paleocene (Li, 1977; Dashzeveg and Russell, 1988), followed 

by Mina in the Middle Paleocene (Li et al, 2016) and later on, Amar in the Late Paleocene (Dashzeveg 

and Russell, 1988). Eurymylids on the other hand, have been defined by a single pair of ever-growing 

upper and lower incisors (as in rodents), conforming to the morphological grade ‘Simplicidentata’ 

(Sych, 1971). The eurymylids are sometimes referred to as ‘non-rodent simplicidentates’ (Dashzeveg 

and Russell, 1988).  The oldest eurymylid is Heomys from the Early Paleocene (Li, 1977; Wang et al., 

2016), with many other taxa appearing in the Late Paleocene from the more northerly Mongolian 

Plateau: Eomylus (Meng et al., 2005), Khaychina (Dashzeveg and Russell, 1988), Sinomylus (McKenna 

and Meng, 2001) and Taizimylus (Mao et al., 2017), to name a few.  However, this version of 

classification is oversimplified. There are interesting cases where fossils thought to be typically 

‘eurymylid’ in appearance can have duplicidentate-like incisors, such as in Sinomylus (Lopatin and 

Kondrashov, 2003). It is also not certain if eurymylids or Mixodontia as a group are monophyletic. In 

phylogenetic analyses, eurymylids are often positioned on the rodent stem and mimotonids on the 

lagomorph stem (Meng and Wyss, 2001; Meng et al., 2003; Asher et al., 2005). 

Possible North American origins 

It is not until the Late Paleocene that we start to see fossil Glires outside of Asia (Table 1). The wave 

of new species that proceed the eurymylids belong to two groups: the ‘Rodentiaformes’ and 

‘Ischyromyidae’. Rodentiaformes resemble eurymylids and mimotonids as well as crown rodents 

(Fostowicz-Frelik, 2020). Three genera of Rodentiaformes are currently recognised and belong to the 

Late Paleocene family Alagomyidae: Tribosphenomys and Neimengomys from Inner Mongolia (Meng 
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Basal Glires 

Amar aleanor        Dashzeveg and Russell (1988) 

Eomylus bayanulanensis         Meng et al. (2005) 

Eomylus borealis        Chow and Qi (1978), 
Dashzeveg and Russell 
(1988), Meng et al. (1998) 

Eomylus zhigdenensis        Dashzeveg and Russell 
(1988), Dashzeveg et al. 
(1998) 

Eurymylus laticeps        Matthew and Granger (1925), 
Sych (1971), Dashzeveg and 
Russell (1988) 

Hanomys malcolmi        Huang et al. (2004) 

Heomys orientalis        Li (1977), Wang et al. (2016) 

Khaychina elongata        Dashzeveg and Russell (1988) 

Mimotona lii        Li (1977), Dashzeveg and 
Russell (1988) 

Mimotona robusta        Li (1977) 

Mimotona wana        Li (1977), Li and Ting (1985, 
1993) 

Mina hui        Li et al. (2016) 

Palaeomylus lii        Meng et al. (2005) 

Sinomylus zhaii        McKenna and Meng (2001) 

Taizimylus tongi        Mao et al. (2017) 

‘Rodentiaformes’ 

Alagomys russelli        Dawson and Beard (1996) 

Alagomys 
inopinatus 

       Dashzeveg, (1990) 

Alagomys oriensis        Tong and Dawson (1995), Li (2016) 

Neimengomys qii        Meng et al. (2007) 

Tribosphenomys minutus        Meng et al. (1994, 1998, 
2007), Meng and Wyss (2001) 

Tribosphenomys 
secundus 

       Lopatin and Averianov 
(2004a), Meng et al. (2007) 

Tribosphenomys tertius        Lopatin and Averianov 
(2004b) 

‘Ischyromyidae’ 

Paramys adamus        Dawson and Beard (1996) 

Paramys taurus        Rose (1981), Ivy (1990), 
Anderson (2008) 

Franimys amherstensis        Rose (1981), Ivy (1990), 
Anderson (2008) 

Acritoparamys atavus        Rose (1981), Ivy (1990), 
Anderson (2008) 

Ischyromys douglassi        Rankin et al. (2020), Emry (1981), Black (1968), Wood 
(1974), Heaton (1996) 

Ischyromys blacki        Wood (1974), Heaton (1996) 

Ischyromys veterior        Wood (1976), Wood (1980), Heaton (1996) 

Ischyromys typus        Heaton (1993) 

  
Table 1: Basal Glires, 'Rodentiaformes' and members of 'Ischryomyidae' mentioned in the text. 

Fossil ages and justification for ages are also provided. This table is adapted from Fostowicz-Frelik 

(2020: their Table 5.1) and includes additional species and information for Alagomys, as well as the 

addition of Ischyromys.   
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 et al., 2007), and Alagomys from North America and Inner Mongolia (Dawson and Beard 1966; 

Dashzeveg, 1990). The paraphyletic group ‘Ischyromyidae’ is much more speciose and contains many 

different genera: Acritoparamys, Franimys, Ischyromys and Paramys, to name a few (Korth, 1994). 

Ischyromyidae are distinguished from Rodentiaformes by their elongated bodies, larger size, and were 

in general quite a bit sturdier than their gracile relatives. The geographic distribution of Ischyromyidae 

is another dissimilarity between the two groups. ‘Ischyromyid’ fossils are exclusively found in North 

America, despite living contemporaneously with the Asian Rodentiaformes and some later eurymylids. 

The disjunct distribution between North American Ischyromyidae and their presumed Glires ancestors 

in Asia has been termed the ‘Paleocene Paradox’ (Dawson, 2015; Fostowicz-Frelik, 2020). 

Unfortunately, the phylogenetic relationships of Ischyromyidae to other rodents, and between 

ischyromyids themselves, are not very clear. Ischyromyids have been interpreted as many things, 

including primitive Rodentia (Flynn, 2008), a sister group to Rodentia (Dawson and Beard, 1996), 

paraphyletic with species on the stem of Rodentia and others in ‘true’ Rodentia (Meng and Wyss, 

2001), and finally as a paraphyletic group with some species within crown Sciuromorpha and others 

on the rodent stem (Asher et al., 2019).  

The sheer quantity of Glires fossil evidence from Paleocene Asia points towards an Asian origin for 

Glires, and within it, Lagomorpha. The origins of Rodentia are also likely to lie within Asia. However, 

Glires known from localities on both sides of the Pacific, such as the rodentiaform Alagomys, obscure 

matters. If an Asian origin of rodents is likely, then we would expect that Asian specimens of Alagomys 

would pre-date North American specimens. However, the American Clarkforkian (Late Paleocene) 

fossils of Alagomys pre-date the Asian Bumbanian (Late Eocene) Alagomys specimens by millions of 

years (Dashzeveg, 1990; Tong and Dawson, 1995; Bowen et al., 2012). The boundary between the 

Gashatan age and Bumbanian age is often debated, although they are usually ascribed to the late 

Paleocene (Clarkforkian NALMA) and early Eocene (Wasatchian NALMA) respectively (Dashzeveg, 

1988; Beard and Dawson, 1999). A study by Bowen et al. (2012) which combined isotope stratigraphy 

and magnetostratigraphy, alongside biochronology, suggested a Gashatan-Bumbanian boundary 

between 55.7–54.97 Ma, which is remarkably close to estimates for the Paleocene-Eocence boundary 

(55.72–55.96 Ma; Charles et al., 2011) and would suggest that Clarkforkian Alagomys do indeed 

predate their Asian Bumbanian neighbours. Once again, the Paleocene Paradox muddies the waters 

of biogeographic history. In addition to this, the uncertain relationships of North American 

Ischyromyidae, some of which are of comparable age to many ancient Asian taxa, leave open the 

possibility that North America could play a nuanced role. This is especially relevant for Sciuromorpha, 

which may be closely related to ischyromyids or hold some of them within its crown. Both Sloan (1969) 

and Wood (1977) proposed a North American origin for Rodentia based on the presence of Paleocene 
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and Eocene members of Ischyromyidae. An Asian origin of Glires seems likely. For at least 

Sciuromorpha, the North American continent merits consideration and will be investigated as part of 

my study. 

Myomorpha, also referred to as the mouse-related-clade (Fabre et al., 2015) or Supramyomorpha (Elia 

et al., 2019), may also have a strong case for North American roots. Numerous Eocene fossils that 

possess ancestral myomorph characters (loss of premolars and enlarged infraorbital foramen), can be 

found in both Asia and North America. On the Asian side there are species such as Aksyiromys, 

Blentosomys and Ulkenulastomys from eastern Kazakhstan (Shevyreva, 1984) and Palasiomys, 

Raricricetodon and Pappiocricetodon from China (Tong, 1997). Eocene myomorphs from North 

America include Simimys (Wilson, 1935), Nanomys (Emry and Dawson, 1972), Armintomys (Dawson 

et al., 1990), Heliscomys (Cope, 1873) and Elymys (Emry and Korth, 1989). The fossil Elymys is of 

interest as it is sometimes argued to be the earliest myodont (Muroidea + Dipodoidea) or at least the 

earliest dipodoid fossil (Rodriguez et al, 2009). With this in mind, Emry (2007) suggested that 

Myodonta originated in North America, after which Elymys-like taxa could have made the journey to 

Asia in the middle Eocene. These taxa then presumably diversified in Asia before cricetid and dipodid 

rodents travelled back to North America in the late Eocene and throughout the Miocene (Emry, 2007). 

Apart from Rodriguez et al’s (2009) study on dental characters, there have been no other studies to 

include Elymys in phylogenetic analysis. However, the placement of this fossil is likely to be key in 

determining whether or not Myomorpha has origins in North America or Asia, something my study 

aims to address. 

The arguments against a North American origin for any rodent suborder were strongly put forward by 

Beard (1998). His ‘East of Eden’ model took into account the prevalence of Glires fossil taxa in Asia as 

well as the idea that immigration from a larger landmass (Asia) to a smaller landmass (North America) 

would be more likely than the reverse. From Beard’s point of view, North America was a “cul de sac” 

(1998, p. 1) of Asia at the time, with most traffic across the Bering Land Bridge coming from the East. 

Yet for alagomyid rodents, dispersal appears to be to Asia rather than from it. The Bering Land Bridge 

had been a potential route of dispersal between the two continents until the Pliocene and very little 

land connection (if any) has joined the continents across the north Atlantic since the earliest Eocene 

(Jiang et al., 2019). In theory, there has been ample opportunity for travel in both directions for an 

extended period of time. Jiang et al. (2019) examined rates of biotic interchange across the land bridge 

for animals, plants and fungi, and found that this opportunity was not fully taken advantage of. With 

all biota taken into account, the number of dispersal events from Asia to North America outweighed 

dispersal from the other direction throughout the Cenozoic. While the rates of dispersal from Asia to 

North America have always remained higher, there was a peak in movement from North America to 



   

62 
Chapter Four   

Asia at the end of the Eocene (40–34 Ma), which coincided with global cooling (Jiang et al., 2019). 

However, if we examine Jiang et al’s (2019) data for mammals specifically, there is no peak in mammal 

dispersal at this time. In fact, the number of mammal dispersal events sharply increase later on during 

the Oligocene Cooling Event (30 Ma), and movement of taxa from North America suddenly decreases 

at this time. For mammals as a whole, immigration seems to have been predominantly from Asia to 

North America and partly driven by climatic factors. 

The effects of Asian climate and uplift of the Tibetan Plateau 

The role of climate in mammal dispersal to and from Asia is clearly of importance and could explain 

the patterns we see in the rodent fossil record. It would be impossible to consider Asian climate or 

immigration at the time of Glires diversification without also discussing the impact of one important 

tectonic event:  the collision of India and the resulting uplift of the Tibetan Plateau. The Tibetan 

Plateau (also known in China as the Qinghai-Tibet Plateau or Qing-Zhang Plateau) is appropriately 

referred to as ‘the roof of the world’. It is the highest and largest geological monument of its kind, 

spanning 2.5 million km2 and reaching 4,500m above sea level (Wang et al., 2015). Argand (1922) was 

the first to suggest that the plateau arose from the collision between an Indian plate with Eurasia. This 

theory is widely accepted today, but the exact timing and mechanisms are still being investigated. It 

is thought that the Indian landmass started to peel away from Madagascar around 140 Ma, before 

breaking off around ca. 83 Ma and then accelerating towards Asia (Torsvik and Cocks, 2016). The first 

sign of elevation in Central Asia occurred during the Cretaceous before the collision took place (Figure 

18). As the Indian Plate approached and the Tethys ocean floor began to subduct, the crust in what is 

now central Tibet started to thicken, as well as fold and fault, resulting in some areas rising above sea 

level by the late Cretaceous (Royden et al., 2008). The Indian landmass then made contact with the 

Asian continent during the early Eocene, ca. 50 Ma (Torsvik and Cocks, 2016). It was the subduction 

of the Indian continental crust and mantle lithosphere under the Asian continent that led to the 

Himalayan orogeny. The impressively tall Tien Shan, Karakorum, Himalaya and Altai mountain ranges 

that we see today were caused by a second peak of uplift in the Late Paleogene-Early Neogene, and 

they are still growing today (Torsvik and Cocks, 2016). The Tibetan Plateau is a very large area and it 

was pointed out by Wang et al. (2011) that the various regions of the Tibetan Plateau experienced 

uplift during different time periods. This complicates our understanding of the timing of these events, 

but to overcome this we can identify overall trends in uplift. Wang et al. (2011) were able to identify 

the overlapping periods of uplift and extracted the contemporaneous episodes: 60–35 Ma (Middle 

Paleocene to Late Eocene), 25–17 Ma (Late Oligocene to Early Miocene), 12–8 Ma (Middle to latest 

Miocene) and since 5 Ma (Pliocene onwards). 
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Given its tectonic activity, size and elevation, the Tibetan Plateau is thought to play a significant role 

in weather patterns across Asia. The vast surface area and elevation of the plateau causes it to absorb 

a far greater quantity of solar radiation than land at sea level (Lin et al., 2018). The air above the 

plateau is therefore at a higher temperature than the surrounding terrain and ocean. Like in all coastal 

systems, the difference in temperature between land and sea creates areas of low pressure inland. 

The warm air over land rises and creates pockets of low pressure underneath it. These pockets of low 

pressure draw in moist ocean air. Any coastal air that is blown towards a mountain is forced upwards, 

but cooler temperatures at altitude cause a decrease in air volume and so the moisture precipitates 

as rain. The elevation of the plateau exacerbates this effect and was hypothesised by Flohn (1957) to 

cause summer deluges (monsoons) in India. However, further studies have identified an alternative 

role of the plateau in driving monsoons. Boos and Kuang (2013) argue that the Himalayas are the main 

heat source for monsoons, not the plateau itself, with the latter forming a barrier to colder northern 

winds. Either way, it is generally accepted that South Asian monsoons as we know them today began 

during the late Oligocene, with monsoon-like weather appearing as early as the late Eocene (Sun and 

Wang, 2005). Climate models have indicated that the uplift of the Tibetan Plateau and the reduction 

of the Paratethys Sea, which are both linked to the Indo-Asian collision, resulted in monsoon 

intensification as well as increased levels of erosion (Dupont-Nivet et al., 2007). The inevitable 

aridification that followed this is linked to the onset of the Eocene-Oligocene transition, a rapid cooling 

of the planet 34 million years ago (Dupont-Nivet et al., 2007). It is debated if this activity was the major 

driver behind the Eocene-Oligocene climate transition, but it seems likely that the Tibetan Plateau 

played a role. Weather patterns across Eurasia today are highly dependent on Tibetan Plateau 

processes. The amount of snow that falls in Eurasia is correlated with the Indian monsoon, and snow 

cover on the plateau itself is known to lengthen or cut short the duration of summer in monsoon 

affected areas (Hahn and Manabe, 1975; Liu et al., 2004).  

There is good reason to believe that uplift of the Tibetan Plateau could have had the potential to affect 

the diversification of animal groups. It has remained a popular idea that increased diversity and 

speciation occurs primarily under tough environmental conditions, as opposed to in tropical refugia 

where physical/environmental forcing is not as important a driver of evolution (Fortelius et al., 2014).  

More specifically, Badgley (2010) hypothesised that severe tectonic activity would coincide with peaks 

of species diversification, as increased speciation can result from topographic complexity. We might 

therefore expect Glires on the Asian continent to show peaks of diversity that coincide with periods 

of major uplift (such as those described by Wang et al., 2011) in the Tibet area. Wang et al. (2015) 

present several cases where the combined forces of climate and uplift of the Tibetan Plateau are 

hypothesised to have influenced vertebrate evolution during the Cenozoic. They set out a case for the 
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Figure 18: Movement of the Indian plate northwards and collision with Southeast Asia. Palaeomaps 

are sourced from Scotese (2016). 
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plateau acting as a refugia for cold-adapted species (including the Tibetan woolly rhinoceros, snow 

leopard and artic fox) during the various climatic cycles of the Ice Age, as well as populating the 

broader continent with lineages that were pre-adapted to cold conditions before the onset of the Ice 

Age. A compelling case can be made for Ice Age refugia and it would be interesting to consider the 

possibility of Asian refugia for Glires across the whole of the Cenozoic. If such refugia were to exist, 

we might expect dips in Glires diversity to be followed by clades arising in the Tibetan Plateau, 

Himalayas or surrounding areas. The complexity and uncertainty regarding the exact timing of events 

in the Tibetan Plateau, due to its vast size and the geological record, could make it hard to draw solid 

conclusions about the relationship between uplift intensity and animal diversity. However, the 

contemporaneous periods of uplift calculated by Wang et al. (2011) are good indicators of overall 

trends in uplift across the entire region and are our best approximation of uplift timetable. That being 

said, it would be sensible to treat any relationship found between overall diversity and uplift trends 

tentatively until a more resolved record can be obtained. 

Ctenohystrica and dispersal westwards  

While Sciuromorpha and Myomorpha have complicated histories in Asia, there is one rodent group 

that has largely abandoned the continent. Living members of Ctenohystrica are found in Africa and 

South America, with two notable exceptions: the Laoatian rock rat (Laonastes aenigmamus) from 

Southeast Asia and eight species from the family Hystricidae (‘old world hystricognaths’ or 

‘phiomorphs’).  The most diverse group within Ctenohystrica is the monophyletic clade Hystricognathi. 

These animals possess ‘anatomical hystricognathy’ whereby the angular process lies laterally to the 

incisor alveolus (Tullberg, 1899). It is now widely accepted that Hystricognathi share a common 

ancestor with Ctenodactylomorphi (Elia et al, 2019), a group which consists of gundis in Africa 

(Ctenodactylidae) and the Laoatian rock rat (Diatomyidae) in Asia. ‘Ctenodactyloidea’, the fossil taxa 

considered more similar to Ctenodactylomorphi than Hystricognathi (Marivaux and Boivin, 2019), 

were restricted to Asia for the entirety of the Palaeogene. It would therefore seem likely that 

Hystricognathi originated in Asia as well. However, the oldest anatomically hystricognathous rodents 

appear in the Late Middle Eocene of South America (stem caviomorphs, e.g., Canaanimys and 

Cachiyacuy) and Africa (stem ‘phiomorph’ Protophiomys) simultaneously (Antoine et al, 2012; 

Marivaux et al., 2014; Boivin, 2017; Boivin et al., 2019). Anatomical hystricognaths are not found in 

Asia until a few million years later in the Late Eocene, and so the question is, did Hystricognathi 

originate in South America, Africa or Asia?  

Phylogenies based on dental data that were retrieved by Marivaux and Boivin (2019) indicate multiple 

dispersal events of hystricognathous rodents from Asia to Africa and possibly back again, as well as 

implying possible Hystricognathi ghost lineages extending into the Middlle Eocene for Asian and 
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African taxa. In regards to the colonisation of South America, molecular clock analyses by Poux et al. 

(2006) suggest that caviomorphs split from old world hystricognaths 45.4 to 43.7 Ma, possibly a few 

million years before they immigrated to South America between 45.4–36.7 Ma. A more recent study 

by Antoine et al. (2012) narrows this dispersal window down to 42–43 Ma. Just one million years later 

ca. 41-42 Ma, the global temperature peaked during the Middle Eocene Climate Optimum, suggesting 

that rodents travelled to South America when environments were warm and wet (Zachos et al., 2008; 

Antoine et al., 2019). As discussed by Marivaux and Boivin (2019), the origins and biogeographic 

history of Ctenohystrica likely depend on the discovery of new material, interpretation of stem-groups 

and their phylogenetic affinities. The latter will be investigated in my study.  

A total-evidence approach 

Since our interpretation of Glires evolutionary history relies upon the interpretation of fossil data, it is 

important that we find the best way to incorporate this information with the molecular record. Fossils 

can be placed post hoc on a phylogeny based on molecular data, or fossils can be analysed with a 

backbone constraint based on said molecular data. The total-evidence approach considers several 

types of data simultaneously, with some level of data interaction between the partitions allowed. 

Considering many sources of data in tandem has the benefits of taking all phylogenetic signal into 

account when building a tree. Signal that is common to each partition, but weak when considered 

alone, can be amplified by including data from lots of different sources (Gatesy et al., 1999; Gatesy 

and Arctander, 2000; Gatesy and Baker, 2005). This ‘hidden signal’ can only be revealed by using such 

methods. The phylogenetic positions of fossils are known to be influenced by the addition of molecular 

data, and morphological data from fossils can also change the affinities of living taxa (Asher et al., 

2005; Wiens et al., 2010; Thompson et al., 2012). In its ‘tip-dating’ form, fossil taxa in a total-evidence 

context help define the age of a clade during the tree building process itself (Ronquist et al., 2012). 

Combining molecular and fossil data therefore has benefits over analysing these data partitions 

separately. 

A recent development in the study of Glires has been the publication of ultraconserved elements 

(UCEs). These are short pieces of non-coding DNA that are shared by genetically distant taxa and can 

be captured in their thousands using target enrichment processes (Bejerano et al., 2004). UCEs are 

highly conserved and so are thought to be less prone to saturation than some other types of molecular 

data (Faircloth et al., 2012). This in turn could make UCEs ideal for helping to resolve relationships 

through deep-time. In the case of Glires, UCEs suggest different phylogenetic affinities at the base of 

Rodentia than other types of data. Most molecular studies support a Myomorpha + Ctenohystrica 

sister clade to Sciuromorpha (Churakov et al., 2010; Fabre et al., 2012; Asher et al., 2019). However, 

phylogenies based on UCEs propose a Ctenohystrica + Sciuromorpha sister clade to Myomorpha 
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(Esselstyn et al., 2017; Swanson et al., 2019). Knowing the basal relationships of Glires is vital to 

understanding their diversification and historical biogeography. Yet so far, no analyses of Glires have 

combined fossil and UCE data under a total-evidence framework. Swanson et al. (2019) gathered the 

largest dataset of UCEs for Glires species, but grafted their fossil taxa onto the topology post-

phylogenetic analysis. Only two studies have used total-evidence approaches to analyse fossil and UCE 

data simultaneously, in birds (Chen et al., 2019) and iguanas (Scarpetta, 2020), and so part of my study 

aims to address this gap in the literature for Glires.   

Aims and hypotheses 

The aims of this chapter are to use total-evidence analyses of fossil and molecular data to investigate 

the timing and origins of Glires diversity. By including key fossils from across the world, I hope to 

determine the ancestral ranges of each Glires group. In particular, the inclusion of older North 

American and Asian fossil taxa should help to trace the origins of Myomorpha and Sciuromorpha. I 

posit that ‘ischyromyids’ and Sciuromorpha will share a close history, and so a North American origin 

for this clade is likely. I also expect that if the fossil Elymys is found to be a relatively basal member of 

Myomorpha, then this clade would also have origins in North America, challenging Beard’s idea that 

the continent acted only as a cul de sac of Asia. My study also aims to trace the roots of Ctenohystrica. 

Despite having very little representation nowadays in Asia, there are many fossil ‘ctenodactyloid’ taxa 

from the continent. The series of dispersal events within Ctenohystrica is not clear, but I predict that 

at least one dispersal event from Asia to Africa took place. My predictions on biogeography could. of 

course, be heavily influenced by the inclusion or exclusion of UCEs in my analysis, as I anticipate this 

to change the relationships of both living and extinct forms of Glires. Finally, my study also aims to 

investigate if the uplift of the Tibetan Plateau played a role in observed patterns of Glires 

diversification. If the Tibetan Plateau acted as a refuge or training ground for cold-adapted Glires 

species, then we might expect to see peaks in Asian Glires diversity coinciding with cooler global 

temperatures. The tectonic upheaval of the Tibetan Plateau and its supposed influence on climate 

may also result in peaks of diversification during major periods of uplift. 

 

Methods 

Morphology plus protein coding DNA matrix assembly 

In order to perform the phylogenetic analysis, I assembled a matrix of morphological and molecular 

characters. I utilised the data matrix from Asher et al. (2019), which comprises of 14 protein coding 

genes: eight nuclear (ATP7A, A2AB, IRBP, RAG1, VWF, CNR1, BRCA1 and GHR) and six mitochondrial 
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(12S, 16S, CYTB, CO1, CO2 and CO3), totalling 15,407 nucleotides. I then added one additional genus 

to the matrix, Cricetulus, the sequences for which were sourced on GenBank. Details of the sequences 

sourced for each genus in Asher et al. (2019) and Cricetulus can be found in Appendix 1b. I aligned the 

Cricetulus sequences to Asher at al’s (2019) matrix using an opalescent algorithm within Mesquite 

version 3.6 (Wheeler and Kececioglu, 2007, Maddinson and Maddinson, 2019) and then made small 

manual adjustments by eye. I partitioned each locus by codon position before using PartitionFinder 2 

(Lanfear, 2017) to find the best-fitting partition schemes and models of evolution, based on the 

Bayesian Information Criterion.  The models used for each partition can be found in Appendix 3a. 

I included the morphology data of Asher et al. (2019), which consists of 219 hard tissue characters for 

60 extant taxa (52 Glires) and 42 fossils (27 Glires and stem Glires). The morphological characters in 

Asher et al. (2019) are based on those used in Meng et al. (2003), Asher et al. (2005) and Wible (2007). 

I coded the characters of an additional 21 fossil Glires taxa: Alagomys, Birbalomys, Branisamys, 

Dawsonolagus, Elymys, Eocardia, Eogliravus, Eutypomys, Exmus, Franimys, Gaudeamus, Hulgana, 

Knightomys, Paradelomys, Prolapsus, Protechimys, Sallamys, Sayimys, Tamquammys, Tarnomys and 

Tsinglomys. These were chosen for their completeness, biogeographical relevance, and to maximise 

taxonomic coverage. I obtained microCT scans of Cricetulus, Franimys, Ischyromys, Paleolagus and 

Tarnomys, and also examined the microCT scans of Gomphos, Ischryomys and Paradelomys from 

Rankin et al. (2020). I prepared virtual reconstructions of the microCT scans using the open source 

software Drishti v.2.6.4 (Limaye, 2012). Other taxa were examined through a combination of observing 

museum specimens and images found within the literature. A list of the specimens I examined, any 

changes to the character coding of Asher et al. (2019), and literature consulted, can be found in 

Appendix 1a. A matrix of my coded morphological characters can be found in Appendix 1c. 

Finally, I concatenated my morphology and protein coding loci partitions to make one supermatrix, 

which can be found in Appendix 3a. Hereafter, I refer to this alignment as my ‘morph+coding’ dataset. 

Ultraconserved element (UCE) matrix assembly 

I sourced UCE data from three published datasets: Swanson et al. (2019), Esselstyn et al. (2017) and 

Faircloth et al. (2012). Thirty-two sequences of concatenated UCE loci matched the taxa present within 

my morph+coding dataset: 25 genera from Swanson et al. (2019), 6 from Esselstyn et al. (2017) and 1 

from Faircloth et al. (2012). Each source of UCEs used the same 5,060 UCE probe set of bait sequences 

to harvest UCEs from mammal genomes. However, because each paper varies in the downstream 

processing of the captured UCEs, not every UCE harvested was necessarily included within their 

respective final alignments. Furthermore, the order in which homologous UCEs appeared within the 

concatenated sequences differs between the three alignments. Given that the majority of rodent 
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sequences were provided by Swanson et al. (2019), I decided to extract individual UCEs from the other 

two datasets and re-align them to the concatenated sequences of Swanson et al. (2019). First of all, I 

performed a local alignment using the blastn algorithm (Johnson et al., 2008), to query the relevant 

sequences from Esselstyn et al. (2017) and Faircloth et al. (2012) against the Swanson et al. (2019) 

alignment. I then scrutinised the list of hits by eye and removed any spurious sequences using the 

Python script ‘faSomeRecords.py’ (Kent, 2014). Once extracted, I then rearranged the UCEs to reflect 

the order of appearance in which they occur within the Swanson et al. (2019) alignment using 

SAMtools (Li et al., 2009). I took the newly rearranged UCES from Esselstyn et al. (2017) and Faircloth 

et al. (2012), concatenated them and then aligned them to the Swanson et al. (2019) alignment using 

Mafft 3.709 (Katoh et al., 2002). As the amount of data to align was very large, I accessed Mafft 

through the Cambridge Service for Data Driven Discovery’s High Performance Computing cluster 

(CSD3 HPC). The following non-default options were used: ‘add’ allows new sequences to be aligned 

to an existing alignment, ‘reorder’ allows sequences to be ordered according to similarity, ‘memsave’ 

allows a linear-space DP algorithm to be used (less memory is used at the expense of speed) and 

‘thread’ -1, which automatically chooses the number of threads to run based on the number of 

computer cores available. I viewed the alignment of UCEs and made small manual adjustments using 

Mesquite version 3.6 (Maddinson and Maddinson, 2019). The final alignment length of the UCEs 

amounted to 914,885 nucleotides from 2,213 UCE loci. I used the blastn algorithm once more to query 

the UCEs against my morph+coding matrix and to make sure that there was no overlap between the 

UCEs and my protein coding genes. Finally, I concatenated the UCEs with my morph+coding matrix to 

make a larger dataset, hereafter known as my ‘UCE dataset’, which can be found in Appendix 3b. I 

took the decision not to run any analyses to find partition schemes and substitution models for the 

UCEs for two reasons. Firstly, given the length of the alignment and number of taxa, this would have 

been a very computationally intensive task (Esselstyn et al., 2017). Secondly, studies that include UCE 

data have found that single partition datasets recover the same topology as multiple partition models 

and may reach convergence more easily (McCormack, 2011; Tarver, 2016; Sato et al., 2019). 

Bayesian tip-dating analyses 

For the phylogenetic reconstruction based on my morph+coding dataset, I adopted a Bayesian tip-

dating approach, which estimates phylogeny and divergence times concurrently (Ronquist et al., 

2012). This method has the advantage of incorporating fossil data during the analysis itself whilst 

taking uncertainty into account under a Bayesian probabilistic approach. I used MrBayes 3.2.7 

(Ronquist and Huelsenbeck, 2003; Altekar et al., 2004) for this purpose and ran the parallel version 

through the CSD3 HPC. I implemented the partitioning scheme and models of evolution selected by 

PartitionFinder 2 for the alignment of protein coding molecular data. For the morphological partition, 
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I opted to use a Markov k-states model (Mkv; Lewis, 2001), which uses gamma-shaped rate variation. 

There are arguments for and against the use of the Mkv model over more traditional parsimony 

approaches. The ‘no-common-mechanism’ of parsimony means that an independent parameter is 

assigned to each branch length for each character and so is computationally less parsimonious than 

the Mkv common-mechanism model. Some authors argue that the common-mechanism implied by 

the Mkv model fits molecular data quite well, but is not realistic for morphological data as it evolves 

in a different way (Goloboff et al., 2019). However, other studies have found that the Mkv model 

produces more accurate, albeit less precise, trees than both equal and implied-weights parsimony 

(O’Reilly et al., 2016; Puttick et al., 2018). In this instance, I chose accuracy over precision on account 

of my downstream analyses. Importantly, I configured the rate prior to allow rates to vary between 

my morphological partition and each of my molecular partitions. For the molecular clock, I chose an 

independent gamma rate relaxed-clock model to account for evolutionary rate variation across 

branches over time. For each fossil taxon in my matrix, I specified a uniform prior corresponding to 

the minimum and maximum ages for that taxon based on records held within the Paleobiology 

Database (PBDB). I gave extant taxa a fixed age of zero.  In order to enable these calibrations, I 

implemented the fossilized birth-death sampling process. I treated fossil taxa as tips with no 

descendants. All commands given to MrBayes can be found within Appendix 3a. I ran two independent 

runs of four Markov Chain Monte Carlo (MCMC) chains (three cool and one heated) for 120,000,000 

generations and sampled the chains every 1,000 generations. To test for convergence, I examined the 

standard deviation of mean split of frequencies and the potential scale reduction factor. I also 

examined the effective sample sizes using TRACER v.1.7.1 (Rambaut et al., 2018). After examining the 

MCMC output, I discarded the first 20% of trees as ‘burn-in’ and then summarised the remaining trees 

to create an ‘allcompat’ consensus tree, where all compatible groups are added to the 50% majority 

rule consensus.  

Maximum Likelihood analyses 

Given the large size of the UCE dataset and computational time constraints, I did not include this data 

in my Bayesian tip-dated analyses.  Initial attempts at Bayesian tip-dating analyses for the UCE dataset 

estimated runtimes that were not feasible within the scope of this PhD, a common problem for UCE 

and other large phylogenomic datasets in general. Where Bayesian inference has been used to 

estimate phylogeny with UCEs, compromises are typically made by reducing the number of taxa or 

loci (Blaimer et al., 2018; Borowiec, 2019).  Instead of dataset reduction, most other studies adopt a 

Maximum Likelihood approach when using UCEs (Zhang et al., 2019). Maximum Likelihood has the 

advantage of being less computationally intensive and so is much faster than Bayesian inference when 

datasets are very large. The frequentist approach to probability however, does not incorporate priors 
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of any kind and so usually, I would prefer the method which takes all of the information we have into 

account. However in this case, reducing the size of my dataset would effectively be ignoring 

information in much the same way, but with little benefit. For my own phylogenetic analysis of the 

UCE dataset, I decided to use the program RAxML (Stamatakis, 2014), which contains many options 

for parallel process optimization. I ran the RAxML-PTHREADS-AVX2 binary, accessed via raxmlGUI 1.5 

beta (Silvestro, 2012), across four CPUs on a local computer. Currently, there is no way to ‘checkpoint’ 

the maximum likelihood search process, and so the CSD3 HPC, although perhaps faster, could not be 

used due to run time limits. I implemented the same partitions schemes suggested by ParitionFinder 

2 as used above. As RAxML can only implement one model of rate heterogeneity across partitions, I 

chose the GTR+G+I model as it is the one suggested for most of my protein coding DNA partitions by 

PartitionFinder 2. However, I was able to configure the run to calculate individual per-partition branch 

lengths. All of the commands I gave to RAxML can be found in the RAxML block at the end my UCE 

alignment in Appendix 3b. I ran a Maximum Likelihood search with 100 rapid bootstraps.  

In order to convert the best tree produced by RAxML into a dated ultrametric phylogeny, I carried out 

node dating using a penalized likelihood approach via TreePL (Smith and O’Meara, 2012). I used 13 

fossil calibrations, including nine used by Swanson et al. (2019) for their rodent UCE dataset, and a 

further four calibrations from Benton et al. (2015). The calibrations describe the soft maximum dates 

for a fossil, extending to the start of the geological epoch prior to the fossil’s first occurrence as well 

as hard minimum dates. The Mus-Rattus divergence time however, is taken from Kimura et al. (2015). 

My calibrations and parameters given to TreePL can be found in Appendix 3c. 

Diversity and environmental measures 

In order to comment on the changes in Glires diversity over time, I calculated values of taxonomic 

richness. Firstly, I downloaded all occurrence records of fossil Glires from the PBDB (paleobiodb.org) 

and then cleaned the data. The raw counts of genera cannot be used as an indicator of true diversity 

as it is widely recognised that the fossil record is subject to many different types of bias (Raup, 1972). 

Generally, studies compensate for incompleteness in the fossil record by standardizing their data and 

calculating estimates of diversity. Quorum subsampling (SQS; Alroy, 2017) is the most common 

method and uses generic rarefaction to provide relative estimates of diversity. This approach works 

well for fossil data, but newer methods are now capable of providing accurate and absolute measures 

of richness. Alroy’s (2018) ‘extrapolated squares’ is one such method and has been shown to handle 

datasets skewed towards rare species (a common occurrence in palaeontology) more effectively than 

SQS. Absolute measures of diversity are more intuitive for my purposes and so I applied the squares 

method to the Glires raw data. To calculate extrapolated squares, I followed an R script shared by 

Bethany Allen (University of Leeds), which contains Alroy’s (2018) squares formula, which can be 
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found in Appendix 3d. My cleaned occurrence data and extrapolated squares estimates of diversity 

can be found in Appendix 3e. 

In addition to estimates of diversity, I examined two potential factors that could provide insight into 

the environmental pressures imposed upon Glires during their evolution:  global temperature proxies 

and uplift of the Tibetan Plateau. Firstly, I gathered data on levels of deep-sea oxygen (δ18O) isotopes 

over time. The proportion of 18O to 16O present in the carbonate component of foraminifera can be 

used to estimate temperature, as decreases in heavy oxygen are associated with increasing heat 

(Veizer, 1999). I combined δ18O data (Appendix 3f) from Veizer (1999) and Zachos et al. (2001) and 

applied a five-point rolling mean to make the trends over time easily visible.  

The second factor I examined alongside diversity is uplift of the Tibetan Plateau. The elevation of the 

Tibetan Plateau over time is not as easily measured as δ18O, and currently we do not have a continuous 

measure of the plateau’s height through deep-time. In order to examine Glires diversity alongside 

changes to the Tibetan Plateau, I incorporated Wang et al’s (2011) episodes of major tectonic uplift. 

Tectonic uplift is measured by structural deformation, thermo-chronology and sedimentary deposit 

data, although these measures have indicated that movement was not contemporaneous across the 

different regions of the Tibetan Plateau (Wang et al., 2011). However, according to Wang et al. (2011), 

the main intervals of overlap occur between 60–35 Ma, 25–17 Ma, 12–8 Ma and from 5 Ma. In order 

to test whether or not diversity levels are significantly correlated with Tibetan Plateau activity or 

temperature estimates, I carried out Spearman’s correlation tests.  

Biogeographical analyses 

Finally, I investigated the biogeography of Glires through time by reconstructing ancestral 

distributions on phylogenies based on my morph+coding and UCE datasets. Like general ancestral 

state reconstruction, there are options for both probabilistic methods, such as likelihood and 

Bayesian, as well as non-probabilistic approaches such as parsimony.  I decided to test probabilistic 

models using the popular R scripts that form the package BioGeoBEARS (Matzke, 2013), which I 

accessed through RASP 4.2 (Yu et al., 2015). The R scripts require each taxon on the phylogeny to be 

allocated states relating to the distribution of that taxon. There are many ways to define geographical 

areas for biogeographic analyses, but I chose to split the map into six simple areas: Australasia, Africa, 

Asia, Europe, North America and South America. Given the timescale of Glires evolution, it is hard to 

choose meaningful geographic areas which remain relevant over time as landmasses shift.  I coded 

the geographical states of living taxa based on their current distributions, but did not include areas 

where a taxon is considered a recent introduction. For the fossil taxa, I coded their distributions based 

on the information provided with specimens and in PBDB occurrence records. The models used by 
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BioGeoBEARS require that trees are completely bifurcating and so I made small adjustments to my 

topology based on the morph+coding dataset. I resolved taxa according to the literature, whilst 

remaining as close as possible to the original topology provided by MrBayes. I resolved the position of 

my Eogliravus + Knightomys clade to the stem of Sciuromorpha, based on Marivaux et al. (2016) and 

Storch and Seiffert (2007), who both consider Eogliravus to be a primitive glirid (Gliridae). I resolved 

my Sciuravus + Birbalomys clade to the stem of crown Rodentia based on the position of Sciuravus in 

Asher et al. (2019). I then tested six models of ancestral distribution on my resolved morph+coding 

matrix topology and my UCE matrix topology. Based on the AICc scores, the best fitting model of 

ancestral area reconstruction for the morph+coding matrix topology was DIVALIKE+J (Dispersal–

Vicariance Analysis; Ronquist, 1997).  The DIVALIKE model is a Maximum Likelihood interpretation of 

Ronquist’s (1977) Dispersal-Vicariance-Analysis. The J parameter describes cladogenetic dispersal, 

whereby speciation can occur in a different geographic area from the locations of the ancestor. The 

best fitting model for the UCE dataset tree was BAYAREALIKE+J. The BAYAREALIKE model is a 

Maximum Likelihood interpretation of Landis et al’s (2013) Bayesian inference of historical 

biogeography for discrete areas analysis. 

 

Results 

Total-evidence phylogenies and topological differences 

Figure 19 shows the tip-dated phylogeny based on my morph+coding dataset. This tree suggests that 

Lagomorpha and Rodentia split 71 Ma in the late Upper Cretaceous. The eurymylid taxa form a group 

on the stem of Rodentia and the mimotonids are clustered around the stem of Lagomorpha. 

Eurymylidae is not a monophyletic group however, as Sinomylus is positioned on the base of the 

Lagomorpha stem. The alagomyid rodentiaformes (Alagomys and Tribosphenomys) do form a 

monophyletic group, on the rodent stem. The morph+coding-based topology also supports the 

monophyly of three rodent crown groups (Ctenohystrica, Myomorpha and Sciuromorpha), with 

Sciuromorpha comprising the root. The tree implies that Sciuromorpha split from Ctenohystrica-

Myomorpha ca. 65 Ma during the earliest Paleocene and then three million years later, Ctenohystrica 

and Myomorpha split from each other. The ‘ischyromyid’ rodents are resolved on the rodent stem 

(Paramys and Reithroparamys) and one genus, Ischyromys, is placed within Crown Rodentia on the 

stem of Sciuromorpha. The theridomyid rodents are also paraphyletic, Paradelomys and Tarnomys on 

the stem of Sciuromorpha and one genus, Protechimys, is nested within Myomorpha. The 

ctenodactyloid rodent Tataromys is placed on the Ctenohystrica-Myomorpha stem. Tataromys is 

currently interpreted as a basal member of the Ctenodactyloidea radiation as it possesses an enlarged 
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infraorbital foramen, broad frontal bone, multiserial incisor enamel and a sciurognathous jaw (Wang, 

1997). The placement of Tataromys in this topology would imply that Myomorpha is possibly 

descended from ancestors with ctenodactyloid-like features. Within Ctenohystrica, the Asian 

hystricognathous fossil Tsaganomys is nested within the African group of ‘old world hystricognaths’, 

often referred to as ‘Phiomorpha’ or ‘phiomorphs’. The fossil Gaudeamus, which has been called the 

first African caviomorph (Coster et al., 2010), is resolved at the base of the Caviomorpha stem, along 

with Paraphiomys. The latter has been described as a stem phiomorph in other work (Marivaux and 

Boivin, 2019), although that is not the case here. Finally, Myomorpha is split into two monophyletic 

clades, a Myodonta + Anomaluromorpha clade and Castorimorpha. Elymys is positioned on the stem 

of the former clade, implying that Emry’s (2007) largely correct diagnosis of Elymys as the earliest 

myodont should be extended to the earliest non-castorimorph member of Myomorpha.  

The node-dated phylogeny based on my UCE dataset has a number of topological and timing 

differences from the morph+coding tree described above. Firstly, the UCE topology suggests a much 

earlier split between Lagomorpha and Rodentia, ca. 120 Ma in the mid Lower Cretaceous (Figure 19). 

This timing is reminiscent of that found by Kumar and Hedges (1998), but does not reflect more recent 

estimates (Foley et al. 2016). Secondly, it supports a Ctenohystrica + Sciuromorpha clade to the 

exclusion of Myomorpha. However, the two topologies offer similar timings for the division into the 

three main rodent clades. The UCE-based tree implies that Myomorpha split from the Ctenohystrica-

Sciuromorpha clade ca. 63 Ma, a couple of millions of years later than timings suggested by Swanson 

et al. (2019), then soon afterwards, Ctenohystrica split from Sciuromorpha. In general, the branch 

lengths of many basal relationships in the UCE phylogeny are incredibly small. Figure 22 shows this 

topology with arbitrary (but legible) branch lengths. Another difference that can be gleaned from the 

UCE-based tree is that all of the eurymylid taxa bar one form a group on the base of the Lagomorpha 

stem. As in the morph+coding-based tree, Sinomylus is not resolved with the rest of Eurymylidae, but 

is nested within crown Sciuromorpha alongside Alagomyidae and Cocomys, albeit with bootstraps <50. 

In fact, most of the theridomyids, all of the ‘ischyromyids’ and many other stem Glires taxa are 

resolved within the Sciuromorpha crown, which even contains a fossil member of Octodontidae 

(Sallamys; Verzi et al., 2016) and the myomorph Elymys. Moving on to Ctenohystrica, Gaudeamus and  

↓ Figure 19: Tip-dated Bayesian phylogeny of Glires based on the morph+coding dataset. The δ18O 

data is sourced from Veizer (1999) and Zachos et al. (2001). Generic diversity was estimated from 

PBDB occurrence records and extrapolated using Alroy’s (2018) squares method. Six climatic events 

are numbered: 1) Paleocene-Eocene Thermal Maximum, 2) Mid-Eocene Climatic Optimum, 3) 

Oligocene Glaciation, 4) Late Oligocene Warming, 5) Miocene Glaciation and 6) Mid-Miocene Climatic 

Optimum. A tree with all taxa including non-glires can be found in Appendix 3g. 
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↑ Figure 20:  Maximum Likelihood phylogeny of Glires based on the UCEs dataset and dated using 

node calibrations. The δ18O data is sourced from Veizer (1999) and Zachos et al. (2001) with a rolling 

5-point mean for readability. Generic diversity was estimated from PBDB occurrence records and 

extrapolated using Alroy’s (2018) squares method. Climatic events are labelled as in Figure 19 above. 

A tree with all taxa including non-glires can be found in Appendix 3h. 

Protophiomys are both nested within crown Caviomorpha, and Tsaganomys remains within the group 

of old world hystricognaths. The Asian ctenodactyloid fossil Tataromys however, roots the whole of 

Rodentia in the UCE-based tree. This result reflects the position of Tataromys found in Asher et al’s 

(2019) phylogeny of Glires. This placement of Tataromys would imply a ctenodactyloid-like common 

ancestor of Rodentia, as opposed to the more traditional anatomically protrogomorphous ancestors 

implied by the morph+coding phylogeny. 

Biogeographic analyses  

The morph+coding dataset and the UCEs dataset produce different topologies with different 

predictions of rodent ancestral ranges. Biogeographic analysis of ancestral ranges plotted onto the 

morph+coding tree supports an unambiguous Asian origin of Glires, Rodentia and Lagomorpha (Figure 

21). However, the predicted ancestral source for Glires is less well-resolved with UCEs. In this case, 

the common ancestor of Glires would have inhabited Asia, as well as Europe, Africa and North America 

(Figure 2). Various dispersal routes (Figure 23) linked these continents throughout the Cretaceous until 

the Late Eocene, although not contemporaneously. The common ancestor of Rodentia is also implied 

to have had a large range across Asia, Africa and Europe, although not North America. The poorly 

supported placement (<50 BS) of ancient fossil taxa that are highly nested within crown groups (e.g. 

Asian fossil taxa within Sciuromorpha), likely contributed to less resolved ancestral ranges predicted 

for basal nodes in the UCE-based tree. The short branch lengths could also have resulted in these less 

resolved results, as the rate parameters may have struggled to reach their maximum likelihood values 

in some instances. With that being said, lack of resolution means that the biogeographic results are 

imprecise, but not necessarily incorrect.  

The estimated ancestral ranges of the three living clades differ markedly between the two trees. For 

example, the ancestral range of the common ancestor of Sciuromorpha is limited to North America in 

the morph+coding analysis, but due to topological differences in the UCE-based analysis, the ancestral 

range is almost anywhere other than North America (Africa + Asia + Europe; Figure 22). For the UCE-

based tree, this implies that sciuromorphs such as Gliridae diversified across Africa and Eurasia, as well 

as Theridomyidae in Eurasia, before immigrating to North America in the Upper Cretaceous (Figure 

22). The most likely direction of travel at this time, connecting Europe to North America, was the De 

Geer route (Brikiatis, 2014; Figure 23). According to the UCE-based analysis, the ancestral range of 
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Sciuridae and its stem groups remained across Asia and North America until the Late Eocene, after 

which, many fossil taxa including the algomyids travelled to Asia. This immigration to Asia would likely 

have been facilitated by the Bering Land Bridge, which was intermittently passable throughout the 

Eocene (Brikiatis, 2014). The biogeographic history of Sciuromorpha that is implied by the 

morph+coding analysis is much simpler. Stem Sciuromorpha taxa make two separate journeys from 

North America to Europe during the Middle Eocene, first by Eogliravus and then by Theridomyidae 

(Figure 21). The Thulean route, also known as the ‘North Atlantic Land Bridge’ was closing by the end 

of the early Eocene so it is possible that these animals passed through Asia first. The morph+coding 

analysis suggests a European range for the Early Oligocene ancestor of Gliridae, with subsequent 

dispersals to Africa and Asia. Again, the Bering Land Bridge connected North America and the western 

continents during this time, and so the exit from North America was likely to have occurred by crossing 

it. 

As regards to Myomorpha, the morph+coding analysis suggests that this clade first diversified in North 

America (Figure 21). However, the Asian origin of the Ctenohystrica + Myomorpha clade implies that 

at some point, an Asian ancestor of Myomorpha must have crossed the Bering Land Bridge, although 

the topology indicates that none of the fossil taxa in this study are that ancestor. From North America 

across the Bering Land Bridge, an early dispersal to Asia occurs during the latest Paleocene-Early 

Eocene, resulting in the diversification of Anomaluromorpha and Myodonta. The version of events 

according to the UCE dataset analysis provides an opposite series of events. In this case, Myomorpha 

inhabited a wide range across Europe, Africa and Asia for the most part of their history, with this range 

contracting to Asia + Africa in Anomaluromorpha. The predominantly North American Castorimorpha 

left Asia early on via either the De Geer route or Bering Land Bridge, which were both crossable during 

the early Paleocene (Figure 23). 

Finally, the series of dispersals within Ctenohystrica also differ between the two total-evidence 

phylogenies. In the UCE analysis, the common ancestor to all Ctenohystrica was spread across Africa 

and Asia. In the morph+coding analysis, the common ancestor of crown group Ctenohystrica was 

restricted to Africa, but if total group Ctenohystrica is considered, then Asia is resolved as the point of 

origin. According to the UCE analysis, the common ancestor of Hystricognathi and 

Ctenodactylomorphi was Afro-Asian and the dispersal of caviomorphs from this region to South 

America took place ca. 59 million years ago in the Late Paleocene, roughly coinciding with the  

  ↓ Figure 21: Most likely estimated ancestral ranges for Glires based on the tip-dated Bayesian 

morph+coding phylogeny and a DIVALIKE+J model of dispersal. Simplified hypotheses of Glires 

dispersal have been superimposed onto Paleocene maps for all three crown groups: a) Sciuromorpha, 

b) Ctenohystrica and c) Myomorpha. Maps sourced from PBDB. A tree with all taxa including non-glires 

can be found in Appendix 3i. 
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↑ Figure 22: Most likely ancestral ranges estimated for Glires based on the node-dated Maximum 

Likelihood UCEs phylogeny and a BAYAREALIKE+J model of dispersal. Simplified hypotheses of Glires 

dispersal have been superimposed onto Late Cretaceous maps for all 3 crown groups: a) 

Sciuromorpha, b) Ctenohystrica and c) Myomorpha. Maps sourced from PBDB. A tree with all taxa 

including non-glires can be found in Appendix 3j. 

Paleocene-Eocene Thermal Maximum (Zachos et al, 2008). A reversal back to Africa took place twice, 

once for Protophiomys (almost immediately after arrival in South America) and secondly for 

Gaudeamus (ca. 33 Ma). The morph+coding biogeographic analyses suggest that the common 

ancestor of Hystricognathi and Ctenodactylomorphi was African. Old world hystricognaths then 

diversified across Africa, as did the first caviomorphs (Gaudeamus), before dispersal to South 

America took place ca. 35 Ma during the Late Eocene. This roughly coincides with the Eocene-

Oligocene global cooling and drying period (Zachos et al., 2008). 

Diversification and the uplift of the Tibetan Plateau 

Several peaks in Glires diversification appear to coincide with increased tectonic activity and climatic 

events. Once again, whether or not the phylogenetic analyses incorporate UCEs affects how the results 

are interpreted. According to the morph+coding topology, the split between Sciuromorpha and the 

Ctenohystrica + Myomorpha clade occurs 6 Ma before the first signs of elevation caused by the 

approaching Indian plate (Figure 19). However, the first peak in Glires diversity, according to my 

extrapolated squares estimates, coincides with two very important dates: the collision of the Indian 

plate with Asia and the Paleocene-Eocene Thermal Maximum. The topology implies that many rodent 

groups first appeared during this period of tectonic upheaval in Asia and warm temperatures. These 

groups include predominantly Asian Myodonta, Afro-Asian Anomaluromorpha and some American 

groups too, e.g. Ischyromyidae and Castorimorpha. The UCE-based topology also suggests that the 

crown rodent groups split from each other before the first signs of uplift in Southeast Asia. The short 

branches on this tree indicate an explosive radiation, which resulted in almost all groups within 

Myomorpha and Ctenohystrica appearing during the first period of uplift in the Tibetan Plateau. The 

predominantly North American Sciuromorpha however, start to rapidly diversify before this period of 

uplift in the much cooler latest Cretaceous-earliest Paleocene climate. The second spike in Glires 

diversity according to the extrapolated squares estimates, occurs during a cold-snap in the Oligocene, 

which heralded the onset of Antarctic ice sheets (Zachos et al., 2001). Looking at the morph+coding 

phylogeny, this peak of diversity occurs at the same time as the appearance of the first dipodids and 

other myodont taxa of Asian descent, as well as Afro-Asian glirids, North American geomyoids, 

Sciuridae and South American Caviomorpha. The next period of significant uplift in the Tibetan Plateau 

region co-occurs with two major climatic events, firstly the Late Oligocene warming and then the 

Miocene glacial expansion (Zachos et al., 2001). It is this second, much cooler, event that correlates 
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with the third peak in rodent diversity (Figure 19). The morph+coding topology describes the 

appearance of Asian cricetid and muroid groups during this time, as well as South American Cavioidea, 

North American Perognathinae and sciurids. There are a further five peaks in rodent diversity leading 

up to the present day, the three largest of which are estimated to occur during periods of significant 

Tibetan Plateau uplift. 

It is important to note that although many of the peaks in Glires diversification appear to correlate 

with increased tectonic activity and climatic events by eye, it is necessary to test such trends using 

statistical inference. The Spearman’s test finds a moderate positive correlation between peaks in 

Glires diversity and periods of intense uplift of the Tibetan Plateau (rho = 0.301). However, the 

significance of the test is low (p = 0.1). For the oxygen isotope data, there is a small positive correlation 

between generic diversity and the percentage of δ18O (rho = 0.222), which indicates that cooler global 

temperatures are associated with higher generic diversity. The significance of this correlation is also 

low (p = 0.17). It is worth noting however, that the sample size of my dataset is quite small for such a 

test. The extrapolated squares method of estimating diversity requires binned data and in this case 

there is a diversity estimate for each of the 21 geological stages that Glires have been present in. Using 

smaller time bins could increase the number of data points representing generic diversity, but this 

might have the undesired effect of inflating the extrapolated squares estimate, due to increased 

incidence of singletons. In addition, the resolution of the Tibetan Plateau data is unfortunately limited. 

The lack of a continuous elevation record and non-contemporaneous activity across what is a large 

landmass, means that the tectonic activity of the Tibetan Plateau is still best represented by merging 

large chunks of overlapping activity. A post-hoc power analysis can determine the number of 

observations required to detect an effect of a given size with a specific level of confidence. Taking my 

Spearman's test results as an example, a correlation coefficient of 0.301 between generic diversity 

and Tibetan Plateau uplift, and an effect size of 0.8 (implying a conventional four-to-one trade off 

between Type II and Type I error), post-hoc power analysis suggests that an estimated 66 data points 

would be needed to find a significant effect. For a correlation coefficient of 0.222 between generic 

diversity and percentage of δ18O, and a power of 0.8, 122 data points would be needed to detect a 

significant effect. In both cases, post-hoc power analysis indicates that more data are required. Given 

the limitations of my data and uncertainty regarding the strength of the observed trends, any remarks 

based on the correlations between diversity, global temperatures and tectonic activity must be 

approached tentatively.   
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Discussion 

Ultraconserved elements and the total-evidence approach 

A common theme throughout this project has been discovering what effect analysing UCEs has on 

phylogenetic analyses that include fossil data. Combining these small pieces of non-coding DNA with 

morphological data is an understudied area, but one of the few studies to include fossil data and UCEs 

was conducted recently by Chen et al. in 2019. They found that the positions of fossils differed greatly 

between their total-evidence analyses, although they were unsure of the cause. In one analysis, 

morphology, protein coding DNA and UCEs were allowed to interact, and in another, a morphology + 

protein coding DNA matrix was constrained by a backbone based solely on UCE data. In this latter 

analysis, the phylogenetic signal from UCEs was present, but the UCE data itself was not allowed to 

mix with the other partitions, thus ignoring any hidden signal that might have been common to all of 

the data partitions. Hidden signal (Gatesy et al., 1999) shared between all three of my data partitions 

could be the cause of competing hypotheses of fossil placement in my two analyses. Another possible 

explanation of course, and one which leads us into more difficult territory, is the idea that conflicting 

signal from UCEs over-influence phylogeny. The sheer volume of UCE data that can be incorporated 

into an analysis could conceivably tip the balance of phylogenetic signal overwhelmingly in their 

favour. The UCE alignment is 914,885bp long, which is considerably larger than the protein coding 

DNA alignment of 15,407bp, and much larger still than my morphological partition, which is 219 

characters long. For fossil taxa, this represents an enormous amount of missing data. It seems 

plausible that the poorly supported and spurious placement of some of my fossils in the UCE-based 

topology, such as Birbalomys in Sciuromorpha and Protechimys in Ctenohystrica, could be because of 

this data gap. Non-random distribution of missing data can be problematic for Maximum Likelihood 

methods and produce topological artefacts that Bayesian inference is more robust to (Simmons, 2011; 

Simmons, 2014). However, there are also plenty of fossils which do achieve the phylogenetic 

placements that we would expect: for example, Gaudeamus, Protophiomys and Tsaganomys in 

Ctenohystrica, Heliscomys and Cricetops in Myomorpha and Ischyromys and Douglassciurus in 

Sciuromorpha. If morphological signal had little to contribute in my analyses, we would expect fossils 

to be scattered randomly across the UCE-based tree and that is not the case here. In addition, of the 

living taxa in my matrix lacking UCEs (and therefore with 98% missing data), the majority appear in 

the same positions (Figure 20) as in my morph+coding-based tree (Figure 19), such as Arvicola in 

Myodonta, Erethizon in Hystricognathi and Glaucomys in Sciuromorpha. Whether or not missing data 

have a negative effect on topology is still debated and is discussed in detail in Chapter Two and Chapter 

Three. There are studies such as Wiens and Moen (2008) that suggest that even when a fossil taxon is 

95% incomplete, it can still achieve accurate phylogenetic placement in topologies based on 
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morphology and molecular data. However, there may be an upper limit to the ability of a given dataset 

to handle large amounts of missing data. In Scarpetta’s (2020) investigation of combined UCEs and 

morphology data, he found that morphological signal was dwarfed by the signal contained within 

UCEs. This effect was lessened when he increased the weight of morphological characters relative to 

the UCEs. However, morphological characters are not equivalent to molecular base pairs and we 

should consider carefully if artificially altering their influence on phylogeny is in fact desirable. Some 

researchers choose to subsample or reduce the size of their genomic datasets in order to avoid the 

need for such weighting (Tucker et al., 2017). However, excluding available genomic data from 

matrices that include morphology defeats the arguments of why you might choose to combine them 

in the first place. Total-evidence approaches have the ability to amplify shared signal that otherwise 

might not come to the fore, but this opportunity is missed when the data are not there in the first 

place. So far, there is no obvious solution on how best to combine fossil and UCE data. Rather than 

concentrating on how to balance our UCE data with morphology, I would focus future research on 

improving the options for analysing large datasets in general. My analysis of the UCE dataset was 

limited by computational power and prevented me (and many others) from adopting a Bayesian 

inference approach as well as tip-dating and more complex models of evolution. Yet for total-evidence 

analyses, a Bayesian algorithm that takes into account prior probabilities inferred from real fossil data, 

seems a more intuitive way to study UCEs and fossil material together. For these reasons, my 

morph+coding topology, based on a Bayesian tip-dating approach, may be preferable to my UCE-

based topology, as Maximum Likelihood and penalized likelihood dating methods may be suboptimal 

for this type of data. Nevertheless, my results indicate that informative results can be achieved by 

combining genomic and fossil data, although developing technology to allow more complex analyses 

of mixed data will greatly benefit this kind of research.  

The rodent root 

Glires have a good fossil record and good molecular sampling, but even though we have learnt much 

about their evolutionary history throughout the years, there are still parts of their past that require 

clarity. As evidenced by my own results, there are questions surrounding the basal relationships and 

ancient biogeography of Glires that are not easily answered. The relationships between the three 

living rodent groups (Sciuromorpha, Ctenohystrica and Myomorpha) are a prime example of this. In 

my phylogenetic analysis of morphology and protein coding loci, Sciuromorpha is resolved at the root 

of Rodentia and a sister relationship is found between Ctenohystrica and Myomorpha (Figure 19). 

There are many studies which share this result, including Douzery et al. (2003), Churakov et al. (2010), 

Fabre et al. (2012) and Asher et al. (2019). Given that many stem Sciuromorpha taxa and stem Glires 

taxa are anatomically protrogomorphous, this relationship is historically the one most cited in the 
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literature. In contrast, when ultraconserved elements are added to the matrix, Myomorpha comprises 

the root (Figure 20). This combination has also been observed in studies by Huchon et al. (2000), DeBry 

(2003), Montgelard et al. (2008), Meredith et al. (2011) and Swanson et al. (2019). A third possible 

relationship, where Ctenohystrica roots Rodentia, has also been considered by others (Huchon et al., 

2007). With so many conflicting topologies, the root of Rodentia is perhaps best imagined as an 

unresolved trichotomy for the time being. While this may seem conservative, it is clear from my results 

that the type of data being analysed, and perhaps the volume too, has a big effect on topological 

relationships. Another fact to consider is that my phylogenetic analyses suggest that Rodentia split 

into the three clades very quickly, in what was a geologically explosive radiation. Both my 

morph+coding and UCEs-based trees describe how rodents were already remarkably diversified by 

the end of the Paleocene. When discussing the trichotomy at the root of Rodentia, Blanga-Kanfi et al. 

(2009) postulated how such a rapid radiation could conceivably result in incomplete lineage sorting. 

When cladogenetic events occur in quick succession (or even simultaneously by different isolated 

populations), loci may fail to coalesce during speciation, and so teasing apart the order of these events 

becomes tricky. Nevertheless, my observation that Glires diversified during the Paleocene provides 

further evidence for the Cenozoic heralding the ‘Age of Mammals’, as indeed many other mammal 

groups appear during this period of intense global warming (Beard, 1998). 

The placement of Tataromys 

Several key fossil taxa occupy different positions on my two topologies and imply contrasting 

hypotheses of rodent evolution. The position of Tataromys, an anatomically sciurognathous and 

hystricomorphous rodent, is of interest as it is considered to be a basal member of Ctenohystrica. My 

morph+coding-based tree places Tataromys on the Ctenohystrica + Myomorpha root (Figure 19). 

Tataromys is a well-recognised ctenodactlyoid fossil (Wang, 1997; Oliver et al., 2017) and its 

placement here could imply that both Ctenohystrica and Myomorpha are descended from an ancestor 

with ctenodactyloid-like features. This is not the first time such a connection has been made. As early 

as 1899, Tullberg realised the similarity in jaw structure between Myomorpha and 

Ctenodactylomorphi, and as a consequence he allocated the latter to the Myomorpha. For similar 

reasons, Simpson (1945) included certain ctenodactlyids within Myomorpha under incertae sedis. 

Later on, Vianey-Liaud (1985) suggested that dipodid and cricetid myomorphs in particular could have 

evolved from Asian ctenodactyloid ancestors. However, my UCE-based phylogeny places Tataromys 

at the root of Rodentia (Figure 20). Interestingly, this result is shared by Asher et al. (2019) who did 

not use UCEs in their matrix but a very similar 16k-DNA alignment (expanded here with the inclusion 

of Cricetulus) plus the same 219 morph characters used here (expanded with 21 fossil taxa). The idea 

of ctenodactyloid fossils representing the most basal rodents or stem group rodents is perhaps not 
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too far-fetched given the antiquity of ctenodactyloid fossils in Asia. Cocomys for example, is 

considered to be the earliest fossil with ctenodactyloid-like features (Li et al., 1989) and is found on 

the stem of Rodentia in my morph+coding tree (Figure 19). In fact, several authors have proposed the 

possibility that Ctenodactyloidea could be either the earliest rodent group (Korth, 1984; Dawson et 

al., 1984) or a stem group of Rodentia (Hartenberger, 1985), which presumably originated in the 

Eocene of Asia. The different phylogenetic affinities of Tataromys highlight the unexpected effects of 

analysing different types of data together, and the consequences for our ideas of rodent evolution. 

Biogeography  

The Asian origin of Glires has never been seriously disputed given their strong representation in the 

Paleocene deposits of Asia (Li, 1977; Li et al., 2016). Yet the presence of ischyromyid and alagomyid 

fossil taxa in Paleocene of North America has prompted discussion of a possible North American origin 

of Glires in the past (Sloan, 1969; Wood, 1977). My morph+coding ancestral range estimation analysis 

unequivocally supports an Asian origin for Glires, Rodentia and Lagomorpha (Figure 21). This adds to 

the growing body of evidence that many mammal groups, such as Primates, Perissodactyls and 

Artiodactyls, originated on the Asian continent (Beard, 1998). If the Cenozoic era is considered the 

‘Age of Mammals’, then Asia would surely be the ‘cradle’ from which they emerged, or as Beard put 

it, “The Garden of Eden” (2002, p. 2029). As the appearance of many mammal groups coincided with 

the Paleocene-Eocene Thermal Maximum, it is thought that this period of global warming was the 

driver behind the reorganization of mammals (Bowen et al., 2002). My UCE-based analysis provides 

less resolution as regards to the geographic origins of Glires (Figure 22). In this case, the estimated 

ancestral range leaves open the possibility that glires were already spread across the Northern 

Hemisphere before they diversified. There is no fossil evidence to suggest that the ancestors of Glires 

occupied any continent other than Asia, although as with any other mammal group, new fossil 

discoveries could change this at any time. 

The importance of new fossil and living species finds is exemplified by the rodent group Ctenohystrica. 

Until the recent discovery (to the academic community) of Laonastes aenigmamus in 2006, living 

members of Ctenohystrica were considered, with the exception of Hystricidae, to be exclusively 

African and South American. However, we now know that members of Ctenohystrica did occupy Asia 

in much greater numbers, first through ctenodactyloids (e.g. Tataromys and Cocomys) and later on by 

members of Hystricognathi (e.g. Tsaganomys). Curiously, the first hystricognaths do not appear in Asia 

until many years after their first appearance in Africa and South America, although an Asian origin is 

heavily implied in the literature (Antoine et al., 2012; Marivaux et al., 2014; Boivin, 2017; Boivin et al., 

2019). My results confirm that the common ancestor of all Ctenohystrica was indeed Asian or had 

perhaps occupied both Asia and Africa before diversifying into the groups we see today (Figures 21 
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and 22). However, while my UCE-based analysis suggests that Hystricognathi split from 

Ctenodactylomorphi in the Afro-Asian region, my morph+coding results imply that this occurred 

specifically in Africa. This latter result would imply that the ctenodactyloid family Diatomyidae, and 

Oligocene hystricognaths such as Tsaganomys, made the journey back to Asia on separate occasions. 

It also implies that there could be ctenodactyloid ancestors of Hystricognathi in Africa, as of yet 

undiscovered. These results are only in partial agreement with Marivaux and Boivin’s (2019) study on 

the origin of hystricognathous rodents. Marivaux and Boivin described several tentative hypotheses 

of dispersal and although they included reversals from Africa back to Asia, they found no evidence for 

Hystricognathi originating in Africa. My total-evidence analyses also struggle to provide a consensus 

on the origin of caviomorph rodents. The morph+coding results (Figure 21) imply that caviomorphs 

originated in Africa before immigrating to South America ca. 35 Ma, coinciding with the Eocene-

Oligocene global cooling and drying period (Zachos et al., 2008). This finding mirrors Poux et al’s (2006) 

timings for caviomorph dispersal, which is thought to have been aided by rafting or stepping stone 

islands (Wyss et al., 1993; Flynn and Wyss, 1998; Houle, 1999). It has been hypothesised that the 

hypsodont teeth of caviomorphs were an adaption to the expansion of grasslands and open woodland 

during the cooling period (Vucetich et al. 1999; Poux et al., 2006). Hypsodont teeth would certainly 

allow rodents who possessed them to exploit these new niches and diversify. My UCE-based analysis 

however, predicts a much earlier dispersal to South America ca. 59 Ma during the time of the 

Paleocene-Eocene Thermal Maximum (Figure 22). Neither of these figures however, likely reflects the 

true order of events. The discovery stem caviomorph dental remains from the Yahuarango Formation 

of Peru imply that caviomorphs were in South America 41 Ma in the Middle Eocene (Antoine et al., 

2012). The presence of these teeth and dated phylogenies by Antoine et al. (2012) suggest that 

caviomorphs actually immigrated to South America during the Mid-Eocene Climatic Optimum, when 

the climate was warm and wet. However, this timing of events poses a problem of its own. 

Hystricognath fossils are not known in Africa until the latest Middle Eocene and the oldest African 

caviomorph fossil (Gaudeamus) is only recorded from the early Oligocene. This would imply ghost 

lineages for both Hystricognathi and Caviomorpha. The only way to reconcile this disparity would be 

to find new fossil hystricognaths in Africa that could fill the gaps. It is also possible that Gaudeamus 

represents convergent evolution of the caviomorph type of dentition (Coster et al., 2010; Antoine et 

al., 2012). In this case, the ancestors of Gaudeamus could have been the ones to travel to South 

America, thus potentially reducing the ghost lineage implied by the earliest South American 

caviomorphs. These tentative hypotheses require further evidence and emphasise the need to 

continue sampling the fossil record, as incomplete sampling will bias the results of any biogeographic 

analyses. 
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With movement of Ctenohystrica westwards from Asia confirmed, the dispersal of Myomorpha and 

Sciuromorpha can now be examined. Unsurprisingly, both of my total evidence analyses suggest that 

Myomorpha split from other rodents in Asia (range extended to include Africa + Eurasia in the UCE-

based analysis; Figures 21 and 22). However, the origin of the most recent common ancestor of 

Myomorpha has two possible hypotheses. The ancestral range reconstruction based on my 

morph+coding data proposes a North American origin of Myomorpha, but my results for UCEs suggest 

pretty much anywhere other than North America (Africa + Eurasia). An identical result is found for 

Sciuromorpha as well. These differences of course, have very large consequences for the 

biogeographic histories of Sciuromorpha and Myomorpha. For Sciuromorpha, one scenario implies 

the diversification of stem Sciuromorpha in North America (including the ‘ischyromyids’) before 

multiple dispersal events to Europe during the Eocene and Oligocene (via the Thulean route and then 

the Bering Land Bridge, Figures 21 and 23). The other scenario points towards diversification across 

Eurasia before dispersals to North America during the Late Cretaceous (presumably via the De Geer 

route, Figures 22 and 23), before a reversal back to Asia in the Late Eocene (via the Bering Land Bridge). 

The latter series of events clearly imply timings that are not reconcilable with the fossil record. 

However, the alternative of deep-rooted origins in North America are also controversial. For 

Myomorpha, the UCE-based analysis proposes an Africa + Eurasia wide diversification with 

immigration to North America taking place during the early Paleocene (either across the Bering Land 

Bridge or the De Geer Route, Figures 22 and 23). The morph+coding results go in the opposite 

direction, with stem myodonts (such as Elymys) diversifying in North America and then an early 

dispersal from North America to Asia during the latest Paleocene-Early Eocene, followed by 

diversification of stem cricetids and extant myodonta (via the Bering Land Bridge). While a North 

America origin for any rodent group is generally met with scepticism, the latter sequence of events is 

remarkably similar to that hypothesised by Emry (2007). He hypothesised that Myomorpha first 

originated in North America before an Elymys-like ancestor travelled to Asia sometime during the 

Eocene, leading to the diversification of Myodonta in Asia. While my results offer conflicting ideas of 

sciuromorph and myomorph origins, it is clear that North America did play a large role in the evolution 

of both of these groups. Rather than being a ‘cul de sac’ of Asia, my results suggest that North America 

could have been the centre of origin for the most speciose rodent group. With more certainty, they 

suggest that dispersal between Asia and North America was frequent.  

The Tibetan Plateau 

As discussed earlier, a growing body of evidence points towards Asia as the centre of early mammal 

(including Glires) diversification, and now at least some of that activity could be explained by the 

formation of the Tibetan Plateau. While my total-evidence analyses both support an Upper Cretaceous 
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origin of Glires, the first and largest spike in Glires diversity coincides with the collision of the Indian 

plate with Asia and the Paleocene-Eocene Thermal Maximum (PETM) (Figures 19 and 20). 

There are plenty of reasons why climatic and tectonic events might be responsible for changing 

patterns in biodiversity. The Paleogene is a time period known for substantial climatic and topographic 

change, going from a hothouse world to an icy landscape in just 15 million years, as well as large 

changes in sea-level and landmass positions, leading to the formation of new land bridges. The PETM 

is associated with large mammalian turnovers across Asia, Europe, North Africa and North America. It 

has been hypothesised that changes in mammalian diversity came about via ecological responses to 

global warming, as well as through dispersal events across newly connected lands (Hooker 2000). For 

example, Bighorn Basin in Wyoming has one of the best studied records of terrestrial life during the 

PETM. Studies have found that the vegetation of Bighorn Basin transitioned from temperate to 

subtropical flora, while the body size of mammalian fauna underwent ‘dwarfing’, including the many 

immigrant taxa that had only just appeared, e.g. primates, artiodactlys and perissodactlys (Clyde and 

Gingerich, 1988; McInerney and wing, 2011; Record et al., 2012). Some explanations for the changes 

in body size have drawn upon Bergmann’s rule, as mammals living in warmer climates tend to have 

larger surface area-to-volume ratios, but increased incidence of drought and nutrient availability have 

also been used to explain changes in mammalian morphology around the PETM (D’Ambrosia et al., 

2017). As well as the PETM itself, significant topographic changes were occurring in Asia due to the 

collision of the Indian plate. The emission of large quantities of CO2, deriving from the subduction and 

continental arc volcanism caused by the collision, likely contributed to the PETM and so the two events 

cannot be easily teased apart (Kent et al., 2003; Chatterjee et al., 2017). The impact of the collision 

created one of the most tectonically active mountain ranges on Earth, with new ecological 

opportunities leading to the Great Indo-Eurasian Interchange (Chatterjee et al, 2017). The complex 

new topography of the region, caused by the orogeny of the Himalayas and the drainage of rivers, is 

known to have created and removed barriers, leading to altered patterns of vicariance and therefore, 

biodiversity (Shih et al., 2009; Rüber et al., 2020). 

It is certainly possible that harsh conditions and varied topography imposed by the collision, coupled 

with rising global temperatures, could have opened up new niches and encouraged speciation within 

Glires. If this is the case, it would support Badgley’s (2010) hypothesis that extreme tectonic events 

can lead to species diversification. In fact, my UCE-based topology suggests that most of the rodent 

diversity we see today evolved during this time (Figure 20), whereas my morph+coding results 

highlight early diversification of myodonts and ctenodactyloids in Asia, as well as ischyromyids and 

castorids in North America (Figure 19). After this peak in diversity, rodents experience a very sharp 
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decline. However, a further five peaks in Glires diversity (ca. 21, 10, 4.5, 2.5 Ma and present day) 

correlate with periods of intense uplift in the Tibetan Plateau area. 

It is difficult to prove definitively that a particular climatic or tectonic event in the past was directly 

responsible for the evolutionary history of an animal group. The Spearman’s correlation tests carried 

out in this study do suggest that periods of intense uplift and cooler temperatures may have had a 

positive effect on glires biodiversity, but lack of statistical power combined with necessarily unprecise 

timings of the Tibetan Plateau uplift schedule make it difficult to make these claims with certainty. It 

is therefore sensible to treat remarks on diversification and its potential drivers with tentative caution. 

 

 

Figure 23: Possible dispersal routes across the Northern Hemisphere during the Paleocene: 1) Bering 

Land Bridge, 2) Thulean Route, 3) De Geer route and 4) Turgai Strait. Note that these routes were 

crossable at different times during the Paleocene. The palaeomap is sourced from Scotese (2016) and 

the figure is based on one presented in Brikiatis (2014). 

The second peak in glires diversity occurred during the Oligocene Glaciations, which coincided with 

the diversification of Dipodoidea as well as other Asian myodont taxa, Afro-Asian glirids and North 

American sciurids and geomyoids. (Figure 19). The Antarctic ice sheet was expanding during this time 

(Zachos et al., 2001) and cooler global temperatures would have favoured rodents that could adapt, 

or that were preadapted to this weather. When rodent diversity contracted during the intense 
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warming of the Mid-Eocene Thermal Maximum, it is conceivable that cold-adapted populations would 

have retreated to cooler regions. The Tibetan Plateau, known as the ‘Third Pole’ (Qiu, 2008), would be 

an obvious choice of refuge for taxa in Asia and may have acted as source for species that emerged 

and thrived during the Oligocene Glaciations. This theory has relevance for the future of present day 

rodents and the global warming scenario we are currently experiencing. However, making inferences 

so far in the past is hard to prove, particularly with sampling biases of the fossil record. Despite this, 

there is plenty of evidence to show that the Tibetan Plateau acted as a refuge during recent glaciations, 

for which we have more precise data. Deng et al. (2011) were the first to propose the ‘out of Tibet’ 

hypothesis, in which Ice Age fauna did not emerge during the Pleistocene, but instead originated in 

the Pliocene of Tibet, from which they dispersed when the global temperatures dropped. This is now 

a widely recognised theory and has convincing evidence to support it from studies of the woolly 

rhinoceros (Deng et al., 2015), ancestral hyenas (Tseng et al., 2013a), the oldest big cat (Tseng et al., 

2013b) and primitive blue sheep (Wang et al., 2015). It therefore seems likely that the Asian rodent 

groups to diversify during the Oligocene Glaciations, such as Myodonta, were already adapted to 

colder weather from residing in Central Asia. In fact, there is now evidence to suggest that dipodoids 

did indeed evolve in the Himalaya-Tibet and Central Asia regions during the Eocene and diversified 

out of this area when temperatures cooled off (Pisano et al., 2015). This result is supported by my 

study, which records the split between Dipodoidea and Muroidea during the Eocene and subsequent 

diversification of modern day dipodids in the Oligocene (Figure 19).  

The next peak in Glires diversity occurs during the Miocene glacial expansion, following a sharp decline 

in diversity during the Late Oligocene Warming (Figure 19). This period coincided with major uplift in 

the Tibetan Plateau region, including the Tien Shan, Karakorum, Himalaya and Altai mountain ranges 

(Torsvik and Cocks, 2016). The rodent groups which diversified during this period include the Asian 

muroids and cricetids. Once again, it is easy to speculate that the Tibetan Plateau may have acted as 

a reservoir of cold-adapted species, which then spread out from the area when conditions across the 

continent became more favourable for them. However, there has also been research to suggest these 

mountain ranges at other times could have acted as a barrier to dispersal and that rodent movement 

was inwards, not outwards. Increasing amounts of Pliocene fauna have been sampled from these 

regions, which has resulted in better resolution of the fossil record. Li et al. (2015) used this detailed 

record of Pliocene fossils to show that cricetid rodents, rather than spreading out from Tibet during 

the Ice Age, travelled further inwards to colonise the Himalayan mountain range. Apparently they 

were not able to pass south of the mountains as no cricetid fossils could not be found on the other 

side. The hypsodont teeth of cricetids likely gave them an advantage when arid and open grasslands 

expanded, yet some taxa must have been pressured to retreat inwards from the plateau itself or 
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perhaps took the opportunity to exploit niches in even higher altitude regions. Further evidence for 

small mammals moving towards the mountain ranges encircling the plateau was supplied by Li and 

Wang’s (2015) study on Pliocene zokors (spalacid mole-rats), and Polly et al’s (2015) study on 

Pleistocene marmots. As Li and Wang (2015) pointed out, sampling deficiencies can bias our 

understanding of how the Tibetan Plateau shaped biota during glacial cycles. The current fossil record 

may suggest the movement of many large mammal groups ‘out of Tibet’ during cold snaps, but it 

remains to be seen if further sampling on the Himalayan side of the plateau truly supports this 

direction of travel. Either way, it would be difficult to prove that the plateau acted as a refuge for taxa 

during warming events or that it was a training ground for rodents entering the Oligocene or Miocene 

glaciations without this level of resolution, which becomes less obtainable the further back in time we 

go. With that being said, my data does not rule out the possibility that tectonic activity caused by uplift 

of the Tibetan Plateau was a potential driver of Glires evolution.  

 

Conclusions 

In this chapter I sought to disentangle the origins of Glires and to describe their biogeographic history. 

I have several results to support the importance of the Asian continent throughout the evolution of 

Glires. Firstly, my data provide evidence that Glires originated in Asia before spreading across the 

world. The order in which Sciuromorpha, Myomorpha and Ctenohystrica diversified remains 

unresolved. This is partly due to conflicting results from different types of data and the rapidity with 

which rodents first diversified in the Upper Cretaceous. As well as this potential trichotomy at the 

rodent root, the different types of data used for the total-evidence analyses altered the phylogenetic 

affinities of key rodent fossils. The placement of the Asian fossil Tataromys, for example, implied that 

Myomorpha + Ctenohystrica is derived from a ctenondactyloid-like ancestor in one analysis, and in a 

different analysis, that the whole of Rodentia is rooted on a ctenodactyloid-like ancestor. 

Unsurprisingly, these topological disparities filtered down into the analyses of biogeography. One 

analysis suggested a North American origin of Sciuromorpha and Myomorpha while the other pointed 

towards almost anywhere other than North America. This highlights the need to explore several types 

of data in total-evidence phylogenetic analyses and to adapt phylogenetic methods when large 

genomic data, such as UCEs, are used. Finally, my results point towards a potentially important role of 

the Tibetan Plateau in the evolution of Glires in Asia. The initial burst in Glires diversification coincides 

with the collision of the Indian plate into Asia and a further five peaks in Glires diversity occur during 

subsequent periods of uplift. Furthermore, some dips in rodent diversity are proceeded by recovery 

during glaciation periods and the diversification of some Central Asian taxa such as Myodonta. This 
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would seem to suggest that the Tibetan Plateau acted as a refuge and an evolutionary training ground 

for some taxa in the past, as we know it to have done so during the recent glaciations. A future role 

for the Tibetan Plateau as a refuge for rodents going through our current global warming scenario is 

speculative, but as the world’s third largest ‘pole’, it could conceivably harbour less heat-tolerant 

species once more.     
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Chapter Five: anatomical sciuromorphy in 'protrogomorph' 

rodents 
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Abstract 

Historically, high-level rodent taxonomy has been intertwined with the anatomical condition of the 

masseter muscle, leading to the widespread use of grades based on four anatomical conditions: 

protrogomorphy, sciuromorphy, hystricomorphy, and myomorphy. Although many previous studies 

have since shown these grades to be paraphyletic, the idea of a 'protrogomorph' rodent has remained 

popular for extinct species. We examined the oldest and most complete articulated skeleton yet 

known of Ischyromys (USNM 617532) from the late Duchesnean of West Canyon Creek, 

Wyoming. Ischyromys species are usually treated as anatomically protrogomorphous, but USNM 

617532 shows attachment of the deep masseter anterior and dorsal to the infraorbital foramen on 

the rostrum, creating a zygomatic plate, and therefore exhibits anatomical sciuromorphy. A geometric 

morphometric analysis of cranial landmarks suggests that Ischyromys typus resembles extant, 

anatomically protrogomorphous rodents, whereas USNM 617532 falls within the range of non-

protrogomorphous rodents. USNM 617532 differs from Ischyromys typus in terms of incisor 

procumbency, infraorbital foramen size and zygomatic arch shape. In addition to its distinctive 

rostrum and zygomatic plate, USNM 617532 possesses a sagittal crest, accessory cusps on the lower 

molars and large metaconules on the upper molars, features that help to diagnose this specimen as a 

member of Ischyromys douglassi. Masseteric patterns mapped onto a recent phylogenetic estimate 

suggest that none of the three main rodent clades, or even crown Rodentia itself, was characterized 

by an anatomically protrogomorphous common ancestor, although protrogomorphy did characterize 

many simplicidentate taxa on the stem leading to Rodentia. 

 

Introduction 

Several adaptations enable gnawing in rodents. They possess a single pair of ever-growing incisors in 

the upper and lower jaws, a reduced number of cheek teeth, a long diastema separating the incisors 

from the cheek teeth, and differentiation of the masseter muscle into three separate components to 

control jaw movement: the superficial masseter, deep masseter, and zygomaticomandibularis 

(terminology following Cox and Jeffery, 2011). The variation seen in the arrangement of the masseter 

tissues varies across rodents and falls into four morphologies: sciuromorphy, hystricomorphy, 

myomorphy, and protrogomorphy. These differences were first discussed by Waterhouse (1839) and 

then formally described by Brandt (1855). Protrogomorphy describes a condition where the origin of 

the masseter is limited to the zygomatic arch, a condition typically observed in non-rodents. 

Anatomical protrogomorphy is evident in many fossil rodents, but among living rodents only occurs in 
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Aplodontia (Figure 24a) and some bathyergoids (Landry 1957; Wood 1965; Maier and Schrenk 1987; 

Cox and Faulkes, 2014). The other three arrangements are characterised by divisions of the masseter 

extending anteriorly to varying degrees. In sciuromorphy (Figure 24b–c), the origin of the deep 

masseter extends anteriorly from the zygomatic arch, past the infraorbital foramen, onto the rostrum. 

The rostrum features a correspondingly broadened and angled margin of the zygoma and lateral 

rostrum, called the zygomatic plate, which in some taxa (e.g., geomyids, sciurids; Figure 24c), 

approaches the dorsal and anterior margins of the skull. In hystricomorphy (Figure 24d), the deep 

masseter remains restricted to the ventrum of the zygomatic arch and the zygomaticomandibularis 

extends onto the rostrum, passing through an enlarged infraorbital foramen along its course. 

Myomorphy (Figure 24e) is a combination of both sciuromorphy and hystricomorphy; both the deep 

masseter and zygomaticomandibularis spread anteriorly, the latter through the infraorbital foramen 

and the former onto the zygomatic plate. 

Brandt (1855) used these morphologies to split the rodents into three groups: Sciuromorpha, 

Hystricomorpha, and Myomorpha. Zittel (1893) proposed another group called 'Protrogomorpha', 

into which he placed Aplodontia and many fossil forms. Rodent specialists have long recognised that 

these groupings, as described by anatomical terms, do not represent monophyletic clades (e.g., Wood, 

1965; Hartenberger, 1985; Fabre et al., 2012). Unlike the morphological patterns of the upper jaw, the 

lateral (or anatomically hystricognathous; Tullberg, 1899; Wood, 1965) position of the angular process 

of the mandible in relation to the plane of the lower incisors has been proven to define the clade of 

caviomorph and hystricid rodents (i.e., Hystricognathi). This is opposed to a sciurognathous jaw, which 

indicates the position of the angular process in line with the lower incisor alveolus, as seen in all other 

rodents. Landry (1999) noted similarities of Hystricognathi with ctenodactylids and named this group 

Entodacrya, a term that has temporal priority over Ctenohystrica (Huchon et al., 2000), but is less 

widely known. Recent phylogenies (e.g., Marivaux et al., 2004; Churakov et al., 2010; Fabre et al., 

2012; Asher et al., 2019; Swanson et al., 2019) support Ctenohystrica (i.e., guinea pig-related), 

squirrel-related, and mouse-related clades, with the masseter morphologies spread out across all 

three of these monophyletic groups. 

The taxonomy of Brandt (1855) has priority over subsequent rodent classification schemes, and, 

arguably, should be at least partly retained to reflect broad consensus on the monophyly of each of 

these high-level clades. We, therefore, use Sciuromorpha and Myomorpha to indicate the squirrel- 

and mouse-related clades, and Ctenohystrica (Huchon, 2000) for the relatively novel clade including 

Hystricomorpha plus Ctenodactylidae. We also acknowledge the less well-known but prior suggestion 

of Entodacrya (Landry, 1999) for the clade of ctenodactylids-hystricomorphs; this term could serve as 

a total-clade cognate, encompassing crown Ctenohystrica and their stem relatives. When referring to 
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muscular types, we use the nouns sciuromorphy, 

myomorphy, hystricomorphy, and protrogomorphy, and 

the adjectives sciuromorphous, myomorphous, 

hystricomorphous, and protrogomorphous. Our use of 

these terms with suffixes '-morphy' and '-morphous' is 

purely anatomical and does not imply membership in 

any particular clade.  

Authors such as Wood recognised homoplasy in 

masticatory types and argued that they represented 

'adaptive levels' within Rodentia, involving changes in 

both cranial myology and dentition. His 'Grade One - 

protrogomorph radiation' included Aplodontia along 

with many extinct taxa such as Paleocene-Eocene 

Paramys, Eocene-Oligocene Ischyromys, and groups 

such as Cylindrodontidae and Mylagualidae. 

Furthermore, Wood disassociated Phiomyidae from 

these animals, believing it to be closer to thryonomyids. 

While he wrote that his “Protrogomorpha may be 

considered to be a clade” (1965, p. 118), he believed 

that all other rodent groups existed as grades. For 

example, his 'Grade Two' radiation was based on muscle 

and skull changes and contained anatomically 

sciuromorphous, hystricomorphous, and 

protrogomorphous species. His 'Grade Three' focused 

on hypsodonty and included species from the first two 

grades, which had developed ever-growing cheek teeth. 

This included species from groups such as ground 

squirrels and geomyoids. Wood considered the 

adaptations seen in 'Grade Two' to have arisen multiple 

times independently and, therefore, believed that the 

three classical suborders should make way for a 

correspondingly larger number of clades to represent 

such independent origins (Wood, 1965, p. 128). 

Figure 24: Anterior skulls of rodents in lateral views 

illustrating anatomical protrogomorphy (A, Aplodontia 

rufa UMZC E1861), sciuromorphy (B Ischyromys 

douglassi USNM 617532; C Ratufa bicolor UMZC 

E1570), hystricomorphy (D Anomalurus beecrofti 

UMZC E1414), and myomorphy (E Platacanthomys 

lasiurus UMZC E1917). Red arrows indicate anterior 

margin of deep masseter attachment; blue arrows 

indicate the infraorbital foramen. Scale bars equal 5 

mm. 
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'Ischyromyoidea', as defined by Wood (1965), comprises a paraphyletic assemblage of North American 

taxa. Historically, temporally diverse groups such as Paleocene and early Eocene Paramys, Franimys, 

Reithroparamys, and much younger, late Eocene-Oligocene Ischyromys have been associated with 

'Ischyromyoidea' or 'Ischyromyidae' (Wood, 1965; Korth, 1994: figure 5.5). Following Korth (1994, p. 

37), these genera have been regarded as anatomically protrogomorph: “the attachment for the 

masseter on the skull is limited to the ventral base of the zygoma (protrogomorphous) and the 

infraorbital foramen is small, opens anteriorly, and is not enlarged by muscle invasion or compressed 

by any modification of a zygomatic plate”. 

Wood spent many years reviewing these rodents (e.g., Wood, 1937, 1962, 1965, and 1976) and was 

the advisor of another eminent vertebrate palaeontologist, Craig Call Black. Both were experts in 

rodent anatomy and examined the same specimens. However, they did not agree on the supposed 

protrogomorphous nature of many fossil rodents. Black (1968) believed that all members of 

'Protrogomorpha', including Ischyromys, were anatomically protrogomorphous. This meant that the 

term 'protrogomorph' was sometimes used taxonomically to denote members of what Black or Wood 

would have recognised as a natural group, as well as to describe the anatomical condition in which 

the masseter does not extend anteriorly or dorsally onto the rostrum from its attachment sites on the 

zygomatic arch. 

In contrast to Black, Wood (1976) argued that some 'protrogomorph' ischyromyids were, in fact, 

anatomically sciuromorphous. Wood observed that some Chadronian specimens of Ischyromys had a 

more derived masticatory musculature than those from the Orellan (Wood, 1937, 1980) and referred 

these derived forms to a different genus, Titanotheriomys. Wood and Black’s debate revolved around 

these two genera. Black (1968) synonymized Titanotheriomys with Ischyromys; Wood (1937, 1976) 

regarded them as closely related, but distinct. This was based heavily on Woodʼs myological 

interpretation of the crania. As summarised below, he (e.g., Wood, 1976) argued that at least some 

ischyromyines were anatomically sciuromorph, whereas Black (1968) regarded them all as 

protrogomorph. 

Their disagreement, both anatomically and taxonomically, has yet to be resolved. Korthʼs (1994, p. 50) 

comprehensive treatment of North American fossil rodents concluded “it is most economical to 

include all ischyromyines in a single genus Ischyromys” pending a systematic revision of relevant 

material including juveniles. Heaton (1996: figure 14) undertook a cluster analysis of lower jaws, based 

on “mean population values for 83 characters: 25 on each molar and eight on the jaw” (1996, p. 391). 

His analysis yielded two clusters, corresponding to geologically older (largely Chadronian) and younger 

(Orellan and Whitneyan) groups of Ischyromys. He placed the Duchesnean West Canyon Creek 
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population among the taxa in the older cluster, along with one other Duchesnean population 

(Porvenir, Texas) and nine from the Chadronian, including I. douglassi from McCartyʼs Mountain 

(Montana). He thus concluded that the Duchesnean-Chadronian specimens of Ischyromys were 

morphometrically distinct from the younger populations, and used the subgenus Ischryomys 

(Titanotheriomys) for the former. We do not dispute this usage, but until a phylogenetic analysis is 

undertaken of all relevant species of ischyromyines (including many specimens unavailable to us), we 

follow Korth (1994) in using the generic name Ischyromys for these late Eocene and early Oligocene 

populations. 

Wood (1976) focused on specimens from Montana, Wyoming, and Texas. From Montana, he 

examined material from Pipestone Springs and McCarty’s Mountain (from the middle and early 

Chadronian, respectively; see Tabrum et al., 1996, Prothero and Emry, 2004). In Wyoming, the major 

sites of interest were Beaver Divide (White River Formation, Chadronian; Emry, 1975) and Bates Hole 

(early to middle Chadronian). Most Texan specimens he studied came from Ash Spring (middle 

Chadronian). He observed that some specimens of Ischyromys had a tilted zygomatic plate that sloped 

from the maxillary root of the zygoma to the infraorbital foramen (Wood, 1976). Furthermore, he 

observed a crest that curved medially across the plate, separating the fossa of the deep masseter from 

the incline below the infraorbital foramen (Wood, 1976: his figure 2). To Wood, this suggested that 

there was some migration of what he called the “masseter lateralis” (e.g., Wood, 1976: figures 3b, 3c, 

referred to as the deep masseter here following Cox and Jeffery, 2011) off the ventral surface of the 

zygoma, signalling important changes had occurred in the gnawing mechanism. Black agreed to some 

anterior migration of the deep masseter and slight compression of the infraorbital foramen in some 

specimens of Ischyromys. However, he still considered specimens in this genus to be anatomically 

protrogomorph (Black, 1968). 

Wood described many Ischyromys specimens (his Titanotheriomys) as anatomically sciuromorph, 

without crests cutting across the zygomatic plate denoting the anterior end of the deep masseter, but 

with the dorsal limit of this muscle extended forwards, anterodorsal to the infraorbital foramen 

(Wood, 1976: figure 3). In contrast, Black (1968, pp. 279–282) argued that specimens from Beaver 

Divide were distorted and that Wood’s observations resulted from this distortion and a failure to 

recognise morphological variation within the population. Wood, however, was not convinced by the 

latter and claimed that no Chadronian collection from a restricted spatio-temporal location showed a 

transitional series of forms, as expected if there were variation within a population. As recounted by 

Wood (1976), both men were civil, meeting in person to look at the specimens together and yet, 

ultimately, their debate was never resolved. Wood’s idea of anatomical sciuromorphy within 

'Ischyromyidae' did not play a major role in subsequent literature, and Ischyromys (including 
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Titanotheriomys) has since been described as 'protrogomorph', at least in a taxonomic sense (e.g., 

Dawson, 1977; Vianey-Liaud, 1985; Korth, 1994). 

 

Figure 25: CT scan of USNM 617532 embedded in matrix (right) and virtually dissected (left). Scale bar 

equal 50 mm. 

In this study, we describe one of the oldest and best-preserved skeletons of Ischyromys (USNM 

617532, Figure 25) and consider its evolution in the context of a recent phylogenetic study (Asher et 

al., 2019). This fossil was collected by Robert Emry in 1971 and is from the White River Fm of West 

Canyon Creek, Wyoming. It is Duchesnean in age (i.e., 40–37 Ma, Prothero and Emry, 1996) and among 

the geologically oldest localities from which ischyromyines (including Woodʼs Titanotheriomys) are 

known. The Duchesnean River Formation of Utah contains relatively few taxa and is distinct from the 

Uintan fauna, but more similar to the Chadronian fauna (Emry, 1981). The Duchenean age of West 

Canyon Creek is well supported by the co-occurrence of two rare artiodactyls (Agriochoerus maximus 

and Brachyhyops), which are found together in only three locations: West Canyon Creek itself, lower 

sections of Flagstaff Rim (Wyoming) and in the Lawpoint Member of the Duchesnean River Formation 

in Utah (Emry, 1981). We consider the USNM 617532 skeleton to belong to Ischyromys douglassi, a 

taxon originally described from McCarty’s Mountain, Montana (Black, 1968). Based on the presence 
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of Ardynomys occidentalis in both the Porvenir fauna of west Texas and the McCarty’s Mountain fauna 

(and nowhere else), and on the similarity of I. blacki from the Porvenir and I. douglassi from McCarty’s 

Mountain, Wood (1974) concluded that the two faunas were close in age, with the latter perhaps 

being slightly younger. The Porvenir fauna is widely regarded as late Duchesnean in age (Prothero, 

1996). Several other taxa of the West Canyon Creek fauna suggest that it is a close correlate of the 

Porvenir and McCarty’s Mountain faunas, perhaps closer to the former than the latter. Thus, we 

regard the specimens of I. douglassi discussed herein as being of late Duchesnean age. Heatonʼs (1996) 

analysis of dental evolution in Ischyromys regarded this West Canyon Creek species as new but did 

not name it. His analysis focused on the lower dentitions of ischyromyines, including jaws and teeth 

from West Canyon Creek. The dental crown morphology of USNM 617532 remains occluded by matrix, 

but is nonetheless visible with computerized tomography (CT) and thus amenable to comparison to 

other West Canyon Creek specimens. We also compare USNM 617532 and other West Canyon Creek 

specimens to younger, Orellan (34-32 Ma) species of Ischyromys, including I. typus (USNM 16828, 

AMNH 144628, ROM V1007 and BMNH PV M 7855) and note previously missed details of the 

Ischyromys ear region. Finally, we provide a geometric morphometric assessment of the masticatory 

configuration of these specimens in light of Wood and Black’s debate. 

 

Methods 

Institutional acronyms 

AMNH, American Museum of Natural History (New York); BMNH, The Natural History Museum 

(London); ROM, Royal Ontario Museum (Toronto); USNM, National Museum of Natural History 

(Washington, D.C.). 

Taxon sample 

We obtained microCT scans of 39 rodent and two lagomorph skulls (Appendix 4a), chosen to include 

representatives of each of the four anatomical conditions of the masseter muscle from the three major 

extant rodent groups and a number of specimens representing four fossil taxa. These were Gomphos 

elkema (MAE BU14467, a mimotonid from the early Eocene Bumbanian Asian Land Mammal Age), 

Paradelomys crusafonti (UM-ACQ-6618, a theridomyid from the middle Eocene following Vianey-

Liaud and Marivaux, 2016), Ischyromys from the Orellan Brule Formation (USNM 16828 from 

Wyoming, ROM V1007 from Nebraska, AMNH 144628 from Stark County North Dakota, CMNH 588 

from Badland Creek Nebraska, and BMNH PV M 7855 from the White River Fm of South Dakota), and 

USNM 617532 from the Duchesnean of West Canyon Creek, Wyoming. Computerized tomography 
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scans of two of our USNM skulls (617532 and 16828) are available via morphosource.org project 945 

(https://www.morphosource.org/Detail/ProjectDetail/Show/project_id/945). We considered the 

anatomy of several additional Ischyromys specimens, also from West Canyon Creek, from a collection 

housed at the USNM. Nomenclature used for dental morphology is depicted in Figure 3 and follows 

Wood and Wilson (1936) and Marivaux et al. (2004). 

Geometric morphometrics and character state reconstructions 

We made virtual reconstructions with Drishti v.2.6.4 (Limaye, 2012; Figure 27a) and identified 21 

digital landmarks in 3D based on Morris et al. (2018) from the right side of each cranium (Appendix 

4b; Figure 27b). Of the five Ischyromys typus specimens, only USNM 16828 preserved the structures 

required for the landmarking. The effects of specimen size, position, and orientation were eliminated 

by performing a Procrustes fit on the superimposed sets of landmarks using MorphoJ (Klingenberg, 

2011). The locations of the specimens across morphospace were then visualised by performing a 

principal component analysis (PCA). The anatomical condition of the masseter for each specimen of 

an extant species, based on Maier and Schrenk (1987), Hautier et al. (2008), and Cox and Faulkes 

(2014), was then superimposed onto the PCA results to be able to observe overlap among fossils and 

non-rodents in our sample. In addition, we used the phylogeny of Asher et al. (2019: figure 27) to 

reconstruct the evolution of rodent masticatory types using parsimony ancestral state reconstruction 

in PAUP 4.0a build 167 (Swofford, 2003) and Mesquite v3.51 (Maddison and Maddison, 2019), also 

taking into account character optimizations in fossil taxa as described by Wang (1997), Meng et al. 

(2003), Marivaux et al. (2004), Wible et al. (2005), and this chapter. 

 

Results 

Description 

Ischyromys douglassi USNM 617532 (Figure 25) is embedded in matrix and consists of a complete skull 

with a dorsally fragmented braincase and upper and lower dentitions, plus a nearly complete skeleton. 

The dentition consists of the right and left dP4, M1–3 and dp4, m1–3, with alveoli for upper right and 

left deciduous and permanent P3 loci. The skeleton consists of cervical, anterior thoracic, and 

posterior lumbar vertebrae, partially articulated but displaced ribs, sacrum, fragmentary os coxae with 

acetabulum present only on left side, partial left scapula with articulated left humerus, radius, ulna 

and partial manus, glenoid fossa of right scapula and damaged right humerus and proximal ulna, 

articulated left femur, tibia, fibula, and broken but articulated left astragalus and calcaneum (missing 

their posterior aspect), distal right femur and proximal tibia, and disarticulated phalanges and some 
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caudal vertebrae. Several additional specimens from West Canyon 

Creek further illustrate the anatomy of I. douglassi, including skulls 

with at least intact rostra and some associated upper and lower 

dentitions (USNM 475454 and 489144 illustrated in Figure 28, plus 

USNM 475451, 475453, 475457, 475458, and 489148). 

Upper dentition  

USNM 617532 has one deciduous premolar (dP4) and three 

molars on each side of the upper jaw (Figure 29a–f). Although P3s 

and permanent P4s are missing in the maxilla of this specimen, 

dorsal and anterior to each dP4 are empty alveoli with sufficient 

space on each side to house both a P3 root and P4 crown. We 

therefore infer for this specimen the typical Ischyromys dental 

formula of 1.0.2.3/1.0.1.3. The dP4 is heavily worn and lacks detail 

of its occlusal anatomy, such as transverse crests or metaconules 

that may have been present. The dP4 differs from the molars in 

having no hypostria (vertical grooves) on the lingual surface of the 

tooth. The paracone and metacone are still visible; the protocone 

and hypocone are almost entirely worn down. 

Molars show a large metaconule on the lingual end of the 

metaloph in M1–3, which dams the posterolingual valley (Figure 3, 

Figure 29). M1 and M2 are quadritubercular with pronounced 

hypocones. There is a distinct metacone, metaconule, and 

hypocone, with very weak development of the metaloph 

connecting them. The anterior arm of the paracone is extended to 

form a small parastyle. The anterior arm of the protocone is also 

extended, forming a small anterostyle, which is connected to the 

parastyle by an anteroloph. The posterior end of the protocone 

and anterior end of the hypocone are similarly extended, forming 

the endoloph that joins them. The posterior arm of the hypocone 

extends lingually, producing a prominent posteroloph. A very small 

mesostyle is present on M1 between the paracone and metacone, 

joined by the posterior and anterior arms of these cusps 

respectively. The M3 is similar and also shows a prominent 

mesostyle, but differs from the other molars in having an obliquely 

Figure 26: Occlusal (top), occlusal-lingual 

(middle) morphology of upper M1 and 

occlusal morphology of lower m2 (bottom) 

of Ischyromys douglassi (USNM 617532). 

Uppers: Ay, anterostyle; Enl, endoloph; H, 

hypocone; M, metacone; Mcu, 

metaconule; Mel, metaloph; Ms, 

mesostyle; P, protocone; Pa, paracone; Prl, 

protoloph; Psl, posteroloph; Py, parastyle. 

Lowers: Ald, anterolophulid; Am, anterior 

medial ('accessory') cusp; Ecd, ectolophid; 

Et, entoconid; Hd, hypoconid; Hld, 

hypolophulid; Med, metalophulid; Md, 

metaconid; Prd, protoconid; Psd, 

posterolophid; Psl, posteroloph. Scale bars 

equal 1 mm. 
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oriented metaloph and consequently short transverse dimension of the posterior side of the tooth. 

The molars feature a metaconule on the lingual end of the metaloph, well developed on M1–3, which 

almost dams the entire posterior lingual valley. Due to the oblique metaloph on M3, the metaconule 

shows a very slight metacone-protocone connection. Large upper molar metaconules are reported in 

Ischyromys blacki, I. douglassi (Figure 26, Figure 28C), and I. junctus (Wood, 1980) but not species of 

Ischyromys such as I. typus (Figure 29i). 

 

Figure 27: a) Graphic depictions of 3D landmarks on a skull of Arvicola amphibius (UMZC E2805), b) 

Wireframe graphs summarising the cranial shape variation explained by principal components (PCs) 

1–4. The dotted line wireframe represents the mean cranial shape across the samples and the solid 

line wireframe represents the magnitude of shape change for a particular principal component (scale 

factor 0.1). The landmarks are numbered with descriptions provided in Appendix 4b. 
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Figure 28: Lower (A, C) and upper (B, D) cheek teeth of Ischyromys douglassi from West Canyon 

Creek, Wyoming. Anterior is to left, buccal top. Am = anterior medial ('accessory') cusp. Scale bars 

equal 5 mm. 

 

Lower dentition  

The lower dp4 of USNM 617532 is also heavily worn (Figure 29e–f), with only a trace of the metaconid 

and hypoconid remaining. This tooth is buccolingually narrower, particularly anteriorly, than the 

square-shaped molars. The lower molars possess a trigonid consisting of the metaconid and 

protoconid. The two cusps are connected by the metalophid, which curves posteriorly from the 

metaconid to the protoconid. The posterior arm of the metaconid is well developed, almost reaching 

the entoconid. The anterior arm of the protoconid is extended, forming an “anterolophulid” according 
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to Marivaux et al. (2004: figure 1). The talonid is wider than the trigonid and comprises a large 

hypoconid, smaller entoconid, and smaller still, a hypoconulid. The hypoconid is connected to the 

protoconid via a curved ectolophid but no mesoconid is observable on this crest. The hypolophid 

intersects this crest, connecting the entoconid to the hypoconid. The posterior arm of the hypoconid 

extends medially to form a pronounced posterolophid that reaches the lingual side of the tooth. A 

distinct anterior medial cusp originates on the posterior edge of the metalophid (labelled 'Am' on 

Figure 26, Figure 28) and almost divides the lingual valley. This cusp is best observed on m2 and m3 

where the cusp almost extends as far as the entoconid, splitting the anterior lingual valley in two. 

Heaton illustrated this cusp and referred to it in his text as the “anterior medial accessory cusp” 

(Heaton, 1996, his figure 1 and p. 375). The lower molars of USNM 617532 are larger than those of 

Ischyromys blacki and smaller than those of I. typus. Its lower m1 is slightly shorter, and its m2 and m3 

lengths are within the range for I. douglassi given by Black (1968: table 2). The m3 of USNM 617532 is 

larger than that of I. veterior, but its m1–2 are slightly shorter in length and broader in width. Overall, 

its dental lengths are close to those recorded for I. douglassi as reported by Black (1968: table 2), 

although some are near or slightly below the lower end of his ranges. 

All of the Ischyromys typus specimens we examined date to the Orellan (34-32 Ma) and have the 

typical Ischyromys dental formula of 1.0.2.3/1.0.1.3, although only USNM 16828 (Figure 30e–h) and 

BNMH PV M 7855 are sufficiently complete to retain a full complement of teeth. The P3 is a small peg-

like tooth with a cone and partially developed peripheral cingulum (Figure 29h–i). The P4 is molariform 

with a pronounced hypocone, protocone, paracone, and metacone. The paracone and protocone are 

connected by a straight transverse crest, the protoloph. The metacone and hypocone are likewise 

joined by the metaloph (Figure 26i). The P4 is distinguished from the molars by the absence of the 

hypostria between the protocone and hypocone, on the lingual surface of the tooth. Neither 

paraconule nor metaconule are present. Anterolophs and posterolophs are present, although the 

former is weak and terminates just lingual to the parastyle. As for P4, the molars are quadritubercular 

and have pronounced hypocones. From M1 to M2 to M3, the metaloph becomes progressively shorter 

and more oblique, such that the M3 is posteriorly narrower than the M2, which is posteriorly narrower 

than M1. The anteroloph is more developed in the molars than in P4 and extends to the lingual margin 

of the tooth. 
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Figure 29: Left Upper (A–C, G–I) and left (D–F) and right lower (J–L) dentitions of Ischyromys douglassi 

USNM 617532 (A–F) and I. typus USNM 16828 (G–L). A, D, G, J show buccal, B, E, H, K show lingual, 

and C, F, I, L show occlusal views. Scale bars equal 1 mm. 

The teeth of the lower jaw of Ischyromys typus (e.g., USNM 16828) are also lophate (Figure 29j–l). The 

p4 has a small trigonid, appearing reduced anteriorly in comparison to m1 and m2. The m3 is extended 

and rectangular in shape. The lower teeth are fairly simple with a narrow trigonid, featuring a 

metaconid and protoconid. These two cusps are connected by a metalophid, which curves posteriorly 

from the metaconid towards the protoconid. The anterior side of the protoconid extends slightly to 

form a short anterolophid. This is best seen in the slightly more worn p4 and m1. The talonid is wider 
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than the trigonid (especially in p4), which has a large hypoconid and smaller entoconid. A hypolophid 

connects these two cusps. The hypoconid is joined to the protoconid via a curved ectolophid, which 

lacks a mesoconid. A well-developed posterolophid runs from the hypoconid to the lingual side of the 

tooth. There is no distinct hypoconulid. 

Skull  

The skull of USNM 617532 is broad and the rostrum comes to a blunt end. This and other specimens 

(see below) show that the species is anatomically sciuromorphous, consistent with the interpretations 

of Wood (1976). USNM 617532 and other West Canyon Creek specimens exhibit a scar of the deep 

masseter extending anterodorsally from the ventral surface of the zygoma, passing above and anterior 

to the infraorbital foramen and terminating close to the maxillary-premaxillary suture, contributing to 

a zygomatic plate on the lateral surface of the rostrum (Figure 24b, Figure 30b, d). 

USNM 457454 from West Canyon Creek also shows a parenthesis-shaped scar on the bottom of the 

arch, which curves inward toward the P4. This distinct scar is also present in Ischyromys typus (Figure 

30h); however, unlike I. typus, it shows a rounded but prominent ridge that continues forward and 

upward beyond the infraorbital foramen to merge with the dorso-lateral surface of the rostrum, with 

an anterior extent at or near the maxilla-premaxilla suture. Other West Canyon Creek specimens with 

a well-preserved rostrum (USNM 457453, 475757, 475458) show a similar rostral morphology as in 

USNM 617532 (Figure 30b–d), except for one particularly young specimen (USNM 489148), which 

retains dP3–dP4 and lacks any sign of a mineralized M3. Here, the scar is relatively weak with a 

termination slightly posterior to the premaxilla-maxilla suture. 

Although USNM 617532 has jaw closing musculature resembling specimens referred to 

Titanotheriomys by Wood (1976), it shows several differences. Titanotheriomys was described by 

Wood (1976) as having an arched dorsal profile of the skull; this is relatively flat in USNM 617532. 

Furthermore, Wood characterized Titanotheriomys as lacking confluent supraorbital crests. In most 

Titanotheriomys specimens Wood examined, the supraorbital crests did not converge but showed a 

lyrate shaped space dividing them. In USNM 617532, however, the two supraorbital crests unite at 

the frontal suture and join to form a single sagittal crest (Figure 30a), as in other West Canyon Creek 

specimens (e.g., USNM 475458). 

 

 

 

 



   

109 
Chapter Five   

 

Figure 30: Skulls of Ischyromys douglassi USNM 617532 (A–D) and I. typus USNM 16828 (E–H). Arrows 

in C and G show attachments of deep masseter ventral to the infraorbital foramen (C); white arrows 

in D show fossae for the attachment of the buccinator muscle (left) and tendon of the superficial 

masseter (right). 'sc' = sagittal crest, 'zp' = zygomatic plate. Scale bars equal 5 mm. 
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The zygoma and rostrum of USNM 617532 differ from those of Ischyromys typus in a number of ways. 

From a dorsal view, the skull appears proportionally wider than that of I. typus (e.g., USNM 16828, 

Figure 30). The rostrum is also proportionally shorter than in I. typus and rather than tapering to a 

point (Figure 30e), it is blunt (Figure 30a). These two features of USNM 617532 bear a superficial 

resemblance to Aplodontia rufa. The maxillary root of the zygoma is broader in USNM 617532 than in 

I. typus, and there are two notable scars which, based on comparisons with extant rodents, indicate 

attachment sites of the deep masseter. As in I. typus, there is a scar which curves medially at the 

anterior end of the zygoma. However, unlike I. typus, this scar is very short and weak. The area 

between the dorsal edge of this scar and the infraorbital foramen is very inset, giving the ventral edge 

of the foramen a pronounced lip (Figure 30c). Furthermore, a second scar of the deep masseter can 

be observed to extend from the ventral surface of the zygoma. This scar follows the dorsal border of 

the maxillary root, ascending at a 45 degree angle. It reaches past the dorsal border of the infraorbital 

foramen, continuing upwards until it curves antero-medially to reach the maxillary-premaxillary 

suture. These features define a zygomatic plate (Figure 24b; ‘zp’ in Figure 30b, d), with its dorsal limit 

superior to the infraorbital foramen. The muscle scars indicate that the deep masseter originated on 

the rostrum, anterior to and above the infraorbital foramen, as well as covering the surface area below 

the infraorbital foramen. These scars demonstrate that I. douglassi is anatomically sciuromorphous, 

as described by Wood (1976) in I. veterior (referred to by Wood as 'Titanotheriomys wyomingensis'). 

The infraorbital foramen, although much smaller than those seen in anatomically hystricomorphous 

rodents (Figure 24d), is proportionally larger than the foramina seen in protrogomorphous rodents, 

such as Aplodontia rufa. As in other specimens of Ischyromys (e.g., I. typus, Figure 30f) the foramen in 

I. douglassi narrows towards its ventromedial edge (Figure 30C). Other notable features on the 

rostrum of I. douglassi are two well-defined pits, anterior to each upper toothrow and ventral to the 

infraorbital foramen (Figure 30d). One of these pits is a small but deep depression antero-lateral to 

the alveolus of the P3. Following Wood (1976), this is likely to be a fossa for the attachment of the 

buccinator muscle. The other larger and more pronounced depression lies anteroventrally to the 

infraorbital foramen. This marks the attachment site of the tendon of the superficial masseter. The 

site of attachment for the tendon appears particularly large in USNM 617532 (Figure 30d) relative to 

USNM 16828 (Figure 30h). 

The general features of the rostrum in Ischryomys typus agree with the descriptions provided by Wood 

(1937) and Black (1968) of various I. typus skulls found in the White River Formation. There is a clear 

muscle scar for the deep masseter on the ventral surface of the zygoma (Figure 30f–h). The scar curves 

medially at the anterior end of the zygoma, and continues until the maxillary root of the zygoma, 

marking the anterior limit of the muscle. As described by Wood (1976), the anterior surface of the 
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maxillary root of the zygoma in I. typus is tilted anteriorly, from the scar of the deep masseter to just 

below the infraorbital foramen (Figure 30h). Wood described this area as a “diagonal zygomatic plate” 

(Wood, 1976: p.252), although there is no evidence on the specimens examined in this study to 

suggest that the deep masseter attached here. Both I. douglassi (USNM 617532, Figure 30c) and I. 

typus (USNM 16828, Figure 30f) show large infraorbital foramina, mediolaterally wider than 

dorsoventrally tall. Wood (1976) described a depression for the tendon of the superficial masseter 

anterior and lateral to the P3 on I. typus. Although there are no rugose areas observable on USNM 

16828 (Figure 30h), there is a distinct pit for the tendon of the superficial masseter in AMNH 144628. 

These specimens of I. typus are consistent with the generally held view that I. typus was anatomically 

protrogomorphous. Additionally, the angle between the coronoid process relative to the antero-

posterior axis of the mandibular ramus is slightly smaller in USNM 617532 (about 114 degrees; Figure 

30d) compared to I. typus (about 121 degrees in USNM 16828; see Figure 30h). 

The inner ear region of USNM 617532 is well preserved. Wahlert (1974, p. 393) writes that based on 

absence of a stapedial foramen, the stapedial artery is absent in Ischyromys. Bertrand and Silcox (2016, 

p. 12) cite Wahlert and note further that “in ROM V1007 and AMNH 144628, the cast of the stapedial 

artery is absent”. However, the carotid foramen, evident along the medial aspect of the auditory bulla, 

shows a connection with a substantial groove on the ventrum of the promontorium of the periotic (or 

'promontory') in all CT scanned specimens of Ischyromys examined so far, including USNM 617532 

(Figure 31a–c; see also Asher et al. 2019: figure 2), ROM V1007 (Figure 31d–f), USNM 16828 and 

AMNH 144628. This is further illustrated in media #M578238 of morphobank.org project 2769 (Asher 

et al., 2019). This groove traverses the fenestra vestibuli (Figure 31b, e), is continuous with the internal 

carotid foramen and canal proximally (Figure 31c, e, f), and leads to a gap in the roof of the 

epitympanic recess and adjacent foramina distally (Figure 31f), consistent with the presence of a 

patent stapedial artery. Given the size of the promontory groove (Figure 31b, c, e, f), which is 

comparable to those seen in Exmus and Cocomys (Li et al., 1989: figures 3, 4; Wible et al., 2005: figures 

6, 7), we regard the presence of an artery as more likely than the presence of a nerve or vein only. 

Black (1968: figure 19) mistakenly labelled a “stapedial” foramen on the medial aspect of the auditory 

bulla in a specimen of I. douglassi (CMNH 1122), but the structure in question is actually a jugular (also 

known as posterior lacerate) foramen, anterolateral to the hypoglossal foramen and posterolateral to 

the carotid foramen. These three structures are correctly labelled for a specimen of I. typus (AMNH 

694) in Wahlert (1974: figure 9). 
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Figure 31: Ear region and associated foramina in Ischyromys douglassi (A–C, USNM 617532) and I. 

typus (D–F, ROM V1007). cf = carotid foramen, fc = fenestra cochleae, fv = fenestra vestibuli, icc = 

internal carotid canal, g-er = gap in epitympanic recess, sg = stapedial groove. Scale bars equal 5 mm.  
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Geometric morphometric analysis and character evolution 

The PCA analysis of the 21 3D cranial landmarks (Figure 27) shows that 90% of the shape variation is 

explained by the first 14 principal components and just over 50% of variation is explained by the first 

four (see Appendix 4c for all eigenvalues). Interpretation of wireframe graphs indicate several cranial 

shapes changes associated with PC1 (17% of variation; Figure 32). Increasingly positive values along 

PC1 represent a shorter length of the naso-premaxillary suture in relation to the internasal suture, an 

increasingly anterior limit of the incisive foramina, and increased elevation of the posterior root of the 

zygoma in relation to the anterior root. PC1 also shows the infraorbital foramen increasing in 

diameter. The negative values along PC1 capture cranial shape changes associated with the presence 

of a large zygomatic plate and the positive values reflect extreme anatomical hystricomorphy. 

Increasingly positive values of PC2 (13.6% of variation) represent a trend towards increasing incisor 

procumbency, increasing length of the naso-premaxillary suture in relation to the internasal suture, 

and decreasing infraorbital foramen size. PC2 also describes the position of the anterior limit of the 

interior zygomatic arch edge. For positive values of PC2, the interior edge is in line with the orbital 

margin; for negative values, the anterior limit extends anteriorly past the orbital margin. PC3 (11.6% 

of variation) separates the extant rodents and fossils from the lagomorph Lepus. Lepus represents the 

most negative value along the PC3 axis, associated with a smaller infraorbital foramen, shorter naso-

premaxillary suture, decreasing incisor procumbency, and an increasingly anterior limit of the frontal 

suture as it crosses the orbital margin. Negative values of PC4 (9.7% of variation) also indicate a smaller 

infraorbital foramen. The remaining 48.2% of cranial shape variation is explained by PC5–35, each 

accounting for progressively less variation. 

When comparing the locations of species in morphospace across the first two principal components 

(30.5% of variation), anatomically sciuromorphous species form a wide cluster (Figure 32). 

Hystricomorphous species form an equally large cluster, which overlaps with the sciuromorphous and 

the more compact myomorphous cluster at the centre of morphospace. Anatomically 

protrogomorphous species form a small cluster that overlaps slightly with the myomorphous cluster 

and even less with the hystricomorphous cluster. Ischyromys douglassi (USNM 617532) is centrally 

placed and nested within the overlap between the hystricomorphous and sciuromorphous species. 

Ischyromys typus (USNM 16828) lies on the margin of the protrogomorphous cluster (Figure 32), closer 

to Aplodontia and bathyergoids than any other rodent based on the first two principal components. 

In contrast, and as noted above, I.douglassi is anatomically sciuromorph by virtue of its zygomatic 

plate defined in part by the masseter scar anterior and dorsal to the infraorbital foramen (Figure 24, 

Figure 30). In terms of shape space, it appears in a region in which two extant, non-protrogomorph 

clusters overlap (Figure 32), and is separated from I. typus by a larger distance on PC2 than PC1. 
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Ischyromys typus occupies a more positive position on the PC2 axis than I. douglassi indicating that in 

comparison, the latter has less profound incisor procumbency, a larger infraorbital foramen, a shorter 

naso-premaxillary suture, and that the interior edge of the zygomatic arch is anterior to the frontal 

suture as it crosses the orbital margin. Paradelomys crusafonti (Vianey-Liaud and Marivaux, 2016) is 

an anatomically hystricomorphous theridomyid and lies within the overlap of hystricomorphous and 

sciuromorphous clusters. Gomphos, a mimotonid stem-lagomorph, also lies within this region of 

overlap. 

 

 

Figure 32: Cranial shape variation across the first two principal components. Boundaries have been 

superimposed onto extant rodents to indicate the space occupied by members of each anatomical 

condition of the masseter (inset) with wireframes to indicate general pattern of morphological change 

along each axis. Id = Ischyromys douglassi (USNM 617532), It = I. typus (USNM 16828), G = Gomphos 

elkema (MAE-BU 14467), L = Lepus californicus (UMZC E3941), P = Paradelomys crusafonti (UM 

ACQ6618). 
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Figure 33: Cranial shape variation across the third and fourth principal components. Boundaries have 

been superimposed as in Figure 32 to indicate the space occupied by members of each anatomical 

condition of the masseter (inset). Abbreviations are as in Figure 32. 

The plot of the third and fourth principal components (Figure 33) displays more overlap between the 

different masseter morphologies than PC1 plotted against PC2 (Figure 32) and largely separates 

rodents from Lepus. It also explains less cranial shape variation (21.3%). Anatomically 

hystricomorphous species occupy a larger cluster in this plot compared to sciuromorphous species. As 

in the plot of PC1 and PC2, myomorphous and protrogomorphous species occupy the tightest clusters. 

Ischyromys douglassi and I. typus are close to each other in morphospace on both PC3 and PC4 and 

occupy the hystricomorphous cluster. Gomphos occupies the sciuromorphous cluster, while 

Paradelomys occupies the area of overlap between the sciuromorphous and hystricomorphous 

clusters. 

Based on the phylogenetic study of Asher et al. (2019), Ischyromys is well supported (posterior 

probability of 0.94) as a member of the squirrel-related clade (Sciuromorpha), sister to Aplodontia -

Sciuridae (Figure 34). Anatomically, and in agreement with Wood (1976), the genus Ischyromys shows 

polymorphic masseter architecture, with some species (e.g., I. douglassi) exhibiting anatomical 

sciuromorphy and others (e.g., I. typus) anatomical protrogomorphy (Figure 30). Figure 34 provides a 

reconstruction of masseter types as a single, multistate character mapped onto the phylogeny of 

Asher et al. (2019: figure 2). Several key taxa have not yet been incorporated into that phylogenetic 

analysis, such as anatomically hystricomorphous theridomyids (Vianey Liaud et al., 2016), 
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protrogomorphous Eogliravus (Storch and Seiffert, 2007), and protrogomorphous, possible stem 

muroids such as Knightomys (Wood, 1965) and Pauromys (Dawson, 1968). Nonetheless, optimal 

topologies from Asher et al. (2019) support the novel interpretation that the anatomically 

hystricomorphous Tataromys comprises the sister taxon of crown Rodentia, and that anatomically 

polymorphic Ischyromys (with sciuromorphous I. douglassi and protrogomorphous I. typus) comprises 

the sister taxon of Aplodontia plus sciurids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34: Bayesian phylogenetic estimate from Asher et al. (2019), derived from an alignment of eight 

nuclear and six mitochondrial genes concatenated with DNA indels and 219 morphological characters, 

comprised of majority rule consensus of 17500 post-burnin (50% of 35G generations sampling every 

1000) topologies with posterior probabilities shown as percentages adjacent to each node. Only total 

group Glires are shown. Numbers adjacent to internal nodes show majority rule consensus across 

post-burnin trees (representative of Bayesian posterior probabilities); no number indicates 100%. Bold 

indicates fossils; branch lengths correspond to scale at bottom. Abbreviations are Ct for Ctenohystrica, 

D Duplicidentata, Gl Glires, L Lagomorpha, My Myomorpha, R Rodentia, S Simplicidentata, and Sc 

Sciuromorpha. Anatomically protrogomorphous taxa and parsimony-reconstructed branches are 

shown in black, myomorphous orange, hystricomorphous red, and sciuromorphous green. 

Unambiguous state reconstructions are shown with solid lines, ambiguous with dashed. Masticatory 

categories follow Maier and Schrenk (1987), Wang (1997), Meng et al. (2003), Marivaux et al. (2004), 

Wible et al. (2005), Hautier et al. (2008), Cox and Faulkes (2016), and this chapter. 
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Discussion 

Among Ischyromys teeth from West Canyon Creek, Heaton (1996, p. 395) noted “a unique feature that 

separates it from all other species of Ischyromys... the exceptionally high incidence of medial and 

lingual accessory cusps.” However, such accessory cuspules are not unique to the West Canyon Creek 

specimens but are also evident in I. douglassi from McCartyʼs Mountain. In his description of I. 

douglassi, Black (1968, p. 286), describes this as “a small cusp on the posterior face of the protoconid 

which bulges into the basin behind the metalophid” and that “this structure is quite prominent on M1-

M3” and it is shown in his figures 10–12. Blackʼs illustrations (1968: figures 10–12) of the lower 

dentition (CMNH 1053, 1125, and 10963) show more wear than the lower molars of USNM 617532 

and other specimens from West Canyon Creek, but they are consistent with the presence of lower 

accessory cuspules in I. douglassi, evident in USNM 475454, 489144 (Figure 28), 617532 (Figure 26) 

and other specimens from West Canyon Creek. 

One of the most striking features of Ischyromys douglassi (and in particular USNM 617532) is the 

presence of a broad zygomatic plate and muscle scars of the deep masseter reaching onto the rostrum, 

anterodorsal to the infraorbital foramen (Figure 24b, Figure 30b, d). These are not as extensive or well 

defined as in extant sciuromorphous taxa such as Sciurus, Castor, or Ratufa (Figure 24c) but neither 

are they present in anatomically protrogomorphous rodents (Figure 24a, Figure 30g–h). In agreement 

with Wood (1976), species of Ischyromys such as I. douglassi and I. veterior (Wood, 1976) match 

Brandt’s (1855) definition of anatomical sciuromorphy. Previous generations of paleomammalogists 

have often mixed the anatomical conditions of the masseter with rodent taxonomy, leading to the 

widespread, historical classification of Ischyromys among 'protrogomorph'-grade rodents (Wood, 

1937; Chaline and Mein, 1979; Fahlbusch, 1985). Black (1968) was concerned that crushing had given 

Wood’s fossils an altered appearance, but that is not the case here. Although parts of the occiput, 

braincase, nasals, and premaxilla show damage (Figure 25, Figure 30a), the specimen (and particularly 

the infraorbital region) of USNM 617532 is otherwise well-preserved (Figure 30b–d) and consistent 

with our interpretation that one of the oldest specimens of Ischyromys exhibits a zygomatic plate that 

extends anterior to the infraorbital foramen. It is, thus, anatomically sciuromorph. 

Anatomical sciuromorphy has long been defined in the literature based on expansion of the deep 

masseter along the anterior zygomatic arch (Hautier et al., 2008; Cox et al., 2012). The first two 

principal components of the geometric morphometric analysis undertaken here place USNM 617532 

within the shape space occupied by extant, anatomically sciuromorphous rodents and outside of that 

exhibited by extant protrogomorphous rodents (Figure 32). However, there is substantial overlap 

among the hystricomorph, sciuromorph, and myomorph clusters based on the first two principal 
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components (Figure 32), which collectively account for about 31% of the variation, and even more 

overlap among all categories based on extant species using principal components 3 and 4 (Figure 33, 

accounting for ca. 21% of the variation). The cranial landmarks used here show that there is a great 

amount of shared shape variation among these rodents, despite their different masseter structures. 

Morris et al. (2018) investigated convergences in cranial variation across Euarchontoglires, and their 

results reflect this finding in rodents. They found that the cranial variation within the squirrel-related 

clade of rodents, most of which are anatomically sciuromorphous (except for Aplodontia and glirids; 

see Figure 34 and Maier et al., 2002), overlapped with that of both mouse-related and ctenohystrican 

clades. When considering the first two principal components in our study (Figure 32), Ischyromys 

douglassi overlaps with the sciuromorphous and hystricomorphous clusters, but not the 

protrogomorphous cluster (as defined by extant rodents only). In contrast, I. typus appears adjacent 

to the protrogomorph cluster. Their distance in morphospace further demonstrates that although 

these two species are closely related, their rostral morphology (and by extension myology) is different. 

When the third and fourth principal components are considered (Figure 33), both species of 

Ischyromys appear within the hystricomorphous cluster and close to the margins of the 

sciuromorphous and myomorphous clusters. 

The landmarks chosen for this analysis likely capture some shape variation not directly related to the 

masseter morphology, and each principal component captures a slightly different aspect of variation. 

Thus, Ischyromys typus may not resemble other protrogomorphous species closely due to other 

aspects of the skull shape that are not shared, or they might be represented by the other principal 

components. The species we regard as anatomically protrogomorphous are all visually quite different. 

For example, Heterocephalus glaber has relatively smaller infraorbital foramina than I. typus and 

Aplodontia rufa. Furthermore, although the masseter in each of these species never penetrates the 

infraorbital foramen, it comes close in some bathyergoids (Cox and Faulkes, 2014). The 

zygomaticomandibularis of H. glaber extends past the zygoma until it reaches the anterior orbit, but 

does not pass through the small infraorbital foramen (Cox and Faulkes, 2014). Although a member of 

Ctenohystrica (an otherwise exclusively hystricomorphous group), bathyergoids have a secondarily 

derived protrogomorphous condition, which is likely to be an adaptation for fossorial life (Cox and 

Faulkes, 2014). 

Much like the other masseteric conditions, protrogomorphy displays homoplasy, having evolved 

multiple times among the different rodent clades. Following the phylogenetic study of Asher et al. 

(2019), the anatomically protrogomorphous Heterocephalus and Tsaganomys are both deeply nested 

within the clade of Ctenohystrica and share multiple common ancestors with anatomically 

hystricomorphous species such as Thryonomys, Hystrix, and ctenodactylids. Similarly, 
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protrogomorphous Aplodontia is nested within the squirrel-related clade and shares common 

ancestors with sciuromorphous Ischyromys douglassi (and by extension the protrogomorphous I. 

typus), and myo- and hystricomorphous glirids (Figure 34). 

Albeit weakly supported (posterior probability of 71 in Figure 34), the node separating crown Rodentia 

from the anatomically hystricomorphous taxon Tataromys (from the Oligocene-Miocene of central 

Asia; Wang, 1997) underscores the possibility that the ancestor of crown rodents was itself non-

protrogomorphous. Tataromys has generally been regarded as an Asian relative of ctenodactylids 

(Wang, 1997; Marivaux et al., 2004; Wible et al., 2005; Oliver and Daxner-Höck, 2017), not a 

simplicidentate outside of crown Rodentia. However, Tataromys was reconstructed using both 

probabilistic optimality criteria and parsimony (Asher et al., 2019: figure 4 and S2) as the sister taxon 

of crown rodents, not a member of Ctenohystrica (Figure 34). Further phylogenetic analyses with 

better samples of (for example) fossil Ctenohystrica would be necessary to further test this possibility. 

Swanson et al. (2019) considered the evolution of rodent masseteric architecture in a phylogenetic 

study of a large UCE dataset. They discussed several key fossils, including anatomically 

protrogomorphous species that, according to the literature (Wood, 1959, 1965, 1985; Dawson, 1968; 

Marivaux et al., 2004; Storch and Seiffert, 2007), are likely stem glirids (Eogliravus), stem mouse-

related (Pauromys, Prolapsus, Knightomys), or sister to crown Rodentia (Bumbanomys). With these 

fossils in their literature-inferred placements, Swanson et al. (2019: figure 2) reconstructed the 

common ancestors of two of the three major rodent clades (excluding Ctenohystrica), and of Rodentia 

itself, as most likely anatomically protrogomorph, consistent with the long-held and legitimate 

inference that, at some point, the total clade Simplicidentata (encompassing Rodentia) evolved from 

an anatomically protrogomorph common ancestor. 

The phylogenetic relationships of the 51 extant taxa sampled by Swanson et al. (2019) were based on 

a large molecular dataset, comprising an alignment over 2000 UCEs (ultraconserved elements, or 

genomic fragments of DNA) summing to nearly 900 kb. Asher et al. (2019) sampled a much smaller 

molecular dataset (ca. 17kb) for slightly more extant taxa (60), plus fossilizable morphological 

characters sampled for all living taxa and another 42 fossils. These two datasets yielded highly 

congruent topologies overall, but with differences in the position of the rodent root. Swanson et al. 

(2019) reconstructed the mouse related clade (Myomorpha) as sister to Ctenohystrica-Sciuromorpha; 

Asher et al. (2019; shown here in Figure 34) reconstructed Sciuromorpha as sister to Ctenohystrica-

Myomorpha. The much larger sequence dataset of Swanson et al. (2019) comprises a stronger basis 

on which to hypothesise the affinities of extant rodents. However, their fossils were positioned in their 

tree based on the literature, not on a phylogenetic data matrix including those fossils along with extant 
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species. In contrast, Asher et al. (2019) did undertake a phylogenetic analysis of DNA and morphology 

for living taxa along with morphological data for fossils. In order to definitively arbitrate between the 

competing hypotheses regarding masseteric architectures at key nodes in the early radiation of 

rodents, it will clearly be necessary to integrate the samples of living taxa and fossils discussed by both 

Swanson et al. (2019) and Asher et al. (2019), for example by including anatomically 

protrogomorphous (e.g., Eogliravus) and non-protrogomorphous (e.g., Tataromys) fossils long 

assumed to be within crown Rodentia, but seldom tested in a total evidence framework. 

Heaton’s (1996) cluster analysis of 31 ischyromyid populations, based on dental and jaw 

morphometrics, shown in his figure 14 and without the data on rostrum morphology discussed here, 

provides evidence of further masseteric homoplasy within ischyromyids. Populations he describes as 

having the sciuromorphous condition, placed in Ischyromys (Titanotheriomys), form a cluster with two 

populations, West Canyon Creek and Porvenir (late and latest Duchesnean of Wyoming and Texas, 

respectively). These are geologically older than the other Ischyromys populations in his sample. 

Heaton (1996) considered the West Canyon Creek population to be a new species, but still categorized 

it as anatomically protrogomorph (Heaton, 1996: table 8), despite clustering with Woodʼs 

sciuromorphous Titanotheriomys. He suggests later on in a proposed evolutionary tree (Heaton, 1996: 

figure 15), that the West Canyon Creek population is the basal-most species of Ischyromys and that 

(based on its “Ischyromys like skull” and “lack of an elongate m3”) it “makes a likely ancestor for all 

later species” (1996, p. 395). There are few populations of Ischyromys that predate West Canyon Creek 

(Lac Pelletier, Badwater Creek, and possibly Porvenir), but their lack of cranial and associated material 

have so far made it impossible to identify species or determine the anatomical features of the 

masseter (Heaton, 1996). Thus, I. douglassi from West Canyon Creek (including USNM 617532), is the 

oldest, anatomically best-known ischyromyine, and to our knowledge it is also the oldest rodent 

known to be anatomically sciuromorph. 

 

Conclusion 

Rodent classification now reflects the structure of the increasingly well-corroborated phylogenetic 

tree (Marivaux et al., 2004; Churakov et al., 2010; Fabre et al., 2012; Asher et al., 2019; Swanson et 

al., 2019), not typological concepts of rodent masticatory patterns as articulated in the nineteeth 

century and used to varying extents well into the twentieth century. Authors such as Wood (1965), 

Luckett and Hartenberger (1985), Korth (1994) and many others were aware of the homoplasy of 

rodent masticatory types of the upper jaw. However, most authors prior to this decade did not have 
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the advantage of the well-corroborated evolutionary tree upon which to anchor their taxonomies or 

reconstruct character evolution. We, therefore, use this phylogeny to recognise the paraphyly of 

'ischyromyoids', some of which (e.g., Paramys, Reithroparamys) are outside of crown Rodentia and 

some of which (e.g., Ischryomys) are within the squirrel-related clade (or Sciuromorpha, Figure 34). 

Our results also underscore the long-recognised homoplasy in the masticatory musculature of the 

upper jaw, including within the genus Ischyromys. 

Previous authors have often referred to ischyromyine rodents as 'protrogomorphous', in some cases 

implying the anatomical condition (Heaton, 1996), others a taxonomic grade (Dawson, 1977; Vianey-

Liaud, 1985; Korth, 1994) and sometimes a mixture of both (Wood, 1980). Anatomically, our study 

confirms the views of Wood (1976) that at least some members of this group, including Ischyromys 

douglassi, possess diagnostic features of sciuromorphy. Geometric morphometrics demonstrate 

cranial similarities between this species and extant rodents, whilst highlighting the mosaic nature of 

jaw musculature evolution across rodents. The age of this specimen, and phylogenetic affinities 

postulated by Heaton (1996: figure 15), suggest that rather than being the derived condition, an 

anatomically sciuromorphous rostrum characterizes the geologically oldest populations of Ischyromys 

yet known. Our phylogenetic placement of the fossil Tataromys as a non-rodent simplicidentate, and 

the possible, non-protrogomorphous character optimizations at the common ancestors of major 

rodent clades, and even for Rodentia itself (Figure 34), is tentative pending a phylogenetic analysis 

that includes more fossils. Nonetheless, our results underscore the possibility that one or more early-

diverging rodent clades were not anatomically protrogomorph. 
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Chapter Six: general discussion and concluding remarks 
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Exploring layers of the Earth’s strata reveals a menagerie of lifeforms and ecosystems, which are no 

longer in existence, as well as a sequential record of how this diversity has changed over time. Fossil 

specimens represent a window into the deep past and they are necessary to form an understanding 

of the evolution of life on Earth. Throughout this thesis are examples of how the information content 

of fossils can be used to infer evolutionary history, from tracing the movement of taxa across the globe 

to understanding when complex adaptations first evolved. The story of how Glires arrived at their 

current success spans over 60 million years’ worth of fossil material as well as increasingly large 

amounts of molecular data. The aim of this thesis has been to use this evidence to gain a deeper 

understanding of Glires origins and diversification, as well as to provide critique on the efficacy of 

fossil data itself.   

 

The importance of Asia and total-evidence analyses  

The origins of many mammal groups, including Glires, are thought to have occurred on the Asian 

continent, due to the abundance of early stem taxa from that part of the world (Dawson and Beard, 

1996; Beard, 1998). Results from Chapter Four of this thesis add further evidence to support the 

importance of Asia as the ‘cradle’ of Glires evolution. My total-evidence analyses of fossil and 

molecular data point towards a Cretaceous origin of Glires in Asia before they diversified and spread 

across the world. However, the question of where each crown rodent group originated and which of 

these three clades is positioned at the rodent root could not be resolved by my analyses. This is in part 

due to my addition of an emerging type of molecular data, ultraconserved elements (UCEs), which 

although congruent with other molecular data regarding many relationships within Rodentia, are also 

known to produce a different relationship at the rodent root (Swanson et al., 2019). My morphology 

and protein coding-based phylogeny proposes that Sciuromorpha is at the root of rodents, whereas 

the dataset which includes UCEs as well as the morphology and protein coding DNA implies that 

Rodentia is rooted by Myomorpha. Conflicting hypotheses at the rodent root are common (Huchon et 

al., 2007; Fabre et al. 2012; Swanson et al, 2019) and have resulted in the relationship being 

represented as an unresolved trichotomy in summaries of rodent systematics (Elia et al., 2019).  

The placement of key fossil taxa also differed between my two total-evidence phylogenies, resulting 

in different interpretations of common ancestors. For example, the position of the Asian fossil 

Tataromys, either implies that Ctenohystrica + Myomorpha had a ctenodactyloid-like common 

ancestor (morph+coding phylogeny) or that Rodentia itself descended from an ancestor with 

ctenodactyloid-like features (UCE phylogeny). My results also show that topological differences 

inferred by different total-evidence phylogenies can result in alternative theories of historical 
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biogeography. A key finding was that both Sciuromorpha and Myomorpha were found to have North 

American origins according to the morph+coding phylogeny. This result is reminiscent of the 

‘Paleocene paradox’, whereby the earliest members of a group appear in North America while their 

presumed ancestors were still roaming in Asia. In contrast, the UCE-based phylogeny places 

Sciuromorpha and Myomorpha anywhere but North America during their initial diversification. This 

uncertainty opens up the possibility that North America may have had a more nuanced role in the 

early evolution of Rodentia than first thought. Beard’s (1998) proposition that North America was a 

‘cul de sac’ of Asia could therefore, be oversimplified.  

Future work in this area would benefit from the discovery of new Paleocene and Eocene fossil material 

from both sides of the Pacific, to increase the resolution of data surrounding the ‘Paleocene paradox’ 

in Rodentia. Fortunately, new data is always coming to the fore with the Erlian Basin of northern China 

proving particularly productive. The Erlian Basin covers the Gashatan, Bumbanian, Arshantan, and 

Irdinmanhan Asian land mammal ages (Paleocene to the middle Eocene; Meng et al., 2007), making it 

a good place to look for clues concerning the Paleocene paradox. In the past year alone (2020-2021), 

two tsaganomyids (Li, 2021), six cylindrodontids (Li, 2020; Li, 2021), three ischyromyids (Fostowicz-

Frelik et al., 2021) and two ctenodactyloids (Xu and Li, 2020; Li, 2021) have been described from the 

Erlian Basin. The recent description of new 'ischyromyid' material from the Eocene of the Erlian Basin 

is of interest because until recently, ischyromyids were regarded as rarities in Central Asia (Fostowicz-

Frelik et al., 2021). This new material shows that ischyromyids had a much bigger presence on the 

Asian continent than first thought, although their age suggests that ischyromyids did not originate in 

Asia (Fostowicz-Frelik et al., 2021). Asian ischyromyids are still less diverse and a bit younger than their 

Paleocene cousins in North America, strengthening the idea that movement of some rodent groups 

was into Asia rather than from it. Further work on material from the Erlian Basin will help to clarify 

the movement and distribution of rodents shared between the two continents, as will further studies 

on the correlation between the Gashatan-Bumbanian and Paleocene-Eocene boundaries. 

Furthermore, the contrasting results between my analyses which include UCEs and those that do not, 

highlight the consequences of data selection on phylogeny. Little work has combined fossil data with 

UCEs in total-evidence analyses (Chen et al., 2019; Scarpetta, 2020), but my results demonstrate that 

joining fossil data with large genomic partitions can alter the phylogenetic placement of fossils. 

Combining fossil data and UCEs however, does result in large amounts of missing data. Simulation and 

empirical studies by Wiens (Wiens, 1998; Wiens, 2003; Wiens et al., 2010) indicate that large amounts 

of randomly distributed missing data in phylogenetic analyses are not problematic for phylogenetic 

reconstruction, but there is increasing evidence to suggest that non-randomly distributed missing data 

can produce topological artefacts when probabilistic methods, such as Maximum Likelihood, are used 



   

125 
Chapter Six   

(Simmons, 2011; Simmons, 2014). Furthermore, Scarpetta (2020) found that the signal from UCEs 

might overpower that of morphological data. Nevertheless, the benefits of combining data under a 

total-evidence framework (Gatesy and Arctander, 2000; Gatesy and Baker, 2005) merit further 

integration of fossil and UCE data. Analyses that incorporate UCEs are already computationally 

expensive, but including complex, morphological matrices with missing data requires additional 

models and computational power. Bayesian methods, which allow tip-dating, complex models and 

various partition schemes, would be an ideal choice for analysing UCE and fossil data together, but 

computational constraints would prevent this approach for most datasets. Yet the type of 

phylogenetic method used to analyse UCE data can have significant consequences for topology, more 

so than alignment or trimming methods (Portik and Wiens, 2021). Since future work will likely create 

more genomic data, not less, we must prioritise the development of programmes that can handle the 

computational challenges of combining fossil and UCE data under the most appropriate probabilistic 

frameworks. It is worth noting that morphometric data has already been successfully combined with 

UCE data in total-evidence analyses of species delimitation (Prebus, 2021). Another avenue of 

research could therefore explore combining morphometric PCA data derived from fossil specimens 

with UCEs in a phylogenetic context. 

 

The Tibetan Plateau as a refuge for Paleogene Glires 

As well as tracing the biogeographic roots of Glires to Asia, my thesis also investigated whether the 

formation of the Tibetan Plateau in Central Asia had an impact on the diversification of Glires. My 

results from Chapter Four indicate that initial diversification of rodent crown groups coincided with 

the collision of the Indian plate with Southeast Asia and the Paleocene-Eocene Thermal Maximum. It 

is hypothesised that harsh environmental conditions, and topographic complexity caused by severe 

tectonic activity, will lead to increased rates of speciation (Badgley, 2010; Fortelius et al., 2014). The 

burst of diversification in Rodentia during this time seems to conform to this theory. My results also 

observe instances where drops in rodent diversity during warm periods are followed by diversification 

of Asian taxa during subsequent cold snaps. For example, it appears that the diversity of Glires dipped 

during the Mid Eocene Thermal Maximum and Late Oligocene Warming. The latter event was 

proceeded by the diversification of dipodoids in Asia during the Oligocene glaciations, and the former 

was followed by the appearance of Asian muroids and cricetids during the Miocene glaciations. There 

is now substantial evidence to suggest that the Tibetan Plateau acted as a refuge for cold adapted taxa 

during the Pliocene, and that these animals then diversified and expanded their range during the 

Pleistocene ‘Ice Age’, when global temperatures plummeted (Tseng et al., 2013a; Tseng et al., 2013b; 

Deng et al., 2015; Wang et al., 2015). This ‘out of Tibet’ theory (Deng et al., 2015) could explain the 
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patterns observed in my analyses of Glires diversification and suggest that the Tibetan Plateau might 

have acted as a refuge for Glires during the Paleogene. However, studies of Pliocene and Pleistocene 

fauna have the advantage of better sampling of small mammals than that of the Oligocene or Miocene 

glaciations. Further additions to the fossil record of Glires from Central Asia during these earlier times 

would be needed to confirm the role of the Tibetan Plateau as a refuge for cold-adapted taxa during 

the Paleogene. Another source of evidence could potentially come from extant species themselves. A 

recent study by Wang et al. (2020) combined pika phylogeography with whole-genome sequencing 

and found that genes conferring cold-tolerance are associated with the earliest pikas, whose origins 

lie in the Tibetan Plateau. It would be interesting to carry out similar studies on other central Asian 

taxa, such as zokors, cricetids and dipodoids, to see if their genomic evidence also points towards the 

Tibetan Plateau acting as a 'training ground' for cold-tolerant taxa.  

 As our climate increases in temperature due to global warming, the role of the world’s third largest 

store of ice is likely to have a big impact on the future of Glires. Further work might model the 

distribution changes of small mammals in response to predicted temperature increases, to investigate 

whether the Tibetan Plateau might serve as a refuge for cold-adapted Glires in the coming years. 

Several studies have modelled distribution changes of central Asian plants (Yu et al., 2018; Xiong et 

al., 2019) and ungulates (Wu et al., 2017; Zhang et al., 2021) in response to different climate change 

scenarios, with habitat reduction, fragmentation and migration to higher altitude areas all found to 

be common trends. However, no work has attempted to predict if small mammals might seek refuge 

in the Tibetan Plateau under expected climate changes over the next 50 to 100 years. Ecological niche 

models and climate models, combined with knowledge of Quaternary refugia, could be used to map 

the expected distribution of Glires over the coming years and importantly, help direct conservation 

efforts in Asia. 

 

Derived musculature in Eocene fossil Glires 

One of the benefits of using fossil data in phylogenetic analyses is that extinct taxa often have a 

different combination of character states to living species, and sometimes they may even possess 

features not seen in living taxa at all (Koch and Parry, 2020). In combination with phylogeny, the 

morphology of fossils can change our ideas of character homology and inform us about how 

adaptations might have evolved over time. However, the interpretation of fossil anatomy is not always 

straightforward and there may be disagreements between researchers on how to code particular 

characters. In Chapter Five of this thesis, I explore the jaw musculature of Ischyromys species from the 

Eocene. Ischyromys belongs to the paraphyletic group ‘Ischyromyidae’, which is widely considered to 
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be anatomically protrogomorphous (Korth, 1994). However, my observations of a well-preserved 

specimen of Ischyromys douglassi find evidence of a zygomatic plate and scars of the masseter muscle 

reaching onto the rostrum, both typical of anatomical sciuromorphy. This finding supports Wood’s 

(1976) belief that some 'ischyromyids' were sciuromorphous, which was heavily criticised at the time 

by others, specifically Black (1968), who had examined the same specimens as Wood. Furthermore, 

my geometric morphometric analyses indicate that the cranium of I. douglassi resembles living taxa 

more than other members of Ischyromys. This, coupled with the age of the specimen (Duchensean), 

implies that protrogomorphy is not the ancestral state of Ischyromys, and that sciuromorphy is. In fact, 

the possible position of Tataromys (an anatomically hystricomorphous species) at the root of Rodentia 

(Chapter Four, Figure 20; also Asher et al., 2019 and Rankin et al., 2020), could indicate that 

protrogomorphy is not the ancestral condition of Rodentia as a whole either. 

The identification of specimen USNM 617532 as Ischyromys douglassi, and the reassignment of this 

species from anatomically protrogomorphous to sciuromorphous, highlights the benefits of revisiting 

museum collections and previous debates on anatomical structure. The homoplasy of masseter types 

amongst rodents has been observed time and time again (Luckett and Hartenberger, 1985; Korth, 

1994; Samson et al., 2019). It seems likely that more specimens of extinct Glires that were initially 

identified as ‘protrogomorphous’, could upon further investigation, be found to have more complex 

masseter architectures. As well as the general need to gather new fossil Glires from the Eocene and 

Paleocene, it would be beneficial to revisit material already held in collections. Methods that were not 

available during the 19th and early 20th centuries, such as microCT and geometric morphometrics, 

should be used to provide new detail on specimens that are rarely seen.  

Ischyromys is well represented in museum collections, but as of yet, no phylogenetic study has 

attempted to include all of the members of this genus. A potential overhaul of Ischyromys systematics 

could be achieved and is desirable, given their importance in mapping the evolutionary history of 

masseter musculature in Glires. Furthermore, the uncertain relationship between Ischyromys and 

'Titanotheriomys' has not been revisited in depth since Heaton's (1996) cluster analyses of dental data. 

Future work could undertake a phylogenetic analysis that incorporates material from all known 

species of Ischyromys (including material Wood referred to as 'Titanotheriomys'), of which there are 

seven currently recognised (Korth, 1994). In addition, the anatomical musculature of these species 

should be investigated more fully. As shown in Chapter Five of this thesis, anatomical protrogomorphy 

may not be the ancestral condition in Ischyromys and it is possible that species other than I. douglassi 

may have had different masseter arrangements. The anatomical sciuromorphy observed in I. douglassi 

is not identical to that seen in modern day Glires, and as well as intermediary stages, we might 

tentatively consider the possibility that masseter arrangements could exist that are not represented 
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by any extant rodents. To build upon the geometric morphometric analysis of 3D landmarks carried 

out in Chapter Five, further studies would likely benefit from the application of semi-sliding landmarks 

around the zygomatic arch and infraorbital foramen. By using semi-landmarks, the resolution of 

cranial phenotypic disparity between species of Ischyromys could be increased. Semi-landmarks have 

been used before by Hautier et al. (2012) to report on the morphological variation present in the 

infraorbital region of hystricomorphous rodents. By using this method, they were able to show that 

variation in infraorbital shape was largely explained by phylogeny and that 'hystricomorphy' actually 

consists of several morphotypes. The implications of this are that infraorbital foramen shape could 

potentially aid the phylogenetic placement of rodents (Hautier et al., 2012). Semi-sliding landmarks 

would likely clarify the ambiguous zygomasseteric structure of some fossils such as 'Titanotheriomys' 

and may even help to resolve their phylogenetic relationships, but it may be necessary to consider 

that some muscle arrangements may be novel and not comparable to those seen today. 

 

The information of fossil Glires 

Discussions of missing data and the efficacy of fossil remains in phylogenetic analysis often go hand in 

hand. Since the cladistics revolution in the late 1970s, there has been a large amount of work testing 

what effect fossils and missing data have on reconstructing phylogeny (Patterson, 1981; Hennig et al., 

1981; Gauthier et al., 1988; Donoghue et al., 1989; Wiens, 1998; Wiens, 2003a). More recently, studies 

which seek to artificially ‘fossilize’ living taxa of known phylogenetic affinity have been used to test 

whether or not fossils might distort phylogeny (Asher and Hofreiter, 2006; Springer et al., 2007; 

Sansom and Wills, 2013; Pattinson et al., 2015). These experiments however, have not reached a 

consensus. For example, Sansom and Wills (2013) found that removing soft tissue characters of living 

species led to a reduction in congruence with their optimal tree, as well as taxa appearing in more 

stemward positions than they were thought to occupy. In contrast, Pattinson et al. (2015), who based 

their artificial fossils on real fossil templates, found that fossil Primates were capable of accurately 

constructing phylogeny. In Chapter Two of this thesis, I employ the same artificial extinction methods 

as Pattinson et al. (2015) to fossil Glires. My results indicate that fossil Glires contain phylogenetic 

signal capable of accurately reconstructing known phylogeny and can do so even at very high levels of 

missing data. Furthermore, my results also found that there are no biases towards stemward or 

crownward slippage when fossil Glires are included in phylogenetic analyses, and so there is no bias 

towards producing misleadingly primitive trees. Both of these results are very encouraging within a 

field where missing data are ubiquitous.  
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Another aspect of missing data that this thesis aimed to address is the nuanced effects of partition 

bias. It is known that different morphological partitions can contain different phylogenetic signal to 

one another (Pattinson et al., 2015; Mounce et al., 2016), and it has been proposed that some 

partitions may be more congruent with molecular based hypotheses of phylogeny than others 

(Sansom et al., 2017). In Chapter Three of this thesis, I investigate another facet of phylogenetic signal, 

namely whether or not the phylogenetic signal contained within morphological partitions is localised 

to particular parts of the tree. I find that this is indeed the case, with partitions such as dental data 

optimizing as apomorphies closer to the root of the tree and cranial partitions optimizing as 

apomorphies closer to the tips of the tree. I presumed that this might have a large impact on 

phylogenetic analyses that contain fossil data, as extinct taxa are usually over-represented by only a 

few partitions. Furthermore, results from Pattinson et al. (2015) and from Chapter Two in this thesis 

indicate that sampling across partitions could be beneficial to accurate phylogenetic reconstruction. I 

hypothesised that removing cranial data, which appears to define more shallow clades, would result 

in stemward slippage. Small mammal fossils in particular often lack cranial and postcranial data, and 

many comprise of solely dental data. It is not uncommon for phylogenetic analyses to be based almost 

entirely on dentition (Heaton, 1996; Marivaux et al., 2004; Rodrigues et al., 2009; Antoine et al., 2011). 

However, I found that removing localised phylogenetic signal did not result in the expected patterns 

of slippage. This is in part due to ‘hidden signal’ shared by multiple morphological partitions. The other 

reason is that partitions with localised signal also contain characters which optimize at different 

depths of the tree. For dental data in particular, while it may define more basal clades, it also contains 

key characters which optimize on more shallow branches of the tree. It is encouraging that the 

morphological characters used in research capture phylogenetic signal across a wide portion of rodent 

evolutionary history, within each morphological partition. It is still good practice of course, as 

highlighted by the work in this thesis, to sample across morphological partitions in order to reap the 

full benefits of hidden signal.  

The artificial extinction and morphological partition experiments in this study have been very 

informative, but these methods could be expanded upon to widen their scope and relevance. For 

example, it would be interesting to incorporate alternative measures of topological congruence with 

which to test morphological datasets, such as stratigraphic congruence. Stratigraphic congruence 

relies on the straightforward assumption that branching events in a phylogeny should reflect the order 

of appearance of taxa in the strata. Like fossil data, the geological record is itself incomplete and is 

subject to preservational bias, however, it is also independent of phylogeny. Instead of measuring the 

congruence of experimental topologies against a well-corroborated tree, which implies some prior 

knowledge of the 'true' tree, topologies could be directly assessed against the stratigraphic record. 
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This approach proved successful in Sansom et al's (2018) meta-analysis of vertebrate morphological 

datasets, which was used to assess the advantages of maximum parsimony over probabilistic 

methods. The method of phylogenetic analysis performed in artificial extinction and morphological 

partition experiments is another area that could be revisited. Artificial experiments require the 

reconstruction of many thousands of topologies and so phylogenetic methods that are less 

computationally intensive, such as maximum parsimony, are intuitive. However, it is currently debated 

whether or not maximum parsimony can outperform probabilistic methods when it comes to 

analysing morphological data and missing data. For example, Sansom et al's (2018) study found that 

Bayesian topologies were less congruent with stratigraphic data, than maximum parsimony 

topologies, but more recently, a large simulation study by Koch et al. (2021) suggested that 

probabilistic methods produce more congruent topologies than maximum parsimony. Furthermore, 

Koch et al. (2021) found that the advantage conferred by probabilistic methods becomes more 

significant as the amount of missing data increases. Given this finding, future artificial extinction and 

morphological partition experiments should explore Bayesian and Maximum Likelihood methods 

when testing the ability of fossils to accurately reconstruct phylogeny. Incorporating probabilistic 

phylogenetic analysis into artificial extinction experiments would make this type of research 

increasingly relevant in a field where combining fossil and molecular data under a probabilistic, total-

evidence framework is becoming more common.  

 

Summary 

This thesis aims to examine the efficacy of fossil Glires remains in phylogenetic analysis, and then to 

use this fossil material to explore the Asian origin of Glires, as well as the evolution of their incredibly 

effective jaw musculature. Through artificial extinction experiments and the exploration of 

phylogenetic signal within morphological partitions, I find that fossil Glires, despite their missing data 

and partition biases, are capable of accurately reconstructing phylogeny. I also find evidence for 

localised phylogenetic signal within morphological partitions. My total-evidence phylogenetic 

analyses support an Asian origin of Glires and indicate that the Tibetan Plateau might have had a 

strong influence on the initial diversification Rodentia, as well as acting as a possible refuge for cold-

adapted rodents during the Oligocene and Miocene glaciations. However, my results also highlight 

conflict between the role of Asia and North America in the diversification of Myomorpha and 

Sciuromorpha. Close examination of the North American fossil Ischyromys douglassi indicates that 

anatomical sciuromorphy, not protrogomorphy, may be the ancestral condition for ‘Ischyromyidae’. 

This emphasises the mosaic evolution of one of the most successful anatomical adaptations possessed 

by rodents.   
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All appendices, except item 1c, can be accessed through the USB stick accompanying the hard copy 

of this thesis or via Apollo, the University of Cambridge Repository, where the electronic copy of this 

thesis is archived. 

 

Appendix item Filename Description  Location 

1a “Specimens and 
literature consulted 
for morphology 
coding.xlsx” 

Spreadsheet of specimens coded for morphology 
in this study plus changes to Asher et al’s (2019) 
coding. Also contains a list of literature consulted 
when making coding decisions. 

Appendices/Appendix 1 

1b “Molecular data 
sampled.xlsx” 

Spreadsheet of sequences included in my matrix 
taken from Asher et al (2019) as well as the 
sequences newly added for Cricetulus. 

Appendices/Appendix 1 

1c “ Project 3341: 
glires2017” 

Matrix containing the morphology coded for all 
of the subject and template taxa. 

Accessible via MorphoBank: 
https://morphobank.org/index.php/home/In
dex 

1d “Real templates 
generator script.txt” 

An R script adapted from Asher and Smith (in 
prep) to make batch files for TNT. This batch file 
makes topologies using real template artificial 
fossils. R commands to calculate the Q metric and 
other meta information of fossil templates are 
also included. 

Appendices/Appendix 1 

1e “Random template 
generator script.txt” 

An R script adapted from Asher and Smith (in 
prep) to make batch files for TNT. This batch file 
makes topologies using random template 
artificial fossils.  

Appendices/Appendix 1 

1f “Random states 
generator script.txt” 

An R script adapted from Asher and Smith (in 
prep) to make batch files for TNT. This batch file 
makes topologies using random states artificial 
fossils. 

Appendices/Appendix 1 

1g “Consensus trees 
and distance metrics 
calculator.txt” 

A script adapted from Asher and Smith (in prep) 
to calculate consensus trees from TNT .out files 
and calculate various congruence metrics with 
the well-corroborated tree; shared splits, 
corrected Robinson-Foulds and quartet 
divergence. 

Appendices/Appendix 1 

1h “Node-to-root 
distance 
calculator.txt” 

An R script adapted from Asher and Smith (in 
prep) that extracts the most parsimonious 
topologies from a TNT .out file and then calculates 
the node-to-root distance of each artificial fossil. 
The script includes R commands which calculate 
the difference in node-to-root distance between 
living taxa in the reference topology with their 
artificial fossil counterparts.  

Appendices/Appendix 1 

1i “Reference 
topologies.nwk” 

Two fully bifurcating topologies used in 
calcuations of node-to-root distances. 

Appendices/Appendix 1 

1j “Artificial extinction 
results.xlsx” 

Spreadsheet containing fossil template meta 
data and congruence metrics for real templates, 
random templates and random states. 

Appendices/Appendix 1 
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All appendices can be accessed through the USB stick accompanying the hard copy of this thesis or 

via Apollo, the University of Cambridge Repository, where the electronic copy of this thesis is 

archived. 

 

Appendix item Filename Description  Location 
2a “TNT Glires 

matrix.tnt” 
Matrix of morphological characters for extant 
Glires. 

Appendices/Appendix 2 

2b “Optimal 
tree.png” 

Tree based on all morphological partitions within 
the Glires matrix. 

Appendices/Appendix 2 
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All appendices can be accessed through the USB stick accompanying the hard copy of this thesis or 

via Apollo, the University of Cambridge Repository, where the electronic copy of this thesis is 

archived. 

 

Appendix item Filename Description  Location 

3a ‘MrBayes 
alignment and 
commands.txt’ 

MrBayes batch file including morph+coding 
alignment. MrBayes commands, which includes 
partitioning scheme and models used. 

Appendices/Appendix 3 

3b ‘RAxML 
alignments and 
commands.phy’ 

Phylip formatted alignment of my UCEs dataset with 
commands given to RAxML included at the bottom. 

Appendices/Appendix 3 

3c ‘TreePL config 
file.txt’ 

Configuration file given to TreePL, which includes 
node calibrations and parameter commands. 

Appendices/Appendix 3 

3d ‘Extrapolated 
squares 
calculator.txt’ 

A text file containing R commands to calculate 
extrapolated squares estimates of generic diversity. 

Appendices/Appendix 3 

3e ‘Glires 
occurrence 
data.csv’ 

A spreadsheet containing cleaned occurrence records 
of Glires diversity. 

Appendices/Appendix 3 

3f ‘Veizer and 
Zachos.csv’ 

δ18O data from Veizer (1999) and Zachos et al. (2001). Appendices/Appendix 3 

3g ‘MrBayes Glires 
tree with 
isotope 
data.png’ 

An extended version of Figure 19, which includes 
non-glires taxa. 

Appendices/Appendix 3 

3h ‘RAxML Glires 
tree with 
isotope 
data.png’ 

An extended version of Figure 20, which includes 
non-glires taxa 

Appendices/Appendix 3 

3i ‘MrBayes Glires 
tree with 
ancestral 
ranges.png’ 

An extended version of Figure 21, which includes 
non-glires taxa. 

Appendices/Appendix 3 

3j ‘RAxML Glires 
tree with 
ancestral 
ranges.png’ 

An extended version of Figure 22, which includes 
non-glires taxa. 

Appendices/Appendix 3 

 

  



   

158 
Appendix 4   

Appendix 4 

 

All appendices can be accessed through the USB stick accompanying the hard copy of this thesis or 

via Apollo, the University of Cambridge Repository, where the electronic copy of this thesis is 

archived. 

 

Appendix item Filename Description  Location 

4a ‘Specimens 
microCT 
scanned.xlsx’ 

Information on specimens microCT scanned, 
including specimen numbers and masseter types.  

Appendices/Appendix 4 

4b ‘Landmarks.xlsx’ Description of cranial 3D landmarks adapted from 
Morris et al. (2018). 

Appendices/Appendix 4 

4c ‘Eigenvalues 
and shape 
variation.xlsx’ 

Eigenvalues and shape variation explained by each 
principal component calculated by the geometric 
morphometric analyses. 
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