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Summary 
Systematists and paleobiologists interested in the evolution of diversity routinely tally 

numbers of species or genera, and plot these numbers through time in order to analyse 

patterns of origination, extinction and turnover, or compare species numbers across 

contemporaneous clades. Allied to this, it is now common practise to quantify variation in 

morphological form or morphological disparity. Empirically, morphological disparity is 

variously decoupled from diversity, with a tendency for low diversity but relatively high 

disparity early in the evolution of major clades. The Phanerozoic history of life is 

characterised as one in which species diversity has irregularly increased (modelled by 

various functions and interrupted by numerous setbacks) but in which disparity has taken a 

much more damped path.  

A widely-acknowledged trend through the history Life is for an increase in maximum 

complexity. Complexity usually described as a function of number, heterogeneity and 

hierarchy of dynamic interactions among parts of biological systems. Complexity has been 

much less studied than species diversity and disparity, not least because of the difficulties 

inherent in defining and quantifying it. Here, I devise some possible indices of complexity in 

the context of a single system at a single level, namely the differentiation of the vertebral 

column of tetrapods. By analogy with frameworks for indexing disparity, there is no universal 

system, and estimates of complexity are only relative to those frameworks. I apply both 

geometric and count-based indices of serial differentiation to two samples of mammal taxa, 

asking whether there are any consistent trends in these indices throughout phylogeny, and 

whether there are particular signatures associated with different modes of locomotion and 

different habitats. Surprisingly, there is a consistent trend for the number of vertebrae to 

increase (more elements and therefore more degrees of freedom), but for count-based 

indices of element diversity to decrease. Reductions in the number of vertebrae are also 

associated with increases in the geometric shape differentiation between those elements. 

There were remarkably few significant locomotory or habitat signatures, with flapping fliers 

(bats) and to some extent hopping and bipedal mammals having more geometrically diverse 

element shapes, and marine mammals having longer, less differentiated columns.  

As a necessary pre-requisite for this work, I addressed a perennial concern for evolutionary 

biologists seeking to make inferences from morphological character sets, namely the 

generality of the signals within subsamples of data. This issue is usually resolved by 

compiling the largest, holistically-sampled data sets possible on the principle of total 

evidence. In morphological phylogenetics using fossil taxa, characters may be restricted to 

particular regions of the body, or to those with higher preservation potential. This can 
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systematically distort inferred trees. We apply established and new tests for partition 

homogeneity to the phylogeny of dinosaurs, finding that trees inferred from characters of the 

skull and dentition are significantly at odds with those from the rest of the skeleton in about 

half of cases (which is more often than in most other vertebrate groups). The issue is 

pertinent to our use of the vertebral column as a proxy for anatomical complexity, since we 

do not have data from other anatomical systems (and few good candidates) that might offer 

tests of generality. In the absence of this, we demonsrate that phylogeny inferred from the 

mammalian vertebral column is not significantly different from that inferred from characters 

of the rest of the body. Moreover, the same is true for subclade disparity inferred from these 

two partitions.  

The generality of these patterns observed in mammals remains to be tested in other clades. 

Birds and squamate furnish excellent candidate groups.  
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Chapter 1. Introduction 
 

The overarching goal of my thesis was to devise ways to quantify aspects of morphological 
complexity (Dobzhansky, 1953, Adami, 2002. Politano, 2008) within vertebrates, and to test 
for macroevolutonary trends in, and correlates of, complexity across a major clade (Wolpert, 
2004). In practice, I used aspects of the morphological differentiation of the vertebral column 
to devise proxies for (and indices of) complexity, and my ultimate focus was on mammals 
(Chapters 4-7). In the initial stages of this project, a primary concern was the extent to which 
it is possible to make inferences – about phylogeny, disparity, complexity and evolution in 
general – from subsets of datasets, or from data that are otherwise restricted in their scope. 
Chapters 1 and 2 therefore develop a number of approaches to explore the homogeneity of 
signal within partitions of data sets of non-avian dinosaurs, primarily in the context of 
inferring phylogeny. Chapter 3 briefly applies some of these principles to a large, published 
data set for mammals, comparing phylogeny and also disparity derived from vertebral and 
other character partitions. Unfortunately, it is difficult to extend this principle to complexity, 
since a limited number of systems are amenable to quantification in this manner. Consilience 
of vertebral and other morphological characters in terms of phylogeny and disparity is not a 
prerequisite for making general inferences about complexity from the vertebral column, and 
neither is it necessary or sufficient justification. It is, however suggestive that patterns of 
morphological differentiation within the vertebral column may access some deeper and more 
general aspects of body plan organisation.  

A key objective of my project was therefore to test whether there are plausibly driven trends 
in the evolution of morphological complexity within mammals, and to explore possible 
relationships between complexity and diversity (species numbers) within clades. A driven 
trend is a sustained and directional process occurring in parallel in different groups of 
organisms. The quest for evolutionary rules operating in deep time is attractive, as it 
elevates historical disciplines, such as palaeobiology, to predictive science (Conway Morris, 
2003, Rosenberg and McShea, 2007). While we cannot conduct evolutionary experiments 
over large timescales, we can assess putative rules with statistical rigor, because natural 
experiments have already taken place along independent branches of the Tree of Life. 
Gould’s (Gould, 2007) analogy of re-running the “Tape of Life” suggests that evolution is 
open-ended and of ostensibly unlimited potential, making it impossible to formulate 
generalities. By constrast, widespread examples of structural and functional convergence in 
Nature suggest predictable patterns, of which increasing complexity may be one (Conway 
Morris, 2003, Hughes, et al., 2013). The search for driven trends is therefore – at least in 
part – an attempt to distinguish between these two conflicting worldviews.  

Plato and Aristotle introduced the concept of the scala naturae (the ‘Great Chain of Being’) 
as an attempt to order the diversity of life according to a hierarchical scheme. This scheme 
conflated levels of biological complexity with levels of perfection rooted in spiritual value. 
However, some notion of hierarchy persisted in the writings of Jean-Baptiste Lamarck and 
Charles Lyell, and through to the first formal evolutionary trees of Ernst Haeckel (Rieppel, 
2010; Waters, 2011). By any genetic, developmental or morphological measure, jellyfishes 
are less complex than earthworms and these, in turn, are less complex than insects, fishes 
or humans. Cladistic logic, by contrast, aligns all species at the tips of a tree, and affords 
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humans no special place in nature (Gee, 2015). While unassailable in its own terms, this 
logic obfuscates other processes at work throughout evolution in deep time. 

It is certainly true that natural selection, genetic drift and other factors traditionally implicated 
in evolutionary change act on individuals from one generation to the next and can – in 
principle – result in transformations in any direction (e.g., losses and gains (O’Malley, et al., 
2016)). Any finding of driven trends (i.e., directional changes occurring in parallel in separate 
groups) in complexity, as well as in diversity (= species richness) and disparity (= 
morphological variety) would suggest that net change was favoured in a specific direction 
(e.g., increase (Rosslenbroich, 2006)). This directionality might be because organisms 
evolved in progressively more diversified ecosystems or because bodyplans at certain 
thresholds of complexity (e.g., number of regulatory genes or body segments (Peterson, et 
al., 2009) facilitated further differentiation (Melzer and Theißen, 2016). 

In the context of a putative macroevolutionary trend for increasing maximum complexity, 
McShea and Brandon (2010) proposed their zero force evolutionary law (ZFEL). Evolution 
tends to proceed by the fission or duplication of entities at various scales. New genes often 
arise by the duplication of other genes (or indeed, whole genomes) and the subsequent 
subdivision and specialisation of function within these copies. Within arthropods and other 
metamerically segmented animals, segments and their attending systems, including limbs, 
may proliferate by duplication, with subsequent specialisation and division of labour in the 
form of tagmosis. Within a clade, lineages split in order to yield new populations and 
ultimately new species. All of these acts of fission initially yield entities (genes, somites and 
populations) that differ little, if at all. Selection may cause these entities to diverge, thereby 
increasing genomic, morphological and taxonomic diversity. However, the ZFEL does not 
implicate selection but rather something more akin to drift to account for the divergences of 
entities within (and therefore the complexity of) such systems. Copies obtain some level of 
independence, and this increase in degrees of freedom provides an innate tendency for 
complexity to increase. McShea and Brandon (2010) emphasise that this innate tendency 
does not necessarily translate into an actual pattern, and that selective or other forces may 
actually oppose it, thereby driving a trend in the opposite direction.  

 

Fig 1.1. The relationships between diversity, disparity and complexity remain to be fully 

explored. 
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A final aspiration for this project was to explore the relationship – if any – between bodyplan 
complexity within clades on the one hand, and both species diversity and morphological 
disparity on the other (Fig. 1.1).  From the 1990s onwards, it has become commonplace for 
palaeobiologists to investigate patterns of morphological diversity or disparity alongside 
studies of species diversity. This either takes the form of longitudinal temporal studies in 
which disparity is assessed in sequential time slices or bins, or (less commonly) quantifies 
the disparity of multiple contemporaneous clades or taxonomic groups. Except in the trivial 
sense that greater numbers of species are able to realise a greater diversity of 
morphologies, there is growing evidence to suggest that species diversity and morphological 
disparity are essentially decoupled. Many groups – almost by definition – arise at low 
species diversity, but these species nonetheless exemplify a wide disparity of morphologies 
and anatomical designs. Indeed, there is evidence to suggest that many clades attain their 
maximum disparity relatively late in their histories, even while species richness is waning. 
There is a suspicion that anatomical complexity should have relevance for the evolution of 
species diversity and disparity, but the no expectations are more difficult frame. At one level, 
complex body plans may be construed as those with more degrees of freedom and 
differentiation. However, complex body plans may also imply higher levels of 
interdependence, more complex development and attendant pleiotropic constraints and 
canalisation. This, in turn, may make it more difficult for certain aspects of form to evolve 
further, which may constrain both disparity and diversity. It is plausible, therefore, that high 
complexity maybe either a help or a hindrance to the evolution of both species diversity and 
disparity.  
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Chapter 2. Craniodental and postcranial 
characters of non-avian Dinosauria often imply 
different trees 
This chapter, along with elements of Chapter 3 have been published as: 

Yimeng Li, Marcello Ruta, Matthew A Wills, Craniodental and Postcranial Characters of Non-
Avian Dinosauria Often Imply Different Trees, Systematic Biology, Volume 69, Issue 4, July 
2020, Pages 638–659, https://doi.org/10.1093/sysbio/syz077 

2.1. Summary 
 

The history of phylogenetics is one in which increasing volumes of data have been brought 
to bear on particular problems, and many morphological and molecular data matrices alike 
have therefore evolved by the gradual accretion of information from new characters, types of 
data and molecules. All other things being equal, and issues of data quality aside, there is a 
consensus that more inclusive datasets are likely to yield more accurate results. This is 
usually couched in terms of the principle of total evidence (Kluge, 1989) and its corollary of 
hidden support (Rieppel, 2005). Because morphological datasets for many groups have 
demonstrably grown over research time, it is unusual to consider how phylogeny inferred 
from different partitions of such datasets might differ. However, this issue becomes more 
pertinent where data are concentrated within particular types of characters. This may either 
be because of preservational artefacts in the case of fossils (Verrière et al., 2016, Davies et 
al., 2017, Tutin and Butler, 2017), or because systematists have chosen to focus on 
particular anatomical regions. The latter may itself be a reflection of the perception that 
particular types of characters convey greater phylogenetic signals, or for less well-founded 
and historically self-reinforcing reasons relating to the predilections of particular 
systematists. Hence, a series of papers over the last decade have considered how hard and 
soft part characters might convey different phylogenetic signals, and how the absence of soft 
part data might mislead phylogenetic inference methods in a systematic way. Others have 
considered different anatomical regions, particularly craniodental and postcranial anatomy 
(Mounce et al., 2016). These have revealed some striking differences, with dinosaurs in 
particular often showing marked incongruence between craniodental and postcranial signals.  

There has been even less focus on the extent to which indices of morphological disparity are 
influenced by the nature and distribution of the characters from which they are derived. 
Unlike phylogenetics, in which systematists seek to infer a true tree, indices of disparity are 
necessarily abstractions from a particular set of morphological characters. There is no 
definitive set of morphological axes or morphospace in the same sense that there is a 
definitive and actual history of life. All indices of disparity are therefore relative, both to a 
particular set of morphological descriptors and to the other sets of taxa sampled by those 
descriptors.  

In attempting to study morphological complexity, there are considerable restrictions on the 
aspects of form that are amenable to quantification. In this thesis, the focus is on is serially 

https://doi.org/10.1093/sysbio/syz077
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homologous but regionalised and morphologically differentiated bones of the vertebral 
column. While it is possible to cross validate inferences of phylogeny and indices of disparity 
by comparing the results from alternative sources of data, there are rarely comparable 
alternative sources of data on complexity to make such cross validation possible. It is 
therefore difficult to determine whether inferences about morphological complexity inferred 
from the morphology of the spine are in any sense “general”. It therefore seemed reasonable 
to determine whether characters of the vertebral column behaved in a similar manner to 
those codifying other aspects of morphology for those types of analysis where cross 
validation was possible; namely phylogeny and disparity. We note that consilience in these 
contexts does not ensure consilience in the hypothetical but intractable case of complexity.  

Work on this chapter therefore initiated as a development of methods for investigating 
partition homogeneity in both phylogenetic and disparity contexts. However, the pilot 
application of established phylogenetic methods to an expanding repository of non-avian 
dinosaur datasets soon developed into a study in its own right. Preliminary data from 
Mounce et al. (2016) suggested that craniodental and postcranial characters for non-avian 
dinosaurs produced trees that were significantly at odds more often than analogous 
partitions in other vertebrate groups. This chapter therefore sought to determine whether 
these preliminary results could be validated in a much larger sample of dinosaur matrices. 
The larger sample would also permit an investigation of the distribution of any incongruence 
across higher dinosaur taxa. Analogous studies on the disparity of subclades inferred in 
these same partitions were mooted and initiated, but this work was never fully developed 
and the focus gave way to quantifying the morphology of the vertebral column of mammals 
in the ensuing chapters.  

I also explored the possibility of partitioning morphological datasets into vertebral and 
nonvertebral characters, since this would have offered a direct assessment of the quality of 
vertebral data. However, it was striking to observe the relative paucity of vertebral character 
data in most osteological matrices for living and fossil taxa. I consider that the vertebral 
column probably represents an underexploited resource in this regard (McShea, 1993). 
Sample sizes were typically prohibitively small, and it was decided to briefly explore this 
issue in the largest available morphological dataset for mammals, namely that of O’Leary et 
al. (2013). These results are detailed in Chapter 4.  

As well as applying established methods, in Chapter 2 I also develop a new resampling 
method that seeks to determine whether trees inferred from one or other partition of a data 
matrix are more similar to the trees inferred from the entire matrix. Where matrix partitions 
are of unequal size and where there are different phylogenetic signals in these two 
partitions, then (all other things being equal) the trees inferred from the larger of the two 
partitions are likely to be more similar to those inferred from the entire dataset then the trees 
inferred from the smaller of the two partitions. The new procedure therefore operates by 
bootstrapping replicate character sets at the sample size of the smaller partition from both 
partitions and from the entire matrix, sampling equal numbers of characters from the two 
partitions in the latter case.  

Application of the Incongruence Length Difference (ILD) test and Incongruence Relationship 
Difference (IRD) test to craniodental and postcranial character partitions in a sample that 
minimally overlapping datasets for non-avian dinosaurs revealed significant incongruence in 
around 50% of cases. This compared with a much lower rate of around one in three for 
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tetrapod more generally (Mounce et al., 2016). In addition, incongruence was not uniformly 
distributed across major dinosaur groups. Theropoda had the highest rate of significant 
incongruence (63%) and Thyreophora had the lowest (25%). Across all datasets and groups 
of dinosaurs, there was no greater similarity between trees inferred from either partition and 
those resampled from the entire data set. Within subgroups, however, the craniodental 
characters of Ornithischia and postcranial characters of Saurischia yielded trees more 
similar to the trees inferred from the entire matrix. 

 

2.2. Introduction 

The fossil record is notoriously incomplete, not only in terms of diversity and species 
richness (Verriere et al., 2016; Davies et al., 2017; Tutin and Butler, 2017), but also with 
respect to stratigraphy (Maxwell and Benton, 1990; Dunhill et al., 2012; Brocklehurst and 
Froebisch, 2014; O'Connor and Wills, 2016; Verriere et al., 2016) palaeobiogeography 
(Lieberman, 2002; Ksepka and Boyd, 2012; Davies et al., 2017), palaeoecology (Stanley et 
al., 1989) and behaviour (Jablonski, 2005; Hsiang et al., 2015; Daley and Drage, 2016; Fan 
et al., 2017). However, it is organismal incompleteness – the selective preservation of 
tissues and body regions – that impinges most directly on attempts to infer phylogeny 
(Kearney and Clark, 2003; Cobbett et al., 2007; Sansom, 2015). The fossil record of non-
avian dinosaurs mostly comprises bones and other hard parts (Wills et al., 2008; Mannion 
and Upchurch, 2010), but there are further biases towards the preservation of more heavily 
mineralised and massive elements (e.g., limb bones) at the expense of more frangible and 
delicate structures (e.g., skulls). Inferred relationships may differ substantially depending 
upon which subsets of characters are used, but palaeontologists may nonetheless wish to 
infer the relationships of dinosaurs described from partial skeletal material. Nevertheless, 
previous studies have demonstrated that trees of dinosaurs have strikingly better 
stratigraphic congruence than most other groups of vertebrates (Wills et al., 2008), and 
certainly better than most invertebrate groups (O’Connor and Wills, 2016). Where 
stratigraphic congruence is high overall, it offers an ancillary criterion for choosing between 
equally optimal or otherwise competing sets of trees, as well as the phylogenetic 
informativeness of the data underpinning them (Huelsenbeck, 1994; Wills, 1998; Chapman 
et al., 2001; Wills et al., 2009; O'Connor and Zhou, 2013; O'Connor and Wills, 2016). Non-
avian dinosaurs also have the advantage – for this test at least – that they are all extinct and 
therefore (by definition) all have a fossil record (Benton, 2008). 

We therefore address four related questions using a sample of 81 cladistic taxon-
character matrices published between 2011 and 2017 (Lloyd, 2018) (Supplementary 
Materials 1-3), each comprising both craniodental and postcranial characters. This 
represents a sample of the recent phylogenetic literature across major dinosaur groups, and 
minimises the overlap of taxa and characters between matrices (see below). 

Firstly, do levels of homoplasy differ between characters of the skull and dentition on 
the one hand, and characters pertaining to the body on the other? Any such difference might 
be used to argue for the “superiority” of one body region over the other for phylogenetic 
inference (Pettigrew, 1991; Sanchez-Villagra and Williams, 1998; Williams, 2007; Song and 
Bucheli, 2010; Mounce et al., 2016; Parker, 2016). Secondly, are the most parsimonious 
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trees inferred from craniodental and postcranial character partitions significantly different 
(Mounce et al., 2016; Sansom et al., 2017)? We address this using established 
(incongruence length difference, ILD; Farris et al., 1994) and more recent (Mounce et al., 
2016; Sansom et al., 2017) tests. Thirdly, are there differences in the incidence of significant 
craniodental/postcranial incongruence across major taxonomic groups of non-avian 
Dinosauria? Fourthly, are the tree(s) inferred from craniodental characters or the tree(s) 
derived from postcranial characters more similar to those derived from the entire matrix (with 
the latter being used as a proxy for the ‘true’ phylogeny)? We address this using a novel test 
that resamples from the partitions and the entire matrix in order to control for differences in 
the number of characters in each partition.  

Suites of morphological characters are often functionally and developmentally 
integrated into modules (Clarke and Middleton, 2008; Klingenberg, 2008; Lü et al., 2010) 
that can be subject to different selection pressures and consequently evolve at different 
speeds (Lü et al., 2010; Parker, 2016). This has consequences for the rate at which new 
character states are utilised and the subsequent exhaustion of character space (Wagner, 
1995; Wagner, 1997; Oyston et al., 2015; Oyston et al., 2016), resulting in different levels of 
homoplasy. For example, it has been shown that the dental characters of mammals are 
particularly labile and prone to convergence/reversal (Sanchez-Villagra and Williams, 1998; 
Sansom et al., 2017), which is explicable in terms of the strong functional and biomechanical 
constraints upon the form and arrangement of teeth. This particular bias is unfortunate given 
the predominance of teeth in the mammal fossil record. More generally, the craniodental and 
postcranial characters of vertebrates have been shown to contain significantly incongruent 
signals about one time in three (Mounce et al., 2016). Moreover, it is possible that 
incongruence is partly a function of the extent to which the skull and the rest of the body are 
biomechanically decoupled (Ji et al., 1999). Fishes (lacking a functional neck) typically show 
integration, while the most striking incongruence has been observed in some of the long-
necked dinosaur groups.  

As a prerequisite for combining data in early, multi-gene molecular analyses, 
systematists commonly checked for homogeneity of signal across loci using a variety of 
partition tests (Templeton, 1983; Rodrigo et al., 1993; Farris et al., 1994). This practice is 
rarely implemented nowadays, and for principally three reasons (Cunningham, 1997). Firstly, 
as analyses of increasingly large numbers of genes graded into phylogenomic studies, the 
concept of the contingent inclusion of individual genes became largely obsolete. Secondly, 
more advanced analytical methods were developed that allow heterogeneous rates across 
sites and branches to be modelled rigorously (Damgaard, 2012). Thirdly, a consensus 
emerged amongst systematists in favour of the simultaneous analysis of all available 
character data, on the principle of ‘total evidence’ (Kluge, 1989), not least because of ‘hidden 
support’. This is the phenomenon whereby signals that are weak within particular partitions 
of the data may be common to many (or all) such partitions, such that they become the 
dominant signal when all partitions are analysed together (Kluge, 1989; Gatesy et al., 1999; 
Gatesy and Arctander, 2000; Wahlberg et al., 2005; O'Leary and Gatesy, 2008; Padial et al., 
2010; Damgaard, 2012; Mounce et al., 2016). Whereas progressively larger sequence 
matrices originally accreted through research time in a combinatorial manner (begging the 
question of heterogeneity), morphological matrices have almost invariably been generated 
and analysed holistically, such that the question of partition heterogeneity has rarely arisen. 
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The recent emphasis on developing more plausible models of morphological character state 
evolution (Wright et al., 2016) has spurred the development of approaches capable of 
automatically identifying partitions within morphological data sets (Lanfear et al., 2017). 
There is also evidence that partitioning morphological character data can better constrain 
error bars in morphological clock analyses (Caldas and Schrago, 2019).  

Despite the ascendance of molecular phylogenetics, morphological character data 
can still contribute to our understanding of the relationships of many groups (Houde, 1994; 
Wiens, 2004; O'Leary and Gatesy, 2008; Nicolalde-Morejon et al., 2009; Gainett et al., 2014; 
Lopardo and Hormiga, 2015). Moreover, for extinct and particularly for fossil groups, 
morphology is usually the only direct source of phylogenetic data, notwithstanding 
exceptional cases utilising fossil DNA (Dabney et al., 2013; Shapiro and Hofreiter, 2014; 
Orlando et al., 2015). 

 

2.3. Materials & Methods 

2.3.1. Datasets 

The character matrices utilised here were obtained from peer-reviewed papers published 
between 2000 and 2017. We utilised Graeme Lloyd’s online list of published matrices 
(Wright et al., 2016; Lloyd, 2018) in order to sample all major dinosaur groups, including 
matrices of varying dimensions. Character lists and descriptions were then obtained from the 
original publications. We initially included 104 matrices, but these were further checked for 
overlap since systematists often repurpose data or otherwise add modest numbers of novel 
taxa and sometimes characters to existing studies. In order to remove any such 
pseudoreplication from our sample, each data set was compared with every other, and for 
each pair the number of matrix cells in common (replicated taxa and characters) was 
expressed as a percentage of the total number of cells in the smaller of the two matrices. For 
pairs with 20% or more overlap, the least inclusive (or otherwise the oldest) was removed 
from consideration, reducing our sample to 81 data sets (See Supplementary Materials 1 for 
the percentage of character and species overlap between all pairs). We note that a 
comparable approach was used in the data compiled by Lloyd (Wright et al., 2016). 
Character lists were then used to define partitions. The “craniodental” partition included all 
characters pertaining to the skull and dentition. The “postcranial” partition encompassed all 
characters of the vertebral column, girdles and limbs. Small numbers of characters 
pertaining to features that could not be partitioned in this way (e.g., those pertaining to the 
integument, feathers, eggs or ecology) were removed from consideration. Poorly known 
taxa, or those that are otherwise scored for only a small number of characters, can be highly 
unstable within parsimony trees. This, in turn, can result in large numbers of most 
parsimonious trees (MPTs), prohibitively extending search times, and yielding poorly 
resolved consensus trees (Wilkinson, 1995; Mounce et al., 2016). Where such complications 
were found in our analyses, the matrix was edited by removing taxa with more than 40% of 
characters scored as missing (“?”) or non-applicable (“-“) in either partition. Any characters 
rendered uninformative or invariant by this process were also deleted (Wiens, 1998). On 
average, 20 taxa and 18 characters were removed from each dataset in this way, equating 
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to 33% of taxa and 7% of characters. For a list of characters and taxa discounted, see 
Supplementary Materials 2. We acknowledge that these procedures modify matrices from 
their original published form, such that no inferences should be made concerning the quality 
of the original data sets. Moreover, the original matrices were assembled for holistic (rather 
than partitioned) analysis, and we deviate from the purposes of the original authors in this 
respect. Matrices were manipulated using Mesquite Version 3.04 (build 725) for Macintosh. 
The resulting sample of 81 matrices contained an average of 26 taxa scored for a mean of 
115 craniodental and 133 postcranial characters (distributions of numbers of characters and 
taxa are illustrated in Table. 2.1).  

We also acknowledge that Bayesian methods are increasingly being applied to 
morphological character data (Pollitt et al., 2005; O'Reilly et al., 2016), but maximum 
parsimony is still the most widely implemented approach. From our sample of 81 matrices of 
non-avian dinosaurs, all were analysed by the original authors using parsimony, while 6 
were also analysed using Bayesian methods (see sources marked with “*” in Table S2.1 in 
appendix).  

2.3.2. Measuring homoplasy 

The ensemble Consistency Index (CI)(Kluge and Farris, 1969) is a commonly used and well-
characterised index of homoplasy, and was calculated here to compare levels of homoplasy 
across partitions. However, the CI suffers from well-documented drawbacks, notably its 
correlation with the number of characters and taxa in the dataset (Archie, 1989; Mounce et 
al., 2016). We remove these biases empirically here, using the residuals from regression 
analyses of CI on both matrix dimensions. In addition, we report the ensemble Retention 
Index (RI)(Kluge and Farris, 1969) as a measure of retained synapomorphy. All indices were 
calculated in PAUP* 4.0a.154 for Macintosh (Swofford, 2017). 

2.3.3. Statistical tests for congruence 

The Incongruence Length Difference (ILD) test (Mickevich and Farris, 1981; Farris et al., 
1995) is a widely implemented partition homogeneity test based upon the difference in most 
parsimonious tree length for a matrix when analysed as a whole, and the sum of MPT 
lengths for the partitions of the matrix analysed in isolation (MPTs). More formally, the ILD 
for a bipartitioned matrix is given by LAB – (LA+ LB)/LAB, where LAB is the optimal tree length 
(in steps) from the analysis of the entire matrix (the total evidence analysis), and LA and LB 
are the optimal tree lengths for partitions A and B analyzed independently (Fig 2.1). This ILD 
is compared with a distribution of ILD values (here, 999) for random bipartitions of the matrix 
in the same proportions as the original, and a p value is derived from the fraction of these as 
large or larger than the original. The ILD test has been criticized on philosophical grounds, 
and because it has a high Type I error rate (Dolphin et al., 2000; Barker and Lutzoni, 2002; 
Ramirez, 2006; Sansom et al., 2017). However, it remains very widely applied (Mounce et 
al., 2016) and is used here as a measure of matrix partition incongruence rather than as a 
criterion for combining those partitions.  

In addition to the ILD test, we also implemented the incongruence relationship 
difference (IRD) test of Ruta and Wills (2016) and Mounce et al. (2016). This is analogous to 



24 

 

the ILD test in that a measure of incongruence for the original data partition is compared with 
a distribution of incongruence values for a large number of random partitions. However, 
whereas for the ILD incongruence is measured in terms of additional tree length, a tree-to-
tree distance index is used for the IRD. Many such indices are available, but here we used 
the symmetrical-difference (RF) distance (IRDRF) (Robinson and Foulds, 1981) and matching 
(MD) distance (IRDMatching) (Lin et al., 2012). The RF distance is well characterised and 
widely applied but prone to saturation. In particular, transplanting a single leaf can cause the 
RF distance to maximise in a tree of any size. Indices of distance based upon tree editing, 
such as the maximum agreement sub-tree distance (Goddard et al., 1994; de Vienne et al., 
2007) are computationally intensive and NP hard. The matching distance has the 
advantages that it is formally metric, not prone to saturation, behaves intuitively and can be 
computed in polynomial time (Lin et al., 2012). It is unusual for a single most parsimonious 
tree to result from a parsimony search, and we therefore followed (Mounce et al., 2016) in 
calculating the mean nearest neighbour distance (NND) between each tree resulting from 
one partition and the most similar tree in the other partition. In addition, we calculated the 
distances between 50% majority rule (plus compatible groupings) trees for the two partitions, 
although we caution that these offer poor summaries of the differences between sets of trees 
(Mounce et al., 2016). IRD tests were initially based upon 99 random partitions of the data 
(c.f. 999 for the computationally much faster ILD).  

 

Fig 2.1. Calculation of the Incongruence Length Difference (ILD) and the Incongruence 
Relationship Difference (IRD) for the cranial and postcranial character partitions in the data 
of Fanti et al., 2012. Parsimony analysis of all 178 characters together yields a single most 
parsimonious tree (MPT) of 328 steps. Analysis of 109 craniodental characters alone yields 
an MPT length of 172 steps, while 69 postcranial characters alone yield an MPT length of 
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146 steps. The sum of these partitioned lengths (172+146 = 318) is less than the length of 
the global MPT by 10 steps (328-318 = 10). This discrepancy is the incongruence length 
difference (ILD = 10). The partitioned trees imply different relationships, and the magnitude 
of this difference can be measured using a diversity of tree-to-tree distance metrics. 
The Robinson Foulds (RF) or symmetrical difference distance (Robinson and Foulds, 1981) 
among the most widely applied, and is calculated as the sum of the number of internal tree 
nodes that are present in one tree but not the other. The Incongruence Relationship 
Difference based on Robinson Foulds distance (IRDRF) is therefore the incongruence 
relationship difference measured using the RF distance. The RF distance has the 
disadvantage that it can saturate quickly. Numerous other tree-to-tree distance metrics are 
available, and we also implement the matching distance here (Matching or MD) (Lin et al, 
2012), to yield the Difference based on matching distance (IRDMatching). The 
ILD, IRDRF and IRDMatching each enables a test of incongruence, implemented 
by randomly partitioning the data set into character sets of the same size as the 
original (here, 109 and 69) and recalculating the metric. This is repeated a large number of 
times to yield a null distribution for randomised metric values, and the value for the original 
partition is compared with this in order to yield an empirical p value. Because the 
ILD, IRDRF and IRDMatching all measure different things (tree length versus different aspects of 
tree shape and relationships), the results of these tests do not invariably coincide. 

All parsimony searches were implemented using 25 random additions of taxa, 
followed by tree bisection and reconnection branch swapping, and retaining 10 trees at each 
step. We also condensed the resulting most parsimonious trees by collapsing branches with 
a minimum length of zero (equivalent to Goloboff’s ‘amb-‘ (Goloboff et al., 2008)) and 
removing all but one of any consequently identical trees. To expedite the searches, we 
limited the number of trees stored in memory to 100,000, and for the IRD tests we calculated 
nearest neighbour tree-to-tree distances based upon no more than 1,000 most parsimonious 
trees (MPTs) from each partition. Consensus trees were calculated from all MPTs, up to the 
100,000 limit. All analyses were carried out in PAUP* 4.0a.154 for Macintosh (Swofford, 
2017), and with the use of scripts (see Supplementary Materials 3) that produced batch files 
for PAUP* and summarised the logged output. 

2.3.4. Determining whether craniodental or postcraniodental characters yield trees 
more similar to those from the entire data matrix 

In cases where the tree(s) inferred from craniodental and postcranial characters differ (and 
especially where these differences are significant), it is reasonable to ask which tree is likely 
to be most accurate. Unfortunately, there are no objective tests of phylogenetic accuracy, 
except in those exceptional cases where phylogeny is known (e.g., laboratory cultures or 
simulated data sets). One approach for extant taxa (Sansom et al., 2017) is to determine the 
congruence of suites of morphological characters with a robustly supported molecular tree 
for the same taxa (an independent data source). However, this assumes that the molecular 
tree is likely to offer the best approximation of the truth: a standpoint defended in many 
quarters (Scotland et al., 2003; Olmstead and Scotland, 2005; Wortley and Scotland, 2006; 
Zou and Zhang, 2016). Here, we ask whether trees from the craniodental or postcranial data 
partition are most similar to those derived from the entire morphological data matrix, with the 
underlying assumption that the total evidence tree is likely to be the most accurate (Kluge, 
1989; Gatesy et al., 1999; Gatesy and Arctander, 2000). A straightforward approach would 
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be to calculate mean nearest neighbour tree-to-tree distance metrics for the craniodental to 
entire tree sets versus the postcranial to entire tree sets. However, all other things being 
equal, a larger partition contributes more characters to the entire matrix than a smaller one. 
In cases where the optimal trees for the two partitions differed, the larger partition might 
therefore be expected to yield trees more similar to those from the entire data set. The 
difference in character numbers in the partitions could be overcome by differential weighting 
of characters, but the tree-to-tree distance metrics utilised here are sensitive to the 
reductions in resolution that are likely as the character: taxon ratio declines (and this is not 
overcome by weighting). We therefore adopted a resampling approach, repeatedly jack-
knifing characters at the sample size of the smallest partition (n) from both the larger 
partition and the entire matrix. For the entire matrix, we randomly jack-knifed the same 
number of characters (n/2) from both the craniodental and postcranial partition, such that 
neither was favoured with a larger sample size. Where n was an uneven number, we 
alternately sampled the ‘additional’ character from either partition. For each of 100 
resamplings, we then calculated the mean nearest neighbour distance between craniodental 
and entire trees, and the mean nearest neighbour distance between postcranial and entire 
trees. We include scripts for this procedure as Supplementary Materials 4. We report the 
median of these 100 comparisons (which partition is closest to the entire), as well as Mann-
Whitney test results to approximate a p value at which to reject the null hypothesis that the 
medians of these distances are the same.  

2.4. Results 

2.4.1. Craniodental and postcranial characters contain similar levels of homoplasy 
and retain similar amounts of synapomorphy 

Statistics and test results for overall data are given in Table 2.1, and we distil these in details 
in Table S2.1. We found no significant difference in the level of craniodental/postcranial 
ensemble consistency index (CI) across all 81 data sets (Wilcoxon test paired V = 1637.5, p 
= 0.9350). With similar medians (100 and 97) and overall distributions, the number of 
craniodental and postcranial characters were not significantly different (V = 1342, p-value = 
0.1343). We therefore compared the residual CI values from a linear regression of CI on the 
log of the number of characters and the log of the number of taxa, plus their interaction. This 
model was significant overall (p < 2.2e-16), but none of the individual slope terms was 
significant (p > 0.18 in all cases). Residuals from this model likewise showed no significant 
difference between partitions (Wilcoxon V = 1595, p = 0.760). Likewise, we found no 
significant difference in the level of craniodental/postcranial ensemble retention index (RI) 
across all 81 data sets (V = 1826, p = 0.437). Similarly, the residuals from the regression of 
RI onto the number of taxa, number of characters and their interaction (p = 2.168e-07, but 
with no significant slopes for individual terms; p > 0.460) also showed no difference between 
partitions (Wilcoxon V = 1815, p = 0.468). Neither partition of the data can be deemed 
superior on the basis of these ensemble indices of internal consistency and retained 
synapomorphy.  
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Table 2.1. Summary of matrix partitions and results of tests. *Craniodental/Postcranial most 
similar to entire (NND+Matching). This indicates the number of matrices for which the 
craniodental/postcranial partitions yielded trees most similar to the entire matrix. Both 
partitions and the entire matrix were repeatedly (x100) resampled at the sample size 
(number of characters) of the smaller partition, and most parsimonious trees were inferred 
from all three samples of characters. The last five rows of the table indicate the frequency 
with which partitions yield trees that are significantly different (with p < 0.05) for the ILD and 
variants of the IRD test. IRD tests are based either upon the mean tree-to-tree distances 
between nearest neighbours (NND) or the distance between majority rule (plus compatible 
grouping) trees (MR). The tree-to-tree distance metric used is either the Robinson Foulds 
(symmetrical difference) distance (RF) or the Matching distance (Matching). 
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Fig 2.2. Scatter plots of data matrix and data matrix partition dimensions across our 81 
analysed matrices of non-avian Dinosauria. A. log (number of craniodental characters) 
against log(number of postcranial characters). The dotted line indicates the 1:1 slope. Points 
above this line have a higher proportion of craniodental characters, while points below have 
a higher proportion of postcranial characters. Numbers of craniodental and postcranial 
characters are not significantly different according to a paired Wilcoxon test (p = 0.1343).  B. 
log (total number of characters) against log (total number of taxa). 
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2.4.2. Half of craniodental and postcranial data partitions yield significantly different 
trees 

For visualisation purposes, the trees inferred from the craniodental and postcranial partitions 
of each data set have been plotted in a two-dimensional, non-metric multidimensionally-
scaled tree space derived from Robinson-Foulds (RF) distances, using the RF.dist function 
in Phangorn (Schliep, 2011) and the iso.MDS function in the MASS package (Venables and 
Ripley, 2002) for R  (Fig. 3). We note that such spaces, being non-metric, are unsuitable as 
the basis for metric tests of partition homogeneity, but they do permit the differences 
between sets of trees to be figured impressionistically. Previous work on a broad sample of 
tetrapod matrices revealed significant incongruence between craniodental and postcranial 
character partitions about one time in three, as measured by both the incongruence 
relationship difference (IRD) test of Ruta and Wills (2016) and the incongruence length 
difference (ILD) test (Mickevich and Farris, 1981; Farris et al., 1995). Here, we report that 
50% of dinosaur matrices yielded significantly (p<0.05) incongruent trees according to the 
IRD test for nearest neighbours using matching distances (IRDNND+matching) and 54% for the 
IRD test using the RF distances (Robinson and Foulds, 1981) (IRDNND+RF). Moreover, the 
IRDNND+matching and IRDNND+RF values were significantly correlated (rs = 0.649, p = 8.999e-14). 
We therefore also report the results of IRD tests using majority rule consensus trees derived 
from up to 10,000 optimal source trees. Inevitably, consensus trees cannot reflect accurately 
the diversity of relationships within a set of source trees (Mounce et al., 2016) but they do 
permit tests that incorporate all source trees more readily. The consensus results were 
closely similar to those for the nearest neighbour tests: 63% of matrices were significantly 
incongruent using IRDMR+matching and 60% were incongruent using IRDMR+RF). Moreover, the 
consensus results were strongly and significantly correlated with the NND results for both 
the IRDMR+matching (rs = 0.863, p = 2.2e-16) and IRDMR+RF (rs = 0.837, p = 2.2e-16). The rate of 
significance (33% at p < 0.05) for the ILD test was lower than that for variants of the IRD, 
and similar to that observed for tetrapods overall (Mounce et al., 2016). 
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Fig 2.3.  Indicative, two-dimensional non-metric multidimensional scaling (NMDS) of tree 
spaces derived from Robinson Foulds (RF) distances for each of our 81 data matrices. 
Circles indicate most parsimonious trees (MPTs) inferred from craniodental characters, 
triangles (green) indicate MPTs inferred from postcranial characters and crosses (red) 
denote MPTs from both partitions analysed simultaneously. RF distance matrices were 
calculated using RF.dist in the Phangorn package in R, and NMDS plots were generated 
from these matrices using isoMDS in MASS. 

Mounce et al. (2016) tested empirically whether the rate of null rejection was 
influenced by several data matrix parameters. Here we used logistic regression to determine 
the outcome of each of our five partition homogeneity tests (significant or not with p < 0.05) 
as a function of the overall number of taxa, overall number of characters (both partitions), the 
difference in partition size (scaled relative to the total number of characters in both 
partitions), the absolute size of the smaller partition, the percentage of missing data in the 
entire matrix and the difference in the percentage of missing data between partitions. 
Results are summarised in the Supplementary Materials 6. For the ILD, both the number of 
taxa and the total number of characters were retained in the minimum adequate model 
(MAM) selected by sequentially deleting the least significant independent variables. For the 
IRDNND+RF (nearest neighbour RF distances between groups of trees), only the size of the 
smallest partition was retained in the MAM. For the IRDMR+RF (RF distances between majority 
rule trees) the total number of taxa and the overall percentage of missing data were retained 
in the MAM. However, we strongly caution against the use of consensus trees in the IRD 
test. Hence, as reported by (Mounce et al., 2016), tests based upon symmetrical differences 
(Robinson and Foulds, 1981) are influenced, at least in some measure, by partition 
dimensions. For the IRDNND+matching (based upon nearest neighbour matching distances, and 
our preferred metric), the number of taxa, total number of characters and the overall 
percentage of missing data were retained in the MAM, with all being significant (p < 0.031). 
For the IRDMR+matching (based upon matching distances between majority rule trees), only the 
total percentage of missing data was retained.  

2.4.3. Levels of incongruence vary significantly across major dinosaur groups 

Of our 46 saurischian matrices, 31 (67%) showed significant (p < 0.05) incongruence using 
IRDNND+matching, compared with 9 from 35 (26%) ornithischian matrices (Fig 2.4): a significant 
difference in the rate of null rejection (likelihood ratio test: G = 20.1841, p = 0.00046).  A 
similarly significant difference was observed for the IRDMR+matching (G = 19.3857, p = 
0.00066). For the IRD using Robinson Foulds distances, by contrast, differences across 
saurischian and ornithischian matrices were non-significant (IRDNND+RF G = 6.7962, p = 
0.14706:  IRDMR+RF G = 5.4241, p = 0.24648). At a finer taxonomic level (specifically 
assigning trees to Theropda (e.g., Fig. 4A), Sauropodomorpha (e.g., Fig. 4B), Cerapoda 
(e.g., Fig. 5A), Ornithopoda (e.g., Fig. 5B), and Thyreophora) (Table 2.1), there were highly 
significant differences in the rate of null rejection using the matching distance (p = 0.00046 
for the IRDNND+matching: p = 0.00066 for IRDMR+matching) but no differences using the symmetrical 
difference (RF) variants of the tests (Table 2.1) (Fig. 6). Rates of partition incongruence are 
relatively high in the Sauropoda (53% for the IRDNND+matching), Theropoda (66%) and 
Ceropoda (43%) compared with the Ornithopoda (20%) and Thyreophora (14%). A similar 
hierarchy of outcomes pertained for the other tests. 
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Fig 2.4. Summary of results of Incongruence Length Difference (ILD) and variants of the 
Incongruence Relationship Difference (IRD) tests, partitioned by major taxonomic group. 
Bars denote the percentage of data sets for which p<0.05. ‘RF’ in the subscript denotes IRD 
tests utilising the symmetrical-difference distance of Robinson and Foulds (1981), while 
‘Match’ in the subscript denotes tests utilising the Matching distance of Linn et al. (2012). 
Comparisons are either made using majority rule consensus trees (MR), or the mean 
nearest neighbour distance between each tree in one set and its nearest neighbour in the 
other.  

2.4.4. Craniodental and postcranial characters produce trees equally similar to the 
entire data set, but with strong biases across major groups 

Our second set of tests sought to determine whether the most parsimonious trees from the 
entire matrix were more similar to those from the craniodental or postcranial partitions. The 
results from these were in strong agreement. Considering the NNDs for matching distances 
across all 81 matrices, 42 were closer (using the matching distances for nearest neighbours: 
NND+matching) to the postcranial partition, while 39 were closer to the craniodental partition 
(a non-significant bias: binomial test p = 0.8243). Within Saurischia and Ornithischia, 
however, the biases were highly significant, but in opposite directions (G = 6.4242, p = 
0.0113). For Saurischia, trees from the entire data set were most often more similar to those 
from the postcranial partition 29 cases) than to those from the cranium (17 cases) (binomial 
p = 0.1038). For Ornithischia, by contrast, trees from the whole data set were more often 
most to those from the craniodental partition (22 cases) than to those from the postcranium 
(13 cases) (p = 0.1755). When partitioned into five groups as above, there was also a 
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significant difference in which partition was most similar to the entire matrix across groups (G 
= 8.7347, p = 0.0062), with the bias for Sauropoda (13 postcranial verus 4 craniodental) 
being the most striking. Similar findings were made for the other three tests (Tables 1 and 2).  

 These biases were much less marked if comparisons were restricted to only those 
data sets for which there was a significant difference (p < 0.05) between the distributions of 
distances (entire to craniodental versus entire to postcraniodental) according to the Mann-
Whitney U test. Considering NND+matching distances, 31 data sets favoured the 
craniodental partition and 33 the postcranial partition (sign test p = 0.9007). Moreover, there 
was no longer a significant bias in favour of postcranial characters for the Saurischia (23 out 
of 33: p = 0.0308) or in favour of craniodental characters for the Ornithischia (17 out of 31: p 
= 0.7201) (overall G for Saurischia and Ornithischia = 3.9845, p = 0.0459). For the partition 
into Theropda, Sauropodomorpha, Cerapoda, Ornithopoda and Thyreophora, we marginally 
retained the null hypothesis that groups behave identically (G = 9.2929, p = 0.0542). Similar 
findings for the other three tests are summarised in Table 2.1. 

2.5. Discussion 

2.5.1. Implications for dinosaur phylogeny 

Our analyses of 81 published matrices demonstrate empirically that the relationships of 
dinosaurs inferred from craniodental or postcranial characters in isolation differ significantly 
(p < 0.05) from each other about half of the time. This is much more often than similar 
partitions for tetrapods in general (about 1 in 3:(Mounce et al., 2016)). At the same time, we 
find similar levels of homoplasy (as measured by the ensemble consistency index: CI) and 
retained synapomophy (RI) in craniodental and postcranial character partitions across all 
dinosaurs. Similarly, when character sample sizes are controlled, the relationships inferred 
from either partition are equally congruent with those from the entire matrix. Hence, there is 
no reason to prefer characters sampled from one partition versus another across dinosaurs 
as a whole, and we concur with general recommendations to sample characters widely from 
all anatomical regions in accordance with the principle of total evidence (Kluge, 1989; 
Gatesy et al., 1999; Gatesy and Arctander, 2000; Mounce et al., 2016). However, we also 
observe marked differences in levels of incongruence across major dinosaur groups, being 
significantly higher in Ornithischia than Saurischia.  

Homoplasy is always a problem for phylogenetic inference, but is least troublesome 
when homoplastic states approximate to a random distribution across taxa (in which case it 
largely contributes noise). Homoplasy is more problematic when it is correlated across 
complexes of characters, especially when this occurs at higher frequencies. The 
morphological phylogeny of mammals appears to have been subject to such problems. 
Phylogenomic trees (Dolphin et al., 2000) overturned many of the groups (e.g., Ungulata and 
Insectivora) that had emerged from nearly all previous analyses of morphological characters 
over the preceding decades. Most problematic of all are cases where correlated homoplasy 
is concentrated within a particular region of the body, and especially where available data 
are limited to such regions. The teeth of mammals appear to be especially pone to such 
convergence (Goswami et al. 2011; Sansom et al., 2017), with many aspects of their form 
changing in concert and being controlled by a relatively small number of genes (Castelin et 
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al., 2017). This is singularly unfortunate for those studying mammalian evolution, since the 
high preservation potential of teeth means that they dominate the fossil record. The fossil 
record of dinosaurs is also biased, with sauropodomorphs and theropods being known 
predominantly from their postcranial remains (skulls are often fragmentary or not recovered), 
and ceratopsians being more often described from their much more massive skulls (Evans 
and Ryan, 2015). Our sample of matrices suggests that the number of coded characters 
strongly reflects these differences. However, it remains unclear whether this is solely a 
function of the available material, or whether systematists preferentially code or more finely 
atomise characters from these regions. Whatever the case, we do not find a higher 
concentration of homoplasy in either partition, whether across all dinosaurs or within major 
clades. Moreover, although craniodental and postcranial characters often yield significantly 
conflicting trees, we find no evidence that one partition is more likely to be congruent with 
the “total evidence” tree than the other.  

2.5.2. Interpreting incongruence 

The inference of significantly different trees from craniodental and postcranial character 
partitions can be understood in terms of divergent selective pressures operating on different 
regions of the body (Gould, 1977; Kemp and Kemp, 2005; Lü et al., 2010). This results in 
different rates and patterns of character evolution (Mitteroecker and Bookstein, 2007; 
Klingenberg, 2008), in addition to distinct patterns of homoplasy. Anatomical modules are 
commonly recognised in studying the evolution of form (Mitteroecker and Bookstein, 2007; 
Cardini and Elton, 2008; Klingenberg, 2008; Lü et al., 2010; Goswami et al., 2011; Hopkins 
and Lidgard, 2012; Cardini and Polly, 2013; Goswami et al., 2015), and it is reasonable to 
suppose that such modules will contain phylogenetic characters that are more congruent 
with one another than with characters from other modules (Clarke and Middleton, 2008). 

The tetrapod skull is variously decoupled from the skeleton of the body, both 
biomechanically and in terms of the selective pressures operating upon it (Ji et al., 1999; 
Mitteroecker and Bookstein, 2007). However, this decoupling is particularly marked in the 
non-avian dinosaurs (Mounce et al., 2016). The long necks of sauropodomorphs effect the 
greatest biomechanical decoupling between the skull and the body, and sauropods 
unsurprisingly have one of the highest levels of significant incongruence. Ornithischia, by 
contrast, show much lower levels of incongruence overall.  

Anatomical modules are typically envisaged as comprising physically proximate sets 
of characters or aspects of form. However, particular selective pressures might result in the 
coordinated evolution of suites of characters widely distributed across the body (Gardiner et 
al., 2011; Abourachid and Hoefling, 2012; Godefroit et al., 2013). For example, a mode of 
predation or scavenging favoured by many theropods entailed bracing a carcass with a back 
leg whilst ripping with powerful jaws and a strong neck (Rayfield, 2004). This manner of 
feeding evolved in at least three large theropod clades, and entailed coordinated changes in 
the limbs and skull (Snively et al., 2006; Snively and Russell, 2007a; Snively and Russell, 
2007b; Hone and Rauhut, 2010). Similarly, the massive skulls of many ceratopsians were 
braced into the body and pectoral girdle consistent with their ability to face and ward off 
predators, and this may have effected other coordinated changes in the vertebral column 
and back limbs.  
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In the infancy of molecular phylogenetics, trees were often inferred from single genes 
(Gatesy and Arctander, 2000), and it was not uncommon for the trees derived from different 
genes to be strikingly at odds (Gatesy and Arctander, 2000). In addition, molecular trees 
often differed markedly from those inferred from morphology. A more cautious, combinatorial 
approach initially evolved, therefore, along with partition tests designed to ensure 
homogeneity of signal (Mounce et al., 2016). This agglomerative approach may have been a 
function of the manner in which data originally became available, with systematists exploring 
incongruent signals at a fine level of granularity. The ascendance of phylogenomic analyses 
has brought its own bioinformatic challenges, but all approaches seek to derive trees from 
increasingly inclusive data sets. More philosophically, a consensus has emerged in favour of 
the principle of total evidence (Kluge, 1989): the procedure by which all available character 
data are combined into a single matrix and analysis. One reason for this is the phenomenon 
of ‘hidden support’ (Gatesy et al., 1999; Gatesy and Arctander, 2000), whereby signals that 
are weak and therefore hidden within individual character partitions become dominant when 
all data are analysed together. Various tests for partition homogeneity (Farris et al., 1994, 
1995; Dolphin et al., 2000) will tend to return significant results in precisely those 
circumstances in which support is hidden, and such tests are therefore no longer commonly 
used to preclude the combination of data sources in this manner (Kluge, 1989; Gatesy et al., 
1999; Gatesy and Arctander, 2000; Wahlberg et al., 2005; O'Leary and Gatesy, 2008; Padial 
et al., 2010; Damgaard, 2012; Mounce et al., 2016). However, while molecular systematics 
has retained and elaborated the notion that different suites of characters within large 
molecular matrices might be most effectively modelled with different rate parameters (e.g., 
different sets of genes, or different codon positions), morphological data are rarely treated in 
this manner (but see Lanfear et al., 2017). Moreover, there is relatively little quantitative 
empirical data on the sorts of morphological characters that might be most useful for 
resolving relationships at different hierarchical levels within a phylogeny, or for radiations of 
different ages. There are principally two reasons for this. Firstly morphology is less likely to 
be constrained to evolve in a clock-like manner throughout a tree (or to change it’s rate in a 
manner amenable to modelling), although Drummond and Stadler (2016) have 
demonstrated cases where morphology is surprisingly clock-like. Secondly, despite the 
considerable utility of a number of searchable resources including Morphobank (O'Leary and 
Kaufman, 2011), Treebase (Piel et al., 2009; Vos et al., 2012) and Phenoscape 
(http://www.phenotypercn.org/, 2019), morphological characters cannot be archived, 
retrieved and coded in an automated and objective manner to produce iteratively larger 
matrices with the same ease that sequence data can. There have been strides in this 
direction utilising machine reasoning (Dececchi et al., 2015; Dahdul et al., 2018), but in 
contrast to the situation for molecular sequence data, considerable taxon-specific expertise 
is still usually required to combine morphological character data. This is because 
systematists rarely atomise or code the same aspects of morphology in precisely the same 
manner, and sometimes express these using complex semantics. Despite considerable 
variation in rates of evolution and levels of homoplasy across morphological characters, 
trees are often inferred from relatively restricted character sets (Sanchez-Villagra and 
Williams, 1998; Arratia, 2009; Song and Bucheli, 2010; Mounce et al., 2016). In fossil taxa, 
this may reflect preservational biases, particularly those favouring hard part preservation 
(Pattinson et al., 2015), and it is unfortunate that these biases appear to favour some of the 
most homoplastic characters (Sansom et al., 2010; Sansom and Wills, 2013; Pattinson et al., 
2015; Sansom et al., 2017). 
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2.6. Conclusions 

1.  Across our sample of 81 data sets, systematists have abstracted slightly fewer 
characters from the skull than the rest of the skeleton overall, although this difference 
is not significant (V = 1342, p = 0.1343). However, this masks particular biases in 
major dinosaur groups: markedly and significantly (p<0.02 in all cases) in favor of 
postcranial characters in Sauropodomorpha and Theropoda and in favor of 
craniodental characters in Ornithopoda, Thyreophora and Cerapoda.  

2. The overall frequency of significant (p<0.05) incongruence between dinosaur trees 
inferred from craniodental and postcranial characters was about 50% for variants of 
the Incongruence Relationship Difference (IRD) test (Mounce et al., 2016; Ruta and 
Wills, 2016). This was substantially higher than that previously reported (30%) for 
tetrapod clades in general. The Incongruence Length Difference Test (ILD) reported 
significant incongruence in 33% of cases: comparable to the level seen across 
tetrapods hitherto (Mounce et al., 2016). 

3. Despite the high frequency of incongruence overall, rates of significance were 
heterogeneously distributed across major dinosaur groups, being highest (a mean of 
71% for variants of the IRD based upon nearest neighbour distances) in Theropoda 
and lowest (27%) in Ornithopoda. We note that incongruence is greatest in those 
groups (Sauropodomorpha and Theropoda) in which the biomechanical decoupling 
between head and body is greatest. We also demonstrate that there are similar 
levels of homoplasy and retained synapomorphy between partitions overall. 
Incongruence therefore at least partly reflects differences in patterns of homoplasy 
between partitions, which may itself be a function of modularity and mosaic evolution. 

4. A number of factors have been purported to influence the outcome of the ILD and 
IRD tests, notably the data matrix dimensions, relative partition sizes and the amount 
and distribution of missing entries (Mounce et al., 2016). We replicate these findings 
here, to which we add the absolute size of the smaller partition in the case of the 
IRDNND+RF test.  

5. Tests to determine which partition (craniodental or postcranial) were most 
congruent with trees inferred from the entire character set were equivocal overall: 
equal numbers favoured the two partitions once differences in sample size were 
controlled for. However, there were significant asymmetries in many groups, with the 
bias for Sauropoda (13 postcranial verus 4 craniodental) being the most striking.  

6. Our results demonstrate clearly that phylogenies of dinosaurs inferred from 
craniodental and postcranial characters differ significantly much more often than 
expected. We therefore make the straightforward recommendation that characters 
should be sampled as broadly as possible from across all body regions. This accords 
with the theoretical principle of total evidence (Kluge, 1989; Gatesy et al., 1999; 
Gatesy and Arctander, 2000), as well as our empirical findings for tetrapods in 
general (Mounce et al., 2016) and mammals in particular (Sansom and Wills, 2017). 
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2.8. Appendix 

 

Table S2.1. Summary of all partition tests and statistics for all 81 partitioned data sets. IRD 
tests are based either upon the mean tree-to-tree distances between nearest neighbours 
(NND) or the distance between majority rule (plus compatible grouping) trees (MR). The 
tree-to-tree distance metric used is either the Robinson Foulds (symmetrical difference) 
distance (RF) or the Matching distance (Match). CI and RI refer to ensemble consistency 
and retention indices respectively. “Craniodental or postcranial most similar to entire” 
indicates which mean nearest neighbour matching distance (across multiple trees, then 
across 100 resamplings) between a partition and the entire matrix was smaller (more 
similar). “Craniodental or postcranial p-value” reports the result of a Wilcoxon test on the 100 
paired mean (across multiple trees) nearest neighbour matching distances between 
craniodental and postcranial subsamples and the entire matrix. Theropoda refs 1-29; 
Sauropodomorpha refs 30-46; Cerapoda refs 47-52; Ornithopoda refs 53-67; Thyreophora 
refs 68-81. 
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Fig S2.1. Example tanglegrams for two groups of Saurischia. All trees are majority rule 
trees, plus compatible groupings. We do not necessarily recommend the use of majority rule 
trees in calculating IRD statistics (although we summarise these IRDMR calculations in 
Tables 1 and 2), because they can be far from the centroid of tree space (Mounce et al., 
2016). Rather, we advocate the use of mean distances between nearest neighbours in the 
two sets of trees for comparison. The left hand tree in each panel is derived from 
craniodental characters, while the right hand tree is derived from postcranial characters. 
Circled internal nodes are those present in one tree but not the other, and are tallied to give 
the Robinson Foulds (RF) or symmetrical difference distance (Robinson and Foulds, 1981). 
A. Tanglegram for Theropoda using data from Tortosa et al., (2014). (ILD p=0.017; 
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IRDNND+RF p=0.01; IRDNND+Matching p=0.01; IRDMR+RF p=0.01; IRDMR+Matching p=0.01). B. 
Tanglegram for Sauropoda using data from Gorscak et al., 2014. (ILD p=0.074; IRDNND+RF 
p=0.02; IRDNND+Matching p=0.02; IRDMR+RF p=0.02; IRDMR+Matching p=0.01). 

 

 

 
Fig S2.2. Example tanglegrams for two groups of Ornithischia. All trees are majority rule 
trees, plus compatible groupings. We do not necessarily recommend the use of majority rule 
trees in calculating IRD statistics (although we summarise these IRDMR calculations in 
Tables 1 and 2), because they can be far from the centroid of tree space (Mounce et al., 
2016). Rather, we advocate the use of mean distances between nearest neighbours in the 
two sets of trees for comparison. The left hand tree in each panel is derived from 
craniodental characters, while the right hand tree is derived from postcranial characters. 
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Circled internal nodes are those present in one tree but not the other, and are tallied to give 
the Robinson Foulds (RF) or symmetrical difference distance (Robinson and Foulds, 1981). 
A. Tanglegram for Ceratopsia using data from Evans and Ryan,(2015). (ILD p=0.078; 
IRDNND+RF p=0.04; IRDNND+Matching p=0.01; IRDMR+RF p=0.03; IRDMR+Matching p=0.01). B. 
Tanglegram for Hadrosaurida using data from Prieto and Marquez, 2014. (ILD p=0.088; 
IRDNND+RF p=0.34; IRDNND+Matching p=0.12; IRDMR+RF p=0.83; IRDMR+Matching p=0.37). 
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Chapter 3. Stratigraphic congruence as an 
ancillary test of cladogram accuracy in 
dinosaurs.  
 

3.1. Summary 
In Chapter 3, I variously use stratigraphic congruence as an ancillary criterion to choose 
between the trees inferred from data partitions in Chapter 2. The new test for consilience 
with trees inferred from the entire dataset (developed in Chapter 2) is effectively a test of 
internal consistency, whereas stratigraphic congruence uses a qualitatively different type of 
data (namely, first occurrence dates), and one that is not typically used in order to infer 
trees. This therefore avoids any charge of circularity. In neontological analyses, alternative 
morphological trees (either from different data partitions, inferred using different optimality 
criteria, or equally optimal trees from the same data) can be assessed for their congruence 
with molecular trees. This approach has been developed very effectively in a series of 
papers by other authors (Sansom et al., 2010; Sansom, 2015; Sansom et al., 2017), and I 
explore it briefly in Chapter 4. For entirely extinct groups, however, there is no possibility of 
using molecular trees as an independent benchmark. Wholly extinct groups are, however, 
especially well-suited to analysing in the context of stratigraphic congruence, since all fossil 
lineages (by definition) have a first and last fossil occurrence. The number of lineages with 
no fossil record has been identified as a potentially conflating and biasing factor in previous 
analyses of the stratigraphic congruence of trees comprising both fossil and extant taxa 
(O’Connor and Wills, 2016). This, coupled with the intensive study of dinosaurs and their 
fossil record make the group particularly well-suited to stratigraphic congruence analysis.  

Previous analyses of 81 independent trees of non-avian dinosaurs demonstrated that their 
stratigraphic congruence is high overall (Wills et al., 2008), and certainly in comparison with 
other groups of vertebrates and invertebrates. A high-level of stratigraphic congruence 
overall is a prerequisite for the use of such congruence in order to choose between 
alternative trees. Congruence would not be used in cases where the sequence of 
stratigraphic branching and fossil first occurrence dates are markedly at odds. For example, 
such incongruence appears to pertain in many groups of arthropods (Wills 1998; Wills 
2009), where the least derived and earliest branching lineages often tend to have the lowest 
preservation potential, such that the first fossil occurrences tend to be for the most highly 
derived and most heavily-mineralised lineages. More generally, good stratigraphic 
congruence can be regarded as a minimum prerequisite for the use of those same dates for 
time calibrating phylogenies. Time calibrated trees are essential for a host of clock analyses 
(Wills et al., 2008, Boyd et al, 2011, Clarke and Boyd, 2014), as well as those that seek to 
determine the timing of rate shifts (Puttick et al, 2014, Bapst, 2014).  

In Chapter 3, I use the Stratigraphic consistency (SCI) (Huelsenbeck, 1994), the modified 
Manhattan stratigraphic measure (MSM*) (Siddall, 1998; Pol and Norell, 2001), the Gap 
excess ratio (GER) (Wills, 1999), and the modified Gap excess ratio (GER*) (Wills et al., 
2008) to test the stratigraphic congruence of our much larger sample of 81 non-avian 
dinosaur trees, and compare this with previously compiled compendia for other groups 
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(O’Connor and Wills, 2016). We demonstrate that dinosaur phylogenies do, indeed, have 
exceptionally high stratigraphic congruence. We then ask whether trees inferred from 
craniodental or postcranial characters tend to have superior congruence. These results 
mirror our findings from the bootstrapping test of internal consistency. While no partition 
produces trees that are superior overall, we find that subclades in which craniodental trees 
are preferred by our bootstrapping “total evidence” test are also those with higher 
stratigraphic congruence (and vice versa).  

 
3.2.  Introduction 

The evolutionary biologists J B S Haldane produced a series of seminal papers in the 1920s 
and 30s (Haldane, 1931), which developed the quantitative genetic underpinnings of the 
Modern Synthesis or neo-Darwinism (Lamm, 2010). This synthesis of genetics, 
mathematical biology and palaeontology revitalised Darwinism, and demonstrated the 
mechanisms behind natural selection that had hitherto been lacking. When asked what could 
challenge his belief in evolution, Haldane is reputed to have replied that finding a fossilised 
rabbit in Pre-Cambrian strata would be sufficient refutation (Smith, 2003).  

It has long been apparent that there is a succession of increasingly complex or derived 
organisms in the fossil record, with periods of elevated biotic turnover corresponding to the 
boundaries between stratigraphic intervals. Crown group mammals, and rabbits in particular, 
are relative late-comers in this succession (the earliest fossil lagomorph – the sister group to 
rodents, and the group to which rabbits belong – dates from around 53 Mys (Rose et al., 
2008)). The first formal evolutionary trees inferred by Ersnt Haeckel and others (Haeckel, 
1868) also recognised a progression of increasingly complex and derived forms, with 
mammals being internested high in this structure. While Haeckel’s representations 
preserved older and flawed echoes of the scala naturae (Demos and Lovejoy, 1937), many 
branches of his trees are retained by modern morphological and phylogenenomic analyses 
(Watts et al., 2019).  Hence, the broad consilience between the order in which groups 
branch within phylogenetic trees, and the order in which they first appear in the fossil record 
has long been recognised. For example, the oldest metazoan fossils are sponges (Müller et 
al, 2007), followed by cnidarians (Robson, 1976) and ctenophores (Haddock, 2004), and 
these are also the most basal branches from the metazoan tree, even though the precise 
order of the latter two groups is uncertain (Raff and Raff, 1970).   

 In general, therefore, phylogenetic branching order and the order of first fossil 
occurrences correlate (Donoghue and Yang, 2016). Additionally, phylogenetic trees tend to 
be inferred without reference to stratigraphic data (Norell, 1995), although trees are routinely 
time-calibrated using fossil first occurrence dates and probabilistic estimates of the error 
bars around these first occurrences (Brown and Smith, 2017). The independence between 
trees per se (inferred from the distributions of morphological and/or molecular character 
states across taxa) and the temporal distributions of fossils means that one can be used as a 
test of the veracity of the other. This has been approached in several ways (O’Connor and 
Wills, 2016).  

Without making any judgements concerning the primacy of either, Norell and 
Novacek (1992) used the typically significant Spearman rank correlation between fossil first 
occurrence dates and branching order for pectinate (frequently pruned) trees of non-avian 
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dinosaurs to argue that both were reciprocally supportive, implying both accurate trees and 
high fidelity of the fossil record. Similar arguments have since been made for dinosaurs 
using more sophisticated approaches (Wills et al., 2008).  

Comparisons across higher taxa (O’Connor and Wills, 2016) have revealed 
considerable variation in stratigraphic congruence, with many groups of vertebrates 
(including dinosaurs and mammals) correlating strongly, while others (notably arthropods) 
correlate much less well (and worse than random in some exceptional cases: Wills 1998; 
Wills et al. 2009; Li et al. 2019). This variation is salutary for those using fossil first 
occurrence dates to time-calibrate morphological or molecular trees, since reasonable 
consilience might be seen as a minimum prerequisite. Clades in which the sequence of first 
fossil occurrences for lineages is significantly at odds with the order in which these lineages 
branch from the tree are poor candidates for accurate fossil time calibration (Wills et al., 
2008).  

Other work has assumed primacy for either the veracity of phylogenetic trees or the 
temporal accuracy of fossil first occurrence dates. Most prominently in the first case, Benton 
et al. (2000) used the stratigraphic congruence of cladograms in a modest number of time 
bins in order to make inferences about the gross quality of the fossil record. In particular, 
they argued that the fossil record does not show the expected decline in fidelity with 
increasing age, evidenced by the seemingly uniform pattern of stratigraphic congruence 
through time. It has been noted (Wills, 2007) that the use of cladograms as a putatively 
uniform yardstick against which to infer the relative frequency and extent of ghost ranges in 
the fossil record entails several large assumptions. While it does not assume that all 
cladograms are entirely accurate, it does assume that they are of approximately uniform 
accuracy. If cladograms are of variable accuracy, then this might be expected to be reflected 
in variation in congruence through time. This variation is to be expected, not least because 
the most prominent constituent taxa in the biota change over time (Jablonski and Sepkoski, 
1996), coupled with the observations that the typical stratigraphic congruence of higher taxa 
is highly variable. Time bins containing large numbers of arthropod clades are likely, all other 
things being equal, to have depressed measures of congruence, while bins containing large 
numbers of non-avian dinosaur clades are likely to have higher congruence.  

More commonly, stratigraphy has been used as an ancillary criterion for selecting 
between otherwise equally optimal trees inferred on other grounds (Wills, 1998; Wills et al., 
2009; O'Connor and Zhou, 2013; O'Connor and Wills, 2016). This has particular utility where 
the number of otherwise optimal trees is large, and the resolution that can be obtained from 
any consensus of these is poor. The use of such stratigraphic filters is most defensible when 
there are other reasons to suppose that the integrity of the fossil record is good (O’Connor 
and Wills, 2018), and that the overall level of stratigraphic congruence for trees is high.  

There are a number of other approaches that include stratigraphic data along with 
the information on the distribution of morphological and/or molecular character states across 
taxa in the initial inference of trees (Wagner, 2000; Fisher, 2008; Arregoitia et al., 2013; Lee 
and Yates, 2018; Wagner, 1995). In such approaches, the effective weight ascribed to the 
stratigraphic data is variable, and the most appropriate weighting is therefore debatable 
(Fábián, 2014). Wagner (1995) avoids this nuanced debate by giving absolute primacy 
(maximum weight) to the stratigraphic data, subsequently inferring trees from only those 
putative pairwise sister groups that cannot be rejected on the basis of their probabilistic 
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temporal overlap. Stratigraphic data are therefore an a priori filter for putative relationships 
subsequently selected on the basis of morphology. Hence, possible sister group 
relationships that might be strongly supported by morphological character data are rejected 
synonymously with the hypothesis that the sister groups were contemporaneous. 
Stratigraphic filtering methods avoid the debate regarding incremental weighting by adopting 
the other extreme approach. Morphological and/or molecular character data are used first to 
infer a set of optimal trees, and temporal or stratigraphic data are only used a posteriori (with 
minimal effective weight) to choose between these. This is the approach adopted here.  

Significant stratigraphic congruence is often considered a pre-requisite for other 
analyses and inferences that rely upon accurately time calibrated trees, including studies of 
shifts in evolutionary rates (Puttick, et al, 2014) or trait correlations (Hunt et al, 2015). High 
stratigraphic congruence increases confidence in both the accuracy of the tree and the 
integrity of the dates used to date the tree. Poor congruence is more difficult to interpret, and 
can imply an inaccurate tree, suspect first occurrence dates (a patchy or fragmentary fossil 
record), or both (O’Connor et al., 2016). The most widely used stratigraphic congruence 
indices are the Gap Excess Ratio (GER) (Wills, 1998), the modified Manhattan Stratigraphic 
Measure (MSM*) (Pol and Norell, 2005)  and Stratigraphic Consistency Index (SCI) 
(Huelsenbeck, 1994). The GER has further spawned two additional indices: the topological 
gap excess ratio (GERt) and the modified gap excess ratio (GER*) (Wills et al., 2008). 
However, none of these indices is entirely without limitations, as they are variously 
influenced by tree balance, tree shape, tree size and the distribution of first occurrence (FO) 
dates. A full consideration of these issues is provided by O’Connor et al. (2018).  

Previous studies have demonstrated that trees of dinosaurs have strikingly better 
stratigraphic congruence than most other groups of vertebrates (Wills et al., 2008), and 
certainly better than most invertebrate groups (O’Connor & Wills, 2016). Where stratigraphic 
congruence is high overall, it offers an ancillary criterion for choosing between equally 
optimal or otherwise competing sets of trees, as well as the phylogenetic informativeness of 
the data underpinning them (Huelsenbeck, 1994; Wills, 1998; Chapman et al., 2001; Wills et 
al., 2009; O'Connor and Zhou, 2013; O'Connor and Wills, 2016). Non-avian dinosaurs also 
have the advantage – for this test at least – that they are all extinct and therefore (by 
definition) all have a fossil record (Benton, 2008). In Chapter 2, it was demonstrated that 
trees inferred from craniodental and postcranial characters of dinosaurs are often 
significantly more different (using both tree length and tree shape indices) than would be 
expected from the effects of character sampling. Given these differences, it is reasonable to 
ask which - if either - tree is most consistent with stratigraphy, as an ancillary test of 
accuracy. We therefore suppose that (all other considerations being equal) the more 
stratigraphically congruent tree is the more likely to be correct. We therefore ask three 
related questsions: 

1. Do we find high levels of stratigraphic congruence across our sample of 81 dinosaur 
trees? Previous studies (Mounce et al., 2016; Wills, 2008) have assessed more 
modest samples of clades, selected to avoid all overlap between their constituent 
taxa. Here, we relax these criteria (We initially included 104 matrices, but these were 
further checked for overlap since systematists often repurpose data or otherwise add 
modest numbers of novel taxa and sometimes characters to existing studies, details 
were described in Chapter 2). 
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2. Does the stratigraphic consistency of trees inferred from craniodental and postcranial 
character data differ, and are the trees with greatest stratigraphic consistency also 
the most similar to “total evidence” trees derived from sampling across all 
morphological characters? 

3. Are the findings in “2” impervious to potential sources of bias and factors that are 
unequally distributed across the taxonomic groups. In particular, tree balance (shape) 
and tree resolution can differ for the trees inferred from partitions of the same data 
set. In addition, we also explore the effects of parameters that vary across data sets. 
These include tree size (the number of terminals), and the number and temporal 
distribution of first occurrence dates. These have all been demonstrated to influence 
the null distribution of possible congruence indices.  

 

3.3. Method & Materials 
3.3.1. Datasets 

All dinosaur matrices and trees utilised here were derived from those collated in Chapter 2. 
Briefly, these comprised 81 matrices across all major dinosaur taxa, each yielding sets of 
most parsimonious trees for both craniodental and postcranial characters. These were 
compared with a broad empirical sample of dated trees from O'Connor and Wills (2016). 
From an initial sample of 647, 77 were excluded (leaving a residual of 570) as they 
contained a mixture of tetrapods and dinosaurs.  

3.3.2. Indices of stratigraphic congruence 

We calculated the GER (Wills, 1999), MSM* (Siddall, 1998; Pol and Norell, 2001) and SCI 
(Huelsenbeck, 1994) for all of the most parsimonious trees from each partition (craniodental 
or postcranial) of each data set. However, all three indices are biased by tree balance, 
amongst other factors (Hitchin and Benton, 1997). In addition, therefore, we calculated the 
GER* (Wills et al., 2008) based upon 10,000 random reassignments of stratigraphic range 
data to each tree. This is less sensitive to a number of potentially biasing factors (O'Connor 
et al., 2011; O'Connor and Wills, 2016), and is therefore our preferred index. Indices are 
calculated as follows. 

1. Gap Excess Ratio (GER). This index is derived from the scaled sum of ghost ranges 
subtended between sister taxa. A ghost range is inferred wherever the first fossil occurrence 
date of one lineage is older than its sister lineage, and is equal in duration to the difference 
in age between those sister lineages. The sum of ghost ranges across all branches of a tree 
is the “minimum implied gap” (MIG). This is then scaled between the minimum possible MIG 
(i.e., Gmin) for the same set of first occurrence dates on any tree (corresponding to a GER of 
1.00), and the and maximum possible MIG (i.e., Gmax) for the same set of first occurrence 
dates on any tree (a GER of 0.00) (Fig. 3.1).  
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Fig 3.1. The Gap Excess Ratio scales the sum of cladistically implied ghost ranges or 
“minimum implied gap” (MIG) on the actual tree between the minimum MIG (Gmin) and 
maximum MIG (Gmax)  possible on any tree. In practice Gmin (GER = 1.00) is observed on a 
maximally congruent pectinate tree, and is equivalent to the difference in age between the 
oldest and youngest first occurrence dates. Similarly Gmax (GER = 0.00) is observed on a 
minimally congruent pectinate tree, and is equivalent to the sum of the differences in age 
between the oldest first occurrence date and the first occurrence dates of all the other 
lineages.  

2. The Topological Gap Excess Ratio (GERt) (Wills et al., 2008). This is conceptually and 
computationally analogous to the GER, with the difference being that the MIG observed on 
the actual tree is scaled relative to the minimum (Gtmin) and maximum (Gtmax) ghost ranges 
possible on the observed tree branching structure. These scaling bounds cannot be 
calculated directly, but rather are approximated by randomisation. By definition, the bounds 
are either equal to (in the case of pectinate trees) or within the those prescribed for the GER.  

3. Modified Gap Excess Ratio (GER*) (Wills et al., 2008). The GER* was contrived to 
overcome some of the deficiencies of both the GER and GERt (O’Connor et al., 2016). 
Specifically, it was intended to circumvent empirical biases demonstrated for trees of 
different shapes and for trees with different distributions of first occurrence dates. In 
operational terms, stratigraphic data are randomly reassigned to the tips of the tree a large 
number of times, and MIG values are calculated for each of these randomisations to yield a 
distribution. GER* is then approximated as the fraction of randomised MIG values greater 
than the MIG value observed for the original and actual distribution of first occurrence dates 
across the tree. Like the GER and GERt, the GER* is scaled between zero and one, with 
zero being the least stratigraphically congruent and one being the most.  
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Fig 3.2. The GER* is derived from the distribution of possible MIG values inferred when first 
occurrence dates are randomly reassigned across the tips of the tree. GER* is given by the 
fraction of these randomised MIG values that are greater than the original MIG value.  

4. The modified Manhattan Stratigraphic Measure (MSM*) can be derived by optimizing an 
irreversible Sankoff character coding first fossil occurrences onto a tree topology (Siddall, 
1998). The MSM* is then given by the minimum possible number of steps implied by this 
stratigraphic character on any tree divided by the number of steps implied by the character 
on the actual tree. It will be appreciated that this is equivalent to Gmin/MIG, and as such the 
MSM* can be regarded as an alternative scaling of the GER with no upper bound.  

 

Fig 3.3. The MSM* is equivalent to the minimum possible MIG on any tree, divided by the 
MIG observed on the actual tree.  

Stratigraphic Consistency Index (SCI) (Huelsenbeck, 1994). Unlike the GER, GERt, GER* 
and MSM*, the SCI Is not calculated from inferred ghost ranges, variously scaled, but rather 
from the fraction of internal nodes in a tree that are stratigraphically consistent. An internal 
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node is deemed to be stratigraphically consistent if its sister node is as old or older. The SCI 
is then given as the number of consistent nodes divided by the number of internal nodes. It 
will be appreciated that when all first occurrence dates are different, then the sister node of a 
congruent node will inevitably be incongruent, and vice versa. It will also be understood from 
this that fully balanced trees (i.e., trees in which the number of terminal taxa subtended 
either side of each bifurcation is equal) and in which all first occurrence dates are different 
will inevitably have SCI = 0.500. Hence, tree balance is a strong potential biasing factor for 
the SCI (Wills, 1998; O’Connor et al., 2016). Indeed, SCI = 0.000 and SCI = 1.000 are often 
only possible on fully pectinate and fully imbalanced trees.  

 

Fig 3.4. SCI is given as the fraction of internal nodes that stratigraphically consistent.  

 

3.3.3. Independent Variables  

We introduce the following parameters that had been investigated either logically or 
empirically (O’Connor et al., 2016). The first four parameters are intrinsic to the temporal 
distribution of first occurrence dates, which will be the same for any tree (optimal or 
otherwise) derived from that data set. These include the range of first occurrence (FO) dates 
(as a proxy for the temporal extent of the tree), the centre of gravity of the first occurrence 
dates (whether concentrated towards the origins of the clade, towards its demise, or 
otherwise), and the gap variability (as a proxy for the evenness of the distribution of first 
occurrence dates though time), and the mean first occurrence date acts as a proxy for the 
age of the phylogeny in absolute time. The three remaining parameters are variables that 
intrinsic to the tree topology. Of these, the first – the number of terminal taxa – is (similar to 
the four stratigraphic correlates above) invariant for all trees derived from the same data set. 
The remaining two often differ for alternative trees: tree balance (as a proxy for tree shape) 
and tree resolution.   

1. The range of FO dates (i.e., oldest minus youngest) is a proxy for the temporal 
duration of the phylogeny. Multiple studies have demonstrated a positive 
correlation between the range of FO and indices of stratigraphic congruence 
(Hitchin and Benton, 1997, Benton et al, 1999, Wills, 1999).  

2. The gap variability (FO date variability) is a proxy for the variability of 
preservation rate. It is calculated as: 

𝐺𝐺𝐺𝐺𝐺𝐺 𝑣𝑣𝐺𝐺𝑣𝑣𝑣𝑣𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 =
𝑆𝑆𝑣𝑣𝐺𝐺𝑆𝑆𝑆𝑆𝐺𝐺𝑣𝑣𝑆𝑆 𝑆𝑆𝑑𝑑𝑣𝑣𝑣𝑣𝐺𝐺𝑣𝑣𝑣𝑣𝑑𝑑𝑆𝑆 𝑑𝑑𝑜𝑜 𝑔𝑔𝐺𝐺𝐺𝐺 𝑠𝑠𝑣𝑣𝑠𝑠𝑑𝑑𝑠𝑠

𝑣𝑣𝐺𝐺𝑆𝑆𝑔𝑔𝑑𝑑 𝑑𝑑𝑜𝑜 𝑔𝑔𝐺𝐺𝐺𝐺 𝑠𝑠𝑣𝑣𝑠𝑠𝑑𝑑𝑠𝑠
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3. The centre of gravity of FO dates is a proxy for the concentration (or otherwise) of 
FO dates at either extreme of the duration of a clade. The original centre of 
gravity (CG) is given by the formula below (Gould et al, 1987): 

𝐶𝐶𝐺𝐺 =
∑ 𝑁𝑁𝑖𝑖𝑣𝑣𝑖𝑖𝑛𝑛
𝑖𝑖=1
∑ 𝑁𝑁𝑖𝑖𝑛𝑛
𝑖𝑖=1

 

Where the Ni is the number of FOs in ith interval that observed, ti is the age of ith 
interval. The CG calculated in this manner is then used within the formula:  

𝐶𝐶𝐺𝐺 𝑑𝑑𝑜𝑜 𝐹𝐹𝐹𝐹 𝐷𝐷𝐺𝐺𝑣𝑣𝑑𝑑𝑠𝑠 =
𝐹𝐹𝐹𝐹𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 − 𝐶𝐶𝐺𝐺

𝐹𝐹𝐹𝐹𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 − 𝐹𝐹𝐹𝐹𝑦𝑦𝑜𝑜𝑦𝑦𝑛𝑛𝑦𝑦𝑜𝑜𝑜𝑜𝑜𝑜
 

Where FOoldest and FOyoungest are the oldest and youngest first occurrence dates 
respectively. When CG of FO dates  <0.5, there are more rapid and earlier 
radiating branches (Hughes et al, 2013). In contrast, CG of FO dates >0.5 
indicates slower and later divergences. 

4. The mean first occurrence (FO) date for all terminals is a proxy for the age of the 
tree and data set.   

5. The number of taxa within each data set is a direct tally of the number of 
terminals.  

6. Colless’ index (CI, Colless, 1982) was used to quantify tree balance. It scales 
from 0.000 (maximally balanced, in which every internal bifurcation subtends an 
equal number of terminals above it) and 1.000 (maximally imbalanced or 
pecinate). CI is widely used in simulation studies(Heard, 1992, Kirkpatrick, 1993, 
Agapow, 2002). 

7. Tree resolution (Schindel, 1982) is given by: 

 

𝑅𝑅𝑑𝑑𝑠𝑠𝑑𝑑𝑣𝑣𝑅𝑅𝑣𝑣𝑣𝑣𝑑𝑑𝑆𝑆 =
𝑣𝑣𝑆𝑆𝑣𝑣𝑑𝑑𝑣𝑣𝑆𝑆𝐺𝐺𝑣𝑣 𝑆𝑆𝑑𝑑𝑆𝑆𝑑𝑑𝑠𝑠

𝑆𝑆𝑅𝑅𝑢𝑢𝑣𝑣𝑑𝑑𝑣𝑣 𝑑𝑑𝑜𝑜 𝑣𝑣𝑑𝑑𝑣𝑣𝑢𝑢𝑣𝑣𝑆𝑆𝐺𝐺𝑣𝑣𝑠𝑠 − 2
∗ 100 

 

3.4. Results 

 
3.4.1. The stratigraphic congruence of dinosaur trees compares favourably with that 

of other groups 

Distributions of stratigraphic congruence indices across higher taxonomic groups are 
illustrated in Figure 3.5.  The data for non-dinosaurian groups is derived from the analyses of 
O’Connor et al. (2016), while all dinosaurian trees were removed. For dinosaurs, we 
analysed the trees from each partition separately, yielding a craniodental and postcranial 
value. The figures and tabulated values are the means of these pairs of values for each 
index. The comparison is made in this manner since the objective is ultimately to compare 
stratigraphic congruence for trees from partitions of the dinosaur matrices. All other things 
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being equal, trees from partitioned data sets are likely to have lower ratios of characters to 
taxa, which is also likely to yield less well-supported trees with lower resolution. The Ghosts 
script resolved polytomies against stratigraphic order (Wills, 1998), such that a completely 
unresolved tree would be regarded as having minimal stratigraphic congruence. Partitioning 
therefore has the potential to depress all indices of congruence as calculated here. Since 
these “partitioned” trees are those that we seek to compare, we first assessed whether their 
stratigraphic congruence is comparable or superior to that observed in other taxa.  

We also tested the nulls that the median values for these indices are uniform across these 
same groups using a series of Kruskal-Wallis tests (Table 3.1). While Dunn test reveals that 
except GER* and SCI, other stratigraphic variables are all significantly different (Table 3.2). 
In each case, these nulls were rejected with p ≤ 1.34E-07, leaving the alternative that at 
least two of the medians for each index were not equal.  Our preferred index of congruence 
is the GER*, since this partially controls for differences in tree balance and resolution (the 
two potentially conflating factors that can differ between trees inferred from partitions of the 
same matrix). In practice, patterns for the GER* and GER were closely similar (p = 1.00, 
Table S3.1). Both indicate relatively high and favorable congruence for our partitioned trees 
of dinosaurs relative to trees of other taxonomic groups. The pattern for the MSM* is rather 
different, with comparatively low values for dinosaurs. This reflects the different scaling for 
the MSM* relative to the GER (and GER*), with Gmin values being a smaller fraction of MIG 
values for many dinosaur trees compared with the trees of other groups. Similar pattern 
occurred in O’Connor and Wills (2016). The SCI for dinosaur trees also appears to be low 
relative to that for other higher taxa. Which indicating the summed ghost ranges in dinosaur 
trees are relatively higher. Despite these differences in the scaling of the MSM* and the logic 
underpinning the SCI, dinosaur trees nevertheless have values comparable to those for 
many other taxa. Only echinoderms, fishes and plants fare better according to the MSM*, 
while only echinoderms are superior for the SCI.  We also produced models of all three 
indices relative to tree balance and relative to resolution (Fig 3.5). Removing the effects of 
both of these potentially conflating variables renders residuals that show no differences 
among higher taxa. 

Kruskal-Wallis tests revealed significant differences in all congruence indices (GER, GER*, 
MSM*, SCI) as well as Colless’ index and resolution when applied across all taxonomic 
groups (Table 3.1). When applied to the dichotomy between dinosaur and all other data sets 
(effectively a Mann-Whitney test), significant differences were flagged for the GER, MSM* 
and resolution. Post-hoc Dunn tests between all seven taxonomic subdivisions revealed the 
sources of the significant Kruskal-Wallis results (Table S3.3 – Table S3.8). For the GER, 
dinosaurs differed significantly from all other groups except the Echinodermata (Table S3.3). 
For the GER*, by contrast, there were no significant differences between dinosaurs and any 
other groups (Table S3.4) (with the overall significant Kruskal-Wallis test resulting from 
differences between non-dinosaur groups). The more homogenous GER* distributions 
relative to the GER reflect the lower sensitivity to various potential sources of bias in the 
former index (O’Connor and Wills, 2016), notably the distribution of first occurrence dates 
and the balance of trees. For the MSM*, there were significant differences between 
dinosaurs and each of echinoderms, fishes, and plants (Table S3.5), while for the SCI there 
were no significant differences in medians between dinosaurs and any other groups (Table 
S3.6). Colless’ index had significant differences between dinosaurs and Mollusca (Table 
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S3.7), while in terms of percentage of resolution, only arthropods and fishes had significantly 
different medians (Table S3.8). 

 

Kruskal-Wallis test Mann-Whitney test 
Congruence among each group Congruence of Dinosaur vs. other groups 

Parameter X2 p-value Parameter X2 p-value 
GER 124.42 2.2e-16 GER 34.5 4.185e-09 
GER* 61.675 2.054e-11 GER* 0.938 0.3328 
MSM* 133.06 2.2e-16 MSM* 15.4 8.909e-05 
SCI 42.701 1.336e-07 SCI 0.21 0.6465 
Colless’ index 67.929 1.086e-12 Colless’ index 0.80955 0.3683 
% Resolution 74.796 4.229e-14 % Resolution 9.0439 0.002636 

 

Table 3.1. Results from Kruskal-Wallis tests of median congruence across higher taxa. 
There are significant differences in all indices of stratigraphic congruence across higher 
taxonomic groups. Kruskal-Wallis values associated with df=6 in all cases.  

We illustrate distributions of Colless’s index, tree resolution and gap variability across major 
dinosaur and other groups in Fig 3.6. These indices were highlighted because of their 
differences across craniodental and postcranial trees of dinosaurs, and because of their 
empirical significance (especially the gap variability in the work of O’Connor and Wills, 
2016).  Overall, we found no significant differences between dinosaur clades and other 
taxonomic groups (Colless’ index, p = 0.145; Gap variability, p = 0.45; Resolution: p = 0.89).  

Trees of dinosaurs tend to be neither particularly balanced nor imbalanced, with Colless’ 
indices predominantly in the range 0.25 – 0.75. Dinosaurs also show a much narrower 
spread of balance values. Imbalance tends to have a depressive effect on the GER and 
MSM*. Median gap variabililty is higher within dinosaur groups than in many other groups, 
which implies that dinosaurs have a less regular and even spacing of FO dates. This tends 
to have a depressive effect upon congruence indices, although we observe high levels in 
dinosaurs despite this.  
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Fig 3.5. Box and whisker plots of stratigraphic congruence (GER, GER*. MSM* and SCI) for 
non-Avian dinosaurs and other tetrapods, in addition to their residual values from models 
with (individually) Colless’ index and resolution. Dinosaurs are highlighted in the red 
rectangle. Median values are indicated by black bars in the middle of distributions. Outliers 
are shown as dots. (A). Distribution of stratigraphic congruence indices across higher taxa 
and paraphyla. (B). Residuals from Colless’ index. (C). Residuals from resolution. 
(Silhouettes from O’Connor et al., 2016 and drawing by the author of this thesis). 
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Fig 3.6. Box and whisker plots for Colless’ index (tree balance), resolution (%) and gap 
variability for the major orders of non-Avian dinosaurs (five groups from this study) and other 
higher taxonomic groups (from the data of O’Connor et al., 2016).  
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3.4.2. Congruence indices modelled varies as factors to all independent variables 

3.4.2.1. Bivariate relationships 

As another exploratory tool, we calculated Kendall’s Tau correlation between each of the 
stratigraphic indices (GER, GER*, MSM*, SCI) and each of the potentially confounding 
factors listed in section 3.2.3. (Colless’ index and resolution were tested in craniodental and 
postcranial partitions in Fig 3.7 and Fig 3.8, and the correlations with the five independent 
variables are illustrated in Fig 3.9). The GER and GER* are both significantly and positively 
correlated with first occurrence centre of gravity (FO CG) (GER: p < 0.01, GER*: p < 0.01). 
Hence, where the first occurrence (FO) dates have a higher centre of gravity (with FO dates 
concentrated closer to the youngest FO) there tends to be a higher GER and GER*. For SCI, 
both mean age of FO and range of FO showed significant negative correlation (mean age of 
FO, p = 0.01; range of FO: p < 0.01). An increase in congruence with the extension of FO 
range has been reported elsewhere (Wills, 1999; O’Connor et al., 2016) and is consistent 
with the idea that congruence will increase with higher temporal resolution. Trees with longer 
temporal duration are more likely to preserve fossils of lineages in the correct temporal 
order. While we see this pattern for the GER and GER* as expected, but our results for the 
SCI appear to show the opposite pattern. The decrease in SCI with the mean age of FO 
dates suggests that older trees have lower congruence. This is consistent with expectations 
in so far as an older fossil record is more likely to be more fragmentary and open to 
misinterpretation (Benton et al., 1999). However, a simple pattern of this kind has not been 
reported for large empirical studies (Benton et al., 2000), and certainly not in the interval of 
the Triassic to Cretaceous considered here (Wille, 2007). Another congurence index that 
showed significant negative correlation to the number of taxa is MSM*, which strongly biased 
in tree size (p < 0.01). 
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Fig 3.7. The effect of tree balance (CI) on stratigraphic congruence for craniodental and 
postcranial trees. Kendall’s tau (T) and p values for cranial and postcranial trees are shown 
below each plot. 
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Fig 3.8. The effect of tree balance (CI) on stratigraphic congruence in craniodental and 
postcranial trees. Kendall’s tau (T) and p values for cranial and postcranial are shown below 
each plot. 
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Fig 3.9. Scatterplots and correlations of the five independent variables (gap variability, mean 
age of FO, FO CG, range of FO, and numbers of taxa) against indices of stratigraphic 
congruence (GER, GER*, MSM* and SCI). Kendall’s coefficients T and p values are shown 
below each plot.  

3.4.2.2. General linear models. 

All four indices were modelled in terms of the seven potentially confounding factors 
described in Table 3.3.  For the GER and GER* there were significant effects from the range 
of FO, first occurence CG and gap variability. In addition, the GER* was also influenced by 
the number of taxa (p = 0.02). MSM* showed significant correlation with the number of taxa 
(p < 0.01), tree balance (p < 0.01), and resolution (p < 0.01). Finally, SCI was significantly 
related with resolution (p = 0.05), range of FO (p < 0.01) and mean age of FO (p = 0.03). 
The models showed broadly similar results to O'Connor and Wills (2016). The proportion of 
deviance explained is a simple proxy for the extent to which each index is susceptible to 
sources of bias. For the models without interactions, deviance was lowest for SCI (17.3%), 
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with the highest values for the GER (58.9%).  The GER* is the least biased index based 
upon the durations of ghost ranges rather than on nodal consistency.  

 

Parameter  GER GER* MSM* SCI 
Number of taxa p-value 0.56 0.02 0.00 0.95 

 cor 0.0008 0.0047 -0.005 -0.00007 
Colless’ index (CI) p-value 0.55 0.24 0.00 0.79 

 cor 0.093 -0.2505 0.4014 -0.0355 
Percentage resolution p-value 0.88 0.39 0.00 0.05 

 cor -0.0002 0.0015 -0.0045 0.0021 
Range of FO p-value 0.00 0.00 0.38 0.00 

 cor 0.0011 0.0017 -0.0003 -0.001 
Mean age of FO p-value 0.94 0.16 0.18 0.03 

 cor 0.00005 0.0011 -0.0007 -0.001 
Gap variability p-value 0.00 0.00 0.60 0.61 

 cor -2 -1.9124 -0.1837 0.167 
FO CG p-value 0.00 0.00 0.99 0.23 

 cor 0.7612 0.825 -0.0013 -0.1466 
Proportion of deviance explained (%)  58.9 30.3 45.4 17.3 

 

Table 3.3. Summary results from general linear models (GLM) of stratigraphic congruence 
indices in terms of potentially conflating independent variables. Cells with white backgrounds 
have significant parameter values, while those with grey backgrounds have non-significant 
parameter values. 

3.4.3. There is no difference in the stratigraphic congruence of trees inferred from 
craniodental or postcranial data, with the exception of Sauropodomorpha. 

We present indices of stratigraphic congruence for cranial and postcranial partitions of all 81 
data matrices (162 partitions) in Table 3.4 (Chapter 2). Across all matrices, we observed no 
significant differences in stratigraphic congruence for trees inferred from cranial versus 
postcranial data, whether using the GER* (craniodental x̃ = 0.879, postcranial x̃ = 0.942, V = 
2009, p = 0.101), GER (craniodental x̃ = 0.781, postcranial x̃ = 0.804, Wilcoxon V = 1739, p 
= 0.570), MSM* (craniodental x̃ = 0.320, postcranial x̃ = 0.312, V = 1665, p = 0.831), or SCI 
(craniodental x ̃= 0.500, postcranial x̃ = 0.538, V = 1980, p = 0.133) (Table 3). We note that 
all indices are influenced by a number of undesirable factors (Siddall, 1996; Siddall, 1997; 
Pol et al., 2004) (Table 3.3). The GER* is our preferred index of congruence derived from 
the durations of ghost ranges rather than nodal consitency, since it is less influenced by 
such biases (O'Connor and Wills, 2016). Hence, while postcranial character partitions are 
more congruent than craniodental partitions overall according to all indices except the 
MSM*, none of these differences is significant. 
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  Craniodental characters  Postcranial characters 

Refer
ence Group GE

R* 
GE
R 

MS
M* 

SC
I 

MP
Ts 

Colless 
Index 

% 
Resolut

ion 
 GE

R* 
GE
R 

MS
M* 

SC
I 

MP
Ts 

Colless 
Index 

% 
Resolut

ion 
                 

Allain 
et al. 
2012 

Theropoda 0.9
300 

0.7
886 

0.3
679 

0.6
429 7 0.2632 94.44  0.4

667 
0.7
722 

0.3
517 

0.4
528 20 0.2754 94.44 

Araujo 
et al. 
2013 

Theropoda 0.8
463 

0.7
706 

0.3
275 

0.5
000 3 0.4032 95.00  0.9

883 
0.8
061 

0.3
653 

0.6
300 5 0.4448 95.00 

Brusat
te & 

Benso
n 2013 

Theropoda 0.9
954 

0.7
409 

0.1
561 

0.5
676 

100
00 0.2504 98.15  0.9

999 
0.7
579 

0.1
651 

0.6
062 30 0.3505 98.15 

Brusat
te et 
al. 

2014 
Theropoda 0.2

562 
0.8
137 

0.4
021 

0.3
750 1 0.6324 93.75  0.4

040 
0.5
610 

0.2
610 

0.3
620 93 0.7189 93.75 

Canale 
et al. 
2015 

Theropoda 0.8
760 

0.7
811 

0.3
605 

0.3
995 31 0.6682 92.31  0.3

121 
0.7
529 

0.3
352 

0.3
195 

100
00 0.4256 91.11 

Cau et 
al. 

2012 
Theropoda 0.5

783 
0.7
354 

0.2
048 

0.4
815 4 0.2619 96.30  0.9

996 
0.8
054 

0.2
604 

0.6
074 10 0.2616 96.30 

Choini
ere et 

al. 
2014 

Theropoda 0.9
872 

0.7
514 

0.1
008 

0.4
811 

100
00 0.4162 98.09  0.9

989 
0.7
722 

0.1
087 

0.5
376 

100
00 0.2938 98.18 

Evers 
et al. 
2015 

Theropoda 0.9
395 

0.7
784 

0.2
626 

0.5
332 298 0.2736 96.15  0.9

976 
0.8
549 

0.3
512 

0.5
983 9 0.3922 96.15 

Eddy 
& 

Clarke 
2011 

Theropoda 0.6
156 

0.8
476 

0.4
889 

0.3
000 1 0.5636 90.00  0.9

946 
0.8
737 

0.5
357 

0.6
000 2 0.4818 90.00 

Fanti 
et al. 
2012 

Theropoda 0.9
979 

0.9
120 

0.4
686 

0.7
556 27 0.7577 92.35  0.9

421 
0.8
274 

0.3
172 

0.6
738 319 0.4975 92.64 

Farke 
& 

Sertic
h 2013 

Theropoda 0.5
188 

0.5
713 

0.1
649 

0.3
428 

100
00 0.6505 93.10  0.5

245 
0.5
606 

0.1
615 

0.3
141 

100
00 0.6964 93.15 

Foth et 
al. 

2014 
Theropoda 0.8

527 
0.6
700 

0.1
330 

0.4
133 

896
0 0.3470 97.79  0.6

564 
0.6
347 

0.1
216 

0.3
777 168 0.4762 94.89 

Godefr
oit et 

al. 
2013 

Theropoda 0.9
917 

0.7
478 

0.2
036 

0.5
867 12 0.2713 96.00  0.8

590 
0.7
190 

0.1
873 

0.4
565 34 0.4812 96.00 

Hu et 
al. 

2015 
Theropoda 0.5

016 
0.6
096 

0.3
010 

0.3
589 

100
00 0.5703 94.17  0.9

348 
0.7
618 

0.4
123 

0.5
200 2 0.4585 96.00 

Laman
na et 

al. 
2014 

Theropoda 0.9
998 

0.9
082 

0.3
804 

0.7
569 319 0.5721 93.39  0.9

938 
0.8
823 

0.3
267 

0.6
507 

100
00 0.4860 95.00 

Lee et 
al. 

2014* 
Theropoda 0.8

564 
0.7
241 

0.3
583 

0.4
239 

100
00 0.3771 85.03  0.8

439 
0.8
106 

0.4
459 

0.4
630 3 0.4854 94.44 

LiZ et 
al. 

2014 
Theropoda 0.4

862 
0.5
920 

0.3
781 

0.4
048 21 0.4508 92.86  0.1

585 
0.5
443 

0.3
505 

0.2
857 1 0.4762 92.86 

Loewe
n et al. 
2013 

Theropoda 0.9
999 

0.9
073 

0.3
020 

0.6
491 240 0.4114 96.49  0.9

999 
0.9
113 

0.3
119 

0.6
744 

100
00 0.4474 96.89 

Longri
ch et 

al. 
2011 

Theropoda 0.7
887 

0.8
617 

0.4
978 

0.3
882 

877
5 0.6386 88.45  0.9

901 
0.9
327 

0.6
689 

0.5
648 54 0.6910 94.44 

Lu et 
al. 

2014 
Theropoda 0.7

569 
0.8
229 

0.3
536 

0.4
722 2 0.6140 94.44  0.3

169 
0.5
140 

0.1
931 

0.2
978 

294
0 0.7433 94.29 

Novas 
et al. 
2013 

Theropoda 0.7
471 

0.4
602 

0.1
954 

0.5
191 22 0.2787 94.74  0.6

630 
0.5
583 

0.2
282 

0.5
263 1 0.4421 94.74 

Parso
ns & 

Parso
ns 

2015 

Theropoda 0.9
994 

0.7
668 

0.3
027 

0.6
522 1 0.5543 95.65  0.9

989 
0.7
104 

0.2
592 

0.6
779 130 0.4773 92.98 

Porfiri 
et al. 
2014 

Theropoda 0.5
746 

0.6
737 

0.1
427 

0.3
955 32 0.3845 96.55  0.7

584 
0.7
386 

0.1
720 

0.4
943 9 0.1870 96.55 

Sanch
ez-

Herna
ndez & 
Bento
n 2014 

Theropoda 0.9
937 

0.8
724 

0.4
313 

0.6
856 

100
00 0.6375 91.53  0.9

943 
0.8
402 

0.4
161 

0.6
785 

100
00 0.5234 89.74 

Senter 
et al. 
2012 

Theropoda 0.9
240 

0.7
805 

0.2
211 

0.5
663 80 0.2291 94.24  0.9

714 
0.7
992 

0.2
367 

0.6
232 6 0.2657 94.20 
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Tortos
a et al. 
2014 

Theropoda 0.8
291 

0.7
215 

0.2
825 

0.4
161 

120
0 0.6409 92.38  0.7

064 
0.8
131 

0.3
628 

0.3
571 1 0.7333 92.86 

Wang 
et al. 
2015 

Theropoda 0.6
550 

0.6
031 

0.4
259 

0.3
958 63 0.6040 88.57  0.9

983 
0.7
962 

0.5
923 

0.7
833 4 0.5417 93.33 

Zanno 
& 

Makov
icky 
2013 

Theropoda 0.3
718 

0.6
498 

0.1
508 

0.4
376 

991
6 0.3492 96.97  0.7

920 
0.7
480 

0.1
982 

0.4
555 36 0.4190 97.06 

Zhou 
et al. 
2014 

Theropoda 0.5
304 

0.8
346 

0.4
998 

0.4
135 120 0.3547 92.31  0.9

889 
0.9
017 

0.6
249 

0.5
385 1 0.6264 92.31 

DEmic 
2013 

Sauropodo
morpha 

0.3
369 

0.5
762 

0.3
201 

0.4
032 26 0.2499 84.56  0.8

866 
0.8
591 

0.5
848 

0.5
214 3 0.7350 92.31 

Gorsc
ak et 

al. 
2014* 

Sauropodo
morpha 

0.9
753 

0.8
191 

0.3
430 

0.5
488 81 0.4369 93.77  0.9

841 
0.8
259 

0.3
545 

0.5
579 234 0.3817 94.87 

Santuc
ci & 

Arruda
-

Camp
os 

2011 

Sauropodo
morpha 

0.9
337 

0.8
008 

0.4
171 

0.5
228 82 0.4840 92.44  0.9

929 
0.9
017 

0.5
911 

0.6
000 1 0.4667 93.33 

Tscho
pp & 

Mateu
s 2013 

Sauropodo
morpha 

0.7
271 

0.7
350 

0.5
135 

0.6
156 

100
00 0.3858 90.44  0.9

749 
0.7
842 

0.5
629 

0.8
056 12 0.6485 91.67 

Wilson 
& 

Allain 
2015 

Sauropodo
morpha 

0.7
121 

0.5
940 

0.1
819 

0.4
431 

100
00 0.2647 86.96  0.7

521 
0.7
320 

0.2
538 

0.5
077 

379
0 0.2653 95.23 

Carbal
lido & 
Sande
r 2014 

Sauropodo
morpha 

0.3
191 

0.8
737 

0.4
654 

0.3
800 20 0.4305 94.25  0.9

057 
0.8
868 

0.4
928 

0.5
000 1 0.4048 95.00 

Carbal
lido et 

al. 
2015 

Sauropodo
morpha 

0.7
274 

0.7
499 

0.3
301 

0.4
851 46 0.3160 92.93  0.9

003 
0.8
410 

0.4
366 

0.5
313 2 0.4338 93.75 

Fanti 
et al. 
2015* 

Sauropodo
morpha 

0.7
439 

0.6
820 

0.3
815 

0.5
317 

100
00 0.3483 91.07  0.8

590 
0.6
953 

0.3
879 

0.5
694 4 0.5673 94.44 

Lacov
ara et 

al. 
2014 

Sauropodo
morpha 

0.7
143 

0.8
557 

0.4
272 

0.4
313 24 0.4454 93.96  0.7

892 
0.8
821 

0.4
773 

0.4
500 1 0.4381 95.00 

LiL et 
al. 

2014 
Sauropodo

morpha 
0.4
241 

0.8
710 

0.4
731 

0.4
000 20 0.4247 93.95  0.8

335 
0.8
808 

0.4
928 

0.4
737 1 0.4263 94.74 

Manni
on et 

al. 
2013 

Sauropodo
morpha 

0.0
989 

0.5
380 

0.2
888 

0.2
923 

100
00 0.4607 92.21  0.5

648 
0.6
863 

0.3
722 

0.3
750 2 0.4779 93.75 

McPhe
e et al. 
2015 

Sauropodo
morpha 

0.8
792 

0.5
437 

0.1
172 

0.3
895 

100
00 0.5962 94.52  0.9

997 
0.7
160 

0.1
757 

0.5
754 2 0.7234 97.14 

Rauhu
t et al. 
2015 

Sauropodo
morpha 

0.8
928 

0.7
578 

0.2
201 

0.4
155 

100
00 0.5486 94.60  0.9

430 
0.7
839 

0.2
678 

0.5
334 12 0.4828 96.30 

Rubila
r-

Roger
s et al. 
2012 

Sauropodo
morpha 

0.8
445 

0.7
112 

0.2
381 

0.4
112 

100
00 0.4396 91.59  0.9

862 
0.8
833 

0.4
367 

0.5
250 2 0.4357 95.00 

Xing et 
al. 

2015 
Sauropodo

morpha 
0.9
832 

0.7
966 

0.2
672 

0.5
453 

100
00 0.4770 94.84  0.9

979 
0.8
951 

0.4
081 

0.5
385 4 0.5299 96.15 

Pol et 
al. 

2011 
Sauropodo

morpha 
0.9
997 

0.7
701 

0.2
808 

0.6
539 

100
00 0.5747 95.18  0.9

944 
0.7
732 

0.2
827 

0.6
486 45 0.2456 95.56 

Saegu
sa & 
Ikeda 
2014 

Sauropodo
morpha 

0.1
933 

0.6
345 

0.4
492 

0.3
636 26 0.2418 85.31  0.8

450 
0.7
449 

0.5
371 

0.4
545 3 0.7374 87.88 

Evans 
2015 Cerapoda 0.8

631 
0.7
628 

0.2
852 

0.8
523 

300
0 0.5003 83.44  0.8

614 
0.8
137 

0.3
333 

0.8
988 

100
00 0.5668 91.12 

Farke 
et al. 
2011 

Cerapoda 0.9
230 

1.0
000 

0.9
091 

0.6
960 4 0.6795 88.89  0.7

703 
0.6
383 

0.2
003 

0.3
814 

467
1 0.6200 91.49 

Farke 
et al. 
2014 

Cerapoda 0.7
167 

0.8
039 

0.6
632 

0.2
679 3 0.5294 93.75  0.7

229 
0.5
348 

0.2
111 

0.4
583 8 0.5705 87.50 

Han et 
al. 

2015 
Cerapoda 0.7

401 
0.7
106 

0.2
372 

0.4
531 4 0.5294 93.75  0.8

582 
0.9
091 

0.6
960 

0.8
396 108 0.4457 84.09 

Longri
ch 

2011 
Cerapoda 0.3

421 
0.2
500 

0.2
500 

0.8
571 24 0.4710 91.07  0.0

000 
0.0
000 

0.2
000 

0.7
143 

720
9 0.3507 62.68 

Longri
ch 

2014 
Cerapoda 0.0

307 
0.0
000 

0.2
000 

0.8
036 4 0.4905 92.86  0.3

963 
0.0
000 

0.2
000 

0.7
898 

365
6 0.3530 66.26 

Boyd 
2015 

Ornithopo
da 

0.9
197 

0.7
829 

0.1
904 

0.5
104 36 0.2644 96.88  0.6

582 
0.6
559 

0.1
292 

0.4
479 168 0.3969 95.83 
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Boyd 
& 

Pagna
c 

2015* 

Ornithopo
da 

0.9
990 

0.8
694 

0.3
232 

0.6
709 747 0.5751 94.87  0.9

800 
0.8
547 

0.3
004 

0.6
206 409 0.4513 93.85 

Brown 
et al. 
2011 

Ornithopo
da 

0.9
430 

0.7
438 

0.2
813 

0.4
609 27 0.5445 94.44  0.9

824 
0.7
783 

0.3
125 

0.5
486 8 0.5468 94.44 

Evans 
et al. 
2013 

Ornithopo
da 

0.2
475 

0.8
971 

0.5
370 

0.2
000 1 0.6000 90.00  0.5

835 
0.9
098 

0.5
715 

0.2
950 

100
00 0.4321 77.74 

Godefr
oit et 

al. 
2012 

Ornithopo
da 

0.7
667 

0.9
274 

0.8
781 

0.3
643 22 0.4664 94.12  0.4

538 
0.8
709 

0.3
523 

0.4
232 

100
00 0.5402 90.81 

He et 
al. 

2015 
Ornithopo

da 
0.9
962 

1.0
000 

0.7
896 

0.1
876 180 0.3455 96.32  0.9

994 
0.8
307 

0.2
223 

0.5
885 360 0.3551 96.04 

McDon
ald et 

al. 
2012 

Ornithopo
da 

0.9
994 

0.8
418 

0.1
997 

0.5
104 

100
00 0.6514 96.82  0.9

978 
0.8
078 

0.1
703 

0.5
402 

100
00 0.4371 93.32 

McGar
rity et 

al. 
2013 

Ornithopo
da 

0.5
383 

0.8
827 

0.3
609 

0.5
505 66 0.4564 94.44  0.4

288 
0.8
781 

0.3
520 

0.4
123 

100
00 0.5692 92.73 

Norma
n 2015 

Ornithopo
da 

0.9
995 

0.8
704 

0.3
519 

0.6
733 86 0.5787 95.13  0.9

975 
0.8
384 

0.3
019 

0.5
882 102 0.5241 91.41 

Norma
n et al. 
2011 

Ornithopo
da 

0.9
488 

0.7
142 

0.4
320 

0.5
909 2 0.2500 90.91  0.9

976 
0.8
955 

0.6
777 

0.6
970 3 0.4091 90.91 

Prieto-
Marqu

ez 
2014 

Ornithopo
da 

0.9
185 

0.9
156 

0.4
655 

0.7
206 4 0.3693 94.12  0.6

061 
0.8
894 

0.4
002 

0.5
167 125 0.4853 90.96 

Prieto-
Marqu
ez & 

Wagne
r 2013 

Ornithopo
da 

0.9
942 

0.9
602 

0.4
928 

0.7
026 60 0.5697 96.88  0.8

946 
0.9
428 

0.4
030 

0.5
943 

106
0 0.4014 95.93 

Prieto-
Marqu
ez et 

al. 
2013* 

Ornithopo
da 

0.9
971 

0.8
935 

0.3
361 

0.8
318 28 0.4621 95.83  0.9

691 
0.8
516 

0.2
673 

0.6
951 

100
00 0.4244 93.48 

Shibat
a et al. 
2015 

Ornithopo
da 

0.9
995 

0.8
475 

0.2
735 

0.6
016 182 0.5272 96.15  0.8

787 
0.7
561 

0.1
905 

0.4
231 

100
00 0.4472 91.41 

Xing et 
al. 

2014* 
Ornithopo

da 
0.9
999 

0.9
428 

0.4
280 

0.8
167 2 0.4151 96.67  0.9

999 
0.9
369 

0.4
048 

0.7
998 162 0.4384 94.26 

Arbour 
& 

Currie 
2013 

Thyreopho
ra 

0.9
309 

0.9
342 

0.6
108 

0.5
889 12 0.6368 93.33  0.9

177 
0.9
135 

0.5
023 

0.5
628 

100
00 0.4871 91.86 

Arbour 
et al. 
2014 

Thyreopho
ra 

0.9
999 

0.9
598 

0.6
606 

0.8
725 240 0.6203 93.14  0.9

743 
0.9
161 

0.4
807 

0.5
512 

100
00 0.5925 94.04 

Barrett 
et al. 
2014 

Thyreopho
ra 

0.6
936 

0.4
758 

0.0
862 

0.4
350 

569
6 0.3870 97.06  0.5

911 
0.4
165 

0.0
779 

0.3
704 

100
00 0.4228 95.57 

Burns 
& 

Currie 
2014a 

Thyreopho
ra 

0.9
984 

0.8
486 

0.2
796 

0.5
952 2 0.4156 95.24  0.9

767 
0.8
104 

0.2
392 

0.5
506 

100
00 0.3008 94.04 

Burns 
& 

Currie 
2014b 

Thyreopho
ra 

0.9
768 

0.7
754 

0.3
061 

0.6
080 

411
0 0.3545 83.76  0.5

364 
0.6
275 

0.2
088 

0.4
288 

100
00 0.3179 86.29 

Burns 
et al. 
2011 

Thyreopho
ra 

0.9
839 

0.8
283 

0.2
727 

0.5
238 3 0.3983 95.24  0.8

900 
0.7
716 

0.2
202 

0.3
740 

100
00 0.3263 85.06 

Butler 
et al. 
2011 

Thyreopho
ra 

0.9
613 

1.0
000 

0.7
657 

0.1
933 27 0.36 96.55  0.9

607 
0.7
432 

0.1
795 

0.4
728 

186
3 0.3425 94.77 

Coria 
et al. 
2013 

Thyreopho
ra 

0.8
379 

0.9
599 

0.7
549 

0.2
006 462 0.25 96.15  0.9

996 
0.8
297 

0.2
645 

0.6
011 27 0.3488 93.59 

Godefr
oit et 

al. 
2014 

Thyreopho
ra 

0.9
976 

0.7
472 

0.1
782 

0.5
249 9 0.3977 95.40  0.9

957 
0.7
447 

0.1
769 

0.5
013 759 0.3894 94.93 

Han et 
al. 

2012 
Thyreopho

ra 
0.9
031 

0.7
281 

0.1
690 

0.4
963 30 0.3210 96.30  0.9

948 
0.7
771 

0.1
981 

0.5
080 

162
0 0.3884 94.63 

Osi et 
al. 

2012 
Thyreopho

ra 
0.6
216 

0.7
300 

0.1
846 

0.3
760 543 0.4189 96.01  0.9

942 
0.7
565 

0.1
999 

0.5
157 

100
00 0.4016 94.55 

Pol et 
al. 

2011 
Thyreopho

ra 
0.9
009 

0.7
556 

0.1
899 

0.4
653 72 0.3728 96.43  0.9

977 
0.8
039 

0.2
277 

0.5
498 

100
00 0.3612 93.60 

Ruiz-
Omen
aca et 

al. 
2012 

Thyreopho
ra 

0.9
855 

0.8
001 

0.2
004 

0.5
385 213 0.2691 96.97  0.9

976 
0.7
723 

0.1
799 

0.4
933 

100
00 0.3462 94.50 
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Thomp
son et 

al. 
2012 

Thyreopho
ra 

0.9
996 

0.8
689 

0.3
163 

0.5
600 1 0.5846 96.00  0.9

821 
0.8
105 

0.2
433 

0.5
513 60 0.2502 95.60 

 

Table 3.4. Mean values of GER*, GER, MSM*, SCI, Colless’ index (tree balance) and 
percentage resolution across all MPTs for craniodental and postcranial partitions of each of 
81 morphological character matrices of non-avian Dinosauria. 

We also summarise comparisons between partitions for each of our five major dinosaur 
groups (Table 3.5). Postcranial partitions had higher median GER* than their craniodental 
counterparts in Theropoda, Sauropodomorpha, Cerapoda and Thyreophora, while the 
reverse was true in Ornithopoda. However, no indices revealed significant differences 
between craniodental and postcranial trees for Theropoda, Cerapoda, Ornithopoda and 
Thyreophora. but all found a significant difference (paired Wilcoxon tests: p ≤ 0.00004) for 
Sauropodomorpha. While the GER* is relatively insensitive to differences in tree balance, we 
note that there were no significant differences between median Colless’ index for 
craniodental versus postcranial trees, either across all dinosaurs or in any of the five 
subclades (p > 0.135). The mean percentage resolution for cranial and postcranial trees was 
virtually identical across all 81 data sets (x̃ = 94.25 and 94.20 respectively: p = 0.346). 
However, although absolute differences for our five constituent subclades were small (a 
maximum difference between medians of just 4.19% for Sauroppodomorpha), these 
differences were significant for Sauropodomorpha (better resolved from postcranial 
characters; p < 0.0001), Ornithopoda (better resolved from craniodental characters; p = 
0.0017) and Thyreophora (better from craniodental characters; p = 0.0134).  

 

Table 3.5. Summary of stratigraphic congruence indices, tree balance and percentage 
resolution for sets of most parsimonious trees (MPTs) across all Dinosauria and major 
subclades. 

We report the medians (across multiple data matrices) of the means (across all MPTs for 
each data matrix). p - values are recorded for paired Wilcoxon tests. GER* = modified Gap 
Excess Ratio; GER = Gap Excess Ratio; MSM* = modified Manhattan Stratigraphic Metric; 
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SCI = Stratigraphic Consistency Index; Colless’ index summarises tree balance; percentage 
resolution is given by internal nodes/(terminals -1) x 100. 

We also tested for association between stratigraphic congruence (whether trees inferred 
from craniodental or postcranial characters were most congruent with stratigraphy, using 
each of GER*, GER, MSM* and SCI) and consilience with total evidence (whether trees from 
craniodental or postcranial characters were most similar to trees from the entire data matrix 
using NND+Matching distances, and correcting for sample size differences). We then tested 
each of the 2 x 2 contingency tables for association using likelihood ratio (G) tests, and 
results are summarised in Table S3.2.  Across all Dinosauria, we rejected the null hypothesis 
of no association, irrespective of the stratigraphic congruence index used (p ≤ 0.00045). In 
other words, the most stratigraphically congruent trees also tended to yield the data partition 
yielding trees most similar to the total evidence trees from previous chapter. The same was 
also true for Theropoda considered in isolation (p ≤ 0.00436 for all indices), and for 
Thyreophora according to the GER (p = 0.02553), MSM* (p = 0.02553) and SCI (p = 
0.00168) but not our preferred index, the GER* (p = 0.08605). In contrast, 
Sauropodomorpha, Cerapoda and Ornithopoda showed no association when considered in 
isolation (p ≥ 0.07792 in all cases).  

3.4.4. Does geological period influence congruence 

In order to explore differences in various indices through time, I partitioned the 81 dinosaur 
data sets according to their mean age of first occurrence. These dates were concentrated in 
the Cretaceous (Triassic has 2, Jurassic has 17, Cretaceous has 62), and I therefore 
combined the Triassic and Jurassic time bins (Fig 3.10). None of our independent variables 
had significantly different medians in the two time bins (Fig 3.10).  The median range of first 
occurrence dates in the Cretaceous was lower than in the Triassic/Jurassic, and there are 
many lower ranges in the Cretaceous overall, but this difference was not significant. The 
Triassic/Jurassic time bin has a longer overall duration than the Cretaceous, with a greater 
number of stage subdivisions. Hence – all other things being equal – Triassic/Jurassic trees 
have the potential to have their stratigraphy resolved more finely, and this tends to improve 
stratigraphic congruence overall (Benton, et al., 1999; Wills, 1999). Trivially, we observe a 
significant difference in the median first occurrence dates for the two time bins. The higher 
centre of gravity of ranges in Cretaceous data sets relative to those from the Triassic and 
Jurassic is likely to result from a concentration of last occurrence dates at or near the K/Pg 
boundary.  
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Fig 3.10. The distribution of ten indices and variables in terms of geological periods 
(Mesozoic) in dinosaurs. Median values are indicated by black horizontal bars. Outliers are 
shown as dots. 
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3.5. Discussion 
All four of the indices of stratigraphic congruence utilised here are subject to a diversity of 
biases. These include tree balance, tree size and various parameters relating to the 
distribution of first occurrence dates through time. The latter includes the range of first 
occurrence dates, the number of such dates, the concentration of these dates towards either 
extremity of the clade’s duration, and the regularity of the spacing of these first occurrence 
dates. Clumping and irregularity of first occurrences both have a depressive effect on all 
ghost range based indices. Previous analysis (O’Connor and Wills, 2016) have 
unambiguously demonstrated that the GER* is the least strongly affected by these potential 
sources of bias overall. Our results here cross our 81 dinosaur matrices are differ insofar as 
the SCI appears to be more immune to bias than any of the indices based upon ghost 
ranges rather than nodal consistency. Nevertheless, the GER* emerges as the least biased 
of the ghost range based indices. While these findings are intriguing in their own right, and 
worthy of further exploration, the conclusions we draw regarding the stratigraphic 
congruence of trees inferred from craniodental versus post cranial character partitions are 
the same irrespective of the index used. The indices also concur regarding the relative 
stratigraphic congruence of trees when partitioned into different higher dinosaur taxa.  

Our dinosaur dataset reveals high values for GERs in craniodental partition of Theropoda, 
Ornithropoda and Thyreophora, where in postcranial partition, Sauropodomorpha and 
Ceropoda showed higher value in GER. This result satisfied the expectation that the most 
congruent trees revealed in previous chapter yield the same trend in most congruent 
stratigraphic levels. The modified gap excess ratio (GER*) is considered as the least 
susceptible index to the biasing factor among the four indices.  

The MSM* is negatively correleted with the number of taxa in the tree (Lelièvre et al, 2008), 
and positively correlated with tree balance (CI) (Fig 3.5A). As noted elsewhere, SCI values 
are depressed by increasing numbers of different FO dates (O'Connor and Wills, 2016, 
Siddall, 1998). We also observe a decrease in the SCI as the range in first occurrence dates 
increased (Fig 3.9): a pattern that is in opposition to that observed for the ghost range based 
indices (GER, GER* and MSM*). Our generalized linear models (GLM) showed patterns that 
were broadly similar to those highlighted by the simple scatterplots and Kendall correlations 
(Fig 3.9, Table 3.4). The range of FO, gap variability and range of centre gravity were all 
highly significant for the GER and GER*, while the GER* was also significantly influenced by 
the number of taxa. Despite this, the GER* experienced less bias overall. The MSM* is 
significantly influenced by tree balance, resolution, and the number of taxa, and more biased 
than the GER* overall. The SCI was significantly influenced by resolution and the range of 
FO dates. In general, the qualitative nature of these effects were similar to those observed in 
O'Connor and Wills (2016) across a larger sample of trees of animals and plants. 

Our extensive sample of non-avian dinosaur cladograms revealed high levels of stratigraphic 
congruence, certainly with respect to the control sample of animal and plant trees garnered 
from O'Connor and Wills (2016) (Wills et al, 1999).  
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3.6. Conclusions 
 

1. In Chapter 2, we demonstrated that tests of which partition (craniodental or 
postcranial) yielded trees most congruent with trees inferred from the entire 
character set were equivocal overall. Equal numbers favoured the two partitions 
once differences in sample size were controlled for. However, there were 
significant asymmetries in many groups, with the bias for Sauropoda (13 
postcranial versus 4 craniodental) being the most striking. We develop this further 
here by asking whether the results from tests of stratigraphic congruence are 
consilient with those from our tests of phylogenetic congruence. Across all 81 data 
matrices, the partition most phylogenetically congruent with the entire data set also 
tended to yield trees that were more stratigraphically congruent: a mutual 
consilience that is consistent with the hypothesis that those partitions yield more 
accurate trees. The same was unambiguously true (i.e., irrespective of the index of 
stratigraphic congruence used) for Theropoda considered in isolation.  

2. None of the published indices of stratigraphic congruence are entirely immune to 
our tested sources of bias. Our preferred index of congruence derived from the 
extent of ghost ranges – the GER* – is the least biased.  

3. We produced models of all four stratigraphic congruence relative to tree balance 
and relative to resolution, and we did not find any evidence that indicates the 
residuals values of dinosaurs’ stratigraphic congruence are unequally distributed 
across the taxonomic groups in tree balance or resolution.  
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3.8. Appendix. 
3.7.1 G. test results for stratigraphic congruence 

  Index of stratigraphic congruence 

All Dinosauria   GER* GER MSM* SCI 

   Cranial Post Cranial Post Cranial Post Cranial Post 
Partition most similar 

to entire 
Cranial 27 13 29 11 29 11 25 15 

Post 11 30 10 31 10 31 10 31 

 G 13.847 19.571 19.571 12.312 

 p 0.0001983 9.69E-06 9.69E-06 0.00045 
          

  Index of stratigraphic congruence 
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Theropoda   GER* GER MSM* SCI 

   Cranial Post Cranial Post Cranial Post Cranial Post 
Partition most similar 

to entire 
Cranial 10 3 10 3 10 3 9 4 

Post 4 12 2 14 2 14 3 13 

 G 8.128 13.234 13.234 7.8454 

 p 0.004359 0.0002749 0.0002749 0.005095 
          

  Index of stratigraphic congruence 
Sauropodomorpha   GER* GER MSM* SCI 

   Cranial Post Cranial Post Cranial Post Cranial Post 
Partition most similar 

to entire 
Cranial 1 3 1 3 1 3 1 3 

Post 0 13 0 13 0 13 1 12 

 G 3.1077 3.1077 3.1077 0.76555 

 p 0.07792 0.07792 0.07792 0.3816 

          
  Index of stratigraphic congruence 

Cerapoda   GER* GER MSM* SCI 

   Cranial Post Cranial Post Cranial Post Cranial Post 
Partition most similar 

to entire 
Cranial 2 3 2 3 2 3 2 3 

Post 1 0 1 0 1 0 1 0 

 G 1.5876 1.5876 1.5876 1.5876 

 p 0.2077 0.2077 0.2077 0.2077 

          
  Index of stratigraphic congruence 

Ornithopoda   GER* GER MSM* SCI 

   Cranial Post Cranial Post Cranial Post Cranial Post 
Partition most similar 

to entire 
Cranial 8 3 9 2 9 2 6 5 

Post 3 1 3 1 3 1 3 1 

 G 0.0078164 0.082327 0.082327 0.53347 

 p 0.9296 0.7742 0.7742 0.4652 

          
  Index of stratigraphic congruence 

Thyreophora   GER* GER MSM* SCI 

   Cranial Post Cranial Post Cranial Post Cranial Post 
Partition most similar 

to entire 
Cranial 6 1 7 0 7 0 7 0 

Post 3 4 4 3 4 3 2 5 

 G 2.9468 4.9875 4.9875 9.8734 

 p 0.08605 0.02553 0.02553 0.001677 
Table S3.2. G. test results for stratigraphic congruence. 
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3.7.2 Dunn. test results for stratigraphic congruence among all taxonomic 
groups 

Pairwise comparison for GER between taxonomic groups Z P.unadj P.adj 
Arthropoda - Dinosauria -9.196 0.000 0.000 

Arthropoda - Echinodermata -6.991 0.000 0.000 
Dinosauria - Echinodermata 1.218 0.223 1.000 

Arthropoda - Fishes -4.584 0.000 0.000 
Dinosauria - Fishes 4.989 0.000 0.000 

Echinodermata - Fishes 3.162 0.002 0.033 
Arthropoda - Mollusca -1.906 0.057 1.000 
Dinosauria - Mollusca 5.714 0.000 0.000 

Echinodermata - Mollusca 4.228 0.000 0.000 
Fishes - Mollusca 1.786 0.074 1.000 

Arthropoda – Other Tetrapoda -7.997 0.000 0.000 
Dinosauria – Other Tetrapoda 3.385 0.001 0.015 

Echinodermata – Other Tetrapoda 1.445 0.148 1.000 
Fishes – Other Tetrapoda -2.703 0.007 0.144 

Mollusca – Other Tetrapoda -3.942 0.000 0.002 
Arthropoda - Plantae -1.274 0.203 1.000 
Dinosauria - Plantae 5.451 0.000 0.000 

Echinodermata - Plantae 4.176 0.000 0.001 
Fishes - Plantae 1.982 0.047 0.997 

Mollusca - Plantae 0.365 0.715 1.000 
Other_Tetrapoda - Plantae 3.815 0.000 0.003 

Table S3.3. Dunn test results for median GER across all taxonomic groups. 

 

Pairwise comparison for GER* between taxonomic groups Z P.unadj P.adj 
Arthropoda - Dinosauria -2.767 0.006 0.119 

Arthropoda - Echinodermata -5.395 0.000 0.000 
Dinosauria - Echinodermata -2.909 0.004 0.076 

Arthropoda - Fishes -3.886 0.000 0.002 
Dinosauria - Fishes -0.989 0.322 1.000 

Echinodermata - Fishes 2.133 0.033 0.691 
Arthropoda - Mollusca -0.498 0.618 1.000 
Dinosauria - Mollusca 1.794 0.073 1.000 

Echinodermata - Mollusca 4.157 0.000 0.001 
Fishes - Mollusca 2.661 0.008 0.164 

Arthropoda – Other Tetrapoda -5.998 0.000 0.000 
Dinosauria – Other Tetrapoda -2.540 0.011 0.233 

Echinodermata – Other Tetrapoda 1.262 0.207 1.000 
Fishes – Other Tetrapoda -1.463 0.144 1.000 

Mollusca – Other Tetrapoda -4.020 0.000 0.001 
Arthropoda - Plantae -0.287 0.774 1.000 
Dinosauria - Plantae 1.735 0.083 1.000 

Echinodermata - Plantae 3.873 0.000 0.002 
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Fishes - Plantae 2.488 0.013 0.270 
Mollusca - Plantae 0.136 0.892 1.000 

Other_Tetrapoda - Plantae 3.600 0.000 0.007 
Table S3.4. Dunn test results for median GER* across all taxonomic groups. 

 

Pairwise comparison for MSM* between taxonomic groups Z P.unadj P.adj 
Arthropoda - Dinosauria 0.356 0.722 1.000 

Arthropoda - Echinodermata -6.575 0.000 0.000 
Dinosauria - Echinodermata -6.859 0.000 0.000 

Arthropoda - Fishes -5.965 0.000 0.000 
Dinosauria - Fishes -6.295 0.000 0.000 

Echinodermata - Fishes 1.517 0.129 1.000 
Arthropoda - Mollusca 2.525 0.012 0.243 
Dinosauria - Mollusca 2.220 0.026 0.555 

Echinodermata - Mollusca 7.945 0.000 0.000 
Fishes - Mollusca 7.458 0.000 0.000 

Arthropoda – Other Tetrapoda -2.208 0.027 0.572 
Dinosauria – Other Tetrapoda -2.625 0.009 0.182 

Echinodermata – Other Tetrapoda 5.836 0.000 0.000 
Fishes – Other Tetrapoda 5.172 0.000 0.000 

Mollusca – Other Tetrapoda -4.574 0.000 0.000 
Arthropoda - Plantae -5.068 0.000 0.000 
Dinosauria - Plantae -5.311 0.000 0.000 

Echinodermata - Plantae 0.307 0.759 1.000 
Fishes - Plantae -0.898 0.369 1.000 

Mollusca - Plantae -6.532 0.000 0.000 
Other_Tetrapoda - Plantae -4.161 0.000 0.001 

Table S3.5. Dunn test results for median MSM* across all taxonomic groups. 

 

Pairwise comparison for SCI between taxonomic groups Z P.unadj P.adj 
Arthropoda - Dinosauria -1.574 0.116 1.000 

Arthropoda - Echinodermata -3.593 0.000 0.007 
Dinosauria - Echinodermata -2.176 0.030 0.620 

Arthropoda - Fishes -2.260 0.024 0.500 
Dinosauria - Fishes -0.612 0.541 1.000 

Echinodermata - Fishes 1.709 0.087 1.000 
Arthropoda - Mollusca 1.590 0.112 1.000 
Dinosauria - Mollusca 2.886 0.004 0.082 

Echinodermata - Mollusca 4.535 0.000 0.000 
Fishes - Mollusca 3.475 0.001 0.011 

Arthropoda – Other Tetrapoda -3.690 0.000 0.005 
Dinosauria – Other Tetrapoda -1.720 0.085 1.000 

Echinodermata – Other Tetrapoda 1.097 0.273 1.000 
Fishes – Other Tetrapoda -1.065 0.287 1.000 

Mollusca – Other Tetrapoda -4.641 0.000 0.000 
Arthropoda - Plantae 0.780 0.436 1.000 
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Dinosauria - Plantae 1.927 0.054 1.000 
Echinodermata - Plantae 3.488 0.000 0.010 

Fishes - Plantae 2.413 0.016 0.333 
Mollusca - Plantae -0.558 0.577 1.000 

Other_Tetrapoda - Plantae 3.272 0.001 0.022 
Table S3.6. Dunn test results for median SCI across all taxonomic groups. 

Pairwise comparison for Colless’ index between taxonomic 
groups 

Z P.unadj P.adj 

Arthropoda - Dinosauria -1.574 0.116 1.000 
Arthropoda - Echinodermata -3.593 0.000 0.007 
Dinosauria - Echinodermata -2.176 0.030 0.620 

Arthropoda - Fishes -2.260 0.024 0.500 
Dinosauria - Fishes -0.612 0.541 1.000 

Echinodermata - Fishes 1.709 0.087 1.000 
Arthropoda - Mollusca 1.590 0.112 1.000 
Dinosauria - Mollusca 2.886 0.004 0.082 

Echinodermata - Mollusca 4.535 0.000 0.000 
Fishes - Mollusca 3.475 0.001 0.011 

Arthropoda – Other Tetrapoda -3.690 0.000 0.005 
Dinosauria – Other Tetrapoda -1.720 0.085 1.000 

Echinodermata – Other Tetrapoda 1.097 0.273 1.000 
Fishes – Other Tetrapoda -1.065 0.287 1.000 

Mollusca – Other Tetrapoda -4.641 0.000 0.000 
Arthropoda - Plantae 0.780 0.436 1.000 
Dinosauria - Plantae 1.927 0.054 1.000 

Echinodermata - Plantae 3.488 0.000 0.010 
Fishes - Plantae 2.413 0.016 0.333 

Mollusca - Plantae -0.558 0.577 1.000 
Other_Tetrapoda - Plantae 3.272 0.001 0.022 

Table S3.7. Dunn test results for median Colless’ index across all taxonomic groups. 

Pairwise comparison for Resolution between taxonomic 
groups 

Z P.unadj P.adj 

Arthropoda - Dinosauria -1.574 0.116 1.000 
Arthropoda - Echinodermata -3.593 0.000 0.007 
Dinosauria - Echinodermata -2.176 0.030 0.620 

Arthropoda - Fishes -2.260 0.024 0.500 
Dinosauria - Fishes -0.612 0.541 1.000 

Echinodermata - Fishes 1.709 0.087 1.000 
Arthropoda - Mollusca 1.590 0.112 1.000 
Dinosauria - Mollusca 2.886 0.004 0.082 

Echinodermata - Mollusca 4.535 0.000 0.000 
Fishes - Mollusca 3.475 0.001 0.011 

Arthropoda – Other Tetrapoda -3.690 0.000 0.005 
Dinosauria – Other Tetrapoda -1.720 0.085 1.000 

Echinodermata – Other Tetrapoda 1.097 0.273 1.000 
Fishes – Other Tetrapoda -1.065 0.287 1.000 
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Mollusca – Other Tetrapoda -4.641 0.000 0.000 
Arthropoda - Plantae 0.780 0.436 1.000 
Dinosauria - Plantae 1.927 0.054 1.000 

Echinodermata - Plantae 3.488 0.000 0.010 
Fishes - Plantae 2.413 0.016 0.333 

Mollusca - Plantae -0.558 0.577 1.000 
Other_Tetrapoda - Plantae 3.272 0.001 0.022 

Table S3.8. Dunn test results for median Resolution across all taxonomic groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



92 

 

Chapter 4. Vertebral versus non-vertebral 
characters in mammals: Phylogeny, 
homoplasy, disparity and implications for 
complexity 
 

 

4.1. Summary 
 

Chapter 4 focuses on the morphological data for mammals compiled by O’Leary (2013). This 
is the largest such matrix of which we are aware, comprising 4541 characters and including 
157 characters relating to the morphology of the vertebral column. Since we cannot 
investigate the effects of inferring complexity from different character partitions (only the 
differentiation of the vertebral elements is pertinent in this regard) we compare the results of 
those analyses that we can implement for vertebral versus other characters: nominally 
inferences of phylogeny, inferences about levels of homoplasy, and indices of disparity. For 
incongruence length difference tests, our preferred measure of the tree-to-tree distance is 
the matching distance of nearest neighbour distances. Unlike the more commonly used 
symmetrical difference (RF) distance of Robinson and Foulds (Robinson and Foulds, 1981), 
the matching distance is less prone to saturation. Our preferred approach is also to calculate 
differences between sets of optimal trees in terms of the mean nearest neighbour distances 
between the sets. Arguments against the use of consensus trees are rehearsed in Chapter 
2. On this basis (although not according to some other tests that we consider to be sub-
optimal) trees inferred from characters of the spine do not differ significantly from those 
inferred from other morphological characters. Tests of retained synapomorphy for 
morphological characters when optimized onto independent molecular trees also showed no 
difference for vertebral versus other characters. Finally, phylogenetic least squares analyses 
of the disparity of mammals sublades inferred purely from vertebral characters versus all 
morphological characters showed a significant correlation. In a set of analyses where a 
comparison between vertebral and nonvertebral characters is possible, we are reassured to 
discover that the ensuing patterns are highly similar 

 

4.2. Introduction 
 

In Chapters 2 and 3, I explored approaches for quantifying the incongruence between 
phylogenetic trees inferred from craniodental and postcranial characters of dinosaurs. A 
series of papers (Ruta and Wills, 2016; Mounce et al., 2016; Sansom et al., 2017) have 
demonstrated that phylogenetic datasets often contain signals that are heterogeneously 
distributed across different regions of anatomy, different classes of characters, and different 
functional modules (Göldel, et al., 2015). Where there are biases in the availability of 
character data, either because of preserved artefacts (Sansom and Wills, 2013) or because 
systematists have concentrated on certain sets of characters for other reason (Li et al., 
2019), it becomes important to know whether the characters that are available are likely to 
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yield an accurate phylogeny. At very least, it is important to quantify the extent to which 
different trees are likely to result from different character partitions, however these are 
defined and recognised.  

In phylogenetic analyses, we are seeking to infer the one true and actual phylogenetic 
history of a group. While there may be a diversity of methods for inferring such trees, and a 
diversity of data from which they can be inferred, there is consensus on the existence of 
such a true tree irrespective of our ability to find or recognise it in practice (Cracraft and 
Donoghue, 2004). It is perfectly conceivable that the true tree might be inferred from highly 
disparate morphological and molecular datasets comprising volumes of data across several 
orders of magnitude. In practice, it is not uncommon to derive a very different tree under 
such circumstances, with the most common solution being to combine all available data 
within a so-called “total evidence” analysis (Kluge, 1989). Such an approach has the 
potential to reveal hidden signals and hidden support that is not apparent from the 
independent analysis of such constituent datasets with subsequent synthesis (i.e., 
consensus) of the results (Thompson, et al, 2012). Such considerations aside, there is a true 
tree, and all such approaches seek to recover it. There is also the potential to compile more 
data bearing on the problem.  

The discrete character matrices compiled for cladistic analyses are frequently repurposed in 
order to quantify the morphological disparity of species or other operational taxonomic units 
(OTUs) within clades or time bins (Hughes et al., 2012; Oyston et al., 2016). OTUs may be 
mapped into multidimensional morphospace as an intermediary stage in such a process. 
Morphospaces are abstractions within which the distances between OTUs are variously 
proportional to the morphological distances between them, as captured within the original 
character data. While there is a general consensus that such spaces are most usefully 
derived from suites of characters that sample all aspects of morphology, this is not invariably 
the case, and morphospaces may be derived from particular aspects of morphology for 
particular reasons. Importantly however, and in marked contrast to the inference of 
phylogeny, there is no true morphospace in a manner analogous to the sense in which there 
is true tree. It follows from this that there can be no objective or absolute index of disparity. 
Practitioners are therefore familiar with the idea that the disparity of subclades or time bins 
within an analysis can only ever be relative.  

There has been limited exploration of the extent to which indices of disparity iferred from 
qualitatively different character types (e.g., discrete characters versus geometric 
morphometric characters), different data sets comprising qualitatively similar characters for 
the same or similar leaf sets (Oyston et al., 2016), and partitions of characters within the 
same dataset concur. A small number of case studies suggest that discreet and geometric 
characters convey broadly consilient signals (Schaeffer, et al., 2020; Romano, et al, 2017), 
but it is far from clear that this is a general rule. As with phylogenetics however, and despite 
the absence of a true morphospace, estimates of disparity from one source of data can be 
referenced against estimates from other sources of data, either by analysing data sets 
independently and comparing results, or by concatenating multiple sources of data into a 
single analysis (Arnold, et al., 2016).  

The situation becomes more problematic when we turn to consider complexity. The difficulty 
is compounded both by the absence of any agreed definition of complexity (although we 
note that this is also true of disparity), albeit the familiarity and wide application of methods 
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developed within the 1990s mean that this issue is rarely revisited and the difficulty of 
deriving such indices from the morphology of a given set of taxa. Our solution to the first 
problem has been to adopt a particular and admittedly rather restrictive definition of 
complexity in terms of the differentiation of serially repeating and serially homologous units 
(Haszprunar, 1992). There is a precedent for this approach in the work of Cisne (1974), 
McShea (1993), Wills et al. (1996) and Adamowicz et al. (2008). Such a definition restricts 
the taxonomic focus to those groups with a morphology comprising such serially repeating 
units. In practice, these are the somites and limbs of arthropods (Brand and Christ, 2000), 
the ribs and vertebrae of vertebrates and possibly also their limbs, digits and teeth (Müller et 
al., 2010), and the segments of annelids (the latter of which have never, to our knowledge, 
been analysed in this way). Other invertebrate groups (e.g., molluscs, salidophorans and 
nematoids) show evidence of segmentation, but this is either not pervasive within the body 
plan (and is therefore not readily apparent and difficult to quantify) or is restricted to a small 
number of constituent lineages, often those towards the bases of clades. Either way, 
segmentation is not apparent or widespread enough to enable comparisons across other 
large clades. The key issue, however, is that even within those groups that are amenable to 
quantification in this way, there is only one dataset available (viz, the pattern of serial 
differentiation in question). Whereas in phylogenetic and disparity analysis there are usually 
other sources of data available for cross verification, this may not be possible with attempts 
to quantify complexity. Our approach has therefore been to codify this differentiation in a 
diversity of ways, both in terms of the number and grouping of the serially repeating units, 
and the geometric morphometric differences in the shapes of those elements down the 
series.  

In the absence of alternative sources of data for cross validation in analyses of complexity, 
we have explored some of the properties of vertebral morphology versus other character 
types in those other contexts where cross validation is possible: namely phylogeny and 
indices of disparity. We cannot determine whether indices of complexity inferred from our 
metrics of vertebral differentiation are consistent with complexity inferred from other 
morphological character types, because such alternatives do not exist. We can, however, 
determine whether phylogenies and morphospaces inferred from vertebral versus other 
character types are broadly congruent.  

As an indicative study, we address the following questions: 

1. Are trees inferred from vertebral and non-vertebral characters in the mammalian 
dataset of O’Leary et al. (2013) significantly different? In other words, do 
characters of the vertebral column convey phylogenetic signals congruent with 
those from other aspects of morphologies.  

2. What, if any, are the differences in levels of homoplasy and retained 
synapomorphy in characters of the vertebral column and those pertaining to other 
aspects of morphology? We assess this by optimising morphological characters 
onto trees variously inferred from the molecular data of O’Leary et al. (2013) (and 
therefore independent from the morphological data themselves).  

3. What is the relationship, if any, between the disparity of mammal subclades 
inferred from characters of the vertebral column and those pertaining to other 
aspects of morphology?  
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4.3. Method 

4.3.1. Dataset 

The morphological character matrix was derived from that of O'Leary et al. (2013). This 
comprised 4,541 morphological characters for 86 fossil and living placental mammals. This 
was partitioned into those pertaining to the vertebral column (157 characters from atlas to 
caudal region), and those pertaining to the rest of the body.  Characters referring to 
metabolism and behaviour (characters 4527-4541) were removed altogether.  

4.3.2. Statistical tests for congruence 

The widely implemented partition homogeneity Incongruence Length Difference (ILD) test 
(Mickevich and Farris, 1981; Farris et al., 1995) and the more recent incongruence 
relationship difference (IRD) test (Ruta and Wills, 2016; Mounce et al., 2016) were applied 
here to the partition between characters of the vertebral column and those of the rest of the 
body. These tests have been discussed in detail in Chapter 2. Briefly, however, the ILD test 
compares the length of the most parsimonious tree from an entire dataset with the sum of 
the lengths of the most parsimonious tree(s) inferred from the partitions of the same dataset 
analysed independently. The three length for the entire dataset usually exceeds that for the 
sum of the lengths of the partitioned datasets, with the discrepancy being the incongruence 
length difference (ILD). The ILD is the result of character conflict between characters across 
partitions, such that the analysis of these partitions in isolation removes this conflict and 
incompatibility. The test operates using a randomisation procedure to determine whether the 
magnitude of the ILD is consistent with the null expectation for partitions of the given size 
within the same dataset. Characters are therefore randomly assigned to two partitions of the 
same size as in the original partition (there is no reason why these partitions themselves 
need to be of equal size), the ILD is recalculated, and this procedure is repeated a large 
number of times (e.g., 1,000) to yield a distribution of randomised ILD values. Where the ILD 
from the original data partition lies within a small fractional tail of the randomised distribution, 
then the null hypothesis – namely that the original ILD is drawn from the randomised 
distribution – can be rejected with p corresponding to the size of this fractional tail.  

The IRD test (Ruta and Wills, 2016; Mounce et al., 2016) partitions data in precisely the 
same manner as the ILD test, with the same underlying logic of random partitioning to 
generate empirical p values. However, rather than using homoplasy (additional tree length) 
directly as an index of incogruence, the IRD (as originally conceived) uses a variety of tree-
to-tree distance metrics. Here, we use the symmetrical-difference (RF) distance (IRDRF) 
(Robinson and Foulds, 1981) and matching (MD) distance (IRDMatching) (Lin et al., 2012). The 
RF distance is well-characterised and widely applied but is susceptible to saturation. For 
example, if a single basal leaf is transposed with a single maximally interested leaf in a fully 
pectinate tree, RF will reach its theoretical maximum ((N-2)*2, where N is the number of 
terminals), irrespective of the complete stasis or size of the rest of the tree). The Matching 
distance is much less susceptible to saturation in this manner. Because analyses of 
partitions typically yield multiple trees, we calculated these distances in two ways: as the 
mean minimum distance between each tree in one set and its nearest neighbour in the other 
set, and as the distance between the 50% majority rule (plus compatible groupings) tree in 
each set.  
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We note that the metric of tree-to-tree difference in the ILD test (tree steps) is necessarily 
the same as the optimality criterion used to infer those same trees. In the IRD test, by 
contrast, a diversity of tree-to-tree distance metrics are used as the currency of tree 
difference (variously based on the number of shared branches or other statements of 
relationships), while tree length (maximum parsimony) was used as our optimality criterion 
for finding those trees. Because the tree-to-tree distance metric is decoupled from the 
optimality criterion in the IRD, it can be regarded as a much more general class of test than 
the ILD. Trees could readily be inferred using maximum likelihood or Bayesian inference 
rather than parsimony without violating the logic of the test. Variants of the IRD along these 
lines would be interesting to develop, but we retain the use of the parsimony in this context.  

4.3.3. Measuring homoplasy 

As in Chapter 2, Consistency Index (ci) (Kluge and Farris, 1969) and Retention Index (ri) 
(Kluge and Farris, 1969) were reported here. We calculated the Consistency Index (ci) as a 
commonly-used and well-characterised index of homoplasy (or, more strictly, its complement 
with 1.00, whereby ci = 1 - Homoplasy Index (HI)), and the Retention Index (RI) as an index 
of retained synapomorphy. A fuller explanation is given in Chapter 2 (2.2). It is well-known 
that the ensemble CI in particular is highly sensitive to the dimensions of a character matrix 
when a most parsimonious tree or trees are inferred from this same matrix. There is a well-
documented depression in the CI as the number of tax increases (Coronado et al., 2020). 
Increasing numbers of characters also appear to have a depressive effect on the CI, 
independent from that noted for the number of taxa. Most straightforwardly, a single 
character cannot conflict with itself, but as the number of characters increases, the potential 
for character conflict also increases. Another issue with comparisons of levels of homoplasy 
across characters when trees are inferred from those same matrices is differences in 
character partition sizes. This issue is tackled in chapter 2 in the context of the uniform 
resampling of character partitions. Briefly however, where different trees are inferred from 
different character partitions and the sizes of those partitions also differ, then all other things 
being equal, the total evidence tree (issues with hidden support aside) is more likely to be 
similar to the tree inferred from the larger partition than the smaller one. Here, we circumvent 
all of these issues by taking a rather different approach (Sansom et al., 2017), optimising 
morphological characters onto an entirely independent molecular tree. Each character is 
therefore optimised as though in isolation, with no reference to its congruence or otherwise 
with other characters in the dataset. There is a separate discussion to be had concerning the 
likely superior accuracy of molecular versus morphological trees (Scotland et al., 2003; 
Olmstead and Scotland, 2005; Wortley and Scotland, 2006; Zou and Zhang, 2016), but we 
do not embark upon this here. For our purposes here, it is sufficient that the molecular trees 
were derived from a wholly independent source of data, and incidentally derived using 
different optimality criteria from those we used to optimise the morphology.  

O’Leary et al. (2013) analysed their molecular data at two levels (nucleotides and aminio 
acids) and using three optimality criteria (parsimony, maximum likelihood and Bayesian 
inference). There were three different topologies arising from these analyses, with other 
combinations yielding one of these three. The three distinct topologies corresponded to 
nucleotides anaylsed with Bayesian methods (nucleotides Bayesian), amino acids analysed 
using likelihood methods (acids likelihood), and amino acids analysed using parsimony 
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(acids parsimony) (O'Leary et al., 2013). These three trees were used for optimisations of 
the morphological data, with no precedent given to any.  

4.3.4. Disparity analyses 

To maximise the utility of these analyses in later chapters, we sampled species for which we 
would subsequently be able to obtain geometric morphometric data from the vertebral 
column. We develop these comparisons and analyses further in Chapter 6. We use 
Phylogenetic generalised least-squares regression (pGLS, Grafen, 1989) modifies the 
assumptions of ordinary least-squares regression by using the covariances expected given a 
phylogenetic tree. All analyses were conducted using the R packages NLME 3.1- 120 
(Pinheiro et al. 2015). Here I used pGLS to explore the relationship between disparity indices 
derived from all characters and disparity indices derived from characters of the vertebrae 
only. Two subsampled groups were produced (consistent with the analyes later developed in 
Chapter 6: one with 20 species in 7 orders, and another with 28 species in 11 orders (Table 
S4.10). Appropriately pruned and time-calibrated phylogenetic tree were derived from 
Animal Diversity Web (ADW) database (ADW: Home, 2021). Disparity was quantified here as 
sums of univariate variances (SUMV) and of univariate rages (SUMR), iterated by Jack-
knifing (Efron and Stein, 1981).  
 
4.4. Results and Discussion 
 

4.4.1. Vertebral and non-vertebral characters show phylogenetic partition 
homogeneity according to our preferred measure 

Variants of the incongruence relationship difference (IRD) test of Ruta and Wills (2016) and 
the incongruence length difference (ILD) test (Mickevich and Farris, 1981; Farris et al., 1995) 
were applied as in Chapter 2. The Incongruence Length Difference Test (ILD) reported 
significant incongruence (p = 0.018), but is known to have a high type I error rate (Betz and 
Gabriel, 1978). Type I error rates appear to be lower for the IRD (Mounce et al., 2016). Our 
preferred variant of this test is the IRD using the matching distances between nearest 
neighbours between sets of trees (IRDNND+matching). The matching distance has the 
advantages that it is formally metric, not prone to saturation, behaves intuitively and can be 
computed in polynomial time (Lin et al., 2012). This did not allow us to reject the null 
hypothesis of partition homogeneity between vertebral and nonvertebral characters (p = 
0.16). A similar result was obtained for the IRD using matching distances between majority 
rule trees (IRDMR+matching p = 0.112). For the IRD using the Robinson Foulds distance, we 
rejected the null for both the IRDNND+RF (p = 0.014) and the IRDMR+RF (p = 0.012). However, 
as noted above, the Robinson Foulds distance is prone to saturation with the translation of 
small numbers of terminals, and we consider the matching distance to be superior in all 
respects, and a better guide to the overall similarity of trees.  

The use of consensus trees is a necessary evil where the number of optimal trees is high, 
and the length of time to compute all nearest neighbour distances is prohibitive (this 
increases approximately in proportion to the square of the number of trees and the square of 
the number of taxa). Poorly known taxa, or those that are otherwise scored for only a small 
number of characters, can be highly unstable within parsimony trees. This can result in large 
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numbers of most parsimonious trees (MPTs), prohibitively extending search times, and 
yielding poorly resolved consensus trees (Wilkinson, 1995; Mounce et al., 2016). 

4.4.2. Vertebral and other characters contain significantly different levels of 
homoplasy but retain similar amounts of synapomorphy. 

Results for morphological characters optimised onto the three molecular trees were very 
similar. There were significant differences (p ≤ 0.0024) in mean per character consistency 
index (ci) across all three trees, with values for the vertebrae being inferior to those for all 
other characters considered en masse (Table 4.1). The corresponding test for the per 
character retention index (ri) revealed no significant differences for any of the three trees. 
The expected values of ci are influenced by the size of the tree (the number of leaves, which 
is constant for all of the characters considered here), the number of character states, and the 
relative frequency of each state. Characters with greater asymmetry in the number of states 
are likely to yield higher ci values (those with the greatest possible asymmetry in the form of 
autapomorphies have a ci = 1.0 by definition). The ri is not influenced by the number of 
states and character state distributions in this manner, and the difference between the ci 
values for vertebral and non-vertebral characters is likely to reflect a difference in such 
character properties rather than their phylogenetic utility per se.  

 

 

 

Fig 4.1 The distribution of per character consistency index (ci) across different character 
classes optimised (using parsimony) onto the independent Bayesian tree of nucleotide data 
from O’Leary et al. (2013). 

We also tested the per character ci and ri across all 22 morphological character partitions 
when optimised onto the three molecular trees. Results for the three trees were highly 
similar, and the precise details of the alternative phylogenies do not seem to be important in 
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this regard. Kruskal-Wallis tests (Table 4.2) revealed that median values of both the ci and 
are ri were not the same across all partitions (p < 0.001).  

 

Tree type Bayesian nucleotide 
tree 

Likelihood amino 
acid tree Parsimony amino acid tree 

 Parameter p-
value Parameter p-

value Parameter p-
value 

Test between vertebrae 
characters and all others 

ci 0.000 ci 0.000 ci 0.000 

ri 0.684 ri 0.948 ri 0.552 

Test between all character 
types 

ci 0.000 ci 0.000 ci 0.000 

ri 0.000 ri 0.000 ri 0.000 

 

Table 4.1. Results of Mann-Whitney tests (between vertebral and other character types) and 
Kruskal-Wallis tests (between all character types) for the ci and ri of morphological 
characters optimised onto three independent molecular trees using parsimony.   

Post-hoc Dunn tests were then applied to both of the ci and ri in order to determine where 
the significant differences lay. Results from the three molecular trees were, once again, 
highly similar. Results for the per character ci optimised onto the Bayesian nucleotide tree 
are presented in Table 4.2, limited to the contrasts between vertebral and other character 
types. Other results are presented in Tables S4.2, Table S4.4). We note that the median ci 
for both the fore and hind limbs and girdles, as well as the ribs, sternum and clavicle, were 
indistinguishable from that for the vertebrae. In other words, values for most of the 
postcranial skeleton are indistinguishable. We also failed to reject the hypothesis of similar 
medians for the vertebrae in comparison with foot pads and webs, glands and mammae, and 
sperm.  For the per chacater retention index (ri), there were no significant differences 
between vertebral characters and any of the other character types (Table S4.1, Table S4.2, 
Table S4.5), which is consistent with the results of the Kruskal-Wallis test above.  

Pairwise comparison for ci on the Bayesian nucleotide tree Z P.unadj P.adj 
Brain ~ Vertebrae 6.6940 0.0000 0.0000 

Development ~ Vertebrae 4.4557 0.0000 0.0019 
Digestive tract ~ Vertebrae 4.7555 0.0000 0.0005 

Face ~ Vertebrae 3.8498 0.0001 0.0273 
Foot Pads & Webs ~ Vertebrae 2.0149 0.0439 1.0000 

Forelimb & Girdle Osteo ~ Vertebrae 3.2415 0.0012 0.2746 
Glands & Mammae ~ Vertebrae 3.3642 0.0008 0.1773 

Head Soft Part ~ Vertebrae 5.4461 0.0000 0.0000 
Hindlimb & Girdle Osteo ~ Vertebrae 2.3144 0.0206 1.0000 

Myology ~ Vertebrae 8.5937 0.0000 0.0000 
Pelage ~ Vertebrae 5.6534 0.0000 0.0000 

Respiratory Tract ~ Vertebrae 3.7246 0.0002 0.0452 
Ribs & Sternum & Clavicle ~ Vertebrae 3.2791 0.0010 0.2405 

Skin ~ Vertebrae 4.1844 0.0000 0.0066 
Skull & Hyoid ~ Vertebrae 4.0550 0.0001 0.0116 

Sperm ~ Vertebrae 2.1085 0.0350 1.0000 
Teeth ~ Vertebrae 8.8491 0.0000 0.0000 

Urogenital Tract ~ Vertebrae 4.1595 0.0000 0.0074 
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Table 4.2. Result of Dunn test for the per character ci of vertebral versus other character 
types  optimised onto the Bayesian tree of Nucleotides. 

4.4.3. The disparity of subclades inferred from vertebral characters correlates 
positively with that inferred from all other morphological characters 

The disparity of our sub clades was quantified in terms of both raw and rarefied sum of 
variances and sum of ranges. Subclades were related on a simple phylogeny, and the 
correlation between disparity indices derived from the vertebral column and the 
corresponding indices derived from other morphological characters was assessed using 
pGLS. Irrespective of the index of disparity or subclade set analysed, we found significant 
correlation between disparity indexed from the vertebral column and disparity indexed from 
all other characters (Table 4.3).  

Summary of pGLS result of relationship of disparity (All characters) vs. disparity 
(Vertebrae only) in 7 orders 
Model AIC lambda R2 p-value 
Sum of variance (Jack-kniffing)   -4.64591 -0.67912 0.53354 0.0107 
Sum of variance (raw value) -4.6299 -0.6791 0.5335612 0.0108 
Sum of range (Jack-kniffing)   -9.3001 -0.63316 0.6523591 0.016 
Sum of range (raw value) -9.96828 -0.65556 0.9763257 0.013 
     
Summary of pGLS result of relationship of disparity (All characters) vs. disparity 
(Vertebrae only) in 11 orders 
Sum of variance (Jack-kniffing) -1.34648 -0.34327 0.2555733 0.0387 
Sum of variance (raw value) -1.33635 -0.34326 0.2558453 0.0387 
Sum of range (Jack-kniffing) -13.8701 -0.34394 0.1109257 0.0217 
Sum of range (raw value) -10.3745 -0.34351 0.6047516 0.0264 

 

Table 4.3. The pGLS result of relationship of disparity (All characters) vs. disparity 
(Vertebrae only) are all significantly correlated. 

Characters pertaining to the vertebral column have been underrepresented in the 
morphological and biomechanical literature. Moreover, the vertebral column is often treated 
as an homogenous functional unit, with few studies considering its complexity and 
regionalization (Macpherson and Ye; 1998, Jones, 2015, Long, et al., 2002; Schilling, 2011).  

Given the heterogeneous distribution of homoplasy across body regions, and the similar 
levels of homoplasy within the vertebral column, rib cage, pectoral and pelvic girdles and 
limbs (i.e. the postcranial skeleton), a reasonable extension of our partition homogeneity 
tests would be to compare all possible pairs of character partitions. This was not attempted, 
since there are 220 (i.e., (22*22/2)-22) such comparisons. However, it would be interesting 
to develop a script to automate such analyses. Similarly, there is rarely a systematic 
appraisal of disparity inferred from different character classes, and this is also a data 
exploration technique that would be worth scipting and automating. 
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4.5. Conclusions 
 

1. The morphological data matrix for mammals from the work of O’Leary (2013) was 
used to investigate partition homogeneity between characters of the vertebral column 
and other morphological characters. The Incongruence Relationship Difference (IRD) 
test (Mounce et al., 2016; Ruta and Wills, 2016) and Incongruence Length Difference 
(ILD) test (Mickevich and Farris, 1981; Farris et al., 1995) yielded different results, 
but this is not uncommon since they assess partition homogeneity in very different 
ways. Our preferred test (the IRDNND+matching) circumvents the problems associated 
with spuriously high Type I error rates (ILD), the loss of information associated with 
the use of consensus trees, the saturation of the-tree-to tree distance metric 
associated with the symmetrical difference or Robinson Foulds (RF) distance, and 
the computational expense of pruning indices such as the maximum agreement 
subtree distance. The matching distance (MD: Lin et al., 2012) has many desirable 
properties, and our results suggest no significant differences in the relationships in 
third from vertebral versus nonvertebral characters.  

2. Per character homoplasy and synapomorphy were assessed using the consistency 
index (ci) and retention index (ri) respectively, with characters optimised onto three 
independent molecular trees in order to circumvent to practical problems of biases 
inherent in partitions of different sizes, and the circularity implicit in measuring the 
performance of characters when those same characters have been used to infer a 
tree. Differences in homoplasy (ci) between vertebral and other partitions may be a 
function of difference in character state distributions. Retained synapomorphy (ri), by 
contrast, is not significantly different in vertebral and other character partitions.  

3. Our finding that the disparity of sublcades indexed from vertebral characters 
correlates significantly with that indexed from the full diversity of morphological 
characters is encouraging. Together with the results of our preferred phylogenetic 
partition homogeneity test (IRDNND+matching) and the retention indices of characters 
mapped onto independent molecular trees, these results suggest that the vertebral 
column conveys signals regarding phylogeny and disparity that are comparable to 
those encoded by the rest of morphology. We conceded that it does not necessarily 
follow from this that complexity inferred from differentiation of the vertebral column 
would the similar to that inferred from other morphological markers (were such 
markers of bodyplan complexity to be available).  
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4.7. Appendix 

4.7.1. The consistency index and retention index in three molecular trees for different 
anatomical character types. 

 

 

Fig S4.1. The distribution of consistency index (ci) for vertebral and other character types on 
the likelihood tree of amino acid data. 
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Fig S4.2. The distribution of consistency index (ci) for vertebral and other character types on 
the parsimony tree of amino acid data. 

 

 

Fig S4.3. The distribution of retention index (ri) for vertebral and other character types on the 
Bayesian tree of nucleotide data. 

 

 

Fig S4.4. The distribution of retention index (ri) for vertebral and other character types in 
likelihood tree of amino acid data. 
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Fig S4.5. The distribution of Retention index (ri) for vertebral and other character types on 
the parsimony tree of amino acid data. 

 

 

4.7.2. Dunn test for consistency index and retention index in three molecular trees for 
different anatomical character types. 

Pairwise comparison for RI in Bayesian Nucleotides Z P.unadj P.adj 
Brain ~ Vertebrae 3.319 0.001 0.202 

Development ~ Vertebrae 1.688 0.091 1.000 
Digestive tract ~ Vertebrae -0.015 0.988 1.000 

Face ~ Vertebrae -0.140 0.888 1.000 
Foot Pads & Webs ~ Vertebrae 0.298 0.765 1.000 

Forelimb & Girdle Osteo ~ Vertebrae 2.365 0.018 1.000 
Glands & Mammae ~ Vertebrae 0.919 0.358 1.000 

Head Soft Part ~ Vertebrae -0.949 0.342 1.000 
Hindlimb & Girdle Osteo ~ Vertebrae 1.119 0.263 1.000 

Myology ~ Vertebrae -1.037 0.300 1.000 
Pelage ~ Vertebrae -1.008 0.313 1.000 

Respiratory Tract ~ Vertebrae 2.071 0.038 1.000 
Ribs & Sternum & Clavicle ~ Vertebrae 1.279 0.201 1.000 

Skin ~ Vertebrae 0.969 0.333 1.000 
Skull & Hyoid ~ Vertebrae -0.067 0.947 1.000 

Sperm ~ Vertebrae -0.445 0.656 1.000 
Teeth ~ Vertebrae -0.029 0.977 1.000 

Urogenital Tract ~ Vertebrae 0.656 0.512 1.000 
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Table S4.1. Result of Dunn test for differences retention index (ri) for vertebral versus other 
character types on the Bayesian tree of nucleotides. 

 

Pairwise comparison for CI in Likelihood for Amino acid Z P.unadj P.adj 
Brain ~ Vertebrae 6.573 0.000 0.000 

Development ~ Vertebrae 4.258 0.000 0.004 
Digestive tract ~ Vertebrae 4.883 0.000 0.000 

Face ~ Vertebrae 3.758 0.000 0.035 
Foot Pads & Webs ~ Vertebrae 1.954 0.051 1.000 

Forelimb & Girdle Osteo ~ Vertebrae 3.254 0.001 0.224 
Glands & Mammae ~ Vertebrae 3.205 0.001 0.261 

Head Soft Part ~ Vertebrae 5.309 0.000 0.000 
Hindlimb & Girdle Osteo ~ Vertebrae 2.270 0.023 1.000 

Myology ~ Vertebrae 8.645 0.000 0.000 
Pelage ~ Vertebrae 5.536 0.000 0.000 

Respiratory Tract ~ Vertebrae 3.728 0.000 0.039 
Ribs & Sternum & Clavicle ~ Vertebrae 3.244 0.001 0.230 

Skin ~ Vertebrae 4.087 0.000 0.009 
Skull & Hyoid ~ Vertebrae 3.870 0.000 0.023 

Sperm ~ Vertebrae 2.230 0.026 1.000 
Teeth ~ Vertebrae 8.765 0.000 0.000 

Urogenital Tract ~ Vertebrae 3.996 0.000 0.014 
 

Table S4.2. Result of Dunn test for differences in consistency index (ci) for vertebral versus 
other character types on the likelihood tree of amino acid data. 

Pairwise comparison for RI in Likelihood for Amino acid Z P.unadj P.adj 
Brain ~ Vertebrae 3.000 0.003 0.596 

Development ~ Vertebrae 1.441 0.150 1.000 
Digestive tract ~ Vertebrae 0.132 0.895 1.000 

Face ~ Vertebrae -0.425 0.671 1.000 
Foot Pads & Webs ~ Vertebrae 0.176 0.860 1.000 

Forelimb & Girdle Osteo ~ Vertebrae 2.243 0.025 1.000 
Glands & Mammae ~ Vertebrae 0.560 0.575 1.000 

Head Soft Part ~ Vertebrae -1.190 0.234 1.000 
Hindlimb & Girdle Osteo ~ Vertebrae 0.849 0.396 1.000 

Myology ~ Vertebrae -1.245 0.213 1.000 
Pelage ~ Vertebrae -1.447 0.148 1.000 

Respiratory Tract ~ Vertebrae 2.039 0.041 1.000 
Ribs & Sternum & Clavicle ~ Vertebrae 1.108 0.268 1.000 

Skin ~ Vertebrae 0.184 0.854 1.000 
Skull & Hyoid ~ Vertebrae -0.712 0.477 1.000 

Sperm ~ Vertebrae -0.245 0.806 1.000 
Teeth ~ Vertebrae -0.432 0.666 1.000 

Urogenital Tract ~ Vertebrae 0.154 0.878 1.000 
 

Table S4.3. Result of Dunn test for differences in pairs on vertebrae to other character types 
for Retention index (RI) in Likelihood molecular tree of Amino acid. 
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Pairwise comparison for CI in Parsimony for Amino acid Z P.unadj P.adj 
Brain ~ Vertebrae 6.655 0.000 0.000 

Development ~ Vertebrae 4.202 0.000 0.006 
Digestive tract ~ Vertebrae 4.690 0.000 0.001 

Face ~ Vertebrae 3.999 0.000 0.013 
Foot Pads & Webs ~ Vertebrae 1.913 0.056 1.000 

Forelimb & Girdle Osteo ~ Vertebrae 3.327 0.001 0.175 
Glands & Mammae ~ Vertebrae 3.263 0.001 0.215 

Head Soft Part ~ Vertebrae 5.330 0.000 0.000 
Hindlimb & Girdle Osteo ~ Vertebrae 2.441 0.015 1.000 

Myology ~ Vertebrae 8.486 0.000 0.000 
Pelage ~ Vertebrae 5.674 0.000 0.000 

Respiratory Tract ~ Vertebrae 3.652 0.000 0.052 
Ribs & Sternum & Clavicle ~ Vertebrae 3.316 0.001 0.180 

Skin ~ Vertebrae 4.153 0.000 0.007 
Skull & Hyoid ~ Vertebrae 4.066 0.000 0.010 

Sperm ~ Vertebrae 2.151 0.031 1.000 
Teeth ~ Vertebrae 8.911 0.000 0.000 

Urogenital Tract ~ Vertebrae 4.060 0.000 0.010 
 

Table S4.4. Result of Dunn test for differences consistency index (ci) for vertebral versus 
other character types on the parsimony tree of amino acid data. 

Pairwise comparison for RI in Parsimony for Amino acid Z P.unadj P.adj 
Brain ~ Vertebrae 3.363 0.001 0.172 

Development ~ Vertebrae 1.564 0.118 1.000 
Digestive tract ~ Vertebrae -0.083 0.934 1.000 

Face ~ Vertebrae 0.127 0.899 1.000 
Foot Pads & Webs ~ Vertebrae 0.372 0.710 1.000 

Forelimb & Girdle Osteo ~ Vertebrae 2.679 0.007 1.000 
Glands & Mammae ~ Vertebrae 0.291 0.771 1.000 

Head Soft Part ~ Vertebrae -0.877 0.381 1.000 
Hindlimb & Girdle Osteo ~ Vertebrae 1.557 0.119 1.000 

Myology ~ Vertebrae -1.276 0.202 1.000 
Pelage ~ Vertebrae -0.918 0.359 1.000 

Respiratory Tract ~ Vertebrae 1.962 0.050 1.000 
Ribs & Sternum & Clavicle ~ Vertebrae 1.485 0.138 1.000 

Skin ~ Vertebrae 0.946 0.344 1.000 
Skull & Hyoid ~ Vertebrae 0.152 0.879 1.000 

Sperm ~ Vertebrae -0.340 0.734 1.000 
Teeth ~ Vertebrae 0.154 0.878 1.000 

Urogenital Tract ~ Vertebrae 0.281 0.779 1.000 
 

Table S4.5. Result of Dunn test for retention index (ri) for vertebral versus other character 
types on the parsimony molecular tree of amino acid data. 
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4.7.3. pGLS test results for morphological disparity (vertebrae only) and 
morphological disparity (rest of body). 

Model AIC lambda Variable Std.Erro
r  

R2 p-
value 

Sum of variance (Jack-
kniffing)   

-
4.64591 

-
0.67912 

(Intercept) 0.06220
1 

0.53354 0 

   
SUMV_JD 0.57796

3 
 0.0107 

Sum of variance (raw value) -4.6299 -0.6791 (Intercept) 0.06238
9 

0.533561
2 

0 

   
SUMVRA

W 
0.58033

7 
 0.0108 

 

Table S4.6. The pGLS result of relationship of disparity (All characters) vs. disparity 
(Vertebrae only) in terms of sum of variance (SUMV) in different method treatment (7 order 
based). 

Model AIC lambda Variable Std.Erro
r  

R2 p-
value 

Sum of range (Jack-
kniffing)   

-9.3001 -
0.63316 

(Intercept) 0.028608 0.652359
1 

0 

   
SUMV_JR 0.010527  0.016 

Sum of range (raw value) -
9.96828 

-
0.65556 

(Intercept) 0.01632 0.976325
7 

0 

   
SUMRRA

W 
0.003981  0.013 

 Table S4.7. The pGLS result of relationship of disparity (All characters) vs. disparity 
(Vertebrae only) in terms of sum of range (SUMR) in different method treatment (7 order 
based). 

Model AIC lambda Variable Std.Erro
r  

R2 p-
value 

Sum of variance (Jack-
kniffing)   

-
1.34648 

-
0.34327 

(Intercept) 0.06406
9 

0.255573
3 

0 

   
SUMV_JD 0.82506

6 
 0.0387 

Sum of variance (raw value) -
1.33635 

-
0.34326 

(Intercept) 0.06416
8 

0.255845
3 

0 

   
SUMVRA

W 
0.82656

3 
 0.0387 

 

Table S4.8. The pGLS result of relationship of disparity (All characters) vs. disparity 
(Vertebrae only) in terms of sum of variance (SUMV) in different method treatment (11 order 
based). 

Model AIC lambda Variable Std.Erro
r  

R2 p-
value 

Sum of range (Jack-
kniffing)   

-
13.8701 

-
0.34394 

(Intercept) 0.033351 0.110925
7 

0 
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SUMV_JR 0.014312  0.0217 

Sum of range (raw value) -
10.3745 

-
0.34351 

(Intercept) 0.022489 0.604751
6 

0 

   
SUMRRA

W 
0.008212  0.0264 

 

Table S4.9. The pGLS result of relationship of disparity (All characters) vs. disparity 
(Vertebrae only) in terms of sum of range (SUMR) in different method treatment (11 order 
based). 

4.7.4. Subclades and species for the two groups in pGLS. 

Original from 66 species (with and 
without neck) 

Original from 115 species (only without 
neck) 

Order Species Order Species 
Afrosoricida Amblysomus_hottentotus Afrosoricida Amblysomus hottentotus 
 Echinops telfairi  Echinops telfairi 
 Rhynchocyon cirnei  Rhynchocyon cirnei 
 Orycteropus afer  Orycteropus afer 
Chiroptera Pteropus giganteus Artiodactyla Lama glama 
 Myotis lucifugus  Bos taurus 
Dermoptera Galeopterus variegatus Carnivora Felis silvestris 
 Cynocephalus volans  Canis lupus familiaris 
Eulipotyphala Solenodon paradoxus Chiroptera Pteropus giganteus 
 Talpa europaea  Myotis lucifugus 
 Erinaceus europaeus Dermoptera Galeopterus variegatus 
 Sorex araneus  Cynocephalus volans 
Marsupialia Didelphis virginiana Eulipotyphla Solenodon paradoxus 
 Dromiciops gliroides  Talpa europaea 
Rodentia Ictidomys tridecemlineatus  Erinaceus europaeus 
 Castor canadensis  Sorex araneus 
 Cavia porcellus Marsupialia Didelphis virginiana 
 Rattus norvegicus  Dromiciops gliroides 
Scandentia Ptilocercus lowii Montremata Ornithorhynchus anatinus 
 Tupaia glis  Tachyglossus aculeatus 
  Primates Homo sapiens 
   Lemur catta 
  Rodentia Ictidomys tridecemlineatus 
   Castor canadensis 
   Cavia porcellus 
   Rattus norvegicus 
  Scandentia Ptilocercus lowii 
   Tupaia glis 

Table S4.10. Species and Order lists for disparity and complexity test. 
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Chapter 5. Geometric morphometric analysis 
preservation on mammalian vertebrae 
 

5.1. Summary 
 

Chapter 5 details the methods used to obtain 3-D models of the vertebral columns of 
mammals from micro-CT image stacks. It documents the procedures used to assemble 
these stacks and to render smoothed surfaces from them. The chapter also details decisions 
concerning the selection and placement of landmarks so as to capture the variation in form 
down the spine. There are several trade-offs at play here. Firstly, there is a compromise 
between the time taken to landmark and individual vertical element and the resolution of the 
data on serial differentiation that can be obtained. Landmarking every vertebra would 
capture all increments in this sequence, but would frequently codify small and incremental 
changes between successive elements. Land marking a selection of elements it Saves time 
whilst preserving major patterns of morphological difference. It does, however, raise the 
question of which are elements should be landmark in this way, as well is the question of 
how to homologise these identities across taxa with different numbers of elements overall 
and different numbers of elements within particular regions. There are equally important 
decisions concerning the selection of the landmarks themselves. The array of landmarks had 
to be selected such that it can be recognised in all of the elements down the column of the 
single species, but also recognised across species. The chapter also details the procedures 
used to export the array of landmark points from the software Avizo, as well as the 
mechanics of the R code used to ordinate these data. 

5.2. Material 
 

Our sampling was designed to capture morphological diversity across the phylogeny of 
extant mammal groups. Taxonomy was used as a proxy for morphological diversity, with 
three additional constraints. We sought material that was available to us via the osteological 
collections of the Natural History Museum of United Kingdom (NHMUK), University Museum 
of Zoology, Cambridge (UMZC), Field Museum of Natural History (FMNH), University of 
Michigan Museum of Zoology (UMMZ) and Oxford University Museum of Natural History 
(OUMNH). These repositories have micro-CT facilities on site or close by, and able to 
provide scans without the need for a formal loan of the material. We were necessarily 
constrained to work with species that could be accommodated in a micro-CT scanner. 
Skeletons were scanned within their storage boxes and packaging, which were removed 
digitally thereafter. This practical constraint also meant that our scans were focussed on 
species within a relatively narrow range of sizes. Size has many significant and well-
documented effects on morphology (Fisher and Owens, 2008) , and these are of great interest. 
However, we sought to remove the gross effects of size within our analyses here. Thirdly, we 
landmarked only adult specimens. Material was confirmed as adult based on the fusion of 
the epiphyses of the long limb bones. Sixty-six species within 38 families and 16 orders were 
scanned. Additionally, in order to analyse the distribution across other relatively large-sized 
mammals, 49 species form Jones’ data (Jones et al., 2018) were included to expand the 
dataset. 
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The CT scans were imported into Avizo 8.0 (FEI Visualization Sciences Group, Berlin, 
Germany, Sciences et al., 2021). To produce 3D projections from a stack of 2D density 
maps, an accurate scaling was required. When CT scans were initially imported, the default 
settings resulted in an arbitrary spacing of those slices. In practice, this resulted in 
reconstructions that appeared compressed along the axis orthogonal to the plane of the 2D 
slices. Hence, it was necessary to adjust these spacings in order to obtain accurate 3D 
renderings.  The physical spacing between slices was therefore specified using the 
distances between slices measured at three angles to the orthogonal. These three “voxel 
values” were obtained along with the original scans. Based on the threshold value of 
radiodensity, a three-dimensional model can be inferred using edge detection algorithms 
(Srinivasan, G.N., 2008). Once the edge strength is computed, the volume rendering of the 
specimen can be generated. 

The following figures illustrate the assembly of a 3D model from 2D CT scans using volume 
rendering (x, y, z: 0.04461672209742 mm) with the shear warp algorithm. 

 

 

Fig 5.1. CT scans of the specimen were taken from multiple angles (top three panels). 
These 2D density maps were interpolated into the 3D reconstruction (bottom).  

5.3. Thresholds for volume rendering. 
 
The specimens were sampled from museum collections of differing ages and implementing 
different conservation practices, the quality of the material also varied. Moreover, the density 
and proximity of packing and support material captured in dry specimens varied, as did the 
relative density of preserving fluid in spirit material. Selecting the correct threshold therefore 
became critical to the quality of the volume rendering, and ultimately make landmark 
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placement more accurate. Too low would make some elements of the skeleton disappear. 
Too high, the surfaces would become indistinguishable from the surrounding fluid or tissue in 
the case of wet specimens (Fig 5.2). 

 
Fig 5. 2. The selection of threshold becomes critical to optimize the quality of volume 
rendering, which affects the accuracy of landmarks when the surface is re-constructed. The 
volume rendering has too many impurities when the threshold is too high (top left), but 
becomes indistinct if the threshold is too low (top right). The optimum balance was achieved 
by careful manual adjustment (bottom). 

 

Fig 5. 3. The reconstructed volume rendering of the specimen in Fig 4.1, viewed from 
different angles.  

Once the 3D model was generated, individual sections of the bones could be digitally 
dissected from the whole skeleton, in order to work on them in isolation. The lasso tool was 
used to delineate the outline of the required elements in successive 2D density maps  (e.g., 
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the vertebral column in Fig. 4.3). This was a complex process in cases where many parts of 
a 3D structure traversed a given 2D image. The interpolate function was able to join the 
corresponding elements of these structures across successive 2D slices, and thereby to 
define the bounds of 3D objects. 

 

 

Fig 5. 4. The lasso tool can highlight the area needed (a-left), and form into irregular shape 
which warp the vertebrae by interpolate the highlighted area (b-left). 

The first stage in the segmentation process was to  dissect the vertebral column from the 
rest of the skeleton. This was achieved using a combination of the lasso tool and the 
“Interpolation” algorithm. The lasso was used to highlight an area larger than the vertebrae 
(Fig 5.4a-right), when areas in multiple scans were highlighted (Fig 5.4a-left). The 
“Interpolation” function was then used to automatically wrap the areas in subsequent CT 
images of the stack (the cyan object in Fig 5.4b-left). The purpose of interpolated wrap is to 
pull the spine away from the rest of skeleton and makes the highlight process in Fig 5.5 
possible. Subsequently, individual vertebrae were isolated from the entire column by using 
the same interpolation method, such that all regions – including articulations and 
interdigitating regions and processes – could be landmarked accurately without the 
interference from other columns. 
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Fig 5. 5. The magic wand tool can be used to highlight regions of a 2D CT scan with a 
specific density threshold (left), and subsequently to extract all the corresponding regions 
from the interpolated space. This can then be used to assemble the slices into a 3D model 
(right). 

Once the 3D rendering was completed, a smoothed surface could be built from the rendering 
(Fig 5.6, 5.7). This would make it possible to landmark any point on the virtual rendering of 
each bone. The surfaces could also be exported in other file formats for study using other 
software. 

 

 

 

Fig 5. 6. The re-constructed surface within the whole specimen (left), and the surface 
extracted from the rest of the skeleton (right). 
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Fig 5. 7. A reconstructed surface from the vertebral column of Acrobata graphiurus, viewed 
from different angles. This is useful for studying the regionalisation and shape variation of 
the entire vertebral column. However, for landmarking single vertebral elements, individual 
bones were digitally dissected from the entire column.  

A three-dimensional geometric morphometric (GMM) approach was used to quantify the 
shape of vertebrae. This was followed by Generalised Procrustes alignment (GPA; Gower, 
1975) and Principal components analysis (PCA) in order to ordinate vertebral element shape 
variation.  The resulting empirical morphospace captured shape variation in elements across 
species, but also across the elements in a single vertebral column (i.e., within species). 
Hence, the same ordination could be used to compare the shapes of corresponding 
elements (e.g., the axis or first thoracic vertebra) across mammals, but also to explore the 
dissimilarity of successive elements down the spine of a single species. As a pre-requisite 
for this, it was necessary to isolate each element of each vertebral column as a separate 
rendering. The articulations between elements, as well as the interdigitation of their 
processes, would make it difficult to place landmarks otherwise. The same suite of methods 
deployed for the entire spinal column was used to segment individual elements, and to 
recreate their surfaces. One such rendering is illustrated (Fig 4.7). 
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Fig 5. 8. The entire vertebral column of Acrobata Graphiurus as a surface rendering (upper), 
with 7 vertebral elements extracted for landmarking (lower).  

 

5.4. Selecting vertebral elements for analysis 
 

Rather than isolate and landmark every element in the vertebral column of every scanned 
specimen, it was decided to sample this variation using the data for nine elements. These 
were subjectively spaced along the columns to capture major differences in form, and to do 
this in regions with recognisable transitions in morphology. For example, there is 
disproportionately marked morphological variation within the cervical region, and we 
therefore sampled more intensively (4 vertebral columns) from the neck.  Our scheme made 
a compromise between the number of elements sampled, the number of landmarks that 
placed on those elements and the number of species sampled. Given that the total number 
of characteristics, as well as the number of elements within vertebral regions (cervical, 
thoracic, lumbar, sacrum and caudal) varies across mammal species, elements were 
identified relative to regions (e.g., last lumbar) rather than in terms of their numerical 
sequence along the column. This scheme reflects underlying homology relative to the 
expression of Hox genes, rather than putative homology in terms of numerical position down 
the spine (e.g., 24th vertebra).  

Our scheme also reflects what is known regarding developmental constraints on mammalian 
vertebral morphology (Kemp, 2005, Jenkins, 1970). The trunk region in mammals has 
relatively tight constraints on the number of vertebral elements, but there is considerably 
plasticity in the morphology of those elements (Benitez et al., 2018). The cervical vertebrae, 
in particular, are fixed at seven elements in all but a handful of mammal species, but 
concomitantly display striking variation in form (e.g., Fig 5.9). The evolution of a regionalised 
presacral vertebral column in mammals is a correlate of their specialized locomotory and 
respiratory systems (Bailin et al, 2012). The sacral and especially the caudal region show 
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much greater plasticity in element numbers, with intraspecific variation also being relatively 
common. The sacral region is typically fused to the pelvis, making it very difficult to 
demarcate or segment individual elements. Moreover, many of the landmarks that could be 
identified reliably on the elements of the presacral spine (e.g., centum, arch, zygapophyses, 
process) were difficult to place or had no equivalents on the sacral and caudal elements. We 
therefore limited our focus to the pre-sacral regions.  

In total, nine elements were sampled. The abbreviations in brackets are followed elsewhere 
in the thesis (see also Fig 5.9).  

1. Atlas. The first cervical element supporting the skull. This is a highly distintive 
element, with a specialised function. (C1). 

2. Axis. The second cervical element. The Atlas-Axis articulation provides great scope 
for movement, and the axis is typically very different in form from the atlas. (C2). 

3. Third cervical. The third cervical element is typically distinct in form from the axis, but 
is usually much more similar to the three subsequent elements. It therefore offers a 
proxy for the anterior region of elements C3-C6. (C3). 

4. Sixth cervical. The sixth cervical element is sampled because it is usually typical of 
the form of more posterior cervical elements. (C6). 

5. First thoracic. This is the most anterior element articulating with ribs, marking the 
anterior border of the thoracolumbar region. (T1). 

6. Mid-thoracic. This is the element numerically half-way between the last first thoracic 
element attached to ribs and the last thoracic element. (T5-T7). 

7. Diaphragmatic. This is the element marking the transition from horizontally-oriented 
to vertically-oriented zygapophyses. Where this transition is gradual, the most 
anterior vertebra was selected. (T10-T14). 

8. Anterior lumbar. This is the element numerically one-third of the way along the 
lumbar region. Its identity depends upon the number of lumbar elements, although L2 
or L3 were usually selected. We selected this element in preference to the first 
lumbar vertebra because L1 is often morphologically transitional between the typical 
thoracic and lumbar morphology, and may lack well-developed transverse processes. 
(L2-L3). 

9. Last lumbar. The last lumbar element that articulates directly with the sacrum. (L3-
L7). 

 

 

 



120 

 

 

 

 

Fig 5. 9. Anterior and lateral views of each sampled element from Acrobata Graphiurus, prior 
to landmarking. These images have been rendered from PLY files, which obviates the need 
for specialized software (e.g., Avizo) to view them.  

 

5.5. Selecting landmark for analysis 
 

The selection of landmarks was based on three criteria. The first was to capture as much 
morphological variation as possible within each element, subject to the time constraints 
entailed in the placement of those landmarks. The second was to select landmarks that 
could be recognised across all elements within the column. The third was to ensure the 
scheme could be applied across species. Our scheme entailed 8 midline landmarks and 14 
bilateral landmarks, such that 36 were placed at each element. 

All pre-sacral elements comprised an arch, centrum, and neural spine. Eight landmarks were 
used to define the midline, and an additional 12 (bilateral landmarks 9-20 in Table 4.1) to 
capture the shape of the centrum. The functional morphology of vertebrae is highly variable. 

Atlas            Axis 3rd            Cervic 6th              Cervic 

1st Thoracic           Mid Thoracic    Diaphragmatic     Anterior Lumber     Last Lumbar 
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Beyond this highly conservative set of 20 landmarks, it was less straightforward to establish 
robust homologies between cervical and trunk elements, whilst simultaneously capturing the 
full extent of morphological variation.  

Landmarks 13-36 capture variation in the shape of the transverse processes and 
zygapophyses, which may not all be present on the cervical elements. To overcome this 
difficulty, an approach for accommodating “degenerate” shapes alongside fully developed 
processes or zygapophyses was applied (Klingenberg, 2008). This method has been 
successfully deployed for landmarking the vertebral elements of snakes (Polly, et al. 2015). 
Where the morphology of adjacent elements changes incrementally, it may be possible to 
infer homologies across a series in progressive steps (Filler & Hofreiter, 2007, Lin et al., 
2011). In some cases (such as the pre- and post-zygapophyses) two landmarks on two 
processes in some elements correspond to superimposed landmarks on a single process in 
other elements (Fig 4.8 left). In other cases, multiple landmarks can overlap in this way in 
some elements of some species (Fig 4.8 right). 

 

Fig 5. 10. The placement of landmarks on novel or reduced structures. A single structure in 
one element can be identified by a single landmark (i.e., two zygapophyses landmarked in 
one position) (left panel). However, this single structure can be shown to correspond to two 
structures – separate pre- and post- zygapophyses – in serially homologous elements in the 
same species, or in positionally homologous elements in closely-related species.  Similarly, 
three distinct landmarks in some elements can be shown to progressively converge to a 
single overlapping landmark in successive elements within the same species.    

As one example, the anapophysis and metapophysis are distinct on some vertebrae, but 
become progressively less distinct in adjacent elements moving along the column. Similarly, 
zygapophyses were difficult to identify in cervical elements, but were seen to be reduced to 
triangle-shaped apophyses. The transverse processes of the lumbar region originate on the 
centrum, where they attach to diapophyseal ribs in pre-diaphragmatic elements. In the 
thoracic region, the transverse processes are reduced to small uplift facets.  

Additional landmarks on the 6th cervical element (listed in Table 4.1) were discarded. The 
two Laminae indentified by the “additional” landmarks on the 6th cervical vertebra are specific 
to this element, with no vestiges of these structures whatsoever on the 5th and 7th cervical 
elements. The laminae of the 6th cervical element are termed carotid tubercles or anterior 
tubercles (Nelson and Blauvelt, 2015. These are prominences of the transverse process felt 
on the lateral side of neck, and associated with soft tissues including the carotid arteries 
(Cramer, 2014).  

Pre-zygapophysis 

Post-zygapophysis 

Two zygapophyses 
landmarked in one position A, B, C 

overlapped 
A 

B 

C 

A 

B 

C 
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VERTEBRA LANDMARK DESCRIPTION 

Mid-line landmarks  1. Dorsal-most tip point of neural spine ANTERIOR 
2. Dorsal mid-point of neural spine ANTERIOR 
3. Dorsal mid-point of (centrum) ANTERIOR 
4. Ventral mid-point of (centrum) ANTERIOR 
5. Dorsal-most tip point of neural spine POSTERIOR 
6. Dorsal mid-point of neural spine POSTERIOR 
7. Dorsal mid-point of (centrum) POSTERIOR 
8. Ventral mid-point of (centrum) POSTERIOR 

Bilateral landmarks 

 

9. Left medial point of (centrum) ANTERIOR 
10. Right medial point of (centrum) ANTERIOR 
11. Left dorsal arch point of (centrum) ANTERIOR 
12. Right dorsal arch point of (centrum) ANTERIOR 
13. Left tip point of (centrum) ANTERIOR 
14. Right tip point of (centrum) ANTERIOR 
15. Left medial point of (centrum) POSTERIOR 
16. Right medial point of (centrum) POSTERIOR 
17. Left dorsal arch point of (centrum) POSTERIOR 
18. Right dorsal arch point of (centrum) POSTERIOR 
19. Left tip point of (centrum) POSTERIOR 
20. Right tip point of (centrum) POSTERIOR 
21. Left dorsal point of pre-zygapophysis 
22. Right dorsal point of pre-zygapophysis 
23. Left cranial/lower point of pre-zygapophysis 
24. Right cranial/lower point of pre-zygapophysis 
25. Left caudal point of pre-zygapophysis 
26. Right caudal point of pre-zygapophysis 
27. Left cranial/lower point of post-zygapophysis 
28. Right cranial/lower point of post-zygapophysis 
29. Left caudal/dorsal extent point of post-zygapophysis 
30. Right caudal/dorsal extent point of post-

zygapophysis 
31. Left ventral extent point of post-zygapophysis 
32. Right ventral extent point of post-zygapophysis 
33. Lateral cranial point of left transverse process 
34. Lateral cranial point of right transverse process 
35. Lateral caudal point of left transverse process 
36. Lateral caudal point of right transverse process 

Additional landmarks at 
C6 (discard) 

37. Left cranial point lamina 
38. Right cranial point lamina 
39. Left caudal point lamina 
40. Right caudal point lamina 

 

Table 5.1. The 36 landmarks defined for each vertebral element (1-36) and the 4 landmarks 
unique to C6 (37-40).   
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Fig 5. 11. The column surface after landmark. Each landmark would generate an identical 
file contained its coordinates.  

5.6. Geometric morphometric analysis 
 

Landmarks data generated in Avizo were imported into R version 4.0.3(R Core Team 2015). 
Geometric morphometric analyses were peformed in GEOMORPH version 3.3.2 (Adams & 
Otarola-Castillo, 2013), and Stringdist version 0.9.6.3 (Ref) for GPA algorithm. The GPA 
algorithm removes the effects of position, scaling and orientation (Slice & Rohlf, 1990), 
thereby aligning the landmark sets for all elements and minimizing the summed Euclidean 
distances of all points from the average point configuration (Gower, 1975). All 36 common 
landmarks were first superimposed using a Generalised Procrustes alignment (GPA; Gower, 
1975). By the application of principal components analysis (PCA), orthogonal axes 
corresponding to major patterns of shape covariation across all of the vertebral elements 
were abstracted. The full R script is given in Appendex 5.9. This script was modified by 
Roger Benson (Oxford) and myself.  
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5.7. Fusion of elements 
 
The fusion of cervical vertebra has evolved independently across many lineages of tetrapod. 
This fusion may be a biomechanical adaptation for supporting the skull with certain modes of 
locomotion and feeding (Howell, 1932; Kemp, 2001). Very few of our specimens had fusion 
of cervical elements, but those that did presented additional difficulties for segmentation. 
Despite fusion, it was usually possible to identify the precise boundary between the fused 
vertebrae from CT slices (Fig 5.18). In most situation, the vestige of gap between fusion is 
still traceable. Technically, so long as the boundary is still visible, the segmentation is 
capable. 
 

 
Fig 5. 12. The fusion boundary (at red arrows) at the cervical region of Dipus jaculas. By 
scroll through the CT slices, the vestige of the boundary is still visible. The difference 
between boundary and texture is that the boundary is usually coherent through the CT 
scans, but texture is random and disconnect between CT slices. 
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Fig 5. 13. The fusion of cervical elements in Dipus jaculas. The whole seven vertebra were 
fused, but careful segmentation was nonetheless able to identify the boundaries between 
elements and thereby realise renderings of the isolated elements. 
 

5.8. Specimen damage 
 

The age of our specimens was highly variable, with some material having been preserved in 
the 19th century. Careful threshold adjustment often helped to resolve delicate surfaces. In 
other cases, it was necessary to derive elements from more than one individual to yield a 
composite column.  
 

 
Fig 5. 14. The damaged Axis on Notorcytes typhlops (red arrow). The specimen was 
supported by a metal frame, without the metal frame the skeleton would have been 
disarticulated. 
 

5.9. Conclusions 
 

The geometric morphometrics is a promising technique to identify species surface especially 
on hard structures using anatomical landmarks. Landmark collection is a rather cost-
effective technique. In this chapter, I’ve demonstrated the full protocol of geometric 
morphometric data collection for the vertebrate of mammals, and fully described the 
characteristics of mammalian vertebral columns. Also, I’ve highlighted the major possible 
issues that researchers may encounter during the data collection. Geometric morphometric 
analysis requires good CT scans, but still, this application is one of the most effective and 
enforceable methods to measure morphological complexity. 
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5.11. Appendex 
 

The Whole script runs in R version 4.0.3(R Core Team 2015), with the packages mentioned 
below. 

require( geomorph ) 
require( stringdist ) 
 
##This next line reads the data off the server. It makes use of one of the functions read 
directly above 

landmark.list <- getAvisoData( exclude.string = c("\\.am", "\\.surf", "\\.resampled", 
"\\.labels", "\\.ply", "\\.PLY", "\\.stl", "\\.STL", "\\.docx", "\\.pptx", "\\.xlsx", 
"\\.scanConverted", "\\.SptGraph", "\\.db" , "\\.txt", "\\.png", "\\.odt", "\\.lnk" , "\\.hx") , 
include.string = "YVLM" , file.size.limit = 10000 ) 
 

##Read the landmark.info and name.corrections. 
 landmark.info <- read.csv("Disk:\\Target folder\\landmark info.csv") 
 rownames( landmark.info ) <- landmark.info[ , 1 ] 
 landmark.info <- landmark.info[,-1] 
##Use the below to make a landmark list that contains each individual vertebra in a 
comparable framework, rather than analysing single column. 
 landmark.names <- rownames( landmark.info ) 
   remove.first <- function( X ) { X[ -1 ] } 
   get.first <- function( X ) { X[ 1 ] } 
 



128 

 

new.landmark.names <- unlist( lapply( lapply( strsplit( landmark.names , "_" ) , 
remove.first ) , paste , collapse = "_" ) ) 

   names( new.landmark.names ) <- landmark.names 
   new.landmark.info <- 
landmark.info[ !duplicated( new.landmark.names )  , ] 
 rownames( new.landmark.info ) <- 
new.landmark.names[ rownames( new.landmark.info ) ] 
 

vertebra.ID.temp <- unique( unlist( lapply( strsplit( landmark.names , "_" ) , 
get.first ) ) ) 
 
 split.landmark.list <- list() 
   for( i in 1:length( landmark.list ) ) {split.landmark.list[[ i ]] <- list() 
   for( vert in 1:length( vertebra.ID.temp ) ) { 

split.landmark.list[[ i ]][[ vert ]] <- 
landmark.list[[ i ]][ grepl( vertebra.ID.temp[ vert ] , 
names( landmark.list[[ i ]] ) ) ] 
 
names( split.landmark.list[[ i ]][[ vert ]] ) <- 
lapply( lapply( strsplit( names( split.landmark.list[[ i ]][[ v
ert ]] ) , "_" ) , remove.first ) , paste , collapse = "_" ) 
names( split.landmark.list[[ i ]] )[ vert ] <- 
paste( names( landmark.list )[ i ] , 
vertebra.ID.temp[ vert ] , sep = "__" )  } } 

 split.landmark.list <- do.call( c , split.landmark.list ) 
 
 lm.dimensions <- landmarkListDimensions( split.landmark.list ) 
 AA <- landmarkDimensionsSummary( lm.dimensions , "dimensions.matrix" ) 

 
compiled.landmarks <- compileLandmarkMatrix( landmark.list = split.landmark.list , 
landmark.info = new.landmark.info , element = element , reflect.sides = F , 
use.element = F , drop.missing = "taxa" , drop.landmarks = 
c( "23L_Left_cranial_point_lamina" , "23R_Right_cranial_point_lamina" , 
"24L_Left_caudal_point_lamina" , "24R_Right_caudal_point_lamina" ) , 
majority.assign = F )[[1]] 

 
This script above is for the whole framework landmark list which included instead of 
individual framework such as Atlas or Axis only. The key point that needs to pay attention 
with is the order of “split.landmark.list” and “new.landmark.info”. The version of compiled 
landmarks generates above contains the landmark array that I can analyse in geomorph. 
However, If I instead want to analyse just one column, I can use the script below to generate 
complied landmarks. 

##Modify this part to choose a different verebra using its unique string. (e g. change 
MidThoracic to Atlas) 
 element <- "MidThoracic" 
 lm.data <- getElementLandmarks( lm.dimensions , element ) 
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compiled.landmarks <- compileLandmarkMatrix( landmark.list = landmark.list , 
landmark.info = landmark.info , element = element , reflect.sides = F , use.element = 
T , drop.missing = "taxa" , drop.landmarks = NA , majority.assign = F )[[1]] 

##The script below is for single taxon for which to view landmark data. The taxon names 
using dimnames( compiled.landmarks[["output.landmarks.array"]] ) 

 taxon <- "Aplodontia_rufa_FMNH_60775" 

plot3d( compiled.landmarks[["output.landmarks.array"]][,,taxon] , size = 20 , col = 
1:dim( compiled.landmarks[["output.landmarks.array"]] )[1] )  

aspect3d("iso") 

 
 

Fig S5. 1. A 3D plot of landmarks for a single vertebra of a single specimen. In this case, the 
mid-thoracic element of Aplodontia rufa is visualised. 
 
##Generalised procrustes alignment     
  gpa.fit <- gpagen( compiled.landmarks[["output.landmarks.array"]] , ProcD = F ) 
##Principal components analysis of procrustes-superposed landmarks   
 pca.fit <- plotTangentSpace( gpa.fit$coords ) 
 
##Plot mean shape from GPA, and one other landmark constellation 
 i = 1 
  plot3d( gpa.fit$consensus , col = compiled.landmarks[["colours"]] , size = 10 , 
main = dimnames( gpa.fit$coords )[[ 3 ]][ i ] ) 
 aspect3d( "iso" ) 
  points3d( gpa.fit$coords[,,i] , col = compiled.landmarks[["colours"]] , size = 15 ) 
     i = i + 1 
##Plot mean shape from GPA, and then all other landmark constellations on top  
     
     plot3d( gpa.fit$consensus , col = 
compiled.landmarks[["colours"]] , size = 10 , main = dimnames( gpa.fit$coords )[[ 3 ]][ i ] ) 
      aspect3d( "iso" ) 
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       for( i in 1:dim(gpa.fit$coords)[3] ) 
{ points3d( gpa.fit$coords[,,i] , col = compiled.landmarks[["colours"]] , size = 8 ) } 

 
 

 
Fig S5. 2. Landmarks constellation of mid-Thoracic column for all specimen on top of the 
landmarks of Aplodontia rufa, which were covered by constellation. In visible situation, the 
landmarks of highlighted species were larger than other landmarks. 
 
##The script below is for plotting the PCA scores of Procrustes-superposed landmarks for 
individual vertebrae 
 X <- "PC1" 

XLAB <- paste( X , " (" , round( pca.fit$pc.summary$importance[ 2 , X ] , 3 ) * 
100 , "%" , ")" , sep = "") 

 Y <- "PC2" 
YLAB <- paste( Y , " (" , round( pca.fit$pc.summary$importance[ 2 , Y ] , 3 ) * 
100 , "%" , ")" , sep = "") 

 Z <- "PC3" 
ZLAB <- paste( Z , " (" , round( pca.fit$pc.summary$importance[ 2 , Z ] , 3 ) * 
100 , "%" , ")" , sep = "") 

 dev.new( width = 12 , height = 6 ) 
  split.screen( c( 1 , 2 ) ) 
  screen( 1 )  
   plot( pca.fit$pc.scores[ , c(X,Y) ] , bty = "n" , pch = 21 , bg = "grey" , lwd = 
2 , cex = 1.2 , xlab = XLAB , ylab = YLAB) 
   #text( pca.fit$pc.scores[ , c(X,Y) ] , rownames( pca.fit$pc.scores ) , cex = 
0.6 ) 
  screen( 2 )  
   plot( pca.fit$pc.scores[ , c(Z,Y) ] , bty = "n" , pch = 21 , bg = "grey" , lwd = 
2 , cex = 1.2 , xlab = ZLAB , ylab = YLAB) 
   #text( pca.fit$pc.scores[ , c(Z,Y) ] , rownames( pca.fit$pc.scores ) , cex = 
0.6 ) 
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Fig S5. 3. Variation in the form of the first thoracic element across 115 species, projected 
onto PC1 vs. PC2 and PC3 vs PC2. Each point represents T1 from a single species.  
 
##However, for co-plotting all vertebrae, I can add additional script after the X, Y, and Z axis 
line, and insert legend 

vertebra.names <- c( "Thoracic1YVLM" , "MidThoracicYVLM" , 
"DiaphragmaticYVLM" , "AnteriorLumberYVLM" , "LastLumberYVLM" ) 

 BG.names <- unlist( lapply( strsplit( dimnames( pca.fit$pc.scores )[[ 1 ]] , "__" ) , 
remove.first ) ) 
 BG <- rainbow( n = length(vertebra.names) )[ match( BG.names , vertebra.names ) ]
  
  
 legend( "bottomleft" , bty = "n" , pt.bg = rainbow( n = length(vertebra.names) ) , pch = 
21 , cex = 0.8 , legend = gsub( "YVLM" , "" , vertebra.names ) )    
 pca.fit[[ "pc.shapes" ]] 

 
Fig S5. 4. Variation in the form of the five trunk vertebrae (colour coded) projected onto PC1 
vs. PC2 and PC3 vs PC2. Each point represents a single element from a single species. 
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Scattergram showing the relations of first three PCA scores between trunk vertebrates (PC1 
vs. PC2, PC3 vs. PC2). Overall, the variation of three Thoracic columns is wider in 
distribution compared to Lumber vertebrates, the Diaphragmatic column is by general closer 
to Lumber columns. Script “vertebra.names” can be modified to include any number of 
elements superimposed in this way.  
 
##For the mean shape of landmark constellation, the script below can be used for plotting 
  shape = "PC2min" 

plot3d( gpa.fit$consensus , col = compiled.landmarks[["colours"]] , size = 10 , 
main = shape ) 

   aspect3d( "iso" ) 
points3d( pca.fit[[ "pc.shapes" ]][[ shape ]] , col = 
compiled.landmarks[["colours"]] , size = 15 ) 

  
 open3d() 
  par3d(windowRect = c(0,0,700,300)) 
   Sys.sleep(1) 
    mfrow3d(nr = 1, nc = 2, byrow = TRUE, sharedMouse = TRUE) 

 
Figure S5. 5. The mean shape vs. the shape of PC2 of Aplodontia rufa’s Atlas column. The 
mean shape landmarks were in smaller size plots, while the shape of PC2 is pictured by 
larger set of plots. Same method can be applied for the visualization of mean shape of any 
column. 
 
#In addition, the script below can sketch the max PCA and min PCA for comparison to mean 
GPA. 
 choose <- "PC3min" 

plot3d( pca.fit$pc.shapes[[choose]] , col = compiled.landmarks[[ "colours" ]] , 
size = 15 , box = "n") 

points3d( gpa.fit$consensus , col = compiled.landmarks[[ "colours" ]] , 
size = 5 , box = "n") 

  title3d( main = choose, line=1 , cex = 1) 
   aspect3d( "iso" ) 
   next3d() 
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 choose <- "PC3max" 
plot3d( pca.fit$pc.shapes[[choose]] , col = compiled.landmarks[[ "colours" ]] , 
size = 15 , box = "n") 

points3d( gpa.fit$consensus , col = compiled.landmarks[[ "colours" ]] , 
size = 5 , box = "n") 

  title3d( main = choose, line=1 , cex = 1) 
    aspect3d( "iso" ) 

 
Figure S5. 6. The shape comparison between PCA min/max to mean PCA. The PCA 
min/max were in small points and mean PCA was in larger dots. 
 
##Eventually, the output of the PCA scores for vertebrate can be written by the script below 

write.csv(pca.fit$pc.scores, file = "PCA_scores.csv", row.names = TRUE, 
col.names = TRUE) 
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Chapter 6. Geometric morphometric and count-
based indices of vertebral differentiation and 
complexity 
 

 

6.1. Summary 
 

In this chapter, I devise indices of complexity from the geometric morphometric data collated 
in Chapter 5. One class of indices of serial differentiation were devised for elements within 
the vertebral column by analogy with the disparity of species within a sub-clade or timeslice. 
Hence, the sum of variances (SUMV) and sum of ranges (SUMR) for the sampled vertebral 
elements within a given species provided indices of the differentiation of form (our proxy for 
complexity). An alternative index summed the Euclidean distances between physically 
adjacent elements down the spine – a path length index of serial differentiation (PATH). All 
of these indices are closely correlated across my sample of 115 mammal species, and 
therefore appear to access similar aspects of the differentiation in form. In parallel with the 
geometric morphometric data, I also compile counts of vertebrae, and numbers of vertebrae 
within particular regions. From these data it is possible to derive ratios and summative 
indices of the diversity of form, including the Brillouin index, and the Shannon and Simpson 
indices more usually applied to counts of individuals within species. One counterintuitive 
finding is that geometric indices of morphological diversity and count indices of 
regionalisation do not correlate closely. In addition to the above, I categorise these 115 
mammal species into 7 habitat and 9 locomotory classes. We found the aquatic mammals 
tend to have less differentiation and less complex vertebral elements in terms of habitat, 
which may be a function of the greater support provided by water, as well as the near 
identity of the aquatic classifier with the swimming or natatory locomotory classifier. As for 
the locomotory modes, we found that bipedality and hopping locomotion were positively and 
significantly correlated with our geometric complexity indices, and swimming have their own 
bias towards the regions of vertebrae, where presacral vertebrae tend to be more complex in 
flying mammals (Chiroptera). Finally, I applied the same phylogenetic least squares 
analyses of the disparity of mammals from chapter 4 versus all geometric morphological 
complexity, diversity (species numbers), and then between geometric morphological 
complexity and diversity (species numbers). Based upon the set of analyses, I therefore 
make conclusion that there is no significant relationships in geometric morphological 
complexity, diversity (species numbers), and character based disparity of mammals in our 
data set. 

 

6.2. Introduction 
 

The vertebral column of mammals is remarkably conservative in its organisation, usually 
comprising well-defined cervical, thoracic, lumbar, sacral and caudal regions, each with their 
own distinctive and characteristic morphologies. This contrasts strikingly with the 
morphology of the column in other tetrapod groups (notably birds, squamates and 
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amphibians), where vertebral numbers are more variable, and where the differentiation 
between regions is often less marked. In particular, the cervical region of mammals is tightly 
constrained, with seven elements in nearly all extant species, regardless of their size, 
ecology and taxonomy. The geometric and concomitant biomechanical requirements of 
progressively longer necks in mammals are therefore accommodated via marked changes of 
vertebral shape and proportions and the development of elaborate interlocking processes 
(Dong, et al., 2013) . Similarly, most mammal species have a conservative number of 20 
elements in the thorax and lumbar region (Narita and Kuratani, 2005), with 13 or 14 of these 
bearing ribs (thoracic). However, the number of thoracic vertebrae can be more variable, 
with 9 in some cetaceans and 24 in the two-toed sloths Choloepus. Similarly, there are 
between 4 and 7 lumbar vertebrae, but as few as 2 (anteater) and as many as 21 (dolphin) 
in some taxa. The sacral number is typically between 3 and 5, but can reach 22 in some 
sloths and anteaters. The caudal region retains the greatest flexibility across (and to some 
extent, within) species, with between 5 (humans) and 50 (kangaroo) elements in the “tail”.  

The constrained number and regionalisation of mammalian vertebrae has usually been 
explained in terms of developmental canalisation and pleiotropy. Regulatory mutations that 
alter the number of cervical elements typically have other detrimental effects on the 
development of cartilage, the ossification of the pelvis and sternum, fusion of vertebrae, 
symmetry of the ribcage, and the incidence of tumours (Varela-Lasheras et al., 2011) A few 
species vary the cervical element number, including the sloths Bradypus and Choloepus with 
six, nine or ten elements (Böhmer et al., 2018) and sirenians in the genus Trichechus, with 
six. In these genera, the worst of the collateral effects are mitigated through slow metabolic 
rates and low levels of activity. Similarly, the placement and development of the diaphragm 
is controlled by the same homeotic framework that marks the thoracic/lumbar boundary 
(Buchholtz et al., 2012). 

The vertebral column of mammals has multiple biomechanical functions (Thomason, 1986; 
Wainwright, 2005). It provides a conduit of forces between the limbs and girdles, as well as 
supporting the skull and dissipating forces originating from the latter. It articulates with the 
ribs and thereby encases and suspends the viscera. It assists with ventilation both as a set 
of fulcra for the ribcage and the actions of the intercostal muscles, and also in its 
dorsoventral flexion together with the action of the diaphragm. In conjunction with the lattice 
of tendons and muscles that extend between the various processes and spines of its 
interlocking elements, the vertebral column also provides a braced, cantilevered, flexible and 
elastic chassis for locomotion. Not least, it encloses and protects the spinal cord.  

Relative to the vertebral columns of their earlier synapsid forbears, the columns of extant 
mammals show significantly greater serial morphological differentiation and specialisation 
(Jones et al., 2019). Crown mammals (the least inclusive clade encompassing extant 
monotremes and therians) also underwent ecological radiation and specialisation, both 
during the Cretaceous Period and, more spectacularly, in the wake of the K/Pg mass 
extinction (O'Leary et al., 2013). From predominantly small-sized terrestrial insectivores and 
herbivores in the early Paleocene, a rich diversity of morphologies, modes of locomotion and 
ecologies were realised from the Eocene to the present day. Radiations occurred in parallel 
in the placental and marsupial lines, offering some of the best-known examples of 
convergent evolution (Malik, 2012). Increasing morpho-functional specialisation, as well as 
increasing size (Fisher and Owens, 2008), brought greater biomechanical demands and 
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thereby entailed more marked serial differentiation. Finally, the invasion of aquatic 
environments and the conquest of the air resulted in additional modifications of the vertebral 
column. These include (but are not limited to) increases in the total number of elements in 
but reduction and fusion of cervical elements in cetaceans, and the development of 
specialized interlocking processes in the cervical vertebrae of bats. 

The present study focuses on the differentiation of vertebral elements and the complexity of 
the mammalian vertebral column, seeking to quantify tempo and mode of morphological 
evolution and patterns of regionalization. There is an extensive literature on vertebral 
morphology and numbers across extant mammals (McShea, 1993). However, few studies 
have addressed patterns of evolutionary change in vertebral formulae (i.e., numbers of 
elements in different regions) or vertebral shapes across a broad sample of extant crown 
mammals. In the present study, we quantify the number and distribution of mammalian 
vertebrae using diversity indices that consider the numbers of constituent vertebrae in each 
of the column regions. We also quantify morphological differentiation between elements as a 
proxy for morphological complexity using geometric morphometric techniques. We explore 
changes in regionalization and complexity in relation to shifts in habitat and ecology, using 
locomotory mode as a proxy for ecological adaptation and habitat the context with different 
modes of locomotion and different habitats. To this end, we also consider body mass, in so 
far as this has immediate biomechanical implications for the morphology of the vertebral 
column. We further examine vertebral column modifications in relation to ecological traits 
and locomotory modes (Randau and Goswami, 2018). 

Questions: 

1. What is the relationship between the Brillouin index and ratios of numbers of 
elements within regions (on one hand) and indices of complexity of geometric form 
analogous to indices of morphological disparity across samples of species (on the 
other)? The latter include the sums of univariate variances (SUMV) and of univariate 
ranges (SUMR) of the scatter of vertebral elements within various morphospaces. It 
also includes path length: the sum of the Euclidean distances between successive 
vertebral elements down the spine.  We hypothesise that there may not be any 
straightforward relationship between count and shape indices of differentiation across 
species. Indeed, in cases where the numbers of elements least flexible or fixed, such 
as in the neck, different functional morphologies might be accommodated by greater 
variation in element shape. 

2. What are the effects of habitat and locomotory mode upon indices of geometric 
complexity? We hypothesise that there are no straightforward and universal 
relationships between habitat or locomotory mode on one hand, and indices of 
geometric complexity on the other. Given the inflexible nature of cervical 
segmentation in mammals, count-based indices for the column as a whole are likely 
to reveal similar patterns of change, irrespective of the inclusion/exclusion of cervical 
data. Geometric variation, however, may yield different patterns.  

3. What is the best model fitness for vertebral complexities? We build a list of 
combination from vertebral dependent variables (presacral, brillouin index etc.), 
environmental habitat, and locomotory modes to find the best model. We hypothesise 
that the greater complexity would correlates better in vertebrae dependent variables 
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since the variables are derived from endogenous properties, rather than adaptation 
exoteric elements (habitats, locomotions). 

4. What is the relationship – if any – between disparity (character based) and 
morphological complexity (count and geometric morphometric based) for subclades?  
In Chapter 4 we demonstrated that the morphological disparity of mammal subclades 
indexed with reference to characters of the vertebral column alone was significantly 
correlated with that indexed with reference to a more comprehensive and holistic set 
of characters from all aspects of morphology. We therefore use these indices to 
explore the relationship between disparity and complexity as formulated in this 
chapter. One working hypothesis would be that greater complexity implies greater 
specialisation, and this may engender lower morphological disparity as a 
consequence (Minelli, 2015). 

 

Fig 6.1. Skeleton of Giraffe (Giraffa camelopardalis) (left) and Camel (Camelus dromedarius) 
(right). While both species are members of Order Artiodactyla, the vertebral formulae (cervical-
thoracic-lumbar) of the giraffe (7-14-6) and camel (7-11-8) are rather different. From Owen 
(1866). 

 

6.3. Material & Methods 

6.3.1. Morphometric dataset assembly 

I collated CT scan data for the  vertebral columns of 66 mammal species, distributed across 
38 families and 16 orders within Marsupialia, Atlantogenata (Afrotheria + Xenarthra), and 
Boreoeutheria (Table S6.1). All CT scans were archived into ‘Morphosource’ (MorphoSource, 
2021). Repositories of specimens included the Natural History Museum, London (NHMUK), 
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University Museum of Zoology, Cambridge (UMZC), Field Museum of Natural History 
(FMNH), University of Michigan Museum of Zoology (UMMZ) and Oxford University Museum 
of Natural History (OUMNH). The sample focussed on species with relatively small body 
size, partly because of the practical limitations of fitting these within a micro-CT scanner, and 
partly because the greater extremes of size variation themselves have important effects 
upon form (Cardini and Polly, 2013).   We included a number of rare species such as the 
numbat (Myrmecobius fasciatus) and the southern marsupial mole (Notoryctes typhlops). All 
sampled specimens were adults, with fusion of the epiphyses being diagnostoc.  

CT scans were imported into Avizo 8.0 (FEI Visualization Sciences Group, Berlin, Germany, 
Sciences et al., 2021). Image stacks were assembled using the highlighting tool and the 
interpolation function between successive “slices”. I segmented the whole vertebral column 
of each specimen, applying specific thresholds to ensure that the vertebrae were clearly 
demarcated from the surrounding tissue or other media. The resulting voxel models were 
also imported in Avizo 8.0, where smoothed surface models of skeletal elements were 
generated by manually adjusting the threshold coefficients. These thresholds were 
customized depending upon the preservation of each specimen, so there were no standard 
settings. 3D surfaces were required in order to place landmarks (Fig 6.2). The full process 
described in Chapter 5. 

 

Fig 6.2. Six segmented vertebral elements from Chironectes minimus (front view). Elements 
are: atlas (a, b), axis (c, d), diaphragmatic (e, f) and last lumbar (g, h).  

6.3.2. Landmark acquisition 

Three-dimensional (3D) landmarks data were digitized on 9 vertebrae from each specimen, 
specifically: 4 cervical (C1, C2, C3, C6), 3 thoracic (T1, Mid-Thoracic, Diaphragmatic) and 2 
lumbar (Anterior Lumbar and Last Lumbar). The full rationale for selecting these elements is 
given in Chapter 5. 

The morphology of individual vertebrae varies both within species (i.e., between elements 
down the same column, with striking differences between the cervical and thoracic regions), 
and also across species (i.e., between the “same”, positionally homologous elements in 
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different species). We therefore devised a set of landmarks that met three criteria: 1) they 
were sufficiently conserved across vertebrae down the length of the spine; 2) they were 
easily identifiable across species; 3) they captured major features of vertebral shape 
variation. 

The chosen landmark set comprised 8 mid-line landmarks and 28 symmetrical landmarks. 
All landmarks were believed to represent biologically and geometrically homologous points, 
and no semi-landmarks were introduced. Our landmark set was designed to summarize 
variation in the locations of these points. We also collected landmark data from 49 additional 
mammals as originally published in Jones et al. (2018). This included species with larger 
body sizes that we had not sampled in the 66 species data set. In her study, Jones 
demonstrated the modularity of the thoracolumbar column in mammals is accompanied by 
divergence of evolutionary responses in serially homologous vertebrae. However, this 
source only included landmarks from thoracic and lumbar regions, excluding the neck 
entirely. For a more detailed discussion of landmark placement, see Chapter 5 (Table 5.1).  

We therefore analysed two data sets. The first encompassed 66 species (38 families and 16 
orders) with smaller body size and data on 9 vertebrae. The second encompassed 115 
species (71 families and 24 orders) with a larger range in body sizes and data from five 
vertebrae (specifically omitting the cervical region).  

6.3.3. Geometric morphometric analysis 

Landmark data generated in Avizo were imported into R basic version 4.0.4 (R Core Team 
2015). Geometric morphometric analyses were peformed in geomorph version 3.3.2 (Adams 
& Otarola-Castillo, 2013), and Stringdist version 0.9.6.3. The arrays of 36 landmarks for all 
vertebral elements across all species were superimposed using a Generalised Procustes 
alignment (GPA; Gower, 1975) to remove the effects of position, scaling and orientation 
(Rohlf & Slice, 1990), thereby aligning the landmark sets for all elements and minimizing the 
summed Euclidean distances of all points from the average point configuration (Gower, 
1975). Principal components analysis (PCA) was applied to the newly onbtained set of 
Procrustes-fitted coordinates to obtain orthogonal PC axes summarizing major patterns of 
shape variation. 

Morphological variation among the vertebrae of each species was quantified using the sum 
of univariate ranges (SUMR) and the sum of univariate variances (SUMV) on all PC axes. 
Both indices have been commonly applied to samples of species from different clades or 
time intervals (Foote, 1997; Wills et al., 1994; Hughes et al., 2013; Puttick et al., 2020). Here, 
the elements within the column of a single species are analogous to the species in a clade or 
time bin. All indices were based upon scores of elements on the first 22 PCs, which 
encompassed 95% of the total variance. Neither the SUMR or SUMV takes account of the 
order of elements in the column, so we also calculated the path length (PATH) as an index 
of sequential variation. This is given simply as the sum of Euclidean distances between 
successive, physically most proximate elements, which captures a different aspect of 
differentiation (Fig 6.3). 
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Fig 6.3. The path-length (PATH) for 9 elements within the column of Aplodontia rufa. The 
array of points illustrates the landmark configuration for each element. PATH length is given 
as the sum of the 8 Euclidean distances between sequentially most proximate elements 
down the spine.  

6.3.4. Count indices of vertebral column differentiation and regionalisation  

The vertebral metrics used in this study were mostly based on vertebral formulae. There are 
three categories based on counts, two based on ratios. Definitions are given below. 

Index/Ratio Definition 
log10 Presacral 
numbers 

This is log10 of the total number of presacral vertebrae (i.e., 
cervical count + thoracic count + lumbar count). 

log10 Presacral 
(excluding cervical 
numbers) 

This is log10 of the total number of trunk vertebrae (i.e., thoracic 
count + lumbar count). 

Brillouin Indices The Brillouin index is given by: 

𝐻𝐻𝐻𝐻 =  
1

𝑁𝑁 𝑣𝑣𝑆𝑆2 𝑣𝑣𝑆𝑆
𝑁𝑁!

𝑁𝑁1!𝑁𝑁2! …𝑁𝑁𝑖𝑖!
 

 
Where N = total number of vertebrae; Ni = number of i-th type vertebrae 
(Fig 6.2). 

log10 

Thoracic/lumbar 
ratio 

This is log10 of the ratio of the number of thoracic elements to the 
number of lumbar elements. It has been used elsewhere to detect 
homeotic domain shifts (Müller et al., 2010). A shift in the transition 
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between thoracic and lumbar regions, with no increase in the total 
number of elements, may nonetheless be perceived as a change 
in this ratio. The cervical region was excluded since the number of 
elements is highly stable within mammals, and its inclusion would 
merely alter the scaling.  

 

Table 6.1. Count indices of vertebral column differentiation and regionalisation. 

 

Fig 6.4. Schematic view of vertebral columns illustrating presacral vertebrae and the 
Brillouin Index of complexity based on vertebral counts. N = total number of vertebrae; Ni = 

number of i-th type vertebrae.  

6.3.5. Adult body mass 

In addition to the above indices of complexity and differentiation, we also recorded adult 
body mass. These data were principally obtained from the Animal Diversity Web (ADW) 
database (ADW: Home, 2021). In cases where both male and female adult mass were 
given, we report the average body mass from that source.  

6.3.6. Habitat codes 

All mammals were coded in eight two-state, absence/presence (0/1) habitat categories, 
namely: aquatic, arboreal, terrestrial, forest, desert, grassland, mountain and urban (Table 
S6.2).  These were not mutually exclusive, such that species could be coded in more than 
one category (e.g., Arctictis binturong is aquatic, arboreal and terrestrial at the same time). 
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These data were principally garnered from the Animal Diversity Web (ADW) database (ADW: 
Home, 2021). 

6.3.7. Locomotory codes 

Mode of locomotion is known to significantly influence the regionalisation and morphology of 
the vertebral column. Undulatory swimming is common in cetaceans, whereby the whole 
length of the body maintains some flexibility (and not just the tail region) and propulsive 
waves of deformation move caudally down the body faster than the animal moves through 
the water (Webb, 1988; Fish and Hui, 1991). Here, we recognise nine locomotory modes 
that are not mutually exclusive, such that (as with habitats) single species can be coded as 
exhibiting more than one. These were flying (flapping), gliding, hopping, bipedal, ground-
running, sub-fossorial, fossorial, scansorial and natatorial (Table S6.3). Full definitions are 
given in Appendix 6.7.1 (Habitat & Locomotory list).  

6.3.8. Phylogentic least squares regression analyses 

No two species can be treated as entirely independent, because they inevitably have some 
portion of their evolutionary history in common. For two species related on a phylogeny, this 
common history can encompass more or less of the history of the clade, depending upon 
how deeply or shallowly in the tree the two species diverge. Sibling species or sister 
lineages will be expected to have more similar trait values than those diverging from the 
base of the tree. A null model of expected correlations is therefore derived from the dated 
tree.  

There is a strong phylogenetic component to the distribution of most traits across species. 
Phylogenetic comparative methods variously control for the anticipated, null, hierarchical 
pattern of correlation implicit in a given dated tree.  (Motani & Schmitz, 2011). Here, we use 
phylogenetic generalised least-squares regression (pGLS) (Grafen, 1989), a comparative 
method that modifies the null for ordinary least squares regression to determine the relative 
influences of one or more independent variables (while controlling for degree of shared 
ancestry or phylogeny) upon a single dependent variable. Dependent variables are defined 
as counts, ratios and indices of complexity as in Table 6.3., Independent variables are each 
of our locomotory and habitat classes. Analyses were implemented in the R packages nlme 
version 3.1.152 (Pinheiro et al. 2015) and ape version 5.4.1 (Paradis et al. 2004). Our time-
calibrated phylogeny is derived from vertlife.org (Phylogeny subsets, 2021) (Fig 6.5). 

In Chapter 4, I used the matrix of O’Leary (2013) to demonstrate that the morphological 
disparity of mammal subclades indexed exclusively from characters of the vertebral column 
was significantly correlated with that inferred from the diversity of other character types. Here 
I explored the relationship between these same disparity indices (sum of univariate 
variances (SUMV), sum of univariate ranges (SUMR) and path length (PATH) in raw, jack-
knifed (Efron and Stein, 1981) and bootstrapped (Johnson, 2001) variants) on one hand with 
per subclade indices of complexity on the other. Sample sizes were limited by the taxonomic 
coverage provided by O’Leary (2013) and the overlap of the species within this matrix with 
our geometric morphometric data (rather than by our own sampling per se). The larger 
sample therefore comprised 28 species in 11 orders (derived from the 115 species data set 
from Chapter 4, and for which cervical data were not available). The smaller sample 
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comprised 20 species in 7 orders (derived from the 66 species data in Chapter 4, and 
including cervical data)(Table S4.10). In addition, we applied the same disparity and 
geometric data  on a pGLS to the species richness (diversity) of 7/11 orders, which provide 
us another set of test between disparity vs. diversity, and complexity vs. diversity. 

 

Fig 6.5. Phylogenetic trees for 115 species and 66 species data sets. Different colours 
represent different major clades: Monotremata (purple), Marsupialia (red), Afrotheria 
(yellow), Xenarthra (green), and Boreoeutheria (blue). 

6.3.9. Assessing model fit 

We used Akaike’s information criterion for small sample sizes (AICc; Sugiura, 1978, 
Burnham & Anderson, 2001) to assess model fit. Like the Akaike information criterion (AIC), 
the smaller the AICc value, the better the fit.  The AIC is given by: 

𝐴𝐴𝐴𝐴𝐶𝐶 = 2𝑘𝑘 − 2ln (𝐿𝐿�) 

where k is the estimated number of parameters, and 𝐿𝐿� is the maximum value of the 
likelihood function. In data sets with more modest sample sizes, there is a high probability 
that the AIC will overfit, thereby selecting models with too many parameters. The AICc was 
developed specifically for smaller sample sizes, and is given by: 

𝐴𝐴𝐴𝐴𝐶𝐶𝐴𝐴 = 𝐴𝐴𝐴𝐴𝐶𝐶 +
2𝑘𝑘2 + 2𝑘𝑘
𝑆𝑆 − 𝑘𝑘 − 1

 

where k is the number of parameters and n is the sample size (Burnham & Anderson, 2001).  

6.4. Results 

6.4.1. The relationship between count-based and geometric indices of vertebral 
differentiation varies among the pairwise. 

All three geometric indices of differentiation (SUMV, SUMR and Path length) correlated 
positively (Fig 6.6). We note that the same number of elements were used to calculate the 
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geometric indices for all species, so this relationship does not reflect differences in the length 
of the column per se. In the 66 species data set, these correlations were significant with or 
without the inclusion of the cervical region (p ≤ 0.0004 in all cases) in pGLS. In addition, the 
sum of variances (SUMV) was significantly and negatively correlated with the 
thoracic/lumbar (TL) ratio (p = 0.0394) and the Brillouin index (p = 0.0086). The sum of 
ranges (SUMR) and path length were significantly and negatively correlated with the 
presacral count, irrespective of whether the neck was included (p ≤ 0.05 in all cases). 
Similarly, in the 115 taxon data sets, there were significant and negative relationships 
between all of the geometric indices of differentiation and those indices based upon counts 
(p ≤ 0.05 in all cases: Table 6.2). 

  

  

  

 

Fig 6.6. Relationships between the sum of variances (SUMV), sum of ranges (SUMR), and 
path length (PATH) of 66 species in major mammalian groups. In general, there is close 
correlation between the three indices of complexity, with (left three panels) or without (right 
three panels) the inclusion of data from the cervical region.  

With neck Without neck 
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Fig 6.7. Variation in morphology of the nine sampled vertebrae from the 66 species data set.  
3D digital models are shown for the species with the most negative and positive scores on 
first principal component (PC1, encompassing >50% of the variance in form). This 
morphospace was abstracted from the geometric morphometric data of all 594 vertebrae 
(nine elements for 66 species). Note that these are realised morphologies that have 
displacement on axes in addition to PC1. These are distinct from theoretical forms inferred 
from partial warps using the loadings on a single axis. In general, elements with negative 
scores on PC1 have (relative to the size of the vertebra) a more open neural canal and more 
modestly-proportioned, thicker processes and spines. Those with positive scores on PC1 
tend to have smaller canals but thinner and longer processes. All models were fitted allowing 
the magnitude of the phylogenetic signal (lambda) (Pagel, 1999) to be estimated as part of 
the model-fitting process. Models are ranked by AICc weight, with the most optimal first. R2 
is the generalized coefficient of determination (Nagelkerke, 1991) 

Model AICc AICc 
weight 

R2 lambd
a 

Variable Coeffici
ent 

Std.Err
or 

p-
valu

e 
SUMV ~ log10 Presacral 

numbers 
-

439.6
99 

0.412 0.202
96 

0.961
08 

(Intercept) 0.54249
26 

0.1896
311 

0.005 

     
log10PRE -

0.31501
04 

0.1315
437 

0.018
3 

SUMV ~ Brillouin Indices -
441.0

89 

0.521  0.038
98 

0.930
99 

(Intercept) -
0.05256 

0.0544
13 

0.336
2 

     
BrilliounInd

ex.3. 
0.11933

7 
0.0373

34 
0.001

8 
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SUMV ~ Presacral 
(trunk) 

-
439.2

38 

0.068 0.038
87 

0.961
05 

(Intercept) 0.39835
8 

0.1290
73 

0.002
5 

     
log10PRE_

c 
-

0.23589 
0.0972

46 
0.016

9 
SUMV~ log10 

Thoracic/lumbar ratio 
-

435.1
14 

<0.001 0.206
21 

0.921
11 

(Intercept) 0.11813
8 

0.0306
05 

0.000
2 

     log10TL -
0.04973 

0.0215
95 

0.023
1 

SUMV~ log10 body mass -
429.3

65 

<0.001 0.027
58 

0.961
95 

(Intercept) 0.11076
4 

0.0332
67 

0.001
2 

     
log10BODY -

0.00527 
0.0031

6 
0.098

1 
Table 6.2. Results of pGLS regression of sum of variance (SUMV) on different vertebral 
properties specific on 115 species (thoracic & lumbar regions). 

 

6.4.2. Ecological traits 

The inclusion or otherwise of data from cervical elements had a significant impact upon our 
results. Models are tabulated (Table 6.3, Table S6.12 – Table S6.19) in ascending order of 
AIC, with the most negative and most informative at the top of the list. Habitat classes are 
considered individually, each being coded as two state-variables. Hence, the “aquatic” 
variable constrasts aquatic species (coded “1”) with non-aquatic species (coded “0”). This 
approach is inherent in the non-mutual exclusivity of our habitat classification: many species 
are classified in multiple groups such as Erethizon dorsatum (North American porcupine) or 
Tachyglossus aculeatus (short-beaked echidna). For our sample of 115 species, all three of 
geometric indices of column complexity were significantly influenced by the aquatic/non 
aquatic classifier (p value = 0.0055 (SUMV), 0.0412 (SUMR), 0.0402 (PATH)). Aquatic 
mammals have less complex columns than non-aquatic counterparts. The arboreal classifier 
was also significant for the SUMR index (R2 = 0.084, p = 0.0084), with arboreal species 
having less complex vertebral columns than non-arboreal species. Using the 66 species 
data set for post-cervical vertebrae , the aquatic group was only significant for the SUMV (R2 
= 0.07, p = 0.05), while the arboreal classifier was significant for the SUMR (R2 = 0.147, p = 
0.0012). When cervical data were included in the 66 species data set (encompassing 4 
cervical vertebrae in addition to the 5 thoracic and lumbar elements above) the pattern of 
significance changed. Specifically, the Urban classifier was significant for SUMV (R2 = 0.044, 
p = 0.0149) (urban mammals have more complex columns), while the grassland classifier 
was significant for both the SUMR (R2 = 0.034, p = 0.0396) and PATH indices (R2 = 0.032, p 
= 0.038). All models were fitted allowing the magnitude of the phylogenetic signal (lambda) 
(Pagel, 1999) to be estimated as part of the model-fitting process. Models are ranked by 
AICc weight, with the most optimal first. R2 is the generalized coefficient of determination 
(Nagelkerke, 1991). 
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Fig 6.8. Boxplots of SUMV (geometric morphometric index of complexity) distribution for 
habitat classifier across the 115 species data set. Darker shading denotes absence (0), 
lighter shading denotes presence (1). 

 

Model AICc AICc 
weight 

R2 lambd
a 

Variable Coefficien
t 

Std.Erro
r 

p-
value 

SUMV~Aquatic -
435.85

1 

0.79 0.07 0.9488 (Intercept
) 

0.0969 0.0302 0.0017 

     
Aquatic -0.0187 0.0066 0.0055 

SUMV~Arboreal -
430.68

2 

0.061 0.03 0.9510 (Intercept
) 

0.0979 0.031 0.0021 

     
Arboreal -0.0112 0.0071 0.1183 

SUMV~Terrestri
al 

-
429.79

9 

0.044 0.02 0.9529 (Intercept
) 

0.0868 0.0323 0.0083 

     
Terrestria

l 
0.0094 0.0092 0.3061 

SUMV~Mountain
s 

-
429.09

2 

0.029 0.01
2 

0.9539 (Intercept
) 

0.0970 0.0316 0.0027 

     Mountain
s 

-0.0065 0.0075 0.3934 

SUMV~Urban -428.82 0.018 0.01 0.9564 (Intercept
) 

0.0947 0.0318 0.0035 

     Urban -0.001 0.0094 0.8958 
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SUMV~Grasslan
d 

-
428.53

9 

0.022 0.01 0.9556 (Intercept
) 

0.0927 0.0316 0.0041 

     
Grasslan

d 
0.0049 0.0054 0.3645 

SUMV~Forest -
428.48

2 

0.018 0.01
2 

0.9572 (Intercept
) 

0.0979 0.0323 0.003 

     
Forest -0.00402 0.00674

6 
0.5525 

SUMV~Desert -
428.20

4 

0.018 0.01 0.9552
7 

(Intercept
) 

0.094658 0.03176
7 

0.0035 

     
Desert 9.75E-05 0.00702

8 
0.989 

Table 6.3. Results of pGLS regression of sum of variance (SUMV) on different ecological 
habitat classes across 115 mammal species (thoracic & lumbar regions). 

6.4.3. Locomotory modes 

As in the case of the ecological analyses, the inclusion of cervical data significantly impacted 
our results. In the sample of 115 species there were significant differences in SUMV for the 
Hopping (R2 = 0.009, p = 0.007, with higher complexity in the Hopping group), Ground-
running (R2 = 0.09, p = 0.0096, with higher complexity in ground-running group) and 
Natatorial (R2 = 0.071, p = 0.0055, lower complexity in the swimming group) classifiers (p 
value from 0.0055 to 0.0096). For SUMR, the differences were significant for just Hopping (p 
= 0.0267) and Natatorial (p = 0.0412). The path length index was significant for Flying (R2 = 
0,00006, p = 0.0012, higher complexity in flying species), Hopping (R2 = 0,009, p = 0.0084, 
higher complexity in Hopping species), Bipedalism (p = 0.0037, higher complexity in Bipedal 
species) and Swimming (p = 0.0402, lower complexity in Natatorial species). In the 66 
species data set (without the cervical region), Natatorial was the only classifier with a 
significant effect on SUMV (p = 0.05, with lower complexity in non-Natatorial group). 
However, for the SUMR and PATH indices of complexity, Hopping (R2 = 0.023, p = 0.0172 
(SUMR), R2 = 0.037, p = 0.0001 (PATH)), Bipedal (R2 = 0.023, p = 0.0172 (SUMR), R2 = 
0.037, p = 0.0001 (PATH)) and Scansorial (R2 = 0.1, p = 0.0056 (SUMR), R2 = 0.039, p = 
0.0317 (PATH)) were all significant, while Flying was also significant (R2 = 0.152, p = 
0.0003) for the PATH index. The addition of cervical data to this sample of 66 taxa revealed 
significant differences in SUMV for Flying (R2 = 0.136, p = 0.0149, lower complexity in non-
Flying group), Hopping (R2 = 0.014, p = 0.0217, higher complexity in Hopping group) and 
Bipedal (R2 = 0.014, p = 0.0217, higher complexity in Bipedal group) classifiers, and in 
SUMR for Hopping, Bipedal, Ground-running (higher complexity in Ground-running) and 
Fossorial species (lower complexity in Fossorial) (p value from 0.0177 to 0.0487). 
Conversely, in the case of the PATH index, only the flying classifier had a significant effect 
(R2 = 0.162, p = 0.0076). 
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Fig 6.9. Boxplots of SUMV (geometric morphometric index of complexity) distribution for 
locomotory modes across the 115 species data set. Darker shading denotes absence (0), 
lighter shading denotes presence (1). 

 

Model AICc AICc 
weight 

R2 lamb
da 

Variable Coefficie
nt 

Std.Err
or 

p-
value 

SUMV~Natatorial -
435.85

1 

0.703 0.071 0.948
8 

(Intercept) 0.096963 0.0302 0.001
7 

     
Natatorial -0.01878 0.0066 0.005

5 
SUMV~Hopping -

435.04 
0.227 0.009 0.999

0 
(Intercept) 0.093619 0.0347 0.008

1      
Hopping 0.040714 0.0148 0.007 

SUMV~Ground-
running 

-
434.49

2 

0.043 0.09 0.932
3 

(Intercept) 0.08652 0.0295 0.004
1 

     
Ground 
running 

0.0165 0.0062 0.009
6 

SUMV~Fly -
431.19

1 

0.01 0.000
06 

0.959
2 

(Intercept) 0.0946 0.0320 0.003
8 

     Fly -0.0015 0.0312 0.961
3 

SUMV~Bipedal -
431.78

9 

0.003 0.000
02 

0.985
6 

(Intercept) 0.0939 0.0338 0.006
5 
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     Bipedal 0.0230 0.0131 0.081
5 

SUMV~Fossorial -
429.87

6 

0.003 0.044
5 

0.949
0 

(Intercept) 0.0987 0.0312 0.002 

     
Fossorial -0.0096 0.0082 0.240

9 
SUMV~Gliding -

429.46
2 

0.003 0.000
07 

0.957
0 

(Intercept) 0.0947 0.0318 0.003
6 

     Gliding -0.0012 0.0131 0.921
9 

SUMV~Scansorial -
428.84

9 

0.005 0.02 0.951
6 

(Intercept) 0.0965 0.0314 0.002
7 

     Scansorial -0.0056 0.0070 0.426
4 

SUMV~SubFossori
al 

-
428.19

5 

0.003 0.000
8 

0.956
8 

(Intercept) 0.0951 0.0320 0.003
6 

     SubFossoria
l 

-0.0009 0.0069 0.886
2 

 

Table 6.4 Results of pGLS regression of sum of variance (SUMV) on different locomotory 
modes in 115 species (thoracic & lumbar regions).  

 

6.4.4. Best models of geometric complexity in terms of “count” indices, in addition to 
habitat and locomotion classifiers. 

Rather than limit the explanatory variables to just locomotory or habitat classifiers, we also 
explored the fit of a series of models including various counts, ratios, Brillouin and other 
indices. In this context, it is important to recall that, while the number of vertebrae sampled 
within a particular model was always the same for the geometric indices of SUMV, SUMR 
and PATH (either 9 or 5 vertebral elememts, depending upon the inclusion/exclusion of the 
neck, such that there was no need to control indices for differences in sample size within an 
analysis) the count indices take account of the full number of vertebral elements. For 
example, a putative positive relationship between the PATH index and the number of 
vertebral elements would not imply that a larger number of elements entailed a longer 
trajectory through the morphospace merely because a longer series of points were being 
joined. This is because the number of points (and number of sampled elements) is held 
constant. Rather, such a putative relationship might imply that a longer column 
encompasses greater morphological variation overall.  

The selection of what categories to make the models are based upon the top 5 AICc weight 
from relationships of geometric morphometric complexities and other indices (count indices, 
habitat and locomotion). The best models differed somewhat, not only across the three data 
sets (66 species with and without the neck, and 115 species without the neck) but also for 
the different geometric indices of complexity: SUMV, SUMR, and PATH. For each of the nine 
combinations of species, vertebral element samples and indices, we present the two best-
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fitting models according to the AICc. The rationale for modelling is to reveal that whether the 
combinations of different indices would make the effort in stronger/weaker correlation in 
evolutionary patterns. 

6.4.4.1. 66 Species (including cervical) data set. 

The best two pGLS regression models for the 66 species data set (full presacral) are given 
in Table 6.5. The best model for SUMV contained just the logged presacral count with a 
score of 0.348 of its AICc weight, while the second best model revealed flapping flight as the 
second largest factor on SUMV. For SUMR, the best model contained the logged presacral 
count, the Brillouin index and the Hopping classifier (AICc weight score of 0.132), while the 
second best model retained the combination of logged presacral count, Brillouin index and 
Bipedality (AICc weight score of 0.132). The best model for the PATH index included the 
logged presacral count plus flapping flight (AICc weight score of 0.227), and the second best 
model added the Brillouin index to these two variables (AICc weight score of 0.132).  

6.4.4.2. 66 Species (excluding cervical) data set. 

There are some differences in the best fitting models when the cervical data are excluded 
(Table 6.6). The best model for SUMV contained only the logged trunk count (AICc weight 
score of 0.246), while the second best model contained logged trunk count plus the flapping 
flight classifier (AICc weight score of 0.112). For SUMR, the best model contained the 
logged trunk count, Brillouin index and the arboreal classifier (AICc weight score of 0.294), 
while the second best model entailed the logged trunk count plus arboreal locomotion (AICc 
weight score of 0.156). Lastly, the best model for the PATH length contained the logged 
trunk count, plus arboreal and flapping flight classifiers (AICc weight score of 0.351), and the 
second best model contained the logged trunk count plus the Brillouin index and the flapping 
flight cklassifier (AICc weight score of 0.184). 

6.4.4.3. 115 species (excluding cervical) data set 

Results for the 115-species data set (necessarily excluding the cervical region) are given in 
Table 6.7. For SUMV, the best model contained just the trunk count, with a score of 0.348 of 
its AICc weight (from 79 possible combinations of models which chosen from the top 5 best 
independent correlations). The second best model for SUMV contained just the Brillouin 
index and the Aquatic classifier, with 0.205 for its AICc weight. For the SUMR, the best 
model also contains the presacral count (as for SUMV), but additionally contained the 
Brillouin index and the arboreal classifier (AICc weight score of 0.48). Similarly, the second 
best model contained the presacral count and the arboreal classifier, but additionally the 
natatorial classifier (AICc weight score 0.197). For the PATH index, the best model 
contained the Brillouin index and the flying locomotion, with an AICc weight score of 0.555. 
The second best model contained the presacral count, plus the Brillouin index and the flying 
catagory (AICc weight 0.396).  

The number of vertebral elements repeatedly emerges within these optimal models, despite 
the fact that the same number of elements is sampled in all cases. By contrast, habitat and 
locomotory mode categories have relatively little impact on the SUMV index of complexity. 
This observation has two important implications. Firstly, with the exceptions of flying and 
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swimming, locomotory mode and habitat do not impose characteristic signatures on the 
morphological differentiation and complexity of the vertebral column. Secondly, it is 
reasonable to seek temporal and clade-wide patterns in such complexity indices that cut 
across these habitats and locomotory categories.  

Model AICc AICc 
weight 

R2 lamb
da 

Variable Coeffic
ient 

Std.E
rror 

p 
valu

e 
SUMV ~ log10PRE -

317.1
49 

0.326 0.1
35 

0.75
17 

(Intercep
t) 

0.6082
67 

0.149
406 

0.00
01 

     
log10PR

E 
-

0.3885
6 

0.104
935 

0.00
04 

SUMV ~ log10PRE + Fly -
311.3

68 

0.09 0.0
89 

0.72
45 

(Intercep
t) 

0.5341
9 

0.152
254 

0.00
08 

     
log10PR

E 
-

0.3370
7 

0.106
874 

0.00
25 

     
Fly 0.0276

22 
0.015
715 

0.08
37 

SUMR ~ log10PRE + Brillioun 
Index.3. + Hopping 

58.80
6 

0.132 0.3
33 

0.86
93 

(Intercep
t) 

17.349
76 

3.182
132 

<0.0
001 

     log10PR
E 

-
9.2264

7 

2.084
361 

<0.0
001 

     Brillioun 
index 

-
1.1813

5 

0.451
732 

0.01
12 

     Hopping 0.4390
96 

0.208
409 

0.03
92 

SUMR ~ log10PRE + Brillioun 
Index.3. + Bipedal 

58.80
6 

0.132 0.3
33 

0.86
93 

(Intercep
t) 

17.349
76 

3.182
132 

<0.0
001 

     log10PR
E 

-
9.2264

7 

2.084
361 

<0.0
001 

     Brillioun 
index 

-
1.1813

5 

0.451
732 

0.01
12 

     Hopping 0.4390
96 

0.208
409 

0.03
92 

PATH ~ log10PRE + Fly 80.64
8 

0.227 0.2
63 

0.66
46 

(Intercep
t) 

13.283
96 

3.393
285 

0.00
02 

     log10PR
E 

-
7.7006

3 

2.382
417 

0.00
2 

     Fly 0.7025
79 

0.348
269 

0.04
79 

PATH ~ log10PRE + 
BrilliounIndex.3. + Fly 

80.83
0 

0.153 0.2
86 

0.68
61 

(Intercep
t) 

15.156
2 

3.732
053 

0.00
01 

     log10PR
E 

-8.4182 2.457
095 

0.00
11 

     Brillioun 
index 

-
0.6639

2 

0.548
208 

0.23
05 
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     Fly 0.6676
41 

0.350
179 

0.06
12 

 

Table 6.5. The two best pGLS regression models for each of the three geometric 
morphometric complexity indices (SUMV, SUMR and PATH) from the 66 species data set 
encompassing cervical plus trunk regions.  

Model AICc AICc 
weight 

R2 lam
bda 

Variable Coeffic
ient 

Std.E
rror 

p 
valu

e 
SUMV ~ log10PRE_c -

234.7
04 

0.246 0.0
13 

0.74
16 

(Intercept) 0.4422
23 

0.187
933 

0.02
17 

     
log10PRE

_c 
-

0.2482
5 

0.145
298 

0.09
24 

SUMV ~ Brillioun Index.3. + 
Arboreal 

-
231.6

94 

0.112 0.0
01 

0.60
44 

(Intercept) -
0.0403

7 

0.058
228 

0.49
06 

     
BrilliounIn

dex.3. 
0.1341

8 
0.043

52 
0.00

3      
Arboreal -

0.0222
4 

0.009
876 

0.02
78 

SUMR ~ log10PRE_c + Brillioun 
index + Arboreal 

67.69
1 

0.294 0.2
75 

0.16
57 

(Intercept) 7.0306
24 

1.953
805 

0.00
06 

     log10PRE
_c 

-3.8773 1.372
187 

0.00
63 

     Brillioun 
index 

0.7121
09 

0.472
327 

0.13
67 

     Arboreal -
0.4470

7 

0.102
277 

<0.0
001 

SUMR ~ log10PRE_c + Arboreal 68.02 0.156 0.2
46 

0.16
14 

(Intercept) 8.3210
48 

1.773
233 

<0.0
001 

     log10PRE
_c 

-
4.1705

6 

1.371
246 

0.00
34 

     Arboreal -
0.4267

5 

0.102
353 

0.00
01 

PATH ~ 
log10PRE_c+Arboreal+Fly 

6.075 0.351 0.2
6 

0.51
21 

(Intercept) 3.1108
66 

1.160
366 

0.00
94 

     log10PRE
_c 

-
1.3410

4 

0.896
999 

0.14 

     Arboreal -
0.1988

1 

0.066
331 

0.00
39 

     Fly 0.7690
42 

0.184
957 

0.00
01 

PATH ~ log10PRE_c + 
BrilliounIndex.3. + Fly 

7.841 0.184 0.2
39 

0.54
71 

(Intercept) 1.6273
65 

1.371
891 

0.24
01 
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     log10PRE
_c 

-
0.8235

5 

0.957
745 

0.39
32 

     Brillioun 
index 

0.5842
91 

0.301
533 

0.05
72 

     Fly 0.6533
71 

0.187
107 

0.00
09 

 

Table 6.6 The two best pGLS regression models for each of the three geometric 
morphometric complexity indices (SUMV, SUMR and PATH) from the 66 species data set 
encompassing the trunk alone. 

Model AICc AICc 
weight 

R2 lamb
da 

Variable Coeffic
ient 

Std.E
rror 

p 
valu

e 
SUMV ~ log10PRE_c -

439.2
38 

0.348 0.0
25 

0.96
11 

(Intercep
t) 

0.3983
58 

0.129
073 

0.00
25 

     
log10PR

E_c 
-

0.2358
9 

0.097
246 

0.01
69 

SUMV ~ Brillioun index + 
Arboreal 

-
438.8

56 

0.205 0.0
4 

0.91
55 

(Intercep
t) 

-
0.0497

5 

0.052
359 

0.34
41 

     
Brillioun 

index 
0.1189

96 
0.036
219 

0.00
14      

Aquatic -0.0189 0.006
516 

0.00
45 

SUMR ~ log10PRE_c + Brillioun 
index + Arboreal 

108.0
57 

0.48 0.1
38 

0.89
63 

(Intercep
t) 

4.1220
01 

1.689
133 

0.01
63 

     log10PR
E_c 

-2.1018 1.102
071 

0.05
91 

     Brillioun 
index 

0.9342
3 

0.440
766 

0.03
63 

     Arboreal -
0.2342

8 

0.079
417 

0.00
39 

SUMR ~ log10PRE_c + Arboreal 109.4
82 

0.197 0.1
27 

0.90
16 

(Intercep
t) 

5.9809
65 

1.378
696 

0.00
01 

     log10PR
E_c 

-
2.6273

4 

1.046
095 

0.01
35 

     Arboreal -
0.2469

7 

0.079
126 

0.00
23 

PATH ~ Brillioun index + Fly 
 

-
4.791 

0.555 0.1
21 

0.85
371 

(Intercep
t) 

0.3073
06 

0.358
318 

0.39
29 

     Brillioun 
index 

0.6771
2 

0.254
515 

0.00
89 

     Fly 0.6431
4 

0.185
43 

0.00
07 

 -
4.734 

0.396 0.1
37 

0.85
86 

(Intercep
t) 

1.2952
67 

1.042
935 

0.21
69 
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PATH ~ log10PRE_c + Brillioun 
index + Fly 

    log10PR
E_c 

-
0.6891

5 

0.683
489 

0.31
55 

     Brillioun 
index 

0.5961 0.266
731 

0.02
74 

     Fly 0.5942
99 

0.192
151 

0.00
25 

 

Table 6.7. The two best pGLS regression models for each of the three geometric 
morphometric complexity indices (SUMV, SUMR and PATH) from the 115 species data set 
encompassing the trunk alone. 

 

6.4.5. Significant covariance between the disparity of whole body/disparity of 
vertebrae and geometric morphological complexity. 

The covariance test of pGLS was collaborated in respect of sum of variance and sum of 
range (Table S4.6 – S4.9). The test was classified in the group with 7 orders and 11 orders. 
In the first group, only one pairwise covariance between sum of range from morphology and 
the sum of range from disparity (vertebrae only/Jack-knifing) showed significant correlation 
(R2 = 0.427, p = 0.016, Table S4.11). The second measured group of tests (Table S4.12 – 
Table S4.17) was focused on the range of variance and the range of range. By contrast, this 
group have no significant correlation at all. The third group of tests (Table S4.18 – Table 
S4.23) was based on the median of variance and median of range. Interestingly, pGLS 
showed significant correlations in median of variance (geometric morphology) vs. median of 
variance from disparity (whole body/Bootstrapping) (R2 = 0.003, p = 0.0015), median of 
variance (geometric morphology) vs. median of variance from disparity (whole body/Jack-
knifing) (R2 = 0.02, p = 0.0207), and median of variance (geometric morphology) vs. median 
of variance from disparity (whole body/raw value) (R2 = 0.012, p = 0.0213). The significant 
correlation only occurred in terms of 20 species (7 orders) when cervical region is absent. 
Similar phenomenon did not occur in the group of larger species (11 orders), nor when neck 
region was included. Instead, two pairs of significant correlations occurred in median of 
range (geometric morphology) vs. median of range from disparity (vertebrae only/Jack-
knifing) (R2 = 0.496, p = 0.0026), and median of range (geometric morphology) vs. median of 
range from disparity (vertebrae/raw value) (R2 = 0.351, p = 0.039) in terms of 28 species (11 
orders). The significant correlations between disparity and complexity did not present any 
pattern-like relationships. Instead, those correlations are more likely related to the absent of 
neck or the sample size of the species. Therefore, we may conclude that there is not enough 
evidence to show the disparity (character based) and complexity (geometric morphology) are 
coupled. 

6.4.6. No evidence indicates for correlation between any index of complexity (counts 
or geometric) or any index of subclade disparity (vertebrae or whole body).  

Despite from the correlation between disparity and complexity, we have also managed to 
engage the correlation between vertebral disparity/whole character disparity vs. species 
richness (diversity) (Table S6.46 – Table S 6.49), and between geometric complexity for 
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vertebrae and species richness (diversity) (Table S6.50 – Table S 6.52). We found no 
significant relationships in any of those tests.  

6.5. Discussion 

6.5.1. Mammals with more vertebrae tend to have lower geometric complexity in the 
spine 

The optimal model selected by the AICc varies depending upon the species sample, the 
inclusion or exclusion of the cervical region, and the index of geometric differentiation used 
(SUMV, SUMR or PATH). However, the total number of vertebral elements consistently 
emerges in the optimal models, or in models that are close to optimal. The relationship 
between vertebral element number and geometric complexity is always negative, such that 
mammals with greater numbers tend to have elements that are geometrically more similar to 
one another, whereas mammals with shorter vertebral elements tend to have vertebrae that 
are more morphologically disparate (i.e., greater complexity of vertical element form). This 
tendency appears to transcend most locomotory and habitat classifiers. We therefore 
suggest that there is a trade-off between the number of vertebral elements on one hand and 
the morphological differentiation of those elements on the other.  

6.5.2. The inclusion/exclusion of cervical data strongly affects the relationship 
between geometric indices of complexity and other metrics.  

The inclusion or exclusion of data from the neck region has a significant influence on the 
relationship between our geometric indices of complexity and our count-based indices. 
Firstly, we found geometric indices of complexity are negatively correlated with the vertebrae 
count and the TL ratio most of the time (except in 66 presacral group), regardless the 
inclusion/exclusion of the neck. However, the inclusion/exclusion of data from the neck 
affects the correlation between vertebral complexity and the Brillouin index, TL ratio, and 
body mass (Table 6.2, Table S6.4 – Table 6.11). Secondly, the relationship of geometric 
complexity to the habitat classifiers was more similar for the 66 trunk only group and 115 
trunk only group than between either group and the 66 species group including data from the 
neck (Table 6.3, Table S6.12 – Table S6.19). Thirdly, the presacral group tend of have more 
stronger in the correlation with flying, rather than natatorial in trunk only group (Table 6.4, 
Table S6.20 – Table S6.27). The inclusion/exclusion of the cervical region therefore has a 
significant effect on model choice. 

6.5.3. There is no simple or strong relationship between vertebral element complexity 
and body mass 

In bivariate comparisons, there were weak relationships between body mass and geometric 
complexity of the column, but in opposite directions (slope) with the inclusion/exclusion of 
the neck. Without the neck, the relationship was negative, such that less massive (smaller) 
mammals tended to have columns with higher geometric complexity. With the neck included, 
less massive mammals tended to have lower geometric complexity. This suggests that large 
size/mass is accompanied by greater morphological differentiation between the trunk region 
and the neck, but also within the neck region itself. While the rest of the spine is braced 
between the limb girdles and the caudal region usually supports little mass, the neck has a 
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variously large mass (the head) anteriorly. This, coupled with the canalisation of cervical 
element number, may mean that the increasing biomechanical requirements of large size (as 
mass increases with the cube of linear measurements) call forth more extravagant 
morphological adaptations within the neck.  Nevertheless, these effects are very small 
(lowest AICc weight in all cases), and there were no significant relationships between body 
mass and other vertebral variables (raw presacral count, raw trunk count, logged presacral 
count, logged trunk count, and TL ratio). Moreover, while body mass was retained in some of 
our models, it was not retained in any of the models selected by the AICc (and was ranked 
far behind a simple count of the number of vertebrae in terms explanatory power). Body 
mass is therefore among the least helpful of independent variables. 

6.5.4. The effects of habitat 

6.5.4.1. Aquatic mammals have lower geometric vertebral complexity 

Both the 115 species and 66 species trunk only data sets concur that aquatic habitats are 
associated with lower geometric complexity within the spine. The inclusion of the cervical 
region within the 66 species data set makes this association less clear. This implies that the 
relative homogeneity of vertebral form in aquatic mammals is concentrated within the trunk 
region, with greater variation in the geometry of vertebral elements within the neck. This may 
be consistent with modes of locomotion in which propulsive waves pass down at the body, 
and which left for require comparable levels of flexibility down the trunk. In contrast to the 
situation in flapping flight, which only have one order (Chiroptera), aquatic mammals have 7 
orders that convergently in parallel to this category. 

6.5.4.2. Arboreal mammals lower geometric vertebral complexity 

The arboreal habitat classifier is significant in some of our models of geometric complexity in 
terms of the sums of ranges (SUMR) but not the sum of variances (SUMV) or the path length 
(PATH). This is particularly true when the independent variable of arboreality is combined 
with other independent variables such as the Brillouin index. Sums of ranges are more 
sensitive to the positions of outliers than other indices of geometric complexity. Hence, for 
example, if one or two vertebral elements differ markedly in their morphology from the 
others, then this will have a greater impact on the sum of ranges relative to the sum of 
variances (Table S6.14, Table S6.16). The possible reason to this phenomenon is where in 
the vertebrae elements that associate with the forelimbs are much stronger in arboreal 
mammals, where the lower complexity in some vertebral elements may consistent with 
brachiation or the need to support the body with strong musculature.  

6.5.5. The effects of locomotory mode 

There are good reasons to suppose that the morphology of the vertebral element will be 
closely related to the mode of locomotion (Carrier, 1987; Hackert & Schilling, 2006). Here, 
we find disparate relationships between locomotory modes and morphological differentiation 
down the spine.  

6.5.5.1. Hopping and bipedal mammals tend to have more geometrically complex 
vertebral elements 

Mammals with hopping and/or bipedal locomotion tend to have higher geometric vertebral 
complexity than their non-hopping or quadrupedal counterparts. This relationship holds 
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irrespective of the inclusion or exclusion of data from the neck. We note that these two 
classifiers are largely coincident, and both relate to an upright or erect stance whereby 
forces are largely directed down through the hind limbs. Biomechanical pressures on the 
anterior and posterior regions of the spinal column are likely to be rather different under 
these circumstances.   

6.5.5.2. Flapping flying mammals (bats) tend to have more geometrically complex 
vertebral elements 

Flapping flight makes very particular biomechanical demands upon the skeleton of a 
tetrapod (pterosaur, bird or bat). The only mammals with flapping flight are, of course, the 
bats (Chiroptera), while other flying mammals such as colugos, flying squirrels and honey 
gliders are more appropriately regarded as variously parachuting or gliding. The 
biomechanics of gliding differ very greatly from those entailed in flapping flight, with gliding 
having many fewer implications for additional muscle mass, muscle attachment, mobility of 
the limb girdles and flexion/bracing of the spine (Bishop, 2008). The sample of bats here is 
very modest, particularly given their relatively high diversity (over 1,300 species (Burgin, et 
al., 2018)). This is not particularly satisfactory, both because of reservations concerning the 
extent to which our modest sample Rodent is representative of morphological diversity within 
the group, and because it would have been interesting to study patterns within the clade. our 
sample reflects the material that was available to us. Here we find the present of neck region 
also act correspond to flying and swimming. Our sampled bats have more geometrically 
complex vertebral elements, and the effect is greater when data from the neck are included, 
particularly for the SUMV and SUMR indices.  

6.5.5.3. Swimming mammals tend to have less geometrically complex vertebral 
elements.  

There is a significant relationship between swimming (natatorial locomotion) and geometric 
complexity, and this relationship is stronger when data on the neck are omitted. The 
vertebral element has numerous biomechanical functions in transferring and dissipating 
forces along the length of the body, providing articulation for ribs and limb girdles, 
transferring forces from the limbs into the body, and supporting the head (which has its own 
series of biomechanical requirements in articulating with the neck). The column therefore 
variously articulates with a complex array of other bones, ligaments and muscles (Long, et 
al., 2002; Carrier, et al, 2011). The function of the vertebral element may therefore differ 
considerably along its length, and these different functional requirements variously engender 
increased differentiation and complexity.  It is reasonable to suppose that the degree of 
functional differentiation is likely to be higher in terrestrial mammals since the requirements 
of support will be greater. Aquatic mammals are supported by their medium, rather than by 
forces directed through the limbs. Moreover, swimming mammals often retain similar levels 
of flexibility throughout the vertebral element, end may swim by propagating waves of flexion 
down the body. Both factors may result in less morphological differentiation of the vertical 
elements. One might also suspect that greater body mass might place higher biomechanical 
demands in this regard, although body mass does not appear to be a highly influential factor 
in our models.  Indeed, the highest body masses are achieved within the Cetacea (where 
support and locomotion might be expected to reduce the need for differentiation) and in 
elephants (where the requirements for support might be expected to engender greater 
differentiation). Further analyses might therefore restrict the focus to terrestrial mammals, 
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and include mammals across a greater range of sizes, notably the Cetacea. Indeed, the 
whales and dolphins would constitute an excellent focal study in their own right.  

 

Fig 6.10. The mammal phylogeny of 115 species, onto which is mapped geometric 
complexity indexed using the path length (PATH: left hand tree) and the sum of variances 
(SUMV: right hand tree). The colour of branches indicates the value of PATH/SUMV, with 
reds representing higher values and blues representing lower values. The intervening 
tabulation of habitat and locomotory classes (green ticks for present and red crosses for 
absent) indicate those classifiers that most often featured in the optimal models of geometric 
complexity selected by the AICc. 

6.5.6. Morphological disparity, diversity of species richness, and complexity of the 
vertebral element are largely decoupled 

In Chapter 4 I used the morphological character data of O'Leary (2013) in order to derive 
indices of disparity for sub clades of mammals. This was done both with respect to the entire 
matrix of 4541 characters, and relative to only the 157 characters pertaining specifically to 
the morphology of the spine. Subclades were defined such that it is possible to compare 
levels of disparity with mean indices of complexity for exemplars within those same 

PATH SUMV 
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subclades. This resulted in two data sets: one comprising 7 orders and the other comprising 
11 orders. For most combinations of indices of geometric vertebral complexity and indices of 
morphological disparity, there was no significant correlation once the effects of phylogeny 
were removed (Table S6.28 – Table S6.33). The single exception was for the data 
comprising 11 orders, where the SUMR index of geometric complexity was significantly and 
positively correlated with rarefied and jack-knifed (to control for sample size differences: 
Efron and Stein, 1981) morphological disparity (SUMV and SUMR). Additionally, we applied 
the same pGLS on geometric vertebral complexity against diversity, and morphological 
disparity vs. diversity, which also no significant correlation at all. Our sample size is modest, 
and further exploration of the relationship between complexity and disparity is needed. 

6.6. Conclusions 
 

1. There is a significant and negative relationship between the number of elements 
within the vertebral element of mammals and our geometric indices of 
differentiation and complexity. Hence, the more elements in the column, then the 
less differentiated it tends to be. Indeed, element number was retained in many of 
the models for geometric complexity selected by the AICc, although the same 
number or elements were always analysed (5 or 9, depending upon the taxon 
sample and inclusion/exclusion of the neck). The inclusion or exclusion of data 
from the cervical region has a significant effect on the relationship between other 
count indices of vertebral differentiation (e.g., the Brillouin index) and vertebral 
element number. 

2. There are few significant relationships between habitat classifiers and indices of 
geometric complexity down the spine. Aquatic mammals were the most notable 
exception, and tend to have less differentiation and less complex vertebral 
elements. This may itself be a function of the greater support provided by water, 
as well as the near identity of the aquatic classifier with the swimming or natatory 
locomotory classifier. Future studies would be well served by including mammals 
across a greater range of sizes, with a particular focus on the Cetacea.  

3. Both bipedality and hopping locomotion were positively and significantly 
correlated with our geometric complexity indices, irrespective of the 
inclusion/exclusion of data from the neck. Both modes of locomotion entail 
directing greater forces through the hind limbs, pelvic girdle and lumbar region of 
the spine, with other biomechanical functions being fulfilled differentially in other 
regions. Flapping flight also entails higher complexity down the spine, although 
we note that only bats fly in this way amongst mammals, and that our sample of 
bats does scant justice to their impressive diversity and disparity. and swimming 
have their own bias towards the regions of vertebrae, where presacral vertebrae 
tend to be more complex in flying mammals (Chiroptera), but less complex 
particular in body region when mammals tend to be more natatorial. 

4.  With one exception, we found no significant relationships between the 
morphological disparity of mammalian subclades indexed from characters of the 
spine and the mean indices of geometric complexity for those sub clades. Hence, 
there is no simple sense in which greater complexity of the vertebral element is 
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either a help or a hindrance to the evolution of morphological diversity. Again, we 
note that we were limited by the availability of CT scanned mammal data, and 
that some groups are underrepresented, either as a function of their greater size 
or because of other vagaries of sampling practice. We neither found any 
significant relationships between the morphological disparity from characters and 
diversity of species richness in subclades, nor between geometric complexity and 
diversity of species richness. Again, so simple correlation  

5. Morphological characters pertaining to the vertebral element have historically 
been underrepresented in phylogenetic, disparity and biomechanical analyses. 
Where vertebral characters are included, there is a tendency to treat the entire 
column as an homogenous whole, with few functional studies considering its 
complexity and regionalization (Macpherson and Ye; 1998, Jones, 2015). There 
is much that could be done to mine more information from this defining feature of 
vertebrate morphology. 
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6.8. Appendix 
 

 Taxon Families Common names 
1 Acomys cahirinus Muridae Cairo spiny mouse 
2 Acrobates pygmaeus Acrobatidae  Feathertail glider 
3 Anomalurus beecrofti Anomaluridae Beecroft's flying squirrel 
4 Anourosorex squamipes Soricidae Chinese mole shrew 
5 Aplodontia rufa Aplodontiidae Mountain beaver 
6 Arvicanthis nairobae Muridae Nairobi grass rat 
7 Callosciurus notatus Sciuridae Plantain squirrel 
8 Chironectes minimus Didelphidae Water opossum 
9 Chlamyphorus truncatus Chlamyphoridae Pink fairy armadillo 

10 Chlorotalpa sclateri Chrysochloridae Sclater's golden mole 
11 Chrysochloris asiatica Chrysochloridae Cape golden mole 
12 Condylura cristata Talpidae Star-nosed mole 
13 Cyclopes didactylus Cyclopedidae Silky anteater 
14 Cynocephalus volans Cynocephalidae Philippine flying lemur 
15 Dactylopsila trivirgata Petauridae Striped possum 
16 Dasyurus maculatus Dasyuridae Tiger quoll 
17 Desmana moschata Talpidae Russian desman 
18 Diplomesodon pulchellum Soricidae Piebald shrew 
19 Dipus sagitta Dipodidae Northern three-toed jerboa 
20 Dobsonia viridis Pteropodidae Greenish naked-backed fruit bat 
21 Dromiciops gliroides Microbiotheriidae Colocolo opossum 
22 Eoglaucomys fimbriatus Sciuridae Kashmir flying squirrel 
23 Geomys bursarius Geomyidae Plains pocket gopher 
24 Geomys pinetis Geomyidae Southeastern pocket gopher 
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25 Gerbillus gerbillus Muridae Lesser Egyptian gerbil 
26 Glaucomys sabrinus Sciuridae Northern flying squirrel 
27 Glis glis Gliridae Edible dormouse 
28 Heliophobius 

argenteocinereus 
Bathyergidae Silvery mole-rat 

29 Hemiechinus auritus Erinaceidae Long-eared hedgehog 
30 Heteromys desmarestianus Heteromyidae Desmarest's spiny pocket 

mouse 
31 Hydromys chrysogaster Muridae Rakali 
32 Idiurus zenkeri Anomaluridae Pygmy scaly-tailed flying 

squirrel 
33 Isoodon macrourus Peramelidae Northern brown bandicoot 
34 Laonastes aenigmamus Diatomyidae Laotian rock rat 
35 Limnogale mergulus Tenrecidae Web-footed tenrec 
36 Macroscelides micus Macroscelididae Etendeka round-eared elephant 

shrew 
37 Macroscelides proboscideus Macroscelididae Round-eared elephant shrew 
38 Manis culionensis Manidae Philippine pangolin 
39 Marmosa murina Didelphidae Linnaeus's mouse opossum 
40 Microgale drouhardi Tenrecidae Drouhard's shrew tenrec 
41 Monodelphis domestica Didelphidae Gray short-tailed opossum 
42 Myospalax myospalax Spalacidae Siberian zokor 
43 Myrmecobius fasciatus Myrmecobiidae Numbat 
44 Napaeozapus insignis Dipodidae Woodland jumping mouse 
45 Neomys fodiens Soricidae Eurasian water shrew 
46 Notomys cervinus Muridae Fawn hopping mouse 
47 Notoryctes typhlops Notoryctidae Southern marsupial mole 
48 Ochotona alpina Ochotonidae Alpine pika 
49 Oryzorictes tetradactylus Tenrecidae Four-toed rice tenrec 
50 Pedetes capensis Pedetidae South African springhare 
51 Petaurus breviceps Petauridae Sugar glider 
52 Podogymnura truei Erinaceidae Mindanao moonrat 
53 Potamogale velox Potamogalidae Giant otter shrew 
54 Pronolagus rupestris Leporidae Smith's red rock hare 
55 Pseudomys 

hermannsburgensis 
Muridae Sandy inland mouse 

56 Rhynchocyon petersi Macroscelididae Zanj elephant shrew 
57 Solenodon paradoxus Solenodontidae Hispaniolan solenodon 
58 Spermophilopsis 

leptodactylus 
Sciuridae Long-clawed ground squirrel 

59 Tachyoryctes 
macrocephalus 

Spalacidae Big-headed mole rat 

60 Tamias striatus Sciuridae Eastern chipmunk 
61 Tenrec ecaudatus Tenrecidae Tailless tenrec 
62 Trichosurus caninus Phalangeridae Short-eared possum 
63 Urogale everetti Tupaiidae Mindanao treeshrew 
64 Vespertilio murinus Vespertilionidae Parti-coloured bat 
65 Zapus hudsonius Dipodidae Meadow jumping mouse 
66 Zenkerella insignis Anomaluridae Cameroon scaly-tail 

Additional 49 mammals as originally published in Jones (jones et al., 2018) 
67 Ailurus fulgens Ailuridae Red panda 
68 Alouatta palliata Atelidae Mantled howler 
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69 Antilocapra americana Antilocapridae Pronghorn 
70 Arctictis binturong Viverridae Binturong 
71 Callorhinus ursinus Otariidae Northern fur seal 
72 Caluromys philander Didelphidae Bare-tailed woolly opossum 
73 Castor canadensis Castoridae American beaver 
74 Choloepus hoffmanni Choloepodidae Hoffmann's two-toed sloth 
75 Chrysochloris stuhlmanni Chrysochloridae Stuhlmann's golden mole 
76 Crocuta crocuta Hyaenidae Spotted hyena 
77 Cuniculus paca Cuniculidae Lowland paca 
78 Dasypus novemcinctus Dasypodidae Nine-banded armadillo 
79 Dendrohyrax dorsalis Procaviidae Western tree hyrax 
80 Didelphis virginiana Didelphidae Virginia opossum 
81 Equus caballus Equidae Horse 
82 Erethizon dorsatum Erethizontidae North American porcupine 
83 Erinaceus europaeus Erinaceidae European hedgehog 
84 Felis catus Felidae Domestic cat 
85 Gorilla gorilla Hominidae Western gorilla 
86 Hemicentetes semispinosus Tenrecidae Lowland streaked tenrec 
87 Hydrochoerus hydrochaeris Caviidae Capybara 
88 Lama glama Camelidae Llama 
89 Lepus americanus Leporidae Snowshoe hare 
90 Lutra lutra Mustelidae Eurasian otter 
91 Lycaon pictus Canidae African wild dog 
92 Macropus robustus Macropodidae Wallaroo 
93 Manis javanica Manidae Sunda pangolin 
94 Marmota monax Sciuridae Groundhog 
95 Mus musculus Muridae House mouse 
96 Myrmecophaga tridactyla Myrmecophagidae Giant anteater 
97 Nectomys squamipes Cricetidae South American water rat 
98 Neotragus pygmaeus Bovidae Royal antelope 
99 Neovison vison Mustelidae American mink 

100 Odocoileus virginianus Cervidae White-tailed deer 
101 Orycteropus afer Orycteropodidae Aardvark 
102 Ovis aries Bovidae Sheep 
103 Phascolarctos cinereus Phascolarctidae Koala 
104 Procyon lotor Procyonidae Raccoon 
105 Sciurus carolinensis Sciuridae Eastern gray squirrel 
106 Sus scrofa Suidae Wild boar 
107 Tachyglossus aculeatus Tachyglossidae Short-beaked echidna 
108 Talpa europaea Talpidae European mole 
109 Tamandua tetradactyla Myrmecophagidae Southern tamandua 
110 Tapirus bairdii Tapiridae Baird's tapir 
111 Tupaia palawanensis Tupaiidae Palawan treeshrew 
112 Ursus americanus Ursidae American black bear 
113 Varecia variegata Lemuridae Black-and-white ruffed lemur 
114 Vombatus ursinus Vombatidae Common wombat 
115 Zaglossus bruijnii Tachyglossidae Western long-beaked echidna 

 

Table S6.1. List of taxa for which geometric morphometric data were compiled in the present 
study 
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6.8.1. Data on body mass, locomotory mode and habitat 

Data on average body mass (ABM), mode of locomotion and habitat were principally 
obtained from the Animal Diversity Web (ADW) database (ADW: Home, 2021). Average adult 
body mass was taken directly as the mean in grams. Sexual dimorphism was not 
considered, and where male and female values were distinguished, a mean was recorded. 
Habitat weas classified into eight categories, namely: aquatic, arboreal, terrestrial, forest, 
desert, grassland, desert and urban. Locomotory mode was classified into nine categories: 
flying, gliding, hopping, bipedal, ground running, sub-fossorial, fossorial, scansorial and 
natatorial. 

Many species were coded in more than one pertinent habitat class. Behaviours manifest 
only in response to various imminent threats or in extremis – such as tree climbing in order 
to escape from predators – were not considered indicative of habitat preference, but were 
included in the range of possible locomotory modes. For example, Manis temminckii (the 
ground pangolin) is able to climb trees under duress from predators, but spend most of 
lifetimes on ground. Therefore, this species was coded as scansorial (a locomotory mode), 
but was not considered to be arboreal (habitat). 

Habitat classifiers: 

Aquatic: This category was defined to include all those species that spend at least 
part of their time in bodies of water (marine or freshwater) in order to feed. Many aquatic 
species are therefore also primarily terrestrial, most species are able to swim if forced into 
the water, or in order to evade predators, and we do not consider this sufficient to include 
species within the aquatic habitat category.  

 Arboreal: Arboreal species are those that routinely spend at least part of their time 
foraging or sleeping in tree canopies, tree trunks or cavities within those trunks. We do not 
include mammals that run into trees in order to avoid predation or to otherwise take evasive 
action, nor do we include mammals that merely nest in trees.  

 Terrestrial: This is the broadest of the habitat categories, and includes the majority of 
species in our data set.  This category includes those lives on land opposed to living in 
water, or sometimes an animal that lives on or near the ground, as opposed to arboreal life. 
  

Forest: These are mammals that spend the greater part of their time living within 
forests. Forests are defined here as the group of habitat biomes dominated by trees, 
arboreal category is also define as a subset in forest. 

Desert: Deserts are defined as can be cold or warm and daily temperates typically 
fluctuate. In dune areas vegetation is also sparse and conditions are dry.   

Grassland: The definition here for Grassland includes tropical savanna (grassland 
with scattered individual trees that do not form a closed canopy in Africa, South America and 
Australia), and temperate grassland (grassland biomes in temperate latitudes (>23.5°N or 
S).  

Mountain: We define mountains here as regions includes summits of high mountains, 
either without vegetation or covered by low, tundra-like vegetation.   

Urban: Urban mammals are those living in large cities or towns, as well as in 
suburban areas such as residential areas on the outskirts of towns or villages. 
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Locomotory classifiers:  

 Fly (flapping): Flapping flyers are those that can maintain constant and level flight in 
still air, and in the absence of updrafts or thermals. This the primary mode of flight used by 
most bird species. Bats are the only mammal group capable of flapping flight. 

 Gliding: Gliding mammals use membranes of skin between their limbs and the body, 
typically to glide between trees or other sites of refuge. They are unable to become airborne 
from the ground, but are nonetheless able to travel hundreds of meters by 
gliding/parachuting down from a suitable vantage point. 

 Hopping: A saltatory mode of progression using the back limbs, this mechanism has 
arisen in several unrelated groups (some marsupials, lagomorphs, and several independent 
lineages of rodents). 

 Bipedal: Bipedalism is locomotion by means of the hind limbs only. 

 Ground-running: Running is a mode of locomotion whereby, at some part of the gait 
cycle, all limbs lose contact with the ground. Running is thus classified, regardless of the 
symmetry or asymmetry of limb movements. Other gaits in which at least one limb maintains 
contact with the ground are not classified as running here. 

 Fossorial: Fossorial mammals are those that are adapted to digging underground, 
and spend the greater part of their lifetime in subterranean tunnels, burrows or other 
excavations.  

 Sub-fossorial: Unlike subterranean animals, sub-fossorial mammals are capable of 
digging for specific reasons, such as foraging or making nests, but nevertheless spend the 
greater part of their lifetime above ground. 

 Scansorial: Scansorial mammals are those adapted for climbing trees. Unlike 
arboreal mammals, this is an occasional activity. Scansorial mammals do not spend the 
greater part of their lifetime within the tree canopy or within cavities in the tree trunk, but 
capable to climb trees. Arboreal is also defined as scansorial, but not all scansorial 
mammals are arboreal. 

 Natatorial: Natatorial mammals are those capable of swimming. This includes 
mammals that are not marine or freshwater in habitat, but still can swim under some 
circumstances, such when evading predators. Aquatic is also defined in this category, but 
not all natatorial mammals are aquatic. 

 

Additional variables: 

ABM (g): The Average Body Mass (g) was derived from the Animal Diversity Web 
database, and is typically the mean of the maximum and minimum reported body masses. 
Data on sexual dimorphism in this resource are sparse and fragmentary, and we do not 
distinguish between sexes in our compilation. 

 

6.8.2. Data on body mass, locomotory modes and habitats. 

Taxon ABM 
(g) 

Aquati
c 

Arbore
al 

Terrestri
al 

Fore
st 

Dese
rt 

Grassla
nd 

Mountai
ns 

Urba
n 
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Acomys 
cahirinus 

50 0 0 1 0 1 1 0 0 

Acrobates 
pygmaeus 

9 0 1 1 1 0 1 0 0 

Ailurus fulgens 4950 0 1 1 1 0 0 1 0 
Alouatta palliata 6000 0 1 0 1 0 0 0 0 

Anomalurus 
beecrofti 

650 0 1 0 1 0 0 0 0 

Anourosorex 
squamipes 

31 0 0 1 1 0 0 0 0 

Antilocapra 
americana 

58500 0 0 1 1 1 1 0 0 

Aplodontia rufa 1125 1 0 1 1 0 0 0 0 
Arctictis 

binturong 
14500 1 1 1 1 0 0 0 0 

Arvicanthis 
nairobae 

116.5 0 0 1 0 0 0 0 0 

Callorhinus 
ursinus 

15750
0 

1 0 0 0 0 0 0 0 

Callosciurus 
notatus 

209.5 0 1 1 1 0 0 0 0 

Caluromys 
philander 

265 0 1 0 1 0 0 0 0 

Castor 
canadensis 

22500 1 0 1 1 0 0 0 0 

Chironectes 
minimus 

697 1 0 1 1 0 0 1 0 

Chlamyphorus 
truncatus 

120 0 0 1 0 1 1 0 0 

Chlorotalpa 
sclateri 

55 0 0 1 0 0 1 0 0 

Choloepus 
hoffmanni 

6000 0 1 0 1 0 0 0 0 

Chrysochloris 
asiatica 

42 0 0 1 0 1 0 1 0 

Chrysochloris 
stuhlmanni 

49 0 0 1 0 0 0 1 0 

Condylura 
cristata 

55 1 0 1 1 0 0 0 0 

Crocuta crocuta 62500 0 0 1 1 1 1 1 0 
Cuniculus paca 9500 1 0 1 1 0 0 0 0 

Cyclopes 
didactylus 

266 0 1 0 1 0 0 0 0 

Cynocephalus 
volans 

1375 0 1 0 1 0 0 0 0 

Dactylopsila 
trivirgata 

407.5 0 1 0 1 0 0 0 0 

Dasypus 
novemcinctus 

5650 1 0 1 1 0 1 0 0 

Dasyurus 
maculatus 

4400 0 0 1 1 0 0 0 0 

Dendrohyrax 
dorsalis 

3000 0 1 0 1 0 1 0 0 

Desmana 
moschata 

460 1 0 1 1 0 0 0 0 

Didelphis 
virginiana 

3950 1 1 1 1 0 0 0 0 

Diplomesodon 
pulchellum 

11 0 0 1 0 1 0 0 0 

Dipus sagitta 86.5 0 0 1 0 1 0 0 0 
Dobsonia viridis 134 0 1 0 1 0 0 0 0 

Dromiciops 
gliroides 

29 0 1 0 1 0 0 0 0 
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Eoglaucomys 
fimbriatus 

510 0 1 0 1 0 0 0 0 

Equus caballus 56350
0 

0 0 1 1 0 1 0 0 

Erethizon 
dorsatum 

9500 1 1 1 1 1 1 1 0 

Erinaceus 
europaeus 

1000 1 0 1 1 0 1 0 0 

Felis catus 4750 0 0 1 0 0 0 0 1 
Geomys 

bursarius 
375 0 0 1 0 0 1 0 0 

Geomys pinetis 217.5 0 0 1 1 0 0 0 1 
Gerbillus 
gerbillus 

36.5 0 0 1 0 1 0 0 0 

Glaucomys 
sabrinus 

107.5 0 1 0 1 0 0 1 0 

Glis glis 135 0 1 1 1 0 0 0 1 
Gorilla gorilla 18500

0 
0 0 1 1 0 0 0 0 

Heliophobius 
argenteocinereu

s 

181 0 0 1 0 0 1 0 0 

Hemicentetes 
semispinosus 

202.5 0 0 1 1 0 0 0 0 

Hemiechinus 
auritus 

342 0 0 1 0 1 0 0 0 

Heteromys 
desmarestianus 

66.5 0 0 1 1 0 0 0 0 

Hydrochoerus 
hydrochaeris 

50500 1 0 1 1 0 1 0 0 

Hydromys 
chrysogaster 

479.7
5 

1 0 1 0 0 0 0 1 

Idiurus zenkeri 100 0 1 1 1 0 0 0 0 
Isoodon 

macrourus 
1800 0 0 1 1 0 1 0 1 

Lama glama 142.5 0 0 1 0 0 0 1 0 
Laonastes 

aenigmamus 
400 0 1 1 1 0 0 1 0 

Lepus 
americanus 

1490 0 0 1 1 0 1 0 0 

Limnogale 
mergulus 

115 1 0 1 1 0 0 0 0 

Lutra lutra 9500 1 0 1 1 0 0 1 0 
Lycaon pictus 27000 0 0 1 1 0 1 0 0 

Macropus 
robustus 

30000 0 0 1 0 1 1 0 0 

Macroscelides 
micus 

28 0 0 1 0 1 0 0 0 

Macroscelides 
proboscideus 

45 0 0 1 0 1 1 0 0 

Manis 
culionensis 

2100 1 1 1 1 0 1 0 0 

Manis javanica 4900 1 0 1 1 0 1 0 0 
Marmosa murina 43 0 1 1 1 0 0 1 0 
Marmota monax 4000 1 0 1 1 0 1 0 0 

Microgale 
drouhardi 

22.5 0 0 1 1 0 0 0 0 

Monodelphis 
domestica 

102.5 0 0 1 1 0 1 0 0 

Mus musculus 21 0 0 1 1 0 1 0 1 
Myospalax 
myospalax 

225 0 0 1 1 0 1 0 0 

Myrmecobius 
fasciatus 

526 0 0 1 1 0 0 0 0 
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Myrmecophaga 
tridactyla 

28.5 1 0 1 0 0 1 0 0 

Napaeozapus 
insignis 

26 0 0 1 1 0 0 1 0 

Nectomys 
squamipes 

290 1 0 1 1 0 0 0 0 

Neomys fodiens 15 1 0 1 1 0 0 0 0 
Neotragus 
pygmaeus 

2500 0 0 1 1 0 0 0 0 

Neovison vison 1150 1 0 1 1 0 1 0 0 
Notomys 
cervinus 

35 0 0 1 0 0 1 0 0 

Notoryctes 
typhlops 

45 0 0 1 0 1 0 0 0 

Ochotona alpina 293 0 0 1 0 1 1 0 0 
Odocoileus 
virginianus 

97000 0 0 1 1 0 1 0 0 

Orycteropus afer 61000 0 0 1 0 0 1 0 0 
Oryzorictes 

tetradactylus 
34 1 0 1 1 0 0 0 0 

Ovis aries 110 0 0 1 1 1 1 1 0 
Pedetes 
capensis 

3500 0 0 1 0 1 1 0 0 

Petaurus 
breviceps 

125 0 1 0 1 0 0 0 0 

Phascolarctos 
cinereus 

8450 0 1 0 1 0 0 0 0 

Podogymnura 
truei 

114 1 0 1 1 0 0 1 0 

Potamogale 
velox 

625 1 0 1 1 0 0 0 0 

Procyon lotor 6100 0 0 1 1 0 1 0 1 
Pronolagus 

rupestris 
1650 0 0 1 0 0 1 0 0 

Pseudomys 
hermannsburgen

sis 

12 0 0 1 0 1 1 0 0 

Rhynchocyon 
petersi 

525 0 0 1 1 0 0 0 0 

Sciurus 
carolinensis 

544 0 1 1 1 0 0 1 0 

Solenodon 
paradoxus 

800 0 0 1 1 0 0 0 0 

Spermophilopsis 
leptodactylus 

600 0 0 1 0 1 1 0 0 

Sus scrofa 16900
0 

0 0 1 1 0 1 0 0 

Tachyglossus 
aculeatus 

4500 0 0 1 1 1 1 1 0 

Tachyoryctes 
macrocephalus 

310 0 0 1 0 1 1 0 0 

Talpa europaea 100 0 0 1 1 0 1 0 1 
Tamandua 

tetradactyla 
4950 0 1 1 1 0 1 0 0 

Tamias striatus 90.5 0 1 1 1 0 0 0 1 
Tapirus bairdii 22500

0 
0 0 1 1 0 1 1 0 

Tenrec 
ecaudatus 

2000 1 0 1 1 0 1 0 0 

Trichosurus 
caninus 

3500 0 1 1 1 0 0 0 0 

Tupaia 
palawanensis 

175 0 1 1 1 0 0 0 0 

Urogale everetti 355 0 1 1 1 0 0 0 0 



173 

 

Ursus 
americanus 

22400
0 

0 0 1 1 0 0 0 0 

Varecia 
variegata 

3650 0 1 1 1 0 0 0 0 

Vespertilio 
murinus 

22 0 1 0 1 0 0 0 0 

Vombatus 
ursinus 

27500 0 0 1 0 0 1 0 0 

Zaglossus 
bruijnii 

10750 0 0 1 1 0 0 1 0 

Zapus hudsonius 21 0 0 1 0 0 1 1 0 
Zenkerella 

insignis 
190 0 1 1 1 0 0 0 0 

 

Table S6.2: Habitat & ABM (Alphabetic order) 

 

Taxon Fl
y 

Glidi
ng 

Hoppi
ng 

Bipe
dal 

Grou
nd-
runni
ng 

SubFoss
orial 

Fosso
rial 

Scanso
rial 

Natato
rial 

Acomys cahirinus 0 0 0 0 1 1 0 0 0 
Acrobates pygmaeus 0 1 0 0 1 0 0 0 0 

Ailurus fulgens 0 0 0 0 1 0 0 1 0 
Alouatta palliata 0 0 0 0 0 0 0 1 0 

Anomalurus beecrofti 0 1 0 0 0 0 0 1 0 

Anourosorex 
squamipes 

0 0 0 0 1 1 1 0 0 

Antilocapra americana 0 0 0 0 1 0 0 0 0 
Aplodontia rufa 0 0 0 0 1 1 1 0 1 

Arctictis binturong 0 0 0 0 1 0 0 1 1 

Arvicanthis nairobae 0 0 0 0 1 1 0 0 0 
Callorhinus ursinus 0 0 0 0 0 0 0 0 1 

Callosciurus notatus 0 0 0 0 1 0 0 1 0 
Caluromys philander 0 0 0 0 1 0 0 1 0 

Castor canadensis 0 0 0 0 1 1 0 0 1 

Chironectes minimus 0 0 0 0 1 1 0 0 1 
Chlamyphorus 

truncatus 
0 0 0 0 0 1 1 0 0 

Chlorotalpa sclateri 0 0 0 0 0 1 1 0 0 

Choloepus hoffmanni 0 0 0 0 0 0 0 1 0 

Chrysochloris asiatica 0 0 0 0 0 1 1 0 0 
Chrysochloris 

stuhlmanni 
0 0 0 0 0 1 1 0 0 

Condylura cristata 0 0 0 0 0 1 1 0 1 
Crocuta crocuta 0 0 0 0 1 1 0 0 0 

Cuniculus paca 0 0 0 0 1 1 0 0 1 
Cyclopes didactylus 0 0 0 0 0 0 0 1 0 

Cynocephalus volans 0 1 0 0 0 0 0 1 0 
Dactylopsila trivirgata 0 0 0 0 0 0 0 1 0 

Dasypus novemcinctus 0 0 0 0 1 1 1 0 1 
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Dasyurus maculatus 0 0 0 0 1 1 1 1 0 

Dendrohyrax dorsalis 0 0 0 0 0 0 0 1 0 
Desmana moschata 0 0 0 0 0 1 0 0 1 

Didelphis virginiana 0 0 0 0 1 0 0 1 1 
Diplomesodon 

pulchellum 
0 0 0 0 0 1 0 0 0 

Dipus sagitta 0 0 0 0 0 1 0 0 0 
Dobsonia viridis 1 0 0 0 0 0 0 0 0 

Dromiciops gliroides 0 0 0 0 0 0 0 1 0 
Eoglaucomys fimbriatus 0 1 0 0 0 0 0 1 0 

Equus caballus 0 0 0 0 1 0 0 0 0 

Erethizon dorsatum 0 0 0 0 0 1 0 1 1 
Erinaceus europaeus 0 0 0 0 1 1 0 0 1 

Felis catus 0 0 0 0 1 1 0 1 0 
Geomys bursarius 0 0 0 0 0 1 1 0 0 

Geomys pinetis 0 0 0 0 0 1 1 0 0 

Gerbillus gerbillus 0 0 0 0 1 1 0 1 0 
Glaucomys sabrinus 0 1 0 0 0 0 0 1 0 

Glis glis 0 0 0 0 1 1 0 1 0 
Gorilla gorilla 0 0 0 0 0 0 0 1 0 

Heliophobius 
argenteocinereus 

0 0 0 0 0 1 1 0 0 

Hemicentetes 
semispinosus 

0 0 0 0 1 1 0 0 0 

Hemiechinus auritus 0 0 0 0 0 1 0 0 0 
Heteromys 

desmarestianus 
0 0 0 0 1 1 0 1 0 

Hydrochoerus 
hydrochaeris 

0 0 0 0 0 0 0 0 1 

Hydromys chrysogaster 0 0 0 0 0 1 0 0 1 
Idiurus zenkeri 0 1 0 0 0 0 0 1 0 

Isoodon macrourus 0 0 0 0 1 1 0 0 0 

Lama glama 0 0 0 0 1 0 0 0 0 
Laonastes 

aenigmamus 
0 0 0 0 1 1 0 1 0 

Lepus americanus 0 0 0 0 1 1 0 0 0 

Limnogale mergulus 0 0 0 0 0 1 0 0 1 

Lutra lutra 0 0 0 0 0 1 0 0 1 
Lycaon pictus 0 0 0 0 1 1 0 0 0 

Macropus robustus 0 0 1 1 0 1 0 0 0 
Macroscelides micus 0 0 0 0 1 0 0 0 0 

Macroscelides 
proboscideus 

0 0 0 0 1 0 0 0 0 

Manis culionensis 0 0 0 0 0 1 0 1 1 

Manis javanica 0 0 0 1 0 1 1 1 1 
Marmosa murina 0 0 0 0 1 0 0 1 0 

Marmota monax 0 0 0 0 0 1 1 0 1 

Microgale drouhardi 0 0 0 0 0 0 0 0 0 
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Monodelphis domestica 0 0 0 0 1 0 0 1 0 

Mus musculus 0 0 0 0 1 1 0 0 0 
Myospalax myospalax 0 0 0 0 0 1 1 0 0 

Myrmecobius fasciatus 0 0 0 0 1 1 0 0 0 
Myrmecophaga 

tridactyla 
0 0 0 0 0 1 1 0 1 

Napaeozapus insignis 0 0 0 0 0 1 0 0 0 
Nectomys squamipes 0 0 0 0 0 0 0 0 1 

Neomys fodiens 0 0 0 0 1 1 0 0 1 
Neotragus pygmaeus 0 0 0 0 1 0 0 0 0 

Neovison vison 0 0 0 0 1 1 0 0 1 

Notomys cervinus 0 0 1 1 0 1 0 0 0 
Notoryctes typhlops 0 0 0 0 0 1 1 0 0 

Ochotona alpina 0 0 0 0 1 1 0 0 0 
Odocoileus virginianus 0 0 0 0 1 0 0 0 0 

Orycteropus afer 0 0 0 0 1 1 1 0 0 

Oryzorictes 
tetradactylus 

0 0 0 0 0 1 0 0 1 

Ovis aries 0 0 0 0 1 0 0 0 0 
Pedetes capensis 0 0 1 1 0 1 1 0 0 

Petaurus breviceps 0 1 0 0 0 0 0 1 0 

Phascolarctos cinereus 0 0 0 0 0 0 0 1 0 
Podogymnura truei 0 0 0 0 1 1 0 0 1 

Potamogale velox 0 0 0 0 1 1 0 0 1 
Procyon lotor 0 0 0 0 1 1 0 1 0 

Pronolagus rupestris 0 0 0 0 1 1 0 0 0 

Pseudomys 
hermannsburgensis 

0 0 0 0 1 1 0 0 0 

Rhynchocyon petersi 0 0 0 0 1 0 0 0 0 
Sciurus carolinensis 0 0 0 0 0 0 0 1 0 

Solenodon paradoxus 0 0 0 0 0 1 0 0 0 

Spermophilopsis 
leptodactylus 

0 0 0 0 1 1 1 1 0 

Sus scrofa 0 0 0 0 1 1 0 0 0 

Tachyglossus 
aculeatus 

0 0 0 0 1 1 1 0 0 

Tachyoryctes 
macrocephalus 

0 0 0 0 0 1 1 0 0 

Talpa europaea 0 0 0 0 0 1 1 0 0 

Tamandua tetradactyla 0 0 0 0 0 1 0 1 0 
Tamias striatus 0 0 0 0 1 1 0 1 0 

Tapirus bairdii 0 0 0 0 1 0 0 0 0 

Tenrec ecaudatus 0 0 0 0 1 1 0 0 1 
Trichosurus caninus 0 0 0 0 0 0 0 1 0 

Tupaia palawanensis 0 0 0 0 1 0 0 1 0 
Urogale everetti 0 0 0 0 1 0 0 1 0 

Ursus americanus 0 0 0 0 1 0 0 0 0 
Varecia variegata 0 0 0 0 0 0 0 1 0 
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Table S6.3: Locomotory mode (Alphabetic order) 

6.8.3. Distributions of SUMV complexity index across habitats and locomotory modes. 

The following boxplots (S6.1-S6.6) illustrate the sum of variance (SUMV) index of geometric 
complexity across habitat and locomotory mode classifiers. Each classifier is a binary, two-
state variable. S6.1-S6.3 illustrate habitats, where the darker shading denotes absence (0) 
and the lighter shading indicates presence (1). S6.4-S6.6 illustrate locomotory modes, where 
the darker shading denotes absence (0) and the lighter shading indicates presence (1). 

 

 

Fig S6.1. Boxplots of SUMV (geometric morphometric index of complexity) distribution for 
habitat classifier across the 66 species data set. Darker shading denotes absence (0), lighter 
shading denotes presence (1). 

 

Vespertilio murinus 1 0 0 0 0 0 0 0 0 

Vombatus ursinus 0 0 0 0 0 1 0 0 0 
Zaglossus bruijnii 0 0 0 0 0 0 1 0 0 

Zapus hudsonius 0 0 0 0 0 1 0 0 0 
Zenkerella insignis 0 0 0 0 1 0 0 1 0 
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Fig S6.2. Boxplots of SUMV (geometric morphometric index of complexity) distribution for 
habitat classifier across the 66 species (trunk only) data set. Darker shading denotes 
absence (0), lighter shading denotes presence (1). 
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Fig S6.3. Boxplots of SUMV (geometric morphometric index of complexity) distribution for 
locomotory modes across the 66 species data set. Darker shading denotes absence (0), 
lighter shading denotes presence (1). 
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Fig S6.4. Boxplots of SUMV (geometric morphometric index of complexity) distribution for 
locomotory modes across the 66 species (trunk only) data set. Darker shading denotes 
absence (0), lighter shading denotes presence (1). 

 

6.8.4. pGLS models for geometric vertebral complexity in terms of alternative 
dependent variables. 

Model AICc AICc 
weigh

t 

R2 lambda Variable Coefficie
nt 

Std.Erro
r 

p-
value 

SUMV ~ log10 
Presacral numbers 

-317.614 0.406 0.156 0.751
7 

(Intercept) 0.6083 0.1494 0.0001 
     

log10PRE -0.3886 0.1049 0.0004 
SUMV ~ Brillouin 

Indices 
-303.539 0.02 0.039

74792 
0.833

6 
(Intercept) 0.0903 0.0360 0.0148 

     
Brillouin 

index 
-0.0258 0.0258 0.3205 

SUMV ~ Presacral 
(trunk) 

-317.441 0.565 0.164
8476 

0.744
2 

(Intercept) 0.4271 0.0985 0.0001 
     

log10PRE
_c 

-0.2884 0.0762 0.0003 

SUMV~ log10 
Thoracic/lumbar 

ratio 

-301.636 0.002 0.016 0.844
4 

(Intercept) 0.0591 0.0158 0.0004 

     log10TL -0.0051 0.0156 0.7451 
SUMV~ log10 body 

mass 
-299.166 0.002 0.006

0.111 
0.819

8 
(Intercept) 0.0510 0.0166 0.0032 

     log10BOD
Y 

0.0027 0.0037 0.4759 

Table S6.4. Results of pGLS regression of sum of variance (SUMV) on different vertebral 
properties specific on 66 species (presacral). 

Model AICc AICc 
weigh

t 

R2 lambda Variable Coefficie
nt 

Std.Erro
r 

p-value 

SUMV ~ log10 
Presacral numbers 

-235.278 0.291 0.042 0.739
7 

(Intercept) 0.6014 0.2835 0.0378 
     

log10PRE -0.3368 0.1991 0.0957 
SUMV ~ Brillouin 

Indices 
-235.469 0.543 0.120 0.701

6 
(Intercept) -0.0303 0.0603 0.6175 

     
Brillouin 
index 

0.1200 0.0442 0.0086 

SUMV ~ Presacral 
(trunk) 

-234.704 0.088 0.041 0.741
6 

(Intercept) 0.4422 0.1879 0.0217 
     

log10PRE
_c 

-0.2482 0.1453 0.0924 

SUMV~ log10 
Thoracic/lumbar 

ratio 

-232.563 0.033 0.103 0.618
8 

(Intercept) 0.1439 0.0212 <0.000
1 

     log10TL -0.0564 0.0268 0.0394 
SUMV~ log10 body 

mass 
-226.92 0.012 0.012 0.724

4 
(Intercept) 0.1405 0.0268 <0.000

1      
log10BOD

Y 
-0.0075 0.0066 0.2624 

Table S6.5. Results of pGLS regression of sum of variance (SUMV) on different vertebral 
properties specific on 66 species (thoracic & lumbar regions). 
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Model AICc AICc 
weigh

t 

R2 lambda Variable Coefficie
nt 

Std.Erro
r 

p-value 

SUMR ~ log10 
Presacral numbers 

111.628 0.615 0.056 0.921
6 

(Intercept) 8.0078 2.1478 0.0003 

     
log10PRE -3.8733 1.4928 0.0107 

SUMR ~ Brillouin 
Indices 

115.357 0.088 0.082 0.914
6 

(Intercept) 1.2381 0.6331 0.0530 

     
Brillouin 

index 
1.0224 0.4383 0.0214 

SUMR ~ Presacral 
(trunk) 

111.934 0.172 0.058 0.921
1 

(Intercept) 6.2704 1.4572 0.0000 

     
log10PRE

_c 
-2.9275 1.1025 0.0091 

SUMR ~ log10 
Thoracic/lumbar 

ratio 

117.646 0.052 0.102 0.893
5 

(Intercept) 2.7492 0.3370 0.0000 

     log10TL -0.5288 0.2486 0.0356 

SUMR ~ log10 body 
mass 

119.629 0.034 0.062 0.941
7 

(Intercept) 2.7754 0.3623 0.0000 

     
log10BOD

Y 
-0.0901 0.0361 0.0139 

Table S6.6. Results of pGLS regression of sum of variance (SUMR) on different vertebral 
properties across 115 species (thoracic & lumbar regions). 

Model AICc AICc 
weigh

t 

R2 lambda Variable Coefficie
nt 

Std.Erro
r 

p-value 

SUMR ~ log10 
Presacral numbers 

63.713 0.568 0.190 0.764
7 

(Intercept) 14.5350 2.9476 0.0000 
     

log10PRE -8.3088 2.0701 0.0002 
SUMR ~ Brillouin 

Indices 
79.003 0.002 0.048 0.867

6 
(Intercept) 3.5593 0.7170 0.0000 

     
Brillouin 
index 

-0.6310 0.5088 0.2194 

SUMR ~ Presacral 
(trunk) 

63.938 0.408 0.199 0.758
7 

(Intercept) 10.6330 1.9456 0.0000 
     

log10PRE
_c 

-6.1445 1.5039 0.0001 

SUMR ~ log10 
Thoracic/lumbar 

ratio 

81.486 0.001 0.031 0.862
0 

(Intercept) 2.7293 0.3231 0.0000 

     log10TL 0.0625 0.3113 0.8416 
SUMR ~ log10 body 

mass 
82.723 0.001 0.021 0.832

5 
(Intercept) 2.5256 0.3327 0.0000 

     
log10BOD

Y 
0.0977 0.0739 0.1909 

Table S6.7. Results of pGLS regression of sum of variance (SUMR) on different vertebral 
properties specific on 66 species (presacral). 

Model AICc AICc 
weigh

t 

R2 lambda Variable Coefficie
nt 

Std.Erro
r 

p-value 

SUMR ~ log10 
Presacral numbers 

77.001 0.335 0.061 0.722
3 

(Intercept) 9.2832 3.2389 0.0056 
     

log10PRE -4.5643 2.2751 0.0491 
SUMR ~ Brillouin 

Indices 
81.956 0.152 0.017 0.801

4 
(Intercept) 1.8625 0.7308 0.0132 
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Brillouin 
index 

0.7352 0.5271 0.1679 

SUMR ~ Presacral 
(trunk) 

77.474 0.317 0.063 0.723
1 

(Intercept) 7.1650 2.1444 0.0014 
     

log10PRE
_c 

-3.3948 1.6583 0.0448 

SUMR ~ log10 
Thoracic/lumbar 

ratio 

83.556 0.079 0.021 0.726
7 

(Intercept) 2.9369 0.2807 0.0000 

     log10TL -0.3671 0.3176 0.2521 
SUMR ~ log10 body 

mass 
85.473 0.047 0.04 0.728

9 
(Intercept) 3.0670 0.3086 0.0000 

     
log10BOD

Y 
-0.1150 0.0760 0.1353 

Table S6.8. Results of pGLS regression of sum of variance (SUMR) on different vertebral 
properties specific on 66 species (thoracic & lumbar regions). 

Model AICc AICc 
weigh

t 

R2 lambda Variable Coefficie
nt 

Std.Error p-value 

PATH ~ log10 
Presacral numbers 

0.935 0.551 0.045 0.905
4 

(Intercept) 4.1727 1.3092 0.0019 

     
log10PRE -2.1254 0.9104 0.0213 

PATH ~ Brillouin 
Indices 

2.607 0.076 0.100 0.907
1 

(Intercept) 0.3275 0.3831 0.3945 

     
Brillouin 

index 
0.6663 0.2662 0.0138 

PATH ~ Presacral 
(trunk) 

1.365 0.337 0.045  0.905
3 

(Intercept) 3.2069 0.8881 0.0005 

     
log10PRE_

c 
-1.5968 0.6728 0.0193 

PATH ~ log10 
Thoracic/lumbar 

ratio 

6.164 0.013 0.108 
 

0.883
9 

(Intercept) 1.2917 0.2027 0.0000 

     log10TL -0.3004 0.1517 0.0500 

PATH ~ log10 body 
mass 

9.102 0.011 0.048 0.917
3 

(Intercept) 1.2972 0.2125 0.0000 

     
log10BOD

Y 
-0.0480 0.0222 0.0328 

Table S6.9. Results of pGLS regression of sum of variance (PATH) on different vertebral 
properties specific on 115 species (thoracic & lumbar regions). 

Model AICc AICc 
weigh

t 

R2 lambda Variable Coefficie
nt 

Std.Error p-value 

PATH ~ log10 
Presacral numbers 

82.128 0.571 0.162 0.703
3 

(Intercept) 15.1856 3.3573 0.0000 
     

log10PRE -9.0224 2.3585 0.0003 
PATH ~ Brillouin 

Indices 
97.616 0.003 0.012 0.817

3 
(Intercept) 2.6967 0.8267 0.0018 

     
Brillouin 
index 

-0.2386 0.5942 0.6893 

PATH ~ Presacral 
(trunk) 

82.299 0.415 0.170 0.697
0 

(Intercept) 10.9697 2.2136 0.0000 
     

log10PRE_
c 

-6.6887 1.7122 0.0002 

PATH ~ log10 
Thoracic/lumbar 

ratio 

98.624 0.002 0.008 0.813
7 

(Intercept) 2.4447 0.3481 0.0000 
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     log10TL -0.1483 0.3568 0.6790 
PATH ~ log10 body 

mass 
99.499 0.002 0.023 0.781

4 
(Intercept) 2.0982 0.3609 0.0000 

     
log10BOD

Y 
0.1266 0.0846 0.1393 

Table S6.10. Results of pGLS regression of sum of variance (PATH) on different vertebral 
properties specific on 66 species (presacral). 

Model AICc AICc 
weigh

t 

R2 lambda Variable Coefficie
nt 

Std.Error p-value 

PATH ~ log10 
Presacral numbers 

14.494 0.34 0.073 0.716
2 

(Intercept) 5.5548 1.9849 0.0068 
     

log10PRE -2.9712 1.3943 0.0369 
PATH ~ Brillouin 

Indices 
18.056 0.128 0.045 0.786

3 
(Intercept) 0.5216 0.4431 0.2436 

     
Brillouin 

index 
0.6365 0.3206 0.0514 

PATH ~ Presacral 
(trunk) 

15.04 0.339 0.073 0.721
8 

(Intercept) 4.1504 1.3163 0.0025 
     

log10PRE_
c 

-2.1902 1.0179 0.0352 

PATH ~ log10 
Thoracic/lumbar 

ratio 

20.257 0.114 0.042 0.221
6 

(Intercept) 1.4505 0.1000 0.0000 

     log10TL -0.3245 0.1886 0.0902 
PATH ~ log10 body 

mass 
24.992 0.032 0.005 0.742

6 
(Intercept) 1.4290 0.1947 0.0000 

     
log10BOD

Y 
-0.0403 0.0474 0.3981 

Table S6.11. Results of pGLS regression of sum of variance (SUMV) on different vertebral 
properties specific on 66 species (thoracic & lumbar regions). 

 

6.8.5. pGLS results between vertebral complexity vs. environmental habitats. 

Model AICc AICc 
weight 

R2 lambda Variable Coefficie
nt 

Std.Erro
r 

p-
value 

SUMV ~ Aquatic -
302.096 

0.17 0.01
1 

0.85425
2 

(Intercep
t) 

0.059029 0.01479
5 

0.0002 
     

Aquatic -0.01003 0.00660
7 

0.1339 

SUMV ~ Arboreal -
301.054 

0.095 0.01
5 

0.86471
2 

(Intercep
t) 

0.060096 0.01526 0.0002 
     

Arboreal -0.00737 0.00625
5 

0.243 

SUMV ~ 
Terrestrial 

-
300.261 

0.083 0.01
7 

0.82184
7 

(Intercep
t) 

0.060376 0.01545
1 

0.0002 
     

Terrestri
al 

-0.00396 0.00717
3 

0.5824 

SUMV ~ 
Mountains 

-
302.056 

0.102 0.03
2 

0.81153
8 

(Intercep
t) 

0.058614 0.01397 0.0001 

     Mountain
s 

-0.01071 0.00748
8 

0.1575 

SUMV ~ Urban -
304.856 

0.258 0.04
4 

0.94302
9 

(Intercep
t) 

0.058915 0.01663
5 

0.0007 

     Urban -0.01805 0.00721
5 

0.0149 

SUMV ~ 
Grassland 

-
302.158 

0.142 0.03
2 

0.85661
6 

(Intercep
t) 

0.054972 0.01478
8 

0.0004 
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Grasslan

d 
0.008364 0.00480

8 
0.0868 

SUMV ~ Forest -
299.974 

0.067 0.00
4 

0.84567
2 

(Intercep
t) 

0.060142 0.01538
6 

0.0002 
     

Forest -0.00383 0.00573
5 

0.5068 

SUMV ~ Desert -
300.267 

0.083 0.02
7 

0.84039
1 

(Intercep
t) 

0.056305 0.01468
1 

0.0003 
     

Desert 0.004919 0.00573
8 

0.3945 

Table S6.12. Results of pGLS regression of sum of variance (SUMV) on different ecological 
habitat specific on 66 species (presacral). 

Model AICc AICc 
weight 

R2 lambda Variable Coefficie
nt 

Std.Erro
r 

p-
value 

SUMV ~ Aquatic -
230.682 

0.609 0.09
5 

0.75856
1 

(Intercep
t) 

0.127333 0.02272
8 

0 
     

Aquatic -0.02345 0.01173
8 

0.05 

SUMV ~ Arboreal -
229.442 

0.125 0.03
4 

0.68060
2 

(Intercep
t) 

0.130109 0.02101
6 

0 
     

Arboreal -0.01808 0.01054
7 

0.0912 

SUMV ~ 
Terrestrial 

-
227.704 

0.039 0.01
7 

0.69993
6 

(Intercep
t) 

0.1144 0.02383
2 

0 
     

Terrestri
al 

0.011201 0.01259
8 

0.3773 

SUMV ~ 
Mountains 

-
227.969 

0.065 0.00
8 

0.71800
3 

(Intercep
t) 

0.125258 0.02207
7 

0 

     Mountain
s 

-0.01283 0.01356
3 

0.3479 

SUMV ~ Urban -
227.585 

0.038 0.00
1 

0.74956
8 

(Intercep
t) 

0.123883 0.02302
7 

0 

     Urban -0.00837 0.01516
6 

0.5831 

SUMV ~ 
Grassland 

-
228.453 

0.07 0.05
1 

0.71402
7 

(Intercep
t) 

0.11968 0.02181
5 

0 
     

Grasslan
d 

0.01337 0.00898
2 

0.1415 

SUMV ~ Forest -
227.266 

0.03 0.03
1 

0.69136
5 

(Intercep
t) 

0.13024 0.02259
7 

0 
     

Forest -0.00904 0.01020
2 

0.3789 

SUMV ~ Desert -
226.979 

0.024 0.01
6 

0.69385
3 

(Intercep
t) 

0.122162 0.02150
5 

0 
     

Desert 0.007031 0.01040
6 

0.5017 

Table S6.13. Results of pGLS regression of sum of variance (SUMV) on different ecological 
habitat specific on 66 species (thoracic & lumbar regions). 

 

Model AICc AICc 
weight 

R2 lambda Variable Coefficie
nt 

Std.Erro
r 

p-
value 

SUMR ~ Aquatic 119.884 0.028 0.02
7 

0.92120
2 

(Intercep
t) 

2.520892 0.33368
2 

0 
     

Aquatic -0.16311 0.07900
1 

0.0412 

SUMR ~ Arboreal 117.031 0.882 0.08
4 

0.91621
4 

(Intercep
t) 

2.564847 0.32713 0 
     

Arboreal -0.21853 0.08144
2 

0.0084 

SUMR ~ 
Terrestrial 

122.528 0.025 0.02
5 

0.92018 (Intercep
t) 

2.413682 0.34883
3 

0 
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Terrestri

al 
0.105447 0.10564

2 
0.3203 

SUMR ~ 
Mountains 

123.812 0.01 0.00
8 

0.92573
2 

(Intercep
t) 

2.496319 0.34429
5 

0 

     Mountain
s 

0.012772 0.09005
3 

0.8875 

SUMR ~ Urban 123.212 0.012 0.01
3 

0.92055
4 

(Intercep
t) 

2.499267 0.33911
3 

0 

     Urban 0.047725 0.11303
7 

0.6737 

SUMR ~ 
Grassland 

123.951 0.009 0.00
9 

0.92316
4 

(Intercep
t) 

2.48281 0.34121
1 

0 
     

Grasslan
d 

0.047468 0.06509
8 

0.4674 

SUMR ~ Forest 122.688 0.018 0.02
0 

0.93068
7 

(Intercep
t) 

2.577862 0.35029
5 

0 
     

Forest -0.09364 0.07885
7 

0.2375 

SUMR ~ Desert 123.274 0.015 0.01
6 

0.91859
4 

(Intercep
t) 

2.483746 0.33758
8 

0 
     

Desert 0.071386 0.08317
9 

0.3926 

Table S6.14. Results of pGLS regression of sum of ranges (SUMR) on different ecological 
habitat specific on 115 species (thoracic & lumbar regions). 

Model AICc AICc 
weight 

R2 lambda Variable Coefficie
nt 

Std.Erro
r 

p-
value 

SUMR ~ Aquatic 81.561 0.127 0.00
6 

0.86761
4 

(Intercept
) 

2.781331 0.30213
4 

0 
     

Aquatic -0.17108 0.13189
7 

0.1993 

SUMR ~ Arboreal 82.153 0.09 0.00
9 

0.87612
1 

(Intercept
) 

2.80374 0.30970
4 

0 
     

Arboreal -0.1375 0.12520
2 

0.2762 

SUMR ~ 
Terrestrial 

82.7 0.08 0.02
0 

0.84992
4 

(Intercept
) 

2.823322 0.31849
4 

0 
     

Terrestri
al 

-0.08949 0.14309 0.5339 

SUMR ~ 
Mountains 

81.451 0.17 0.02
8 

0.83551
5 

(Intercept
) 

2.776049 0.28883 0 

     Mountain
s 

-0.18861 0.14892
2 

0.2099 

SUMR ~ Urban 79.742 0.185 0.03
1 

0.92986
8 

(Intercept
) 

2.775967 0.32826
2 

0 

     Urban -0.29413 0.14818
7 

0.0514 

SUMR ~ 
Grassland 

79.584 0.205 0.03
4 

0.86855
8 

(Intercept
) 

2.69625 0.29686
4 

0 
     

Grasslan
d 

0.198102 0.09428
6 

0.0396 

SUMR ~ Forest 82.992 0.075 0.00
1 

0.86605
3 

(Intercept
) 

2.814791 0.31490
9 

0 
     

Forest -0.08379 0.11385
5 

0.4644 

SUMR ~ Desert 83.218 0.068 0.00
4 

0.85910
1 

(Intercept
) 

2.739295 0.30157
1 

0 
     

Desert 0.063739 0.11427
3 

0.5789 

Table S6.15. Results of pGLS regression of sum of ranges (SUMR) on different ecological 
habitat specific on 66 species (presacral). 

Model AICc AICc 
weight 

R2 lambda Variable Coefficie
nt 

Std.Erro
r 

p-
value 
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SUMR ~ Aquatic 86.205 0.005 0.02
7 

-
0.02629 

(Intercept
) 

2.815367 0.03960
4 

0 
     

Aquatic -0.18443 0.13422
5 

0.1742 

SUMR ~ Arboreal 76.695 0.901 0.14
7 

0.48379
1 

(Intercept
) 

2.944263 0.18048
5 

0 
     

Arboreal -0.37969 0.11177 0.0012 

SUMR ~ 
Terrestrial 

84.577 0.022 0.03
8 

0.67559 (Intercept
) 

2.641049 0.26665
4 

0 
     

Terrestri
al 

0.202323 0.14440
9 

0.166 

SUMR ~ 
Mountains 

86.24 0.005 0.00
3 

0.73824
4 

(Intercept
) 

2.809579 0.26371
6 

0 

     Mountain
s 

-0.03598 0.15752
8 

0.8201 

SUMR ~ Urban 86.047 0.01 0.00
1 

0.74847
4 

(Intercept
) 

2.805831 0.26653
4 

0 

     Urban -0.025 0.17587
1 

0.8874 

SUMR ~ 
Grassland 

84.357 0.027 0.05
1 

0.71925
3 

(Intercept
) 

2.755748 0.25288
2 

0 
     

Grasslan
d 

0.173249 0.10331
9 

0.0985 

SUMR ~ Forest 84.697 0.018 0.04
5 

0.67241
2 

(Intercept
) 

2.936488 0.25312
7 

0 
     

Forest -0.17621 0.11669
6 

0.136 

SUMR ~ Desert 85.987 0.012 0.02
2 

0.69143
2 

(Intercept
) 

2.783454 0.24722
6 

0 
     

Desert 0.113367 0.12001
7 

0.3484 

Table S6.16. Results of pGLS regression of sum of ranges (SUMR) on different ecological 
habitat specific on 66 species (thoracic & lumbar regions). 

Model AICc AICc 
weight 

R2 lambda Variable Coefficie
nt 

Std.Err
or 

p-
value 

PATH ~ Aquatic 7.9 0.331 0.029 0.90603
4 

(Intercep
t) 

1.16336 0.19746
6 

0 
     

Aquatic -0.10069 0.04849
9 

0.0402 

PATH ~ Arboreal 10.268 0.177 0.014 0.91268
3 

(Intercep
t) 

1.170454 0.20259 0 
     

Arboreal -0.06801 0.05083 0.1836 

PATH ~ 
Terrestrial 

11.129 0.086 0.003 0.91443
8 

(Intercep
t) 

1.114676 0.21085
5 

0 
     

Terrestri
al 

0.043332 0.06449
4 

0.503 

PATH ~ 
Mountains 

11.885 0.065 0.006 0.91066
1 

(Intercep
t) 

1.151258 0.20381 0 

     Mountain
s 

-0.00112 0.05549
7 

0.9839 

PATH ~ Urban 10.838 0.142 0.018 0.90467
1 

(Intercep
t) 

1.148897 0.20008
1 

0 

     Urban 0.054281 0.06962
1 

0.4372 

PATH ~ 
Grassland 

12.527 0.062 <0.000
1 

0.91066
3 

(Intercep
t) 

1.149563 0.20344
4 

0 
     

Grasslan
d 

0.003376 0.04012
3 

0.9331 

PATH ~ Forest 12.115 0.063 0.0003 0.91218
2 

(Intercep
t) 

1.157152 0.20738
8 

0 
     

Forest -0.0077 0.04882
3 

0.8749 
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PATH ~ Desert 11.769 0.074 0.001 0.91723
2 

(Intercep
t) 

1.157337 0.20557
2 

0 
     

Desert -0.02745 0.05083
1 

0.5902 

Table S6.17. Results of pGLS regression of sum of path length (PATH) on different 
ecological habitat specific on 115 species (thoracic & lumbar regions). 

Model AICc AICc 
weight 

R2 lambda Variable Coefficie
nt 

Std.Err
or 

p-
value 

PATH ~ Aquatic 99.701 0.076 0.001 0.81331
7 

(Intercep
t) 

2.41379 0.32268
5 

0 
     

Aquatic -0.13531 0.15383
1 

0.3824 

PATH ~ Arboreal 100.457 0.069 0.004 0.82336
2 

(Intercep
t) 

2.414007 0.33174
2 

0 
     

Arboreal -0.06011 0.14268
3 

0.675 

PATH ~ 
Terrestrial 

99.253 0.163 0.027 0.78586
3 

(Intercep
t) 

2.529692 0.33610
6 

0 
     

Terrestri
al 

-0.17471 0.16243
4 

0.2862 

PATH ~ 
Mountains 

99.453 0.127 0.020 0.79187
7 

(Intercep
t) 

2.41053 0.31339
9 

0 

     Mountain
s 

-0.15611 0.17315
8 

0.3707 

PATH ~ Urban 97.417 0.195 0.037 0.87276
7 

(Intercep
t) 

2.416226 0.34480
8 

0 

     Urban -0.3135 0.17982
5 

0.0861 

PATH ~ 
Grassland 

96.833 0.234 0.032 0.84685
8 

(Intercep
t) 

2.328925 0.32937
1 

0 
     

Grasslan
d 

0.231127 0.10909
4 

0.038 

PATH ~ Forest 100.688 0.068 0.000
2 

0.82245
9 

(Intercep
t) 

2.424118 0.34172
9 

0 
     

Forest -0.04323 0.13159
6 

0.7436 

PATH ~ Desert 100.688 0.068 0.001  0.81017
5 

(Intercep
t) 

2.398454 0.32298
9 

0 
     

Desert -0.0405 0.13239
6 

0.7607 

Table S6.18. Results of pGLS regression of sum of path length (PATH) on different 
ecological habitat specific on 66 species (presacral). 

Model AICc AICc 
weight 

R2 lambda Variable Coefficie
nt 

Std.Erro
r 

p-
value 

PATH ~ Aquatic 22.07
3 

0.248 0.034 0.83950
2 

(Intercept
) 

1.358332 0.18238
3 

0 
     

Aquatic -0.13768 0.08344
4 

0.1038 

PATH ~ Arboreal 22.79
7 

0.191 0.016  0.71217
6 

(Intercept
) 

1.376284 0.15676 0 
     

Arboreal -0.10677 0.07609
6 

0.1654 

PATH ~ 
Terrestrial 

24.31
7 

0.082 0.000
6 

0.73170
9 

(Intercept
) 

1.313066 0.17645
3 

0 
     

Terrestri
al 

0.029719 0.09030
7 

0.7432 

PATH ~ 
Mountains 

24.12
7 

0.085 0.002 0.64368
9 

(Intercept
) 

1.343742 0.14425
9 

0 

     Mountain
s 

-0.03778 0.09784
3 

0.7007 

PATH ~ Urban 23.84
9 

0.095 0.005 0.33230
2 

(Intercept
) 

1.336655 0.09479 0 
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     Urban 0.053769 0.11809
6 

0.6504 

PATH ~ 
Grassland 

23.46
6 

0.136 0.026 0.33953
5 

(Intercept
) 

1.315145 0.0964 0 
     

Grasslan
d 

0.088238 0.06774
6 

0.1974 

PATH ~ Forest 24.80
7 

0.081 0.000
7 

0.70529
5 

(Intercept
) 

1.34826 0.16447
8 

0 
     

Forest -0.01431 0.07311
1 

0.8455 

PATH ~ Desert 24.81
1 

0.081 0.001 0.68300
6 

(Intercept
) 

1.338339 0.15169
9 

0 
     

Desert -0.00194 0.07448
4 

0.9793 

Table S6.19. Results of pGLS regression of path length (PATH) on different ecological 
habitat specific on 66 species (thoracic & lumbar regions). 

 

6.8.6. pGLS results between vertebral complexity vs. locomotory modes. 

Model AICc AICc 
weight 

R2 lambd
a 

Variable Coefficie
nt 

Std.Err
or 

p-
value 

SUMV ~ Natatorial -
302.09

6 

0.017 0.011 0.8543 (Intercept) 0.0590 0.0148 0.0002 

     
Natatorial -0.0100 0.0066 0.1339 

SUMV ~ Hopping -
305.73

4 

0.044 0.014 0.9169 (Intercept) 0.0574 0.0159 0.0006 

     
Hopping 0.0267 0.0113 0.0217 

SUMV ~ Ground-
running 

-
301.02

1 

0.01 0.067 0.8116 (Intercept) 0.0604 0.0142 0.0001 

     
Ground 
running 

-0.0068 0.0051 0.1867 

SUMV ~ Fly -
307.54

3 

0.852 0.137 0.7846 (Intercept) 0.0556 0.0130 0.0001 

     Fly 0.0412 0.0165 0.0149 

SUMV ~ Bipedal -
305.73

4 

0.044 0.014 0.9169 (Intercept) 0.0574 0.0159 0.0006 

     Bipedal 0.0267 0.0113 0.0217 

SUMV ~ Fossorial -
301.29

6 

0.011 0.034 0.8157 (Intercept) 0.0555 0.0141 0.0002 

     
Fossorial 0.0079 0.0060 0.1961 

SUMV ~ Gliding -
300.26

1 

0.01 0.004 0.8400 (Intercept) 0.0571 0.0147 0.0003 

     Gliding 0.0016 0.0081 0.8411 

SUMV ~ Scansorial -
299.76

2 

0.008 0.027 0.8364 (Intercept) 0.0581 0.0148 0.0002 

     Scansorial -0.0023 0.0060 0.7061 

SUMV ~ 
SubFossorial 

-
299.62

5 

0.007 0.0004 0.8432 (Intercept) 0.0572 0.0152 0.0004 

     SubFossorial 0.0001 0.0060 0.9931 

Table S6.20. Results of pGLS regression of sum of variance (SUMV) on different locomotory 
modes specific on 66 species (presacral). 
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Model AICc AICc 
weight 

R2 lambd
a 

Variable Coefficie
nt 

Std.Err
or 

p-
value 

SUMV ~ Natatorial -
230.68

2 

0.103 0.095 0.7586 (Intercept) 0.1273 0.0227 0 

     
Natatorial -0.0234 0.0117 0.05 

SUMV ~ Hopping -
230.82

3 

0.347 0.023 0.8799 (Intercept) 0.1226 0.0270 0 

     
Hopping 0.0419 0.0212 0.0521 

SUMV ~ Ground-
running 

-
228.10

2 

0.04 0.044 0.6931 (Intercept) 0.1175 0.0216 0 

     
Ground 
running 

0.0123 0.0090 0.1762 

SUMV ~ Fly -
228.86

2 

0.052 0.002 0.7495 (Intercept) 0.1229 0.0230 0 

     Fly 0.0139 0.0300 0.644 

SUMV ~ Bipedal -
230.82

3 

0.347 0.023 0.8799 (Intercept) 0.1226 0.0270 0 

     Bipedal 0.0419 0.0212 0.0521 

SUMV ~ Fossorial -227.69 0.025 0.016 0.7353 (Intercept) 0.1257 0.0226 0 
     

Fossorial -0.0112 0.0107 0.2999 

SUMV ~ Gliding -
227.72

8 

0.028 0.003 0.7135 (Intercept) 0.1245 0.0220 0 

     Gliding -0.0105 0.0145 0.4738 

SUMV ~ Scansorial -
227.96

4 

0.031 0.008 0.6903 (Intercept) 0.1285 0.0215 0 

     Scansorial -0.0125 0.0104 0.2333 

SUMV ~ 
SubFossorial 

-
226.72

7 

0.026 0.005 0.7328 (Intercept) 0.1259 0.0233 0 

     SubFossorial -0.0043 0.0105 0.6827 

Table S6.21. Results of pGLS regression of sum of variance (SUMV) on different locomotory 
modes specific on 66 species (thoracic & lumbar regions). 

Model AICc AICc 
weight 

R2 lambd
a 

Variable Coefficie
nt 

Std.Err
or 

p-
value 

SUMR ~ Natatorial 119.88
4 

0.034 0.027 0.9212 (Intercept) 2.521 0.334 0 

   
    

Natatorial -0.163 0.079 0.0412 

SUMR ~ Hopping 117.88
3 

0.79 0.013 0.9576 (Intercept) 2.491 0.360 0 
     

Hopping 0.419 0.187 0.0267 

SUMR ~ Ground-
running 

123.30
5 

0.015 0.015 0.9197 (Intercept) 2.465 0.340 0 
     

Ground 
running 

0.071 0.074 0.3393 

SUMR ~ Fly 121.10
4 

0.03 0.001 0.9295 (Intercept) 2.500 0.345 0 

     Fly 0.058 0.348 0.8683 

SUMR ~ Bipedal 119.49
6 

0.068 0.001 0.9584 (Intercept) 2.492 0.363 0 

     Bipedal 0.307 0.159 0.0554 

SUMR ~ Fossorial 122.17
5 

0.016 0.001 0.9356 (Intercept) 2.450 0.350 0 
     

Fossorial 0.119 0.095 0.2118 

SUMR ~ Gliding 122.69
3 

0.015 0.004 0.9262 (Intercept) 2.503 0.343 0 
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     Gliding -0.047 0.151 0.7546 

SUMR ~ Scansorial 121.22
1 

0.018 0.068 0.9069 (Intercept) 2.548 0.328 0 

     Scansorial -0.140 0.082 0.0891 

SUMR ~ 
SubFossorial 

124.06
2 

0.014 0.003 0.9274 (Intercept) 2.505 0.346 0 

     SubFossorial -0.008 0.080 0.9237 

Table S6.22. Results of pGLS regression of sum of ranges (SUMR) on different locomotory 
modes specific on 115 species (thoracic & lumbar regions). 

Model AICc AICc 
weight 

R2 lambd
a 

Variable Coefficie
nt 

Std.Err
or 

p-
value 

SUMR ~ Natatorial 81.56
1 

0.017 0.006 0.8676 (Intercept) 2.7813 0.3021 0 
     

Natatorial -0.1711 0.1319 0.1993 

SUMR ~ Hopping 76.67
9 

0.358 0.014 0.9107 (Intercept) 2.7508 0.3126 0 
     

Hopping 0.5515 0.2265 0.0177 

SUMR ~ Ground-
running 

79.47
2 

0.036 0.094 0.8504 (Intercept) 2.8536 0.2920 0 
     

Ground 
running 

-0.2089 0.0992 0.0391 

SUMR ~ Fly 77.88
5 

0.151 0.101 0.8404 (Intercept) 2.7290 0.2861 0 

     Fly 0.6445 0.3432 0.0649 

SUMR ~ Bipedal 76.67
9 

0.358 0.014 0.9107 (Intercept) 2.7508 0.3126 0 

     Bipedal 0.5515 0.2265 0.0177 

SUMR ~ Fossorial 79.59 0.019 0.073 0.8263 (Intercept) 2.6995 0.2804 0 
     

Fossorial 0.2371 0.1180 0.0487 

SUMR ~ Gliding 82.83
9 

0.017 0.009 0.8601 (Intercept) 2.7524 0.3023 0 

     Gliding -0.0069 0.1614 0.9658 

SUMR ~ Scansorial 82.59
8 

0.015 0.032 0.8602 (Intercept) 2.7954 0.3038 0 

     Scansorial -0.1093 0.1195 0.3636 

SUMR ~ 
SubFossorial 

83.37
8 

0.028 0.001 0.8629 (Intercept) 2.7373 0.3107 0 

     SubFossorial 0.0260 0.1205 0.8302 

Table S6.23. Results of pGLS regression of sum of ranges (SUMR) on different locomotory 
modes specific on 66 species (presacral). 

Model AICc AICc 
weight 

R2 lambd
a 

Variable Coefficie
nt 

Std.Err
or 

p-
value 

SUMR ~ Natatorial 86.20
5 

0.028 0.027 -
0.0263 

(Intercept) 2.8154 0.0396 0 
     

Natatorial -0.1844 0.1342 0.1742 

SUMR ~ Hopping 81.46 0.103 0.023 0.9458 (Intercept) 2.7935 0.3440 0 
     

Hopping 0.5459 0.2232 0.0172 

SUMR ~ Ground-
running 

87.07
5 

0.026 0.0005 0.7589 (Intercept) 2.8090 0.2749 0 
     

Ground 
running 

-0.0100 0.1057 0.9249 

SUMR ~ Fly 84.48
2 

0.052 0.0001 0.7919 (Intercept) 2.7983 0.2818 0 

     Fly 0.1598 0.3533 0.6526 

SUMR ~ Bipedal 81.46 0.103 0.023 0.9458 (Intercept) 2.7935 0.3440 0 

     Bipedal 0.5459 0.2232 0.0172 
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SUMR ~ Fossorial 85.53
2 

0.046 0.016 0.7246 (Intercept) 2.7761 0.2572 0 
     

Fossorial 0.1381 0.1235 0.2676 

SUMR ~ Gliding 85.02
4 

0.04 0.029 0.6729 (Intercept) 2.8232 0.2405 0 

     Gliding -0.1848 0.1678 0.2748 

SUMR ~ Scansorial 79.73
4 

0.57 0.101 0.4287 (Intercept) 2.9341 0.1729 0 

     Scansorial -0.3219 0.1123 0.0056 

SUMR ~ 
SubFossorial 

85.98
4 

0.031 0.012 0.7336 (Intercept) 2.7414 0.2687 0 

     SubFossorial 0.1104 0.1209 0.3647 

Table S6.24. Results of pGLS regression of sum of ranges (SUMR) on different locomotory 
modes specific on 66 species (thoracic & lumbar regions). 

 

Model AICc AICc 
weight 

R2 lambd
a 

Variable Coefficie
nt 

Std.Err
or 

p-
value 

PATH ~ Natatorial 7.9 0.008 0.029 0.9060 (Intercept) 1.163 0.197 0 
     

Natatorial -0.101 0.048 0.0402 

PATH ~ Hopping 4.272 0.007 0.024 0.9599 (Intercept) 1.143 0.219 0 
     

Hopping 0.302 0.113 0.0084 

PATH ~ Ground-
running 

11.01
4 

0.002 0.016 0.9080 (Intercept) 1.125 0.202 0 
     

Ground 
running 

0.051 0.045 0.2613 

PATH ~ Fly -
0.901 

0.968 0.107 0.8673 (Intercept) 1.144 0.179 0 

     Fly 0.641 0.192 0.0012 

PATH ~ Bipedal 4.281 0.006 0.009 0.9770 (Intercept) 1.142 0.228 0 

     Bipedal 0.273 0.092 0.0037 

PATH ~ Fossorial 11.00
2 

0.002 0.001 0.9210 (Intercept) 1.129 0.208 0 
     

Fossorial 0.052 0.058 0.3742 

PATH ~ Gliding 10.18
7 

0.004 0.002 0.9158 (Intercept) 1.154 0.204 0 

     Gliding -0.076 0.092 0.4112 

PATH ~ Scansorial 10.33
7 

0.002 0.028 0.8929 (Intercept) 1.174 0.195 0 

     Scansorial -0.068 0.050 0.1778 

PATH ~ 
SubFossorial 

10.51
9 

0.002 0.006 0.9209 (Intercept) 1.182 0.207 0 

     SubFossorial -0.062 0.048 0.2011 

Table S6.25. Results of pGLS regression of path length (PATH) on different locomotory 
modes specific on 115 species (thoracic & lumbar regions). 

Model AICc AICc 
weight 

R2 lambd
a 

Variable Coefficie
nt 

Std.Err
or 

p-
value 

PATH ~ Natatorial 99.701 0.003 0.001 0.8133 (Intercept) 2.4138 0.3227 0 
     

Natatorial -0.1353 0.1538 0.3824 

PATH ~ Hopping 95.963 0.033 0.017 0.8341 (Intercept) 2.3875 0.3247 0 
     

Hopping 0.5174 0.2821 0.0713 

PATH ~ Ground-
running 

98.591 0.006 0.064 0.8052 (Intercept) 2.4793 0.3191 0 
     

Ground 
running 

-0.1818 0.1154 0.1203 



191 

 

PATH ~ Fly 91.7 0.939 0.162 0.7393 (Intercept) 2.3505 0.2783 0 

     Fly 1.0100 0.3662 0.0076 

PATH ~ Bipedal 95.963 0.033 0.017 0.8341 (Intercept) 2.3875 0.3247 0 

     Bipedal 0.5174 0.2821 0.0713 

PATH ~ Fossorial 99.425 0.005 0.022 0.8031 (Intercept) 2.3575 0.3173 0 
     

Fossorial 0.1557 0.1377 0.2624 

PATH ~ Gliding 100.00
8 

0.003 0.005 0.8180 (Intercept) 2.3863 0.3259 0 

     Gliding 0.0570 0.1859 0.76 

PATH ~ Scansorial 99.572 0.005 0.041 0.8159 (Intercept) 2.4492 0.3263 0 

     Scansorial -0.1457 0.1358 0.2873 

PATH ~ 
SubFossorial 

100.57
4 

0.003 0.0003 0.8182 (Intercept) 2.4205 0.3346 0 

     SubFossorial -0.0509 0.1370 0.7115 

Table S6.26. Results of pGLS regression of path length (PATH) on different locomotory 
modes specific on 66 species (presacral). 

Model AICc AICc 
weight 

R2 lambd
a 

Variable Coefficien
t 

Std.Erro
r 

p-value 

PATH ~ Natatorial 22.07
3 

0.01 0.03
4 

0.840 (Intercept) 1.3583 0.1824 0 
     

Natatorial -0.1377 0.0834 0.1038 
PATH ~ Hopping 16.52

3 
0.015 0.03

7 
1.023 (Intercept) 1.3249 0.2435 0 

     
Bipedal 0.4274 0.1010 1.00E-

04 
PATH ~ Ground-

running 
24.96

1 
0.004 0.00

3 
0.718 (Intercept) 1.3265 0.1609 0 

     
Ground 
running 

0.0222 0.0651 0.7339 

PATH ~ Fly 9.867 0.923 0.15
2 

0.535 (Intercept) 1.3181 0.1135 0 

     Fly 0.6947 0.1829 3.00E-
04 

PATH ~ Bipedal 16.52
3 

0.015 0.03
7 

1.023 (Intercept) 1.3249 0.2435 0 

     Bipedal 0.4274 0.1010 1.00E-
04 

PATH ~ Fossorial 24.48
6 

0.005 0.00
1 

0.721 (Intercept) 1.3292 0.1590 0 

     
Fossorial 0.0393 0.0767 0.6101 

PATH ~ Gliding 22.17
8 

0.01 0.02
0 

0.731 (Intercept) 1.3506 0.1584 0 

     Gliding -0.1446 0.1022 0.162 
PATH ~ Scansorial 20.24

2 
0.014 0.03

9 
0.536 (Intercept) 1.4009 0.1244 0 

     Scansorial -0.1566 0.0713 0.0317 
PATH ~ SubFossorial 24.53

4 
0.004 0.00

9 
0.730 (Intercept) 1.3593 0.1655 0 

     SubFossorial -0.0386 0.0748 0.6078 
Table S6.27. Results of pGLS regression of path length (PATH) on different locomotory 
modes specific on 66 species (thoracic & lumbar regions). 
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6.8.7. pGLS results of vertebral complexity in terms of vertebral disparity or whole 
character disparity. 

Model AIC lambd
a 

Variabl
e 

Std.Er
ror  

R2 p-
value 

Sum of Variance (complexity) ~ Sum of Variance (disparity - 
bootstrapping) 

-
13.14

53 

-
0.3436

7 

(Interce
pt) 

0.023 0.0
57 

0.006 

   
Sum of 
Varianc

e 

0.358  0.982 

Sum of Variance (complexity) ~ Sum of Variance (disparity – Jack-
knifing) 

-
12.63

1 

-
0.2543

1 

(Interce
pt) 

0.026 0.0
19 

0.011 

   
Sum of 
Varianc

e 

0.274  0.906 

Sum of Variance (complexity) ~ Sum of Variance (disparity – raw 
value) 

-
12.63

49 

-
0.2523

3 

(Interce
pt) 

0.026 0.0
19 

0.011 

   
Sum of 
Varianc

e 

0.274  0.903 

Sum of Variance (complexity) ~ Sum of Variance (disparity – Jack-
knifing vertebrae only) 

-
11.25

86 

0.2169
87 

(Interce
pt) 

0.128 0.0
10 

0.818 

   Sum of 
Varianc

e 

0.115  0.562 

Sum of Variance (complexity) ~ Sum of Variance (disparity – raw 
value of vertebrae only) 

-
11.25

62 

0.2162
91 

(Interce
pt) 

0.128 0.0
10 

0.816 

   Sum of 
Varianc

e 

0.115  0.563 

Table S6.28. The pGLS result of the relationship of disparity (character based) vs. 
complexity (geometric morphometric based) in terms of sum of variance (SUMV) in different 
method treatment. The morphological data only contains 5 orders (trunk only). 

Model AIC lambd
a 

Variabl
e 

Std.Err
or  

R2 p-
value 

Sum of Range (complexity) ~ Sum of Range (disparity - 
bootstrapping) 

8.4172
13 

-
1.7207

8 

(Interce
pt) 

0.128 0.0
46 

0.000 

   
Sum of 
Range 

0.058  0.848 

Sum of Range (complexity) ~ Sum of Range (disparity – Jack-
knifing) 

8.7100
61 

-
1.7197

3 

(Interce
pt) 

0.169 0.0
09 

0.000 

   
Sum of 
Range 

0.048  0.737 

Sum of Range (complexity) ~ Sum of Range (disparity – raw 
value) 

10.366
93 

-
1.7208

2 

(Interce
pt) 

0.110 0.0
63 

0.000 

   
Sum of 
Range 

0.022  0.863 

Sum of Range (complexity) ~ Sum of Range (disparity – Jack-
knifing vertebrae only) 

2.5890
99 

-
1.7180

8 

(Interce
pt) 

1.665 0.0
00 

0.125 

   Sum of 
Range 

1.088  0.821 

Sum of Range (complexity) ~ Sum of Range (disparity – raw 
value of vertebrae only) 

5.0917
72 

-
1.7202

2 

(Interce
pt) 

0.523 0.0
93 

0.004 

   Sum of 
Range 

0.315  0.987 

Table S6.29. The pGLS result of relationship of disparity (character based) vs. complexity 
(geometric morphometric based) in terms of sum of range (SUMR) in different method 
treatment. The morphological data only contains 5 orders (trunk only). 
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Model AIC lambd
a 

Variabl
e 

Std.Er
ror  

R2 p-
value 

Sum of Variance (complexity) ~ Sum of Variance (disparity - 
bootstrapping) 

-
15.20

98 

0.3850
09 

(Interce
pt) 

0.022 0.0
00 

0.024 

   
Sum of 
Varianc

e 

0.281  0.515 

Sum of Variance (complexity) ~ Sum of Variance (disparity – Jack-
knifing) 

-
14.43

7 

0.0370
71 

(Interce
pt) 

0.023 0.0
34 

0.030 

   
Sum of 
Varianc

e 

0.226  0.762 

Sum of Variance (complexity) ~ Sum of Variance (disparity – raw 
value) 

-
14.44

04 

0.0372
31 

(Interce
pt) 

0.023 0.0
05 

0.030 

   
Sum of 
Varianc

e 

0.227  0.762 

Sum of Variance (complexity) ~ Sum of Variance (disparity – Jack-
knifing vertebrae only) 

-
12.74

06 

-
0.0239

7 

(Interce
pt) 

0.112 0.0
61 

0.467 

   Sum of 
Varianc

e 

0.100  0.835 

Sum of Variance (complexity) ~ Sum of Variance (disparity – raw 
value of vertebrae only) 

-
12.73

97 

-
0.0227

9 

(Interce
pt) 

0.111 0.0
60 

0.466 

   Sum of 
Varianc

e 

0.100  0.834 

Table S6.30. The pGLS result of relationship of disparity (character based) vs. complexity 
(geometric morphometric based) in terms of sum of variance (SUMV) in different method 
treatment. The morphological data only contains 5 orders (presacral). 

Model AIC lambd
a 

Variabl
e 

Std.Err
or  

R2 p-
value 

Sum of Range (complexity) ~ Sum of Range (disparity - 
bootstrapping) 

18.786
18 

0.7282
36 

(Interce
pt) 

0.455 0.1
90 

0.001 
   

Sum of 
Range 

0.215  0.460 

Sum of Range (complexity) ~ Sum of Range (disparity – Jack-
knifing) 

19.580
84 

0.4059
87 

(Interce
pt) 

0.535 0.2
77 

0.003 
   

Sum of 
Range 

0.187  0.780 

Sum of Range (complexity) ~ Sum of Range (disparity – raw 
value) 

20.450
76 

0.8543
82 

(Interce
pt) 

0.432 0.1
48 

0.001 
   

Sum of 
Range 

0.081  0.361 

Sum of Range (complexity) ~ Sum of Range (disparity – Jack-
knifing vertebrae only) 

13.325
79 

0.3253
12 

(Interce
pt) 

6.631 0.3
44 

0.642 

   Sum of 
Range 

4.486  0.938 

Sum of Range (complexity) ~ Sum of Range (disparity – raw 
value of vertebrae only) 

14.596
78 

1.0694
65 

(Interce
pt) 

1.752 0.1
54 

0.034 

   Sum of 
Range 

1.097  0.215 

Table S6.31. The pGLS result of relationship of disparity (character based) vs. complexity 
(geometric morphometric based) in terms of sum of range (SUMR) in different method 
treatment. The morphological data only contains 5 orders (presacral). 

Model AIC lambd
a 

Variabl
e 

Std.Er
ror  

R2 p-
value 

Sum of Variance (complexity) ~ Sum of Variance (disparity - 
bootstrapping) 

-
30.15

1 

-
0.7064

2 

(Interce
pt) 

0.013 0.0
11 

0.000 

   
Sum of 
Varianc

e 

0.269  0.608 
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Sum of Variance (complexity) ~ Sum of Variance (disparity – Jack-
knifing) 

-
27.89

34 

-
0.3606

7 

(Interce
pt) 

0.021 0.0
31 

0.003 

   
Sum of 
Varianc

e 

0.247  0.417 

Sum of Variance (complexity) ~ Sum of Variance (disparity – raw 
value) 

-
27.90

36 

-
0.3609

7 

(Interce
pt) 

0.021 0.0
31 

0.003 

   
Sum of 
Varianc

e 

0.248  0.415 

Sum of Variance (complexity) ~ Sum of Variance (disparity – Jack-
knifing vertebrae only) 

-
25.64

28 

0.3264
85 

(Interce
pt) 

0.133 0.0
72 

0.757 

   Sum of 
Varianc

e 

0.143  0.265 

Sum of Variance (complexity) ~ Sum of Variance (disparity – raw 
value of vertebrae only) 

-
25.43

3 

0.3142
96 

(Interce
pt) 

0.130 0.0
72 

0.743 

   Sum of 
Varianc

e 

0.138  0.254 

Table S6.32. The pGLS result of relationship of disparity (character based) vs. complexity 
(geometric morphometric based) in terms of sum of variance (SUMV) in different method 
treatment. The morphological data only contains 11 orders (trunk only). 

Model AIC lambd
a 

Variabl
e 

Std.Err
or  

R2 p-
value 

Sum of Range (complexity) ~ Sum of Range (disparity - 
bootstrapping) 

15.867 -
0.6724

6 

(Interce
pt) 

0.178 0.0
70 

0.000 

   
Sum of 
Range 

0.127  0.606 

Sum of Range (complexity) ~ Sum of Range (disparity – Jack-
knifing) 

13.590
23 

-
0.3353

3 

(Interce
pt) 

0.178 0.4
75 

0.000 

   
Sum of 
Range 

0.076  0.064 

Sum of Range (complexity) ~ Sum of Range (disparity – raw 
value) 

16.949
37 

-
0.3351 

(Interce
pt) 

0.115 0.2
70 

0.000 
   

Sum of 
Range 

0.042  0.208 

Sum of Range (complexity) ~ Sum of Range (disparity – Jack-
knifing vertebrae only) 

8.9019
94 

-
0.2247

7 

(Interce
pt) 

0.914 0.4
27 

0.855 

   Sum of 
Range 

0.640  0.016 

Sum of Range (complexity) ~ Sum of Range (disparity – raw 
value of vertebrae only) 

11.714
61 

-
0.3133

7 

(Interce
pt) 

0.713 0.2
48 

0.098 

   Sum of 
Range 

0.480  0.113 

Table S6.33. The pGLS result of relationship of disparity (character based) vs. complexity 
(geometric morphometric based) in terms of sum of range (SUMR) in different method 
treatment. The morphological data only contains 11 orders (trunk only). 

 

Model AIC lambd
a 

Variab
le 

Std.Er
ror  

R2 p-
value 

Range of Variance (complexity) ~ Range of Variance (disparity - 
bootstrapping) 

-
4.878

73 

-
0.719

27 

(Interc
ept) 

0.047 0.0
00 

0.143 

   
Range 

of 
Varian

ce 

0.630  0.783 
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Range of Variance (complexity) ~ Range of Variance (disparity – 
Jack-knifing) 

-
4.912

79 

-
0.719

27 

(Interc
ept) 

0.048 0.0
17 

0.087 

   
Range 

of 
Varian

ce 

0.432  0.446 

Range of Variance (complexity) ~ Range of Variance (disparity – 
raw value) 

-
4.915

18 

-
0.719

27 

(Interc
ept) 

0.048 0.0
17 

0.088 

   
Range 

of 
Varian

ce 

0.433  0.447 

Range of Variance (complexity) ~ Range of Variance (disparity – 
Jack-knifing vertebrae only) 

-
5.634

32 

1.341
106 

(Interc
ept) 

0.247 0.0
59 

0.114 

   Range 
of 

Varian
ce 

0.221  0.165 

Range of Variance (complexity) ~ Range of Variance (disparity – 
raw value of vertebrae only) 

-
5.614

01 

1.336
099 

(Interc
ept) 

0.248 0.0
59 

0.115 

   Range 
of 

Varian
ce 

0.221  0.167 

Table S6.34. The pGLS result of relationship of disparity (character based) vs. complexity 
(geometric morphometric based) in terms of range of variance in different method treatment. 
The morphological data only contains 5 orders (trunk only). 

Model AIC lambd
a 

Variabl
e 

Std.Er
ror  

R2 p-
value 

Range of Range (complexity) ~ Range of Range (disparity - 
bootstrapping) 

17.495
03 

-
0.719

27 

(Interce
pt) 

1.019 0.0
09 

0.384 

   
Range 

of 
Range 

0.533  0.984 

Range of Range (complexity) ~ Range of Range (disparity – Jack-
knifing) 

17.150
85 

-
0.939

62 

(Interce
pt) 

2.171 0.0
02 

0.214 

   
Range 

of 
Range 

0.649  0.333 

Range of Range (complexity) ~ Range of Range (disparity – raw 
value) 

19.435
33 

-
0.719

27 

(Interce
pt) 

0.870 0.0
16 

0.379 

   
Range 

of 
Range 

0.199  0.900 

Range of Range (complexity) ~ Range of Range (disparity – Jack-
knifing vertebrae only) 

6.2564
54 

1 (Interce
pt) 

10.609 0.0
36 

0.098 

   Range 
of 

Range 

7.156  0.110 

Range of Range (complexity) ~ Range of Range (disparity – raw 
value of vertebrae only) 

13.861
46 

-
0.719

27 

(Interce
pt) 

4.860 0.0
39 

0.864 

   Range 
of 

Range 

2.962  0.719 

 

Table S6.35. The pGLS result of relationship of disparity (character based) vs. complexity 
(geometric morphometric based) in terms of range of range across species in different 
method treatment. The morphological data only contains 5 orders (trunk only). 
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6.8.8. pGLS results of vertebral disparity or whole character disparity vs. species 
richness (diversity). 

Model AIC lambd
a 

Variabl
e 

Std.Err
or  

R2 p-
value 

Sum of Variance (disparity - bootstrapping) ~ Species 
richness 

8.8436
11 

-
0.4314 

(Interce
pt) 

0.0160 0.02
64 

0.019
8    

Species 
richness 

0.0000  0.670
4 

Sum of Variance (disparity – Jack-knifing) ~ Species richness 11.462
17 

-
0.4314 

(Interce
pt) 

0.0208 0.03
35 

0.011
7    

Species 
richness 

0.0000  0.655
8 

Sum of Variance (disparity – raw value) ~ Species richness 8.2457
62 

-
0.4305 

(Interce
pt) 

0.0133 0.03
44 

0.015
4    

Species 
richness 

0.0000  0.635
8 

Sum of Variance (disparity – Jack-knifing vertebrae only) ~ 
Species richness 

19.710
35 

-
1.0735

4 

(Interce
pt) 

0.0413 0.00
69 

0.000
0 

   Species 
richness 

0.0001  0.970
4 

Sum of Variance (disparity – raw value of vertebrae only) ~ 
Species richness 

19.718
27 

-
1.0732 

(Interce
pt) 

0.0414 0.00
69 

0.000
0 

   Species 
richness 

0.0001  0.970
4 

Table S6.36. The pGLS result of relationship of disparity (character based) vs. diversity 
(species richness) in terms of sum of variance (SUMV) different method treatment. The 
morphological data only contains 7 orders. 

Model AIC lambd
a 

Variabl
e 

Std.Err
or  

R2 p-
value 

Sum of Range (disparity - bootstrapping) ~ Species richness 38.589 -
0.4314 

(Interce
pt) 

0.313 0.12
7 

0.007 
   

Species 
richness 

0.000  0.394 

Sum of Range (disparity – Jack-knifing) ~ Species richness 40.527
78 

-
0.5253

7 

(Interce
pt) 

0.307 0.13
9 

0.001 

   
Species 
richness 

0.000  0.333 

Sum of Range (disparity – raw value) ~ Species richness 48.032
17 

-
0.4314 

(Interce
pt) 

0.806 0.11
0 

0.011 
   

Species 
richness 

0.001  0.420 

Sum of Range (disparity – Jack-knifing vertebrae only) ~ 
Species richness 

8.9815
81 

-
0.5157

2 

(Interce
pt) 

0.016 0.00
1 

0.000 

   Species 
richness 

0.000  0.231 

Sum of Range (disparity – raw value of vertebrae only) ~ 
Species richness 

20.913
65 

-
0.8501

6 

(Interce
pt) 

0.038 0.08
5 

0.000 

   Species 
richness 

0.000  0.344 

Table S6.37. The pGLS result of relationship of disparity (character based) vs. diversity 
(species richness) in terms of sum of range (SUMR) different method treatment. The 
morphological data only contains 7 orders. 

Model AIC lambd
a 

Variabl
e 

Std.Err
or  

R2 p-
value 

Sum of Variance (disparity - bootstrapping) ~ Species richness -
9.5779

6 

1.0496
75 

(Interce
pt) 

0.027 0.05
5 

0.054 

   
Species 
richness 

0.000  0.193 

Sum of Variance (disparity – Jack-knifing) ~ Species richness -
3.2175

6 

0.4429
35 

(Interce
pt) 

0.026 0.05
1 

0.009 
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Species 
richness 

0.000  0.380 

Sum of Variance (disparity – raw value) ~ Species richness -
3.2499

3 

0.4399
51 

(Interce
pt) 

0.026 0.05
2 

0.009 

   
Species 
richness 

0.000  0.377 

Sum of Variance (disparity – Jack-knifing vertebrae only) ~ 
Species richness 

22.456
02 

-
0.3433

3 

(Interce
pt) 

0.036 0.05
3 

0.000 

   Species 
richness 

0.000  0.871 

Sum of Variance (disparity – raw value of vertebrae only) ~ 
Species richness 

22.463
67 

-
0.3433

2 

(Interce
pt) 

0.036 0.05
3 

0.000 

   Species 
richness 

0.000  0.871 

Table S6.38. The pGLS result of relationship of disparity (character based) vs. diversity 
(species richness) in terms of sum of variance (SUMV) different method treatment. The 
morphological data only contains 11 orders. 

Model AIC lambd
a 

Variabl
e 

Std.Err
or  

R2 p-
value 

Sum of Range (disparity - bootstrapping) ~ Species richness 43.999
21 

0.9693
71 

(Interce
pt) 

0.494 0.15
2 

0.012 
   

Species 
richness 

0.000  0.087 

Sum of Range (disparity – Jack-knifing) ~ Species richness 49.572
01 

-
0.1647

7 

(Interce
pt) 

0.275 0.11
7 

0.000 

   
Species 
richness 

0.000  0.338 

Sum of Range (disparity – raw value) ~ Species richness 60.221
21 

1.2321
32 

(Interce
pt) 

1.507 0.14
3 

0.042 
   

Species 
richness 

0.001  0.058 

Sum of Range (disparity – Jack-knifing vertebrae only) ~ 
Species richness 

4.7817
51 

-0.3436 (Interce
pt) 

0.013 0.06
8 

0.000 

   Species 
richness 

0.000  0.647 

Sum of Range (disparity – raw value of vertebrae only) ~ 
Species richness 

20.667
1 

0.7906
25 

(Interce
pt) 

0.120 0.16
2 

0.000 

   Species 
richness 

0.000  0.105 

Table S6.39. The pGLS result of relationship of disparity (character based) vs. diversity 
(species richness) in terms of sum of range (SUMR) different method treatment. The 
morphological data only contains 11 orders. 

 

6.8.9. pGLS results of geometric morphometric complexity vs. species richness 
(diversity). 

Model AIC lambda Variable Std.Error  R2 p-value 

Sum of Variance (presacral) ~ Species richness 5.682501 0.640545 (Intercept) 0.022 0.183 0.006 
   

Species 
richness 

0.000  0.258 

Sum of Variance (trunk) ~ Species richness 5.102313 -0.13486 (Intercept) 0.014 0.001 0.006 
   

Species 
richness 

0.000  0.973 

Table S6.40. The pGLS result of geometric morphometric complexity vs. diversity (species 
richness) in terms of sum of variance (SUMV) different method treatment. The morphological 
data only contains 7 orders. 

Model AIC lambda Variable Std.Error  R2 p-value 
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Sum of Range (presacral) ~ Species richness 28.03586 -0.4314 (Intercept) 0.109 0.230 0.000 
   

Species richness 0.000  0.280 

Sum of Range (trunk)) ~ Species richness 33.15261 0.306482 (Intercept) 0.298 0.001 0.000 
   

Species richness 0.000  0.990 

Table S6.41. The pGLS result of geometric morphometric complexity vs. diversity (species 
richness) in terms of sum of range (SUMR) different method treatment. The morphological 
data only contains 7 orders. 

Model AIC lambda Variable Std.Error  R2 p-value 

Sum of Range (presacral) ~ Species richness 3.775673 -0.39533 (Intercept) 0.010 0.187 0.000 
   

Species richness 0.000  0.120 

Sum of Range (trunk)) ~ Species richness 26.47265 -0.46337 (Intercept) 0.101 0.272 0.000 
   

Species richness 0.000  0.187 

Table S6.42. The pGLS result of geometric morphometric complexity vs. diversity (species 
richness) in respect of sum of variance (SUMV) and sum of range (SUMR). The 
morphological data only contains 11 orders. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



199 

 

Chapter 7 - Ecological and evolutionary trends 
in vertebral counts and formulae across 
mammals 
 

7.1. Summary 
 

Chapter 6 demonstrated that counts, ratios and formulae access different aspects of 
complexity from indices derived from geometric morphometrics. Obtaining data on the latter 
is also vastly more time-consuming. It was therefore decided to expand the mammal sample 
using counts and ratios, with the rider that this is best suited to capturing aspects of “mitotic” 
(McNamara, 2012) complexity and regionalisation. Vertebral formulae for over 1100 speceis 
of mammal were collated from the literature, along with data on habitat and locomotory 
mode (in a manner analogous to that in Chapter 6). There were few habitat or locomotory 
mode signatures in our indics of complexity once correlations resulting from shared ancestry 
(phylogeny) were factored out. Arboreal mammals had marginally lower Brilliouin complexity, 
while flapping flyers (i.e., bats) tended to have shorter vertebral columns. The absence of 
strong ecological or biomechanical drivers of complexity across the tree are, perhaps, 
surprising, but to greatly facilitate more general analyses of complexity trends and other 
correlates. Had ecology and biomechanics largely governed patterns within our indices, it 
would be difficult to disentangle these effects from more general and systemic ones.  

Patterns of rate shifts for vertebral counts are similar with and without cervical data. 
However, the patterns for rate shifts in logged counts with and without the cervical region 
differ to some degree, which is a function of the relationship between the linear (unlogged) 
and exponential (logged) scales. In addition, we found that there is a significant 
ancestor/descendent trend for an increase in the number of presacral vertebrae across our 
tree, as well as in increase in the thoracic/lumbar ratio. Our indices of element diversity, by 
contrast, uniformly show patterns of significant decrease across the tree. 

 

7.2. Introduction 
 

Understanding the developmental processes that underpin changes in the number, 
regionalisation and morphology of pre-sacral vertebrae in vertebrates is integral to our 
understanding of their evolution (Basu and Wezeman, 2000; ten Tusscher, 2013; Buchholtz 
and Gee, 2017). The morphology of the vertebral column reflects compromises between a 
complex suite of interdependent biomechanical demands on one hand, and ontogenetic 
constraints on the other hand (Böhmer et al., 2015, Head & Polly, 2015).  Ontogenetic and 
pleiotropic constraints are themselves determined by phylogenetic history.  The morphology 
of the vertebral column is variable both in terms of the morphology of individual elements, 
and in the number and regionalisation of those elements. The number of elements reflects 
mitotic heterochrony during somitogenesis (Ward & Brainerd, 2007) and somatic growth, 
while the regionalisation reflects both this and variable axial patterning of Hox gene 
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expression (Müller et al., 2010). The greatest variation in both number of columns and shape 
across vertebrates occurs in the cervical and trunk regions, where the variation in caudal 
tend to be more random, and hard to preserve (Ward & Mehta, 2014). Mammals have 
attracted particular attention in this regard, since their vertebral numbers are highly 
constrained and conserved (Buchholtz et al., 2007), even within the neck and trunk. The 
mammalian pre-sacral column is therefore the focus of the present chapter. However, most 
comparative work has hitherto focussed on the role of developmental constraints and 
modularity in vertebrae (Galis, 1999; Fabre et al., 2015), and on the relationship between 
variations in vertebral element numbers and body size/mass. Hence we ask how rates of 
change in several indices of vertebral element count and regionalisation relate to phylogeny, 
ecology and modes of locomotion. In this chapter, a comparative study of the rate of change 
in mammalian evolution in vertebral indices has been draw out.  

Soul & Benson (2017) recognised three mechanisms that interact to determine the length 
and regionalisation of the vertebral column. Firstly, the process of somitogenesis determines 
the number of presacral elements. Embryonic somites are budded from the anterior part of 
the mesoderm, with the formation of each somite being triggered by a molecular oscillator 
(Dequéant & Pourquié, 2008). The relative speed of this oscillator is highly variable across 
different vertebrate lineages. Faster oscillation yields a greater number of smaller somites, 
while slower oscillation generates fewer but larger somites (Gomez et al., 2008). Secondly, 
homeotic effects can move the boundaries between vertebral regions, which are ultimately 
under the control of Hox gene expression (Carapuco, 2005). For example, the cervical-
thoracic transition, forelimb position and the formation of the brachial plexus in tetrapods are 
all correlated with Hox6 expression (Nelson & Tabin, 1995). Thirdly, differential somitic 
growth determines the proportional length of vertebral elements within regions (Head & 
Polly, 2007). This is the principal mechanism underpinning changes in the relative 
proportions of body regions across mammals, since there is relatively little flexibility in the 
number of elements within the trunk generally, and within the cervical region particularly 
(Narita & Kuratani, 2005, Varela-Lasheras et al., 2011). 

Comparative analyses of living and extinct taxa suggest that changes in somitogenesis and 
homeotic effects can be uncorrelated, and do not necessarily evolve in concert (Müller et al., 
2010). In the evolution of crown mammals from their synapsid and reptilian forbears, meristic 
changes in somite numbers occur at different times and on different branches than changes 
in regionalisation. There have been different rates of change and levels of plasticity in the 
evolution of the spine at different times and in different branches in the evolution of 
mammals, variously mediated by changes in somitogenesis and regionalization (McIntyre et 
al., 2007, Dubrulle et al., 2001, Wellik, 2007). Here, our focus is on whether vertebral 
element number, and indices of regionalisation, differentiation and complexity reveal 
significant temporal trends or significant changes in rate. We also ask where these changes 
occur (Holzman et al., 2011, Price et al., 2010), and whether they are associated with 
particular locomotory modes or habitats (Harmon et al., 2010, Mahler, Revell, Glor and 
Losos, 2010).  We also ask how our different indices of vertebral patterning are related to 
each other, once the correlation structure inherent in the phylogeny has been removed using 
phylogenetic comparative methods.  

1. Do different habitat and locomotory modes have significant effects upon the number 
of vertebrae, T:L ratio or any of the indices of vertebral element diversity (Brillouin, 
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Shannon, Simpson or Evenness)? This is a much larger sample of species that that 
compiled in Chapter 6 (albeit that there are no comparable geometric data across the 
sample). We also explore the effect of cervical data on the inferred patterns.  

2. Are there significant trends in ancestor/descendent changes in the above indices 
across our tree? 

7.3. Materials and Methods 

7.3.1. Datasets 

The vertebral formula data for 1,136 mammals were collected from multiple sources, most of 
the literature was search via Mammalian Species (Oxfor University mammalian species 
press; Hamilton, 2021), others include (Hautier et al., 2010; Müller et al., 2010; Asher, et al., 
2011; Williams et al., 2019). There is good but not homogenous taxonomic coverage of the 
6000+ species of extant mammals (Burgin, et al., 2018). We have 64+ families, 24 orders, 
which covered half of the mammalian families and vast majorities of mammalian orders. 

7.3.2. Vertebral Counts, Ratio and Indices 

There is no single index that captures adequately all aspects of differentiation and 
regionalisation along the spine. In Chapter 6, I developed approaches utilising geometric 
morphometric characterisations of shape and shape change. Here, I exploit counts of 
numbers of elements within the cervical, thoracic and lumbar regions of the spine. These are 
much quicker to obtain and compile than geometric morphometric data, and access different 
aspects of morphological differentiation (Chapter 6). 

 

The indices used are: 

1. Number of pre-sacral vertebral elements. (Described in chapter 6). 

2. Number of thoracic and lumbar elements. (Described in chapter 6). 

3. Thoracic:Lumbar ratio (TL). (Described in chapter 6). 

4. The Brillouin index (Described in chapter 6)  

5. Shannon’s index (Konopiński, 2020. Shannon’s index is more conventionally applied 
as an index of faunal diversity (Dash, 2018). Like the Brillouin index, it synthesises 
the number of elements (analogous to the number of individuals in a sample), the 
number of types of element (analogous to the number of types of elements or 
regions) and the number of elements of each type (the number of a given species in 
the sample) into a single index. 

6. Simpson’s index (Simpson, 1949). Simpson’s index is a measure of diversity which 
takes into account the number of elements present, as well as the relative 
abundance of each element. As the richness (the number of species per sample) and 
evenness (a measure of the relative abundance of the different species) of elements 
increase, so this index will also increase. 
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7. Evenness index (Magurran, 1998). The evenness originally describes the relative 
abundance of the different species in a community, but it can be used to illustrate the 
example of calibration of a continuous score, index, or metric. Here we use this index 
to study the relative abundance of different regions. 

Traits Definition & Formulae 
Pre-sacral number Number of presacral vertebrae (i.e., cervical count + thoracic 

count + lumbar count). 
Pre-sacral number 
(excluding cervical) 

Number of presacral vertebrae, excluding cervical elements 
(thoracic count + lumbar count). 

log10 Pre-sacral 
number 

log10 of the number of presacral vertebrae (i.e., cervical count + 
thoracic count + lumbar count). 

log10 Pre-sacral 
number (trunk) 

log10 of the number of presacral vertebrae, excluding the 
cervical elements (i.e., thoracic count + lumbar count). 

Thoracic/lumbar ratio Ratio of the number of thoracic vertebrae to the number of 
lumbar vertebrae.  Used as a measure of the relative homeotic 
domain sizes. 

Brillouin Index The Brillouin index is given by: 

𝐻𝐻𝐻𝐻 =  
1

𝑁𝑁 𝑣𝑣𝑆𝑆2
𝑣𝑣𝑆𝑆

𝑁𝑁!
𝑁𝑁1!𝑁𝑁2! …𝑁𝑁𝑖𝑖!

 

 
Where N = total number of vertebrae; Ni = number of i-th type 
of vertebra 

Shannon Index This index is more commonly used to quantify diversity within a 
sample of organisms. In this context, it takes account of both 
the number of types of elements (vertebral regions) and the 
proportion of elements within each of those regions. It is given 
by: 

𝐻𝐻 =  −�𝑃𝑃𝑖𝑖𝑣𝑣𝑆𝑆𝑃𝑃𝑖𝑖

𝑁𝑁

𝑖𝑖=1

 

Where N is the total number of vertebral regions and Pi is the 
proportion of elements within the i-th region. 

Simpson Index Simpson index measures the degree of concentration when 
objects are classified into types. For vertebral elements, 
Simpson index is given by:  

𝐷𝐷 =  1 − �
1∑𝑆𝑆(𝑆𝑆 − 1)
𝑁𝑁(𝑁𝑁 − 1)

� 

Where N is the total number of vertebral elements, and Pi is 
the proportion of elements within the ith region. 

Evenness index Evenness is a measure of relative abundance of different 
elements making up the richness of an aggregation, which 
defined as: 

𝐸𝐸 =  
𝐻𝐻𝐻𝐻

𝐻𝐻𝐻𝐻𝑀𝑀𝐴𝐴𝐴𝐴
 

Where HB is for Brillouin Index, HBMAX is calculated as: 
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𝐻𝐻𝐻𝐻𝑀𝑀𝐴𝐴𝐴𝐴 =  
1
𝑁𝑁!
𝑣𝑣𝑆𝑆

𝑁𝑁!

(𝑁𝑁/𝑆𝑆!)𝑜𝑜−1 ���𝑁𝑁𝑆𝑆�+ 1� ! �
𝑟𝑟 

Where N = total number of vertebrae,  
 

Table 7. 1. Counts, ratios of indices of vertebral element diversity. 

7.3.3. Vertebral count data: raw numbers versus log transformation 

We analysed both raw counts and log transformed counts of vertebral element numbers. 
Significant rate shifts are liable to occur in different locations in these linearly and non-
linearly scaled analyses. The unscaled data is more informative of absolute, additive rates of 
change, whereas the log-scaled data indicates multiplicative and relative changes more 
readily (Fig 7.1).  

 

Fig 7.1. The log transformation of count data changes the shapes of the distributions of 
numbers of elements across our sample of 1,136 mammal species. The top panel illustrates 
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raw and logged presacral (including the neck) and trunk (excluding the neck) counts. The 
exploded, bottom panel illustrates only the logged presacral and trunk counts. The raw scale 
is linear, whereas the log scale is exponential. Hence, rates of change along these two 
numerical scales will be different. Inferences of rate shifts across the mammal tree are 
therefore likely to occur in different locations when optimising raw and logged values.  

Our phylogeny was derived from vertlife.org, which includes a synthesis of phylogenetic 
analyses for species within the the majority of vertebrate classes. The whole set of trees 
were developed and described in Upham, et al., (2019). Trees for a given leaf set (list of 
species) can be derived from this source in two ways. Firstly, species can be selected from 
an alphabetical list, and a specified number of equiprobable trees are then generated for this 
leaf set. The site first trims the species selected to a subset, and then samples trees from a 
chosen pseudo-posterior distribution. Secondly, a higher taxon can be selected (i.e., 
mammals), and equiprobable trees are sampled for all species within that clade. These trees 
can then be pruned using functions in ape (Paradis, et al., 2004) to yield the required leaf 
set. We adopted the second method here, although we concede that the two approaches 
(defining the precise species sample before versus after sampling equiprobable trees) are 
not equivalent. Since we sought to model phylogenetic change in parameters using 
computationally intensive algorithms, it was impractical to do so on a population of trees. 
There are several possible solutions to this. The first would be to derive a single consensus 
tree. However, consensus approaches that retain only those statements of relationship that 
are common to all trees do so either at the cost of resolution (e.g., strict consensus 
(Wilkinson & Thorley, 2001)), or at the expense of the size of the retained leaf set (e.g., 
maximum agreement subtrees (Wang & Swenson, 2019); reduced cladistic consensus trees 
(Wilkinson, et al., 1996)). Consensus methods that variously assemble fully resolved trees 
from the nodes occurring most frequently (e.g., majority rule consensus, plus compatible 
groupings; (Dong, et al., 2010)) may do so at the expense of sampling an overall topology 
that is unrepresented in the set of fundamental trees that the consensus method seeks to 
summarise. Hence, the consensus may itself be less optimal than any of the trees that are 
used to produce it. The second approach would be to select from among the source trees 
using some ancillary criterion, such as stratigraphic congruence (Wills, 1998; O’Connor et 
al., 2013) or biogeographical consilience. Such data were not available for our leaf set, 
however. The third approach – and the one adopted here – was to select the tree closest to 
the centroid of a multidimensional tree space. Such tree spaces can be defined on the basis 
of any tree-to-tree distance metric. Here we used the Kuhner-Felsenstein distance (KF 
distance; (Kuhner, 1994), since it takes branch lengths into account, as well as the indentity 
of those branches (Felsenstein, 1994).  

There are a number of R packages that enable inferences of ancestral states on dated trees 
using a diversity of models (Bollback, 2002; Heled and Drummond, 2009; Young and Gillung, 
2019). Here, we sought to detect changes in the rate of change of continuous variables. 
These included the number of vertebral elements, the ratio of thoracic to lumbar elements 
(TL), the Brillouin index of the number of elements in each region (cervical, thoracic, lumbar 
and sacral) (Brillouin, Cisne, 1974; Peet, 1975; Wills et al., 1998; Adamowicz et al., 2008) and 
the Evenness Index (Bulla, 1994) of these same element numbers. GEIGER (Harmon, 2008) 
produces posterior probabilities for these shifts, and can occur in both upward (increasing 
rate of change) and downward (decreasing rate of change) directions. Full GEIGER script 
was attached in Appendix 7.7.5. 
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7.3.4. Interpreting the graphical output 

An example of the output is illustrated (Figure 7.2). The red branches are those with rates of 
change in a given index that are higher than the background rate. The more saturated the 
tone, the higher the rate. Similarly, blue branches are those with rates lower than the 
background, with more saturated colour denoting lower rates. Circles at nodes indicate rate 
shifts with significant posterior Bayesian probabilities. The size of circle is proportional to the 
probability of the shift, with larger circles denoting higher probabilities. As with branch colour, 
progressively deeper red and blue circles indicate progressively larger shifts up and down in 
rate. Hence, plots convey the magnitude and direction of underlying rates, as well as the 
magnitude, direction and significance of rate shifts. For example, a medium-sized dark red 
circle plotted at the base of a light blue internal branch indicates four things. The light blue 
colour of the branch shows that the rate of change for this branch is slightly lower than the 
grey background. The circle at the node indicates a significant shift in rate at this point in the 
tree. The medium size of the circle is consistent with a shift with medium posterior Bayesian 
probability, relative to the magnitude of the probability of shifts elsewhere on the tree. The 
dark red colour of the circle implies that the shift represents a marked increase relative to the 
surrounding rates. The direction (and colour) of rate shifts can therefore be in contrast to the 
rates themselves.  

 

Fig 7.2. Examples of different rates and rate shifts in graphical output from GEIGER. The 
colours on the branches indicate the direction of the shift, with darker reds indicating rates 
progressively higher than the background, and darker blues indicating rates progressively 
lower than the background. Circles centred on nodes indicate significant changes in rates. 
Red circles denote significant increases, while blue circles denote significant decreases. 

7.3.5. The effects of locomotory mode on vertebral counts, ratio and indices of 
complexity 

As in Chapter 6, here I seek to quantify the relationship between both locomotory mode and 
habitat on one hand, and vertebral counts, ratios and indices of complexity on the other. The 
sample size is very much larger, but there are no geometric data available for this denser 
taxonomic coverage. As in Chapter 6, there is reason to suppose that shifts in locomotory 
modes and habitat types might be associated with particular patterns of vertebral 
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differentiation (Alencar, et al, 2017, Stroud and Losos, 2016). Data for locomotory modes 
and habitat categories are listed in section 7.7.2, derived from the Animal Diversity Web 
(ADW) database (ADW: Home, 2021). The expanded sample necessitated the modification 
of our categories. “Wetlands” have been added as a new category for habitat.  “Ground-
running” has been removed from locomotory modes, and replaced with “Quadrupedal” and 
“Galumphing”. Details of categories are given in the Appendix: Data on locomotory mode 
and habitat. 

7.3.6. The ancestor-descendent tests on vertebral counts, ratios and indices 

 The presence of non-random within-lineage trends can be tested using ancestor–
descendant tests (Alroy, 1998). The ancestor-descendent test correlates the differences 
between ancestors and descendants for each tree branch with the ancestral values at the 
bases of those branches, and analyses the differentiation between ancestors and 
descendants. Hence, there will be an “increase” or a “decrease ” between each “ancestor” 
node and “descendent” node or terminal, and these can be analysed both in terms of their 
direction (frequency based tests) or magnitude (non-parametric tests). We also map the 
increases and decreases onto the mammal tree in order to visualize the patterns of change. 
A full script is given in Appendix 7.7.6.  

 

7.4. Results 
7.4.3. Empirical Data Analyses 

As a preliminary, we explored the relationships between each of the variables codifying 
vertebral numbers (presacral numbers with/without the neck, logged presacral numbers 
with/without neck) T:L ratio, and vertebral metrics (Brillouin index, Shannon index, Simpson 
index,) using scatterplots and Kendall rank correlation. All variables were significantly 
correlated with all others (Table S7.1), but many have broad, asymmetrical and 
heteroscedastic scatters. The relationships between raw presacral count and other variables 
are illustrated below (Fig 7.3).   
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Fig 7.3. The correlations of vertebral variables and the raw presacral count. Unsurprisingly, 
the raw and logged counts (log/raw, with/without cervical) are closely related. On the other 
hand, the diversity indices showed similar pattern against raw presacral count, but Brillouin 
index doesn’t share the same trend with other indices. TL ratio, on the other side, having an 
exclusive pattern in relationship with presacral count, while the presacral number increases, 
TL ratio tend to increase. 

 

7.4.4. Evolutionary rate change 

The patterns of changes for raw numbers of presacral vertebrae (Fig 7.4) are highly similar 
to those for raw numbers of trunk vertebrae (Fig S7.1) (i.e., inclusion/exclusion of the 
cervical count, almost invariably seven, makes only small and local differnces). The clades 
with lower presacral counts (e.g., Chiroptera (top left), Xenartha (bottom right)) show no 
obvious differences in the pattern or distribution of rate shifts relative to those (e.g., 
Ruminantia) with higher numbers. There is no immediate sense in which major clades 
appeared to be constrained to make fewer shifts in a particular direction as a function of their 
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starting condition. Clades with relatively high numbers of elements at their bases might be 
expected to be capable of fewer shifts to still higher numbers, but this does not appear to be 
a constraint from a simple visual inspection of the plots.  

 

Fig 7.4. Raw presacral counts (i.e., including the cervical region) analysed on our tree of 
1,136 mammalian species. The red branches represent rates of change in raw presacral 
count that are higher than the background rate. The more saturated the tone, the higher the 
rate. Similarly, blue branches are those with rates lower than the background, with more 
saturated colour denoting lower rates. Circles at nodes indicate rate shifts with significant 
posterior Bayesian probabilities. The size of circle is proportional to the probability of the 
shift, with larger circles denoting higher probabilities. 

In contrast to the raw count patterns, rate shifts for logged presacral counts (Fig 7.5) and 
logged trunk counts (Fig S7.2) showed rather different patterns. Rate shifts for the logged 
presacral counts revealed a complex pattern akin to that for counts on the linear scale (Fig 
7.5). The majority of significant rate decreases occurred at medium to shallow depths, while 
there were numerous significant parallel increases towards the tips of the tree. Rate down-
shifts occurred at the bases of several clades, including in Marsupialia, Catarrhini, Carnivora, 
Ruminantia and most of Rodentia (mainly Cricetidae, Muridae, Sciuridae and Geomyidae). 
These clades tend to have rates lower than the background rate, but “upshifted” at the 
terminals. In Ruminantia, two species (Gazella gazella and Ovis aries) showed increases in 
log rate of change. Groups incuding Lemuridae (Primates) and Macroscelididae (Afrotheria) 
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showed decreases in the rate of change and also “down-shifts”. The most striking 
differences between the two analyses occur within the Rodentia. With the cervical region 
included (logged presacral counts) there are 11 significant downshifts in rate in deeper 
branches of the rodent clade, followed by 48 significant upshifts towards or at the terminal 
branches. With the exclusion of the cervical region, this is modified to 2 significant 
downshifts near the base of the clade, and 11 upshifts in the terminals. The Carnivora also 
displays some differences when analysed with/without the cervical data. With the neck 
region included, there are 3 significant downshifts towards the base of the clade, and 27 
upshifts in the terminals. With the exclusion of the neck, there is just one significant 
downshift towards the base of the clade and 32 upshifts in the terminals. Catarrhini and 
marsupials show more subtle differences with and without the cervical region included. 
Ruminantia, Afrotheria and Platyrrhini show only more subtle changes in rates of change 
along branches (i.e., branch colour). 

 

 

 

Fig 7.5. Logged presacral counts (i.e., including the cervical region) analysed on our tree of 
1136 mammalian species. Red branches represent rates of change in presacral count that 
are higher than the background rate. The more saturated the tone, the higher the rate. 
Similarly, blue branches are those with rates lower than the background, with more saturated 
colour denoting lower rates. Circles at nodes indicate rate shifts with significant posterior 
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Bayesian probabilities. The size of circle is proportional to the probability of the shift, with 
larger circles denoting higher probabilities. 

The rate of changes in the T:L ratio (Fig 7.6) is much more similar to the patterns of vertebral 
metrics (Brillouin, Shannon, Simpson, and evenness index) (Fig S7.3 – Fig S7.5), but the 
significant increases in rate are more common. The pattern in the TL ratio is more 
complicated. There are numerous significant decreases in rate within the Marsupialia, 
Carnivora, Ruminantia, Rodentia and Tupaiidae, although these are mostly located at or 
near to the terminal branches rather than deeper in the branching structure, and often occur 
within clades with a lower background rate (blue branches). There are also some significant 
increases within clades that do not have an unusually low background rate (e.g., Cetacea 
and Chiroptera). In addition, the observation on TL ratio shows it seems there is a strong 
pattern of rate change in evolution is correlated with TL ratio. I wonder if it would be possible 
to code the species subtended by significant up or down shifts as a matrix come and test this 
against the TL ratio itself within a pgls. The species above nodes with significant up or down 
rate shifts would then be classified in much the same way as the habitats and locomotory 
modes, it's just that they would be those in sub clades with higher or lower rates. I suspect 
that there is a better way to do this, and that there is already something available in the 
literature. 
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Fig 7.6. The evolutionary rate shifts in T:L ratio plotted on the phylogenetic tree of 1,136 
mammalian species. Red branches represent rates of change in T:L ratio that are higher 
than the background rate. The more saturated the tone, the higher the rate is. Similarly, blue 
branches are those with rates lower than the background, with more saturated colour 
denoting lower rates. Circles at nodes indicate rate shifts with significant posterior Bayesian 
probabilities. The size of circle is proportional to the probability of the shift, with larger circles 
denoting higher probabilities. 

Significant rate shifts in the Brillouin index (Fig 7.7) were much less common than changes 
in the vertebral count data, but much more similar to the pattern for the T:L ratio. Cetacea 
contained some significant upshifts, particularly in Baleen whales and some Delphinidae. 
Significant decreases in rate occurred in the Sciuridae, Cricetidae, Muridae and 
Diprotodontia. For Sciuridae, decreases were associated with the Sciurinae (arboreal), while 
there was also an “upturn” shift on Glaucomys. Within Marsupialia significant downshifts 
occurred multiple times in sub-clades of Diprotodontia, including Macropodiformes and 
Phalangeriformes. Cricetidae and Muridae are the largest sub-clades that have rate 
decreases. Shifts down also appeared at the terminals in multiple branches. 

The pattern of rate changes in Shannon (Fig S7.3), Simpson (Fig S7.4), and Evenness (Fig 
S7.5) indices were highly similar to those outlined for the Brillouin index above. The 
decrease of rate of change in sub-clades that occurred for the Brillouin index also occurred 
for the other three indices, with some subtle differences towards the tips. A few “upturn” 
shifts in Brillouin and Evenness within the Ruminantia did not occurred in the patterns of 
Shannon and Simpson indices.  
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Fig 7.7. Brillouin indices analysed on our tree of 1,136 mammalian species. The red 
branches represent rates of change in Brillouin index that are higher than the background 
rate. The more saturated the tone, the higher the rate. Similarly, blue branches are those 
with rates lower than the background, with more saturated colour denoting lower rates. 
Circles at nodes indicate rate shifts with significant posterior Bayesian probabilities. The size 
of circle is proportional to the probability of the shift, with larger circles denoting higher 
probabilities. 

7.4.5. There are relatively few signatures of vertebral indices and ratios across 
habitat categories. 

A full and comprehensive set of Phylogenetic Generalized Least Squares (pGLS) models is 
given in the appendices (Tables S7.2, Table S7.2 - Table S7.17). Habitat class had little 
influence. Those classes that returned significant results are presented in Table 7.2. Notably, 
the Brillouin index (R2 < 0.001, p = 0.023) and the thoracic/lumbar (TL) ratio (R2 < 0.001, p = 
0.014) both showed a significant and negative correlation with the arboreal habitat, albeit 
with extremely low R2 variance. The T:L ratio was also correlated with the desert habitat (R2 
= 0.003, p = 0.025). All significant correlations are were negative. 

Habitat Model AIC (in group) lambda R2 Ceffcient Variable Std.Error p-value 

Brillouin ~ 
Arboreal -5798.654 0.976 0.000 -0.022 (Intercept) 0.031 0.000 
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     Arboreal 0.002 0.023 

TL ratio ~ 
Arboreal 1242.933 0.985 0.000 -0.017 (Intercept) 0.753 0.000 

     Arboreal 0.049 0.014 

TL ratio ~ 
Desert 1244.737 0.985 0.003 -0.008 (Intercept) 0.756 0.000 

     Desert 0.033 0.025 

Table 7.2.  The pGLS models of vertebral indices by habitat classifiers that are significant. 

7.4.6. There is a significant signature of flapping flight in vertebral counts and 
indices 

The total number of vertebrae (both with and without the cervical region and whether raw or 
logged values) showed significant negative relationships with flapping flight (Table 7.3). 
Flapping flight captured marginally more variance in logged presacral numbers (presacral: 
R2 = 0.089, p = 0.023; trunk only: R2 = 0.097, p = 0.021). The correlation between raw 
presacral and fly revealed significantly (R2 = 0.063, p = 0.037), while raw trunk count showed 
the same correlation with similar statistics as well (R2 = 0.063, p = 0.037).  

We note that, in Chapter 6, flapping flight was associated with increased geometric 
complexity within our modest sample of bats. Here, we find that flapping flight is associated 
with lower indices of element diversity and vertebral counts, both of which codify other 
aspects of complexity. Greater numbers of vertebrae imply more discrete elements and 
higher numbers of degrees of freedom, which are themselves markers of complexification 
(Gunning, et al., 2001). There may be a trade-off between the proliferation and 
regionalization of vertebral elements and the geometric complexity of those elements. 
Surprisingly, there were no significant relationships between swimming locomotion and any 
of the counts or metrics. We also note that hopping and bipedal locomotory classifiers are 
not in any of the optimal models selected by the AIC, whereas these were positively 
associated with geometric complexity in Chapter 6.  

 

Locomotion Model AIC (in 
group) 

lambda R2 Coefficien
t 

Variable Std.Erro
r 

p-value 

LogPresacral ~ Fly -5135.067 0.893 0.089 -0.016 (Intercept) 0.028 0.000 
   

 
 

Fly 0.020 0.023 

LogPresacral 
(trunk) ~ Fly 

-4576.420 0.906 0.097 -0.016 (Intercept) 0.037 0.000 
   

 
 

Fly 0.027 0.021 

Presacral (raw) ~ 
Fly 

4760.498 0.833 0.063 -0.017 (Intercept) 1.828 0.000 

     Fly 1.320 0.037 

Trunk (raw) ~ Fly 4760.963 0.834 0.063 -0.017 (Intercept) 1.829 0.000 
   

 
 

Fly 1.321 0.037 

Table 7.3. A minority of pGLS regression models of element numbers, ratios and indices on different 
habitat or locomotory modes show significant relationships. These are listed here. A full and 
comprehensive set of Phylogenetic Generalized Least Squares (pGLS) models is given in the 
appendices (Tables S7.2 – Table S7.17).  

 



214 

 

7.4.7. Ancestor-descendent test (statistics) 

Our ancestor-descendent test is currently an application with minimum assumption. We have 
tallied the number of increasing and decreasing ancestor descendent pairs across our tree 
for all count and diversity indices (Table 7.4). Results showed that all diversity indices 
(Brillouin, Simpson, Shannon, and Evenness) have significantly more negative shifts than 
positive shifts. 

Mann- Whitney test 
 v p 
Brillouin 1146399 5.13E-06 
Simpson 1173292 0.000217 
Shannon 1132221 5.35E-07 
evenness 1133588 6.71E-07 
log Presacral 1449087 2.86E-07 
log Trunk 1439925 1.30E-06 
Raw presacral 1488116 1.75E-10 
Rea trunk 1492352 7.14E-11 
TL ratio 1439069 1.50E-06 

Table 7.5. Mann – Whitney test on the positive and negative differences in the status of 
ancestor and descendent. 

Secondly, the binomial test revealed the none of the population proportion of positive in 
vertebral metrics is equal to negative, and all of them are significantly different. Thirdly, I 
gathered the corrected differentiation between ancestor and descendent, the distributions of 
corrected differentiation illustrated that all four vertebral metrics (Brillouin, Simpson, 
Shannon, and Evenness indices) have their median in negative, but indices based upon 
counts (raw presacral, raw trunk, logged presacral, logged trunk, and TL ratio) are all 
positive. 

 Exact binomial test Corrected differentiation 
between ancestors and 
descendants  Nodes positive negative  

 positive negative probability 
of 
success  

probability 
of 
success 

p-value Min Median Max 

Brillouin 1016 1254 0.448 0.552 6.40E-07 -0.078 -0.001 0.152 
Simpson 1036 1234 0.456 0.544 3.52E-05 -0.400 -0.006 0.706 
Shannon 997 1273 0.439 0.561 7.52E-09 -0.091 -0.002 0.167 

Evenness 999 1271 0.440 0.560 1.24E-08 -0.088 -0.002 0.161 
Presacral 

(log) 
1337 933 0.589 0.411 2.20E-16 -0.251 0.002 0.085 

Trunk 
(log) 

1333 937 0.587 0.413 2.20E-16 -0.310 0.003 0.120 

Presacral 
(raw) 

1353 917 0.596 0.404 2.20E-16 -22.549 0.161 5.753 

Trunk 
(raw) 

1357 913 0.598 0.402 2.20E-16 -22.549 0.161 5.753 

TL ratio 1269 1001 0.559 0.441 2.02E-08 -4.836 0.027 2.245 

 

Table 7.4. Results of ancestor-descendent tests. Numbers of nodes with positive and negative 
changes are tallied, along with their observed probabilities (increases are arbitrarily identified as 
successes), and p values corresponding to binomial (strictly sign) test results. 
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7.4.8. Ancestor-descendent test (absolute differences, with branch between trait 
values) 

Instead of tailing the number of ancestor-descendent pairs of increasing and decreasing 
traits, for this series of analyses, I have inferred absolute trait values and corresponding 
differences of absolute traits value (Fig 7.8, Fig S7.6 – Fig S7.13). The advantage for applying 
absolute values is that it removes the ambiguous area around 0 in the above example, 
where we can't reliably tell what an increase vs. decrease. We found that patterns in the four 
indices of vertebral diversity (Brillouin, Simpson, Shannon, and Evenness indices) are highly 
similar (Fig S7.10 – Fig S7.13). In contrast, the four indices based upon counts (raw 
presacral, raw trunk, logged presacral, logged trunk, and TL ratio) show patterns that are 
similar for these indices, but contrast with those for the diversity indices.  

 

Fig 7.8. The ancestor-descendent trends in raw presacral count, mapped onto the phylogenetic tree 
of 1,136 mammalian species. Blue branches denote decreases and red branches denote increases.  

 

7.5. Discussion 
Both total vertebral counts and the number of vertebral metrics within particular body regions 
are highly variable across tetrapods, and across vertebrates more generally. Mammals are 
considerably more constrained than other tetrapod groups in this regard, and there is limited 
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variation across the three presacral regions (cervical, thoracic and lumbar) (Müller et al., 
2010, Ward and Mehta, 2014). Some of these constraints result from developmental burden 
(Duckworth, 2010) and pleiotropic effects (Galis, 1999). Given this overall conservatism, 
those shifts that we observed may be of greater interest.  

7.5.1. Logged versus raw data for vertebral counts 

The logged scale gives greater weight to the same absolute incremental differences 
between columns with smaller total numbers of elements relative to those with larger 
numbers of elements. Hence, for example, the difference between columns with 20 and 21 
elements will be 0.021 (log10(21) - log10(20) = 0.021), while that between columns with 30 
and 31 elements is 0.014 (log10(31) - log10(30) = 0.014). This means that both rates and 
rates of change are perceived as being faster for animals with vertebral columns that are 
shorter overall. This scaling is distinct from other possible scalings of rate that might take 
account of the magnitude of the increment relative to the length of the column. Hence, the 
introduction of a single element into a short vertebral column might have greater 
morphological and biomechanical consequences than the introduction of a single element 
into a longer column. Indeed, some of the mammal clades with the longest columns (e.g. 
Cetacea) are also those in which variation in element number appears to be most fluid. 

In terms of the implications of these alternative scalings for inferred rates along branches, 
there are many fewer internal branches inferred to have the base rate of change for the 
logged data (Fig. 7.5, Fig. S7.2) relative to the unlogged data (Fig. 7.4, Fig. S7.1). The 
background rates more commonly pertaining in the unlogged data were therefore likely to 
have occurred lower in the count scale, since it is change in this region that is effectively 
amplified in absolute terms by taking the log. 

7.5.2. The correlation between vertebral metrics and evolutionary rate of 
change/shifts. 

From our analyses, it appears that those clades with relatively lower overall Brillouin, 
Shannon, Simpson and evenness indices (e.g., Afrotheria & Xenarthra) tend to experience 
somewhat higher rates of change in those same indices in deeper branches than those 
clades (e.g., Ruminantia) with higher overall metric values. Xenarthra, Afrotheria and 
Cetacea tend to have more vertebrae within the thoracic and lumbar regions relative to their 
closest sister taxa, and this has the effect of depressing all four vertebral indices.  

The regionalisation of the spinal column is under Hox gene control, with shifts in the 
expression pattern being responsible for changes in the locations of borders between these 
regions. These patterning mechanisms and shifts in these boundaries have attracted 
considerable interest from phylogenetic perspective (Pilbeam, 2004; Narita & Kuratani, 2005; 
Sánchez, et al., 2007; Asher, et al., 2011; Williams, 2012). Our four indices of morphological 
differentiation (Brillouin, Shannon, Simpson, and Evenness) are variously derived from the 
numbers and/or relative proportions of elements within the trunk regions. Given the 
apparently strong pleiotropic constraints on this patterning within mammals (in which overall 
variation is low, and much of the variation that is observed derives from shifts which 
correspond to the thoracic and lumbar regions) it is unsurprising to find that the 
Thoracic/Lumbar (TL) ratio in mammals reveals patterns of evolutionary rate changes (Fig 
S7.6) that are similar to those of the Brillouin (Fig 7.7), Shannon (Fig S7.3), Simpson (Fig 
S7.4), and evenness indices (Fig S7.5).  
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Our results suggest that changes in the vertebral metrics (Brillouin, Shannon, Simpson and 
evenness) are more strongly influenced by shifts in the boundary between the thoracic and 
lumbar (regionalisation) than by changes in the number of vertebrae. In other words, the 
number of thoracic and lumbar is the key for vertebral metrics in mammals (not true in other 
groups like birds or reptile since their neck have more variation). Among thorax and lumbar, 
thorax has higher possibility that dominant the development in vertebrae. 

7.5.3. Locomotory modes and habitats have little influence on vertebral counts and 
indices 

While the morphology of limbs is the most obvious indicator, there have been attempts to 
infer locomotory behaviour from the morphology of vertebral elements (Beard, 1990, 
Sanders & Bodenbender, 1994, Argot, 2003, Shapiro et al., 2005) as well as other aspects 
of postcranial anatomy (Fabre et al., 2015, White, 1993). Our approach here was not 
designed to make inferences about biomechanics or locomotion from the shape of 
vertebrae, but rather to determine if different locomotory modes left a signature on the 
column in terms of the number of elements all the level of regionalisation of those elements. 
There were few such signatures. The four expressions of element numbers (presacral, trunk 
only, logged presacral, logged trunk only) showed significant reductions in flying mammals 
(bats only) (Table S7.7 – Table S7.12), but there was no corresponding reduction for 
Brillouin, Shannon and Simpson indices (as proxies for differentiation). The absence of 
comparable signals for other modes of locomotion, especially swimming and bipedality, is 
striking (Molnar et al., 2015; Galbusera and Bassani, 2019). This contrasts markedly with the 
results from geometric morphometric indices, in which swimming was associated with lower 
differentiation of the vertebral elements. It therefore appears that mammals that have 
become aquatic and marine modify the vertebral column for swimming by decreasing the 
morphological differentiation between those elements rather than by changing their number 
or regionalisation. We also note that the significance of homeotic shifts may be diminished 
when the downstream consequences of these shifts are reduced. Hence, changes to the 
numbers of thoracic and lumbar vertebrae, and the location of the boundary between these 
regions may be less consequential when the differences in the morphoplogy of those 
elements is less marked (Randau and Goswami, 2017). 

Many terrestrial tetrapods emphasize lateral bending of the thoracolumbar region during 
locomotion, and increased mobility may be achieved by the proliferation of elements in the 
ribless lumbar region (Schilling & Hackert, 2006). The more erect gate of many mammals, 
along with the development of the diaphragm and the ability to breathe and run 
simultaneously, has reduced the degree of lateral trunk mobility to some extent. Indeed, 
dorsoventral flexion of the spine is equally or more important in many running and especially 
swimming mammals.  

At one level, we found that locomotory modes and habitats have surprisingly little influence 
on our indices of vertebral element number and differentiation might be construed as a 
disappointing result (Heard & Hauser, 1995). With the exception of flight, which is associated 
with a significant reduction in the number of vertebral elements (explaining approximately 
9% of logged element count), there are few unambiguous locomotory signatures. Habitat is 
even less compelling in this regard, and while arboreal and the desert habitats were both 
associated with reductions in the T:L ratio (and the former also with a reduction in the 
Brillouin index), the amounts of variance explained were strikingly small. The much lower 
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explanatory power of habitat class is not entirely unexpected. Similar modes of locomotion 
may impose similar biomechanical requirements on a mammal, and these may be 
accommodated with adaptations that necessitate similar modifications to the vertebral 
column. Habitats classes, by contrast, can encompass mammals with a variety of disparate 
adaptations to those habitats. Particular habitats may only call forth particular modifications 
of the vertebral column to the extent that they impose particular biomechanical constraints.  
However, our findings are of greater importance insofar as they facilitate analyses of 
temporal patterns in elements number, ratios, differentiation and complexity across our 
phylogeny. If there had been widespread and powerful signatures imposed upon these 
indices by locomotory mode and habitat, then this would make it difficult to investigate 
temporal trends while controlling out habitat and locomotory shifts.  

7.5.4. There are significant ancestor descendent patterns for increasing element 
numbers but decreasing indices of diversity 

We applied the ancestor decendent test to both directional shifts, and to shifts with their 
attendant magnitudes (Alroy, 1998; Alroy, 2000). The test operates by compiling a list of all 
of the inferred changes in the values of a given parameter between inferred 
ancestor/descendant pairs (i.e., changes between internal nodes, and between internal 
nodes and terminal taxa) across a given phylogeny. Results for the four diversity indices 
(Brillouin, Simpson, Shannon, and Evenness indices) were similar, with a highly significant 
bias towards reductions across the tree (p <= 3.52E-05). By contrast, the raw and logged 
counts and the T:L ratio showed a strong bias towards increases (p <= 2.02E-08).  

 

7.6. Conclusions 
 

1. Mammals with flapping flight (Chiroptera) have significantly fewer vertebral elements 
(explaining approximately 9% of logged element count) than their non-flying relatives. 
There are remarkably few other locomotory signatures within our data, and none that 
are statistically significant.  

2. While mammals living in arboreal and desert habitats have reductions in the T:L ratio, 
and arboreal mammals also tend to have a lower Brillouin index of diversity, none of 
these effects are significant once phylogenetic covariance is removed. The amounts 
of variance explained in all cases are strikingly small, and there are otherwise no 
discernible signatures for habitat classes across our tree of 1,136 mammal species.  

3. There is a significant ancestor/descendent trend for an increase in the number of 
presacral vertebrae across our tree, as well as in increase in the T:L ratio. Our indices of 
element diversity, by contrast, uniformly show patterns of significant decrease across the 
tree.  

4. Patterns of rate shifts for vertebral counts are similar with and without cervical data 
(presacral and trunk counts respectively, with the difference usually being 7 elements). 
However, the patterns for rate shifts logged counts with and without the cervical region 
differ to some degree, which is a function of the relationship between the linear 
(unlogged) and exponential (logged) scales.  
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7.8. Appendix 
 Brillouin Shannon Simpson logPresacral logTrunk Presacral 

(raw) 
Trunk 
(raw) 

TL 
ratio 

Shannon  
p value <0.005        

correlation 0.883        
Simpson  

p value <0.005 <0.005       
correlation 0.850 0.966       

logPresacral  
p value <0.005 0.022 <0.005      

correlation 0.850 -0.054 -0.093      
logTrunk  

p value 0.001 0.025 <0.005 <0.005     
correlation 0.081 -0.053 -0.092 0.994     
Presacral 

(raw)  

p value 0.001 0.022 <0.005 <0.005 <0.005    
correlation 0.080 -0.054 -0.093 1.000 0.994    

Trunk (raw)  
p value 0.001 0.025 <0.005 <0.005 <0.005 <0.005   

correlation 0.081 -0.053 -0.092 0.994 1.000 0.994   
TL ratio  
p value <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005  

correlation -0.960 -0.854 -0.820 -0.114 -0.116 -0.114 -0.116  
Evenness  

p value <0.005 <0.005 <0.005 0.02 0.0224 0.02 0.022 <0.005 
correlation 0.883 0.988 0.967 -0.055 -0.054 -0.055 -0.054 -0.852 
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Table S7.1. Summary of result from Kendall rank correlation test between ten different 
indices for 1136 species. All p values were less than 0.05 in this test. Therefore, the null 
hypothesis of indices in which the appraiser agreement is due to chance has been rejected. 

 

7.8.1. Phylogenies of rate change in evolution. 

 

 

Fig S7.1. Raw trunk counts (i.e., excluding the cervical region) analysed on our tree of 1136 
mammalian species. The red branches represent rates of change in raw trunk count that are higher 
than the background rate. The more saturated the tone, the higher the rate is. Similarly, blue 
branches are those with rates lower than the background, with more saturated colour denoting lower 
rates. Circles at nodes indicate rate shifts with significant posterior Bayesian probabilities. The size of 
circle is proportional to the probability of the shift, with larger circles denoting higher probabilities. 
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Fig S7.2 Logged trunk counts (i.e., excluding the cervical region) analysed on our tree of 1136 
mammalian species. The red branches represent rates of change in trunk count that are higher than 
the background rate. The more saturated the tone, the higher the rate is. Similarly, blue branches are 
those with rates lower than the background, with more saturated colour denoting lower rates. Circles 
at nodes indicate rate shifts with significant posterior Bayesian probabilities. The size of circle is 
proportional to the probability of the shift, with larger circles denoting higher probabilities. 
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Fig S7.3. The evolutionary rates that plot on the phylogenetic tree of 1136 mammalian species of 
Shannon index. The red branches represent rates of change in Shannon index that are higher than 
the background rate. The more saturated the tone, the higher the rate is. Similarly, blue branches are 
those with rates lower than the background, with more saturated colour denoting lower rates. Circles 
at nodes indicate rate shifts with significant posterior Bayesian probabilities. The size of circle is 
proportional to the probability of the shift, with larger circles denoting higher probabilities. 
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Fig S7.4. The evolutionary rates that plot on the phylogenetic tree of 1136 mammalian species of 
Simpson index. The red branches represent rates of change in Simpson index that are higher than 
the background rate. The more saturated the tone, the higher the rate is. Similarly, blue branches are 
those with rates lower than the background, with more saturated colour denoting lower rates. Circles 
at nodes indicate rate shifts with significant posterior Bayesian probabilities. The size of circle is 
proportional to the probability of the shift, with larger circles denoting higher probabilities. 
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Fig S7.5. The evolutionary rates that plot on the phylogenetic tree of 1136 mammalian 
species of evenness index. The red branches represent rates of change in evenness index 
that are higher than the background rate. The more saturated the tone, the higher the rate is. 
Similarly, blue branches are those with rates lower than the background, with more saturated 
colour denoting lower rates. Circles at nodes indicate rate shifts with significant posterior 
Bayesian probabilities. The size of circle is proportional to the probability of the shift, with 
larger circles denoting higher probabilities. 
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7.8.2. Data on locomotory mode and habitat 

Data on mode of locomotion and habitat were adopted from previous chapter 6 (section 
6.7.1), which were principally obtained from the Animal Diversity Web (ADW) database 
(ADW: Home, 2021). Habitat weas classified into nine categories, namely: aquatic, arboreal, 
terrestrial, forest, desert, grassland, wetlands, desert and urban. Locomotory mode was 
classified into nine categories: fly, gliding, hopping, bipedal, ground running, sub-fossorial, 
fossorial, scansorial and natatorial. 

Habitat list: 

The list of habitats was also adopted from previous chapter. In addition, to make the 
environmental habitat more accurate, the habitat of wetlands was fit into the list. 

Wetlands: The definition of wetlands here as category included all distinct 
ecosystems either permanently or seasonally. The major four types of wetlands: marsh, 
swamp, bog and fen were also categorized in this habitat, as well as salty and fresh water. 

Locomotion list:  

The list of locomotory mode was also adopted from previous chapter. However, minor things 
have changed in this list. First of all, the category of ground-running has been removed from 
the list. As marine mammals were included in the data set, more specific locomotory mode 
of quadrupedal and galumphing has been categorized to the list. 

Quadrupedal: The definition of quadrupedal here specified the form of terrestrial 
locomotion in four legs. The opposite sides to quadrupedal here are marine mammals and 
bipedal groups. 

 Galumphing:  The movement specific to the family of Phocidae have multiple names 
including galumphing, hobbling, wriggling or humping. The family of Phocidae cannot walk 
like other quadrupedal mammals on land. Their locomotion on the ground is more like to 
ungulate their bodies to produce forward movement. 

 

7.8.3. The results of pGLS in vertebral metrics and habitat/locomotory modes. 

Model AIC lambda R2 Correlation Variable Std.Error p-value 
Brillouin ~ Aquatic -5796.949 0.976 0.006 -0.016 (Intercept) 0.031 0.000 

   
 

 
Aquatic 0.011 0.550 

Brillouin ~ Arboreal -5798.654 0.976 0.000 -0.022 (Intercept) 0.031 0.000 
   

 
 

Arboreal 0.002 0.023 
Brillouin ~ Terrestrial -5794.223 0.976 0.001 -0.118 (Intercept) 0.031 0.000 

   
 

 
Terrestrial 0.003 0.843 

Brillouin ~ Forest -5792.720 0.976 0.008 -0.071 (Intercept) 0.031 0.000 

     Forest 0.001 0.798 
Brillouin ~ Desert -5795.714 0.977 0.002 -0.015 (Intercept) 0.031 0.000 

     Desert 0.002 0.082 
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Brillouin ~ Grassland -5792.570 0.976 0.002 -0.057 (Intercept) 0.031 0.000 
   

 
 

Grassland 0.001 0.507 
Brillouin ~ Wetlands -5792.893 0.976 0.016 -0.032 (Intercept) 0.031 0.000 

   
 

 
Wetlands 0.002 0.895 

Brillouin ~ Mountains -5795.244 0.977 0.003 -0.040 (Intercept) 0.031 0.000 

     Mountains 0.001 0.096 

Brillouin ~ Urban -5795.025 0.976 0.000 -0.014 (Intercept) 0.031 0.000 
   

 
 

Urban 0.002 0.191 

Table S7.2. Results of pGLS regression of Brillouin index on different environmental habitat. 

 

Model AIC lambd
a 

R2 Correlatio
n 

Variable Std.Erro
r 

p-
value 

Brillouin ~ Fly -5798.470 0.976 0.00
4 

-0.016 (Intercept) 0.031 0.000 
   

 
 

Fly 0.022 0.537 
Brillouin ~ Gliding -5796.842 0.976 0.00

3 
-0.008 (Intercept) 0.031 0.000 

   
 

 
Gliding 0.010 0.495 

Brillouin ~ Hopping -5795.407 0.976 0.01
0 

-0.003 (Intercept) 0.031 0.000 
   

 
 

Hopping 0.004 0.420 
Brillouin ~ Bipedal -5796.734 0.976 0.00

5 
-0.003 (Intercept) 0.031 0.000 

     Bipedal 0.004 0.165 

Brillouin ~ Galumph -5799.745 0.976 0.02
3 

0.000 (Intercept) 0.031 0.000 

     Wriggle 0.019 0.156 
Brillouin ~ 

Quadrupedal 
-5795.816 0.976 0.00

2 
-0.131 (Intercept) 0.032 0.000 

   
 

 
Quadrupeda

l 
0.004 0.319 

Brillouin ~ 
SubFossorial 

-5794.165 0.976 0.00
2 

-0.022 (Intercept) 0.031 0.000 
   

 
 

SubFossoria
l 

0.002 0.235 

Brillouin ~ Fossorial -5793.946 0.976 0.00
4 

-0.015 (Intercept) 0.031 0.000 

     Fossorial 0.003 0.755 

Brillouin ~ Scansorial -5794.021 0.976 0.00
7 

-0.019 (Intercept) 0.031 0.000 
   

 
 

Scansorial 0.002 0.328 

Brillouin ~ Natatorial -5794.241 0.977 0.00
1 

-0.004 (Intercept) 0.031 0.000 

     Natatorial 0.003 0.708 

Table S7.3. Results of pGLS regression of Brillouin index on different locomotory modes. 

 

Model AIC lambda R2 Correlation Variable Std.Error p-value 
Shannon ~ Aquatic -4097.380 0.943 0.001 -0.016 (Intercept) 0.021 0.000 

   
 

 
Aquatic 0.004 0.183 

Shannon ~ Arboreal -4100.832 0.858 0.002 -0.022 (Intercept) 0.022 0.000 
   

 
 

Arboreal 0.003 0.013 
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Shannon ~ Terrestrial -4095.651 0.847 0.000 -0.122 (Intercept) 0.021 0.000 
   

 
 

Terrestrial 0.003 0.406 
Shannon ~ Forest -4096.057 0.937 0.001 -0.072 (Intercept) 0.021 0.000 

     Forest 0.003 0.240 

Shannon ~ Desert -4095.690 0.936 0.000 -0.016 (Intercept) 0.021 0.000 

     Desert 0.003 0.439 
Shannon ~ Grassland -4094.553 0.939 0.000 -0.059 (Intercept) 0.021 0.000 

   
 

 
Grassland 0.002 0.784 

Shannon ~ Wetlands -4106.997 0.913 0.013 -0.033 (Intercept) 0.020 0.000 
   

 
 

Wetlands 0.004 0.665 

Shannon ~ Mountains -4098.002 0.939 0.002 -0.041 (Intercept) 0.021 0.000 
     Mountains 0.003 0.082 

Shannon ~ Urban -4099.328 0.949 0.002 -0.014 (Intercept) 0.021 0.000 
   

 
 

Urban 0.004 0.055 

 

Table S7.4. Results of pGLS regression of Shannon index on different environmental 
habitat. 

Model AIC lambd
a 

R2 Correlatio
n 

Variable Std.Erro
r 

p-
value 

Shannon ~ Fly -4096.675 0.950 0.00
0 

-0.009 (Intercept) 0.021 0.000 
   

 
 

Fly 0.004 0.326 
Shannon ~ Gliding -4099.511 0.836 0.00

2 
-0.003 (Intercept) 0.021 0.000 

   
 

 
Gliding 0.010 0.152 

Shannon ~ Hopping -4110.097 0.952 0.01
1 

-0.007 (Intercept) 0.021 0.000 
   

 
 

Hopping 0.006 0.284 
Shannon ~ Bipedal -4104.464 0.863 0.00

6 
-0.004 (Intercept) 0.022 0.000 

     Bipedal 0.006 0.420 

Shannon ~ Galumph -4126.980 0.860 0.02
4 

-0.006 (Intercept) 0.021 0.000 

     Wriggle 0.008 0.365 
Shannon ~ 

Quadrupedal 
-4095.419 0.845 0.00

0 
-0.118 (Intercept) 0.021 0.000 

   
 

 
Quadrupeda

l 
0.003 0.480 

Shannon ~ 
SubFossorial 

-4096.003 0.830 0.00
3 

-0.057 (Intercept) 0.021 0.000 
   

 
 

SubFossoria
l 

0.003 0.263 

Shannon ~ Fossorial -4098.292 0.845 0.00
2 

-0.021 (Intercept) 0.021 0.000 

     Fossorial 0.004 0.594 

Shannon ~ Scansorial -4105.097 0.843 0.00
8 

-0.023 (Intercept) 0.021 0.000 
   

 
 

Scansorial 0.003 0.163 

Shannon ~ Natatorial -4098.723 0.932 0.00
4 

-0.019 (Intercept) 0.021 0.000 

     Natatorial 0.003 0.610 

Table S7.5. Results of pGLS regression of Shannon index on different locomotory modes. 
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Model AIC lambda R2 Correlation Variable Std.Error p-value 
Simpson ~ Aquatic -502.227 0.883 0.000 -0.018 (Intercept) 0.093 0.000 

   
 

 
Aquatic 0.020 0.362 

Simpson ~ Arboreal -509.508 0.909 0.004 -0.025 (Intercept) 0.097 0.000 
   

 
 

Arboreal 0.013 0.003 

Simpson ~ Terrestrial -505.205 0.906 0.002 -0.130 (Intercept) 0.097 0.000 
   

 
 

Terrestrial 0.015 0.034 
Simpson ~ Forest -502.912 0.875 0.002 -0.081 (Intercept) 0.092 0.000 

     Forest 0.013 0.119 

Simpson ~ Desert -501.136 0.875 0.000 -0.018 (Intercept) 0.092 0.000 
     Desert 0.016 0.623 

Simpson ~ Grassland -500.386 0.879 0.000 -0.064 (Intercept) 0.093 0.000 
   

 
 

Grassland 0.011 0.747 
Simpson ~ Wetlands -513.757 0.847 0.013 -0.037 (Intercept) 0.087 0.000 

   
 

 
Wetlands 0.018 0.400 

Simpson ~ Mountains -505.558 0.881 0.003 -0.044 (Intercept) 0.093 0.000 

     Mountains 0.015 0.029 

Simpson ~ Urban -506.879 0.895 0.004 -0.015 (Intercept) 0.095 0.000 
   

 
 

Urban 0.021 0.020 

Table S7.6. Results of pGLS regression of Simpson index on different environmental 
habitat. 

Model AIC lambd
a 

R2 Correlatio
n 

Variable Std.Erro
r 

p-
value 

Simpson ~ Fly -504.834 0.907 0.00
1 

-0.009 (Intercept) 0.097 0.000 
   

 
 

Fly 0.021 0.066 

Simpson ~ Gliding -505.281 0.973 0.00
2 

-0.003 (Intercept) 0.092 0.000 
   

 
 

Gliding 0.051 0.155 

Simpson ~ Hopping -517.517 0.898 0.01
3 

-0.008 (Intercept) 0.095 0.000 
   

 
 

Hopping 0.028 0.164 
Simpson ~ Bipedal -510.874 0.815 0.00

7 
-0.004 (Intercept) 0.098 0.000 

     Bipedal 0.029 0.292 
Simpson ~ Galumph -545.110 0.907 0.03

5 
-0.006 (Intercept) 0.095 0.000 

     Wriggle 0.038 0.247 
Simpson ~ 

Quadrupedal 
-503.187 0.896 0.00

2 
-0.127 (Intercept) 0.096 0.000 

   
 

 
Quadrupeda

l 
0.014 0.115 

Simpson ~ 
SubFossorial 

-501.507 0.866 0.00
2 

-0.063 (Intercept) 0.091 0.000 
   

 
 

SubFossoria
l 

0.013 0.327 

Simpson ~ Fossorial -502.532 0.882 0.00
1 

-0.023 (Intercept) 0.093 0.000 

     Fossorial 0.019 0.264 
Simpson ~ Scansorial -509.602 0.880 0.00

7 
-0.027 (Intercept) 0.092 0.000 

   
 

 
Scansorial 0.013 0.257 
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Simpson ~ Natatorial -505.375 0.870  -0.022 (Intercept) 0.091 0.000 

     Natatorial 0.016 0.363 

Table S7.7. Results of pGLS regression of Simpson index on different locomotory modes. 

 

Model AIC lambda R2 Correlation Variable Std.Error p-value 
LogPresacral ~ Aquatic -

5129.574 
0.895 0.264 -0.014 (Intercept) 0.028 0.000 

   
 

 
Aquatic 0.011 0.393 

LogPresacral ~ Arboreal -
5126.890 

0.895 0.037 -0.013 (Intercept) 0.028 0.000 
   

 
 

Arboreal 0.003 0.395 

LogPresacral ~ Terrestrial -
5127.006 

0.895 0.037 -0.080 (Intercept) 0.028 0.000 
   

 
 

Terrestrial 0.004 0.857 
LogPresacral ~ Forest -

5126.079 
0.895 0.061 -0.047 (Intercept) 0.028 0.000 

     Forest 0.002 0.439 
LogPresacral ~ Desert -

5125.979 
0.895 0.009 -0.009 (Intercept) 0.028 0.000 

     Desert 0.002 0.501 
LogPresacral ~ Grassland -

5125.964 
0.895 0.032 -0.036 (Intercept) 0.028 0.000 

   
 

 
Grassland 0.002 0.325 

LogPresacral ~ Wetlands -
5125.977 

0.895 0.004 -0.019 (Intercept) 0.028 0.000 
   

 
 

Wetlands 0.002 0.630 

LogPresacral ~ Mountains -
5125.334 

0.895 0.003 -0.025 (Intercept) 0.028 0.000 

     Mountains 0.002 0.937 

LogPresacral ~ Urban -
5126.271 

0.895 0.018 -0.009 (Intercept) 0.028 0.000 
   

 
 

Urban 0.003 0.721 

Table S7.8. Results of pGLS regression of LogPresacral index on different environmental 
habitat. 

 

Model AIC lambd
a 

R2 Correlatio
n 

Variable Std.Erro
r 

p-
value 

LogPresacral ~ Fly -
5135.06

7 

0.893 0.08
9 

-0.016 (Intercept) 0.028 0.000 

   
 

 
Fly 0.020 0.023 

LogPresacral ~ Gliding -
5128.90

9 

0.895 0.00
2 

-0.010 (Intercept) 0.028 0.000 

   
 

 
Gliding 0.011 0.669 

LogPresacral ~ Hopping -
5127.53

0 

0.895 0.00
1 

-0.006 (Intercept) 0.028 0.000 

   
 

 
Hopping 0.006 0.873 

LogPresacral ~ Bipedal -
5127.55

7 

0.895 0.00
2 

-0.005 (Intercept) 0.028 0.000 

     Bipedal 0.006 0.998 
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LogPresacral ~ Galumph -
5129.69

3 

0.896 0.00
1 

0.000 (Intercept) 0.028 0.000 

     Wriggle 0.017 0.999 
LogPresacral ~ 

Quadrupedal 
-

5127.35
6 

0.895 0.02
5 

-0.177 (Intercept) 0.028 0.000 

   
 

 
Quadruped

al 
0.005 0.994 

LogPresacral ~ 
SubFossorial 

-
5126.11

7 

0.895 0.00
5 

-0.033 (Intercept) 0.028 0.000 

   
 

 
SubFossori

al 
0.002 0.454 

LogPresacral ~ Fossorial -
5126.50

8 

0.895 0.00
8 

-0.022 (Intercept) 0.028 0.000 

     Fossorial 0.003 0.956 

LogPresacral ~ Scansorial -
5126.58

3 

0.895 0.00
1 

-0.029 (Intercept) 0.028 0.000 

   
 

 
Scansorial 0.002 0.374 

LogPresacral ~ Natatorial -
5126.85

4 

0.895 0.18
6 

-0.006 (Intercept) 0.028 0.000 

     Natatorial 0.004 0.733 

Table S7.9. Results of pGLS regression of LogPresacral index on different locomotory 
modes. 

 

Model AIC lambd
a 

R2 Correlatio
n 

Variable Std.Err
or 

p-
value 

LogPresacral (trunk) ~ 
Aquatic 

-
4570.769 

0.908 0.26
2 

-0.016 (Intercep
t) 

0.037 0.000 
   

 
 

Aquatic 0.015 0.368 
LogPresacral (trunk) ~ 

Arboreal 
-

4567.938 
0.908 0.04

0 
-0.013 (Intercep

t) 
0.037 0.000 

   
 

 
Arboreal 0.004 0.401 

LogPresacral (trunk) ~ 
Terrestrial 

-
4568.043 

0.908 0.03
2 

-0.070 (Intercep
t) 

0.038 0.000 
   

 
 

Terrestri
al 

0.006 0.922 

LogPresacral (trunk) ~ Forest -
4567.137 

0.908 0.06
1 

-0.046 (Intercep
t) 

0.038 0.000 

     Forest 0.003 0.436 

LogPresacral (trunk) ~ Desert -
4567.068 

0.908 0.00
9 

-0.008 (Intercep
t) 

0.037 0.000 

     Desert 0.003 0.482 
LogPresacral (trunk) ~ 

Grassland 
-

4567.070 
0.908 0.03

2 
-0.036 (Intercep

t) 
0.037 0.000 

   
 

 
Grasslan

d 
0.002 0.311 

LogPresacral (trunk) ~ 
Wetlands 

-
4567.070 

0.908 0.00
4 

-0.018 (Intercep
t) 

0.037 0.000 
   

 
 

Wetlands 0.003 0.598 

LogPresacral (trunk) ~ 
Mountains 

-
4566.379 

0.908 0.00
3 

-0.024 (Intercep
t) 

0.037 0.000 

     Mountain
s 

0.002 0.957 
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LogPresacral (trunk) ~ Urban -
4567.358 

0.908 0.02
0 

-0.008 (Intercep
t) 

0.037 0.000 
   

 
 

Urban 0.004 0.684 

Table S7.10. Results of pGLS regression of LogPresacral (trunk) index on different 
environmental habitat. 

 

 

Model AIC lambd
a 

R2 Correlati
on 

Variable Std.Err
or 

p-
value 

LogPresacral (trunk) ~ Fly -
4576.42

0 

0.906 0.09
7 

-0.016 (Intercept) 0.037 0.000 

   
 

 
Fly 0.027 0.021 

LogPresacral (trunk) ~ Gliding -
4569.97

5 

0.908 0.00
2 

-0.010 (Intercept) 0.037 0.000 

   
 

 
Gliding 0.014 0.695 

LogPresacral (trunk) ~ 
Hopping 

-
4568.58

5 

0.908 0.00
1 

-0.006 (Intercept) 0.037 0.000 

   
 

 
Hopping 0.007 0.896 

LogPresacral (trunk) ~ Bipedal -
4568.61

9 

0.908 0.00
2 

-0.005 (Intercept) 0.037 0.000 

     Bipedal 0.008 0.983 

LogPresacral (trunk) ~ 
Galumph 

-
4570.83

2 

0.908 0.00
1 

0.000 (Intercept) 0.038 0.000 

     Wriggle 0.023 0.993 

LogPresacral (trunk) ~ 
Quadrupedal 

-
4568.44

3 

0.908 0.02
2 

-0.172 (Intercept) 0.038 0.000 

   
 

 
Quadruped

al 
0.007 0.948 

LogPresacral (trunk) ~ 
SubFossorial 

-
4567.23

1 

0.908 0.00
4 

-0.032 (Intercept) 0.037 0.000 

   
 

 
SubFossor

ial 
0.003 0.431 

LogPresacral (trunk) ~ 
Fossorial 

-
4567.59

4 

0.908 0.00
8 

-0.021 (Intercept) 0.038 0.000 

     Fossorial 0.005 0.885 
LogPresacral (trunk) ~ 

Scansorial 
-

4567.58
7 

0.908 0.00
1 

-0.028 (Intercept) 0.037 0.000 

   
 

 
Scansorial 0.003 0.392 

LogPresacral (trunk) ~ 
Natatorial 

-
4567.94

8 

0.908 0.18
7 

-0.005 (Intercept) 0.037 0.000 

     Natatorial 0.005 0.708 

Table S7.11. Results of pGLS regression of LogPresacral (trunk) index on different 
locomotory modes. 
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Model AIC lambd
a 

R2 Correlatio
n 

Variable Std.Erro
r 

p-
value 

Presacral (raw) ~ Aquatic 4764.774 0.836 0.27
2 

-0.006 (Intercept
) 

1.843 0.000 
   

 
 

Aquatic 0.786 0.300 
Presacral (raw) ~ Arboreal 4767.732 0.837 0.03

0 
-0.032 (Intercept

) 
1.847 0.000 

   
 

 
Arboreal 0.227 0.437 

Presacral (raw) ~ 
Terrestrial 

4767.349 0.837 0.05
2 

-0.160 (Intercept
) 

1.870 0.000 
   

 
 

Terrestria
l 

0.341 0.679 

Presacral (raw) ~ Forest 4768.552 0.837 0.06
3 

-0.076 (Intercept
) 

1.852 0.000 

     Forest 0.165 0.516 

Presacral (raw) ~ Desert 4768.587 0.837 0.00
8 

-0.018 (Intercept
) 

1.847 0.000 

     Desert 0.170 0.565 

Presacral (raw) ~ 
Grassland 

4768.677 0.836 0.03
2 

-0.025 (Intercept
) 

1.845 0.000 
   

 
 

Grasslan
d 

0.130 0.381 

Presacral (raw) ~ Wetlands 4768.484 0.837 0.00
4 

-0.008 (Intercept
) 

1.846 0.000 
   

 
 

Wetlands 0.190 0.649 
Presacral (raw) ~ 

Mountains 
4769.093 0.837 0.00

3 
-0.032 (Intercept

) 
1.848 0.000 

     Mountain
s 

0.154 0.890 

Presacral (raw) ~ Urban 4768.254 0.837 0.01
4 

-0.008 (Intercept
) 

1.848 0.000 
   

 
 

Urban 0.232 0.846 

Table S7.12. Results of pGLS regression of Presacral (raw) index on different environmental habitat. 

 

Model AIC lambd
a 

R2 Correlatio
n 

Variable Std.Err
or 

p-
value 

Presacral (raw) ~ Fly 4760.498 0.833 0.06
3 

-0.017 (Intercept) 1.828 0.000 
   

 
 

Fly 1.320 0.037 

Presacral (raw) ~ Gliding 4765.587 0.837 0.00
1 

-0.011 (Intercept) 1.847 0.000 
   

 
 

Gliding 0.777 0.592 

Presacral (raw) ~ Hopping 4766.937 0.837 0.00
2 

-0.008 (Intercept) 1.848 0.000 
   

 
 

Hopping 0.443 0.808 
Presacral (raw) ~ Bipedal 4766.928 0.837 0.00

2 
-0.007 (Intercept) 1.848 0.000 

     Bipedal 0.457 0.929 
Presacral (raw) ~ Galumph 4765.076 0.838 0.00

0 
-0.001 (Intercept) 1.852 0.000 

     Wriggle 1.159 0.986 
Presacral (raw) ~ 

Quadrupedal 
4767.215 0.837 0.03

7 
-0.197 (Intercept) 1.886 0.000 

   
 

 
Quadruped

al 
0.397 0.955 

Presacral (raw) ~ 
SubFossorial 

4768.548 0.837 0.00
6 

-0.039 (Intercept) 1.849 0.000 
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SubFossori

al 
0.171 0.551 

Presacral (raw) ~ Fossorial 4767.982 0.837 0.00
7 

-0.026 (Intercept) 1.848 0.000 

     Fossorial 0.267 0.873 
Presacral (raw) ~ 

Scansorial 
4767.902 0.836 0.00

2 
-0.034 (Intercept) 1.844 0.000 

   
 

 
Scansorial 0.189 0.372 

Presacral (raw) ~ Natatorial 4767.653 0.837 0.18
6 

-0.006 (Intercept) 1.847 0.000 

     Natatorial 0.299 0.717 

Table S7.13. Results of pGLS regression of Presacral (raw) index on different locomotory modes. 

 

Model AIC lambda R2 Correlation Variable Std.Error p-value 
Trunk (raw) ~ Aquatic 4765.047 0.836 0.275 -0.006 (Intercept) 1.843 0.000 

   
 

 
Aquatic 0.786 0.262 

Trunk (raw) ~ Arboreal 4768.236 0.837 0.031 -0.032 (Intercept) 1.849 0.000 
   

 
 

Arboreal 0.227 0.456 
Trunk (raw) ~ Terrestrial 4767.818 0.837 0.052 -0.160 (Intercept) 1.872 0.000 

   
 

 
Terrestrial 0.341 0.692 

Trunk (raw) ~ Forest 4769.034 0.837 0.064 -0.076 (Intercept) 1.854 0.000 

     Forest 0.165 0.530 
Trunk (raw) ~ Desert 4769.042 0.837 0.008 -0.018 (Intercept) 1.848 0.000 

     Desert 0.170 0.565 
Trunk (raw) ~ Grassland 4769.145 0.837 0.032 -0.025 (Intercept) 1.846 0.000 

   
 

 
Grassland 0.130 0.386 

Trunk (raw) ~ Wetlands 4768.909 0.837 0.004 -0.008 (Intercept) 1.848 0.000 
   

 
 

Wetlands 0.190 0.626 

Trunk (raw) ~ Mountains 4769.549 0.837 0.003 -0.032 (Intercept) 1.850 0.000 
     Mountains 0.154 0.893 

Trunk (raw) ~ Urban 4768.708 0.837 0.015 -0.008 (Intercept) 1.849 0.000 
   

 
 

Urban 0.232 0.845 

Table S7.14. Results of pGLS regression of Trunk (raw) index on different environmental habitat. 

 

Model AIC lambd
a 

R2 Correlatio
n 

Variable Std.Erro
r 

p-
value 

Trunk (raw) ~ Fly 4760.963 0.834 0.06
3 

-0.017 (Intercept) 1.829 0.000 
   

 
 

Fly 1.321 0.037 
Trunk (raw) ~ Gliding 4766.041 0.837 0.00

1 
-0.011 (Intercept) 1.848 0.000 

   
 

 
Gliding 0.777 0.592 

Trunk (raw) ~ Hopping 4767.392 0.837 0.00
2 

-0.008 (Intercept) 1.849 0.000 
   

 
 

Hopping 0.443 0.809 
Trunk (raw) ~ Bipedal 4767.383 0.837 0.00

2 
-0.007 (Intercept) 1.850 0.000 

     Bipedal 0.457 0.929 

Trunk (raw) ~ Galumph 4765.530 0.838 0.00
0 

-0.001 (Intercept) 1.853 0.000 
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     Wriggle 1.160 0.986 

Trunk (raw) ~ 
Quadrupedal 

4767.673 0.837 0.03
8 

-0.197 (Intercept) 1.888 0.000 
   

 
 

Quadruped
al 

0.397 0.989 

Trunk (raw) ~ 
SubFossorial 

4769.014 0.837 0.00
6 

-0.039 (Intercept) 1.850 0.000 
   

 
 

SubFossori
al 

0.171 0.557 

Trunk (raw) ~ Fossorial 4768.440 0.837 0.00
7 

-0.026 (Intercept) 1.850 0.000 

     Fossorial 0.267 0.882 

Trunk (raw) ~ Scansorial 4768.405 0.836 0.00
2 

-0.034 (Intercept) 1.846 0.000 
   

 
 

Scansorial 0.189 0.387 

Trunk (raw) ~ Natatorial 4768.083 0.837 0.18
9 

-0.006 (Intercept) 1.849 0.000 

     Natatorial 0.299 0.693 

Table S7.15. Results of pGLS regression of Trunk (raw) index on different locomotory modes. 

 

Model AIC lambda R2 Correlation Variable Std.Error p-value 
TL ratio ~ Aquatic 1245.636 0.985 0.029 -0.004 (Intercept) 0.755 0.000 

   
 

 
Aquatic 0.246 0.742 

TL ratio ~ Arboreal 1242.933 0.985 0.000 -0.017 (Intercept) 0.753 0.000 
   

 
 

Arboreal 0.049 0.014 

TL ratio ~ Terrestrial 1248.284 0.985 0.009 -0.080 (Intercept) 0.757 0.000 
   

 
 

Terrestrial 0.069 0.941 
TL ratio ~ Forest 1249.710 0.985 0.016 -0.037 (Intercept) 0.755 0.000 

     Forest 0.032 0.755 

TL ratio ~ Desert 1244.737 0.985 0.003 -0.008 (Intercept) 0.756 0.000 
     Desert 0.033 0.025 

TL ratio ~ Grassland 1250.148 0.985 0.004 -0.011 (Intercept) 0.755 0.000 
   

 
 

Grassland 0.025 0.652 

TL ratio ~ Wetlands 1249.597 0.985 0.017 -0.003 (Intercept) 0.755 0.000 
   

 
 

Wetlands 0.036 0.938 
TL ratio ~ Mountains 1247.940 0.985 0.003 -0.016 (Intercept) 0.757 0.000 

     Mountains 0.030 0.152 
TL ratio ~ Urban 1246.965 0.985 0.000 -0.003 (Intercept) 0.754 0.000 

   
 

 
Urban 0.045 0.140 

Table S7.16. Results of pGLS regression of TL ratio index on different environmental habitat. 

 

Model AIC lambd
a 

R2 Correlatio
n 

Variable Std.Erro
r 

p-
value 

TL ratio ~ Fly 1243.859 0.985 0.00
3 

-0.015 (Intercept) 0.755 0.000 
   

 
 

Fly 0.540 0.574 

TL ratio ~ Gliding 1245.636 0.985 0.00
2 

-0.007 (Intercept) 0.755 0.000 
   

 
 

Gliding 0.221 0.571 
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TL ratio ~ Hopping 1247.320 0.985 0.00
6 

-0.003 (Intercept) 0.754 0.000 
   

 
 

Hopping 0.092 0.531 
TL ratio ~ Bipedal 1245.878 0.985 0.00

3 
-0.003 (Intercept) 0.754 0.000 

     Bipedal 0.095 0.182 

TL ratio ~ Galumph 1243.250 0.985 0.01
4 

0.000 (Intercept) 0.754 0.000 

     Wriggle 0.450 0.257 
TL ratio ~ Quadrupedal 1246.553 0.985 0.01

2 
-0.123 (Intercept) 0.760 0.000 

   
 

 
Quadrupeda

l 
0.099 0.313 

TL ratio ~ 
SubFossorial 

1248.503 0.985 0.00
0 

-0.019 (Intercept) 0.755 0.000 
   

 
 

SubFossoria
l 

0.034 0.271 

TL ratio ~ Fossorial 1248.567 0.985 0.00
6 

-0.014 (Intercept) 0.755 0.000 

     Fossorial 0.060 0.898 

TL ratio ~ Scansorial 1248.667 0.985 0.00
2 

-0.018 (Intercept) 0.753 0.000 
   

 
 

Scansorial 0.040 0.399 

TL ratio ~ Natatorial 1247.355 0.985 0.01
2 

-0.004 (Intercept) 0.757 0.000 

     Natatorial 0.068 0.320 

Table S7.17. Results of pGLS regression of TL ratio index on different locomotory modes. 
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7.8.4. The phylogenies of ancestor-descendent trends. 

 

Fig S7.6. The ancestor-descendent trends on the phylogenetic tree of 1136 mammalian species in 
raw trunk count. The colour of branches represented the trend in each terminal (blue is decreasing, 
red is increasing). 
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Fig S7.7. The ancestor-descendent trends on the phylogenetic tree of 1136 mammalian species in 
logged presacral count. The colour of branches represented the trend in each terminal (blue is 
decreasing, red is increasing). 
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Fig S7.8. The ancestor-descendent trends on the phylogenetic tree of 1136 mammalian species in 
logged trunk count. The colour of branches represented the trend in each terminal (blue is 
decreasing, red is increasing). 
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Fig S7.9. The ancestor-descendent trends on the phylogenetic tree of 1136 mammalian species in 
thoracic/lumbar (TL) ratio. The colour of branches represented the trend in each terminal (blue is 
decreasing, red is increasing). 
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Fig S7.10. The ancestor-descendent trends on the phylogenetic tree of 1136 mammalian species in 
Brillouin index. The colour of branches represented the trend in each terminal (blue is decreasing, red 
is increasing). 



246 

 

 

Fig S7.11. The ancestor-descendent trends on the phylogenetic tree of 1136 mammalian species in 
Shannon index. The colour of branches represented the trend in each terminal (blue is decreasing, 
red is increasing). 
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Fig S7.12. The ancestor-descendent trends on the phylogenetic tree of 1136 mammalian species in 
Simpson’s index. The colour of branches represented the trend in each terminal (blue is decreasing, 
red is increasing). 
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Fig S7.13. The ancestor-descendent trends on the phylogenetic tree of 1136 mammalian species in 
Evenness index. The colour of branches represented the trend in each terminal (blue is decreasing, 
red is increasing). 

 

 

 

7.8.5. Code for evolutionary rate of change. 

This set of notes addresses protocols and provides instructions for conducting analyses of 
rates and rate shifts in R. The minimum requirements are a time-scaled tree (or trees) and a 
variable of interest for which you want to investigates changes in rates. The trees were 
obtained from the website vertlife.org (Phylogeny subsets, 2021), which provides a massive 
dataset for (most) vertebrate classes that heavily centred on extant species. 

require (phangorn) 

require (geiger) 

# The following command loads object of class multiphylo (trees). As I was interested in just 
one tree, but so far no consensus method will preserve branch lengths. I produced a 
tabulation of pair-wise distances among all trees using the Kuhner-Felsenstein distance, one 
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of several types of distances among trees that takes into account their branch lengths as 
well as their topology (other distances, such as Robinson-Fould, only work with topologies) 

multiphylo<-read.nexus("mammals_trees.nex") 

dists<-KF.dist(multiphylo) 

# A criterion for choosing one of the trees is required to be set, for instance a tree that satisfies 
some properties in terms of its distance from the other trees. I chose the following criterion: 
the tree I want should have the smallest sum of distance values from the other trees 

summeddists<-colSums(as.matrix(dists)) 

# This command creates a tabulation of added up distance values for each tree relative to all 
other trees. Finally, I want to extract the tree of interest out of the tree set. To this end, I type: 

KFtree_minKF.nex=multiphylo[[which(summeddists == min(summeddists))]] 

tree<-read.nexus("KFtree_minKF.nex") 

# This command takes the tree as well as the string of species names that we want; it then 
sets (evaluates) the difference between the names in the full tree and the names in the string. 
It then drops (removes) the species present in the tree but not in the string and keeps only the 
species in the string. 

pruned.tree<-drop.tip(tree,setdiff(tree$tip.label,species)) 

 phy<-read.nexus("pruned.tree.nex") 

# Then we load the tabulation of index (ie. Brillouin index). 

 brillouin<-as.matrix(read.table("brillouinextracted.txt",header=T,row.names=1)) 

 dat<-brillouin[,1] 

# We need to create a directory for the storage of the results from the Bayesian analysis. A 
simple line of code for the directory is: 

 r<-paste(sample(letters,9,replace=TRUE),collapse="") 

# Now we start the Bayesian MCMC sampler function in geiger. Larger trees may require more 
iterations, here I use 50 million: 

 rjmcmc.bm(phy,dat,prop.width=1.5,ngen=50000000,samp=500,filebase=r,simple.start
=TRUE,type="rbm") 

# At the end of the run, geiger outputs some parameters, but for now these are not essential, 
and will return to them at a later stage. Meanwhile, a directory will appear on preferred location 
(mine is the desktop) for sourcing files in R. Here I create a within R directory: 

 outdir<-paste("relaxedBM",r,sep=".") 

 ps<-load.rjmcmc(outdir) 

# R will produce a plot and also output a list of branches, the posterior Bayesian probability 
that each of the branches had a shift, the direction of the shift (if occurring relative to the 
background rate), and a median rate value for each branch. 
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 plot(x=ps,par="shifts",burnin=0.25,legend=T,show.tip=T,edge.width=1,cex=0.2,label.o
ffset=1.5,type="fan") 

 

7.8.6. Code for ancestor-descendent test. 

 require(phytools) 

require(dplyr) 

require(car) 

require(PairedData) 

require(sfsmisc) 
require(MASS) 
 

#Loading libraries for the case study of mammals in phytools (including a phylogeny and a 
tabulation of mass data) and for applying Jack's code for organising tabulations 
of ancestor and descendant values and their differences 

#Loading the data (i.e. phylogeny and mass values) 
 

ln.bodyMass<-log(setNames(mammal.data$bodyMass,rownames(mammal.data))) 
anc<-fastAnc(mammal.tree,ln.bodyMass,CI=F) 
 
#Calculating estimates of body mass at each internal node of the phylogeny 
 

wt <- c(bodyMass, anc) 
wt<-cbind(wt) 
rownames(wt)[1:49]<-c(1:49) 
wt <- as.data.frame(wt) %>% 

     mutate(node = as.numeric(rownames(.))) 
edge <- as.data.frame(mammal.tree$edge) %>% 

     rename(ancestor_node = V1, descendant_node = V2) %>% 
     mutate(branch = as.numeric(rownames(.))) 

edge_diff <- inner_join(edge, wt, by = c("ancestor_node" = "node")) %>% 
     rename(ancestor_wt = wt) %>% 
     inner_join(wt, by = c("descendant_node" = "node")) %>% 
     rename(descendant_wt = wt) %>% 
     mutate(anc_desc_diff = ancestor_wt - descendant_wt) 
#Applying code to get a tabulation of combined ancestor node values, descendant node 
values, and their differences for each branch of the phylogeny, internal and terminal. 
 
 head(edge_diff) 
#By typing the command above, we can visualise the structure of the table; we will now 
focus on the columns labelled as "ancestor_wt" and "descendant_wt". 
 

X<-edge_diff$ancestor_wt 
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Y<-edge_diff$descendant_wt 
#Here calculate the variances of the X and Y sets of values. 
 varx<-var(X) 

vary<-var(Y) 

#Here calculate the standard deviations of the X and Y sets of values. 

 sx<-sqrt(varx)  

sy<-sqrt(vary) 
 
# Calculate the corrected ancestor descendant differences D 
 

D<-r*(X-mean(X))-(Y-mean(Y)) 
 
# If we need to focus on the column labelled as "anc_desc_diff". We give a simpler name to 
that column from the step of “head(edge_diff)”, here I named “diff”. 
 
 diff<-edge_diff$anc_desc_diff 
 
# The following code extract a vector of positive differences. These will 
represent DECREASES, as we subtract a smaller descendant value from a 
larger ancestor value 
 

pos<-diff[which(diff>0)] 
 
# The following code extract a vector of negative differences. These will represent 
INCREASES, as we subtract a larger descendant value from a smaller ancestor value 
 
 

neg<-diff[which(diff<0)] 
 
# The significance of the difference of the overall mean of such values from zero can be 
evaluated with a one-sample Wilcoxon signed rank two-sided test; we can use the full vector 
'diff' for this test. 

 
wilcox.test(diff, mu = 0, alternative = "two.sided") 
 

# The following code to see how many pos and neg branches. 

length(pos) 
length(neg) 

 

# To apply two-sided binomial test to see whether those numbers (46 and 50) differ. 

binom.test(46, 50, p = 0.5, 
             alternative = c("two.sided"), 
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             conf.level = 0.95) 
# Theis codes plot two discrete colours on branches, noting increase or decrease with no 
indication of the magnitude of the change. The advantage is that it removes the ambiguous 
area around 0 in the above example, where we can't reliably tell what is an increase vs. 
decrease: 
 
 edge_index <- vector("character", length = length(diff)) 

for(i in 1:length(edge_index)){ 
          if(diff[i] > 0){ 
                 edge_index[i] <- "red"}else{ 

edge_index[i] <- "blue"}} 
plot.phylo(tree, edge.color = edge_index, type = "fan", edge.width = 0.2, cex = 0.2) 
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Chapter 8: Conclusions and Prospectus 
 

8.1. Thesis Rationale 
 

Systematists and paleobiologists interested in the evolution of diversity routinely tally 
numbers of species or genera and plot these numbers through time in order to analyse 
patterns of origination extinction and turnover, or compare species numbers across 
contemporaneous clades. Allied to this, it is now common practise to quantify variation in 
morphological form or morphological disparity. Intuitively, we might expect to find a positive 
relationship between species numbers and morphological disparity, with clade diversification 
allowing lineages to explore new regions of morphological “design” space. Surprisingly, 
however, while some level of species diversity is necessary in order to realise variety of 
form, diversity and disparity appear to be largely decoupled on the macroevolutionary scale. 
Hence, modest numbers of species can exemplify a greater variety of bodyplan variety and 
morphological disparity than a large sample of species. This is seen as a rule of thumb in the 
evolution of major clades, whereby the early congeners of a group at low species richness 
often have a morphological disparity that rivals or exceeds anything realised throughout the 
later history of the group, even though species numbers may subsequently proliferate 
greatly.  

Despite a burgeoning literature and the now commonplace analysis of disparity alongside 
diversity, the dynamics of the relationship between the two are still poorly understood, and 
largely studied in descriptive terms. Allied to this, the mechanisms governing the bewildering 
asymmetry of species diversity across the tree of life are poorly understood. Major clades 
with vast species richness can be the sister group to clades comprising just a handful of 
species, despite equally distinctive body plans within both groups. There are over one million 
species of hexapods, but just 28 species of their sister group, the remipedes. Despite starkly 
contrasting habitats (hexapods are almost exclusively terrestrial, while remipedes are 
restricted to anchialine cave systems), it may also be significant that hexapods have a highly 
conserved body plan with highly differentiated and regionalised tagmata, whereas remipedes 
have a large number of homonomous segments bearing similar limbs that differ only in their 
size. Complexity, in terms of differentiation of serially homonomous units, may therefore be a 
help, a hindrance or essentially neutral with respect to the evolution of species diversity and 
morphological disparity.  

Previous studies of somite differentiation have focussed on the limbs of arthropods. These 
appear to show trends in differentiation and tagmosis as one index of complexity through 
time (Cisne, 1974; Wills, 1994; Wills et al., 1998; Adamowicz et al., 2008). There are only 
two other phyla with visible segmentation of the body in all but the most primitive members: 
annelids and chordates. The focus on the differentiation of the vertebral column of tetrapods, 
and specifically on mammals, was (to some extent) an expedient, quantifying those aspects 
of morphological complexity that are amenable to quantification (Dobzhansky, 1953, Adami, 
2002. Politano, 2008), and in those groups where a large sample of species could be 
studied. The vertebral column of mammals has multiple biomechanical functions (Barr, 2015, 
Guthery, et al., 2003). It provides a conduit of forces between the limbs and girdles, as well 
as supporting the skull and dissipating forces along the length of the body. The vertebral 
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column of mammals is remarkably conservative in its organisation, and is subdivided into 
regions, each with its own distinctive and characteristic morphology (Jones et al., 2019).  

As prerequisite, I sought to determine whether morphological characters pertaining to the 
vertebral column contained similar levels of retained synapomorphy and permitted similar 
inferences about phylogeny as characters pertaining to the rest of the body. Similarly, I 
asked whether inferences regarding sub-clade disparity were similar for vertebral and other 
body characters. It does not follow that homogeneity of signal in these two types of analysis 
necessarily implies that complexity variously indexed from the differentiation of the spine 
would be the same as that indexed from other aspects of morphology (was such other 
markers to be available). I first started to developed approaches to explore the homogeneity 
of signal within partitions of data sets of non-avian dinosaurs (chapter 2 & 3), and then used 
the same approaches on a large, published data set for mammals (chapter 4). I then focused 
on the morphology of the vertebral column, using micro-CT images to derive indices of 
complexity from geometric morphometric data (Chapter 6). At last, I tried to make connection 
between the morphology of the vertebral column (formulae - based) and the trends in 
patterns of rate shifts. 

The goal of my thesis was therefore to contribute to our understanding of the relationships – 
if any – between anatomical differentiation or complexity on one hand, and morphological 
disparity and species diversity on the other hand, and to test for trends in such indices 
through the evolution of clades. 

 

8.2. Major findings 
 

1. Across a sample of 81 data sets, we demonstrated empirically that the relationships of 
dinosaurs inferred from craniodental or postcranial characters in isolation differ 
significantly from each other about half of the time. Hence, there is no reason to prefer 
characters sampled from craniodental partition versus postcranial partition across 
dinosaurs as a whole. I also developed a new resampling method that determined 
whether trees inferred from one or other partition of a data matrix were more similar to the 
trees inferred from the entire matrix. In addition, incongruence was not uniformly 
distributed across major dinosaur groups. Theropoda had the highest rate of significant 
incongruence (63%) and Thyreophora had the lowest (25%). Across all datasets and 
groups of dinosaurs, there was no greater similarity between trees inferred from either 
partition and those resampled from the entire data set. Within subgroups, however, the 
craniodental characters of Ornithischia and postcranial characters of Saurischia yielded 
trees more similar to the trees inferred from the entire matrix. 

2. In Chapter 3, I used the Stratigraphic consistency (SCI) (Huelsenbeck, 1994), the 
modified Manhattan stratigraphic measure (MSM*) (Siddall, 1998; Pol and Norell, 2001), 
the Gap excess ratio (GER) (Wills, 1999), and the modified Gap excess ratio (GER*) 
(Wills et al., 2008) to test the stratigraphic congruence of my sample of 81 non-avian 
dinosaur data matrices from Chapter 2. I found that the partition most congruent with the 
entire data set also tended to yield trees that were more stratigraphically congruent. 
Hence, there was excellent consilience between the results of the three methods used 
(bootstrapping resampling test and stratigraphic congruence).  
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3. In Chapter 4, I used the morphological data matrix for mammals (4541 characters, 86 
taxa) from O’Leary et al. (2013) to investigate partition homogeneity between characters 
of the vertebral column and other morphological characters. There were no significant 
differences in the relationship inferred from vertebral versus nonvertebral characters 
using my preferred index of partition homogeneity (the IRD test using the matching 
distances between nearest neighbours). Differences in mean consistency index (ci) 
between vertebral and other characters when mapped onto independent molecular 
phylogenies may be a function of differences in character state distributions. Retained 
synapomorphy, by contrast, is not significantly different in vertebral and other character 
partitions. In addition, the disparity of subclades indexed with reference to vertebral 
characters versus the full diversity of morphological characters correlates significantly. 
These findings suggest that the vertebral column of mammals conveys signals regarding 
phylogeny and disparity that are comparable to those encoded by the rest of morphology. 

4. In Chapter 6, I found a significant and inverse relationship between the number of 
elements within the vertebral column of mammals and geometric indices of differentiation 
and complexity. The inclusion or exclusion of data from the cervical region had a 
significant effect on the relationship between other count indices of vertebral 
differentiation and vertebral element number. Aquatic mammals tended to have lower 
indices of geometric complexity down the spine, which may be a function of both the 
greater support provided by water (with fewer forces differentially concentrated at the limb 
girdles) and the similar biomechanical requirements of propagating propulsive waves 
down the length of the body. Bipedality and hopping locomotion were positively and 
significantly correlated with geometric complexity indices, which may be a function of 
greater differentiation in biomechanical demands down the trunk. Presacral vertebrae 
also tend to be more complex in flying mammals (Chiroptera). We found no simple 
relationships between complexity of the vertebral column and either species diversity or 
morphological disparity. 

5. In the last part of this thesis (Chapter 7), I expanded the data set of vertebral counts, 
ratios and formulae for over 1,100 species of mammal, along with data on habitat and 
locomotory mode. Our data support the hypothesis that mammals either become more 
complex by adding more elements to the vertebral column, or by increasing the geometric 
differentiation in a column comprising the same number of (or fewer) elements. The 
results also suggest that patterns of changes within our indices of elements diversities 
(Brillouin, Shannon, Simpson, Evenness) are dominated by changes in thoracic to lumbar 
ratio. 

 

8.3. Prospectus 
 

There are many aspects of this thesis that would merit further development.  

8.3.1. Partition homogeneity 

Chapter 2 developed a new bootstrapping test to determine which partition of a 
morphological data set yielded trees most similar to those from the entire matrix. In so doing, 
it also controlled for differences in the size of those partitions. As implemented, this test was 
engineered to test trees from two data set partitions. This is also true of our implementation 
of the Incongruence Relationship Difference (IRD) test and its variants. However, it would be 
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perfectly possible to implement the test across multiple partitions. Indeed, this is standard 
practise for the Incongruence Length Difference (ILD) test. Significant ILD test results on 
three or more data partitions do not reveal where the sources of incongruence lie, and it 
would be useful to script a comprehensive comparison of multiple data set subdivisions. This 
could readily be extended to the IRD, and to our test of the similarity of trees.  

The Incongruence Length Difference (ILD) test uses tree length both as the currency of 
incongruence between trees, and as the optimality criterion used to select those trees. All 
elements of the process are therefore within a parsimony framework. The Incongruence 
Relationship Difference (IRD) test and our new bootstrapping test of similarity have also 
been implemented in a parsimony framework, but the currencies of incongruence and of 
optimality are decoupled.  Many systematists infer trees from morphological data using 
likelihood and Bayesian frameworks, either in addition to parsimony, or in preference to it. It 
would be straightforward to implement both the IRD and bootstrapping similarity test with 
likelihood or Bayesian trees. Indeed, PAUP* (in which we implemented both of these tests) 
already includes likelihood searches. It is also worth noting that there are a large number of 
tree to tree distances available in the literature, all of which offer a potential variant of the 
IRD test. While we prefer the use of the matching distance on theoretical and pragmatic 
grounds (it is both less prone to saturation and faster to compute), its properties have yet to 
be fully characterised and explored in the context of partition tests. An exploration of this 
issue, as well as a more comprehensive assay of tree-to-tree distance metrics, would be 
useful in this regard. While implemented in PAUP*, the IRD and bootstrapping tests are 
limited by the optimality criteria and distance metrics available therein. PAUP* is also slow 
relative to some other tree searching engines such as TNT, but has greater flexibility. 
Practically, our procedure of running one script in order to generate a batch file, parsing this 
batch file through PAUP*, and then running another script in order to extract values and 
calculate relative statistics from the resulting log file is an inefficient one. TNT includes its 
own scripting language, and a simple implementation of the IRD test that runs entirely within 
TNT has been devised. Our PAUP* implementation is also inefficient, since it operates by 
calculating tree-to-tree distances between all of the trees held in memory. The pertinent 
distances (namely the nearest neighbour distances between the trees from the two sets) are 
then extracted from the log file by the second script. The time taken to calculate tree-to-tree 
distances increases factorially with the number of leaves in the trees, and the process is 
extremely slow for large trees and indices that entail pruning (for example, the maximum 
agreement subtree distance).  

There are many unexplored links between conventional (ILD) and new (IRD and 
bootstrapping) partition homogeneity tests and studies of modularity as inferred from 
geometric and other morphospaces. In a geometric context, modules are sets of landmarks 
that evolve in a more concerted manner, and semi-independently from the landmarks in 
other such modules. While modules may correspond to physically discreet aspects of 
morphology (the cranium, vertebral columns or limbs, for example) modules may equally 
correspond to arrays of landmarks distributed physically throughout the body, but linked in 
biomechanical, functional or developmental terms. Adaptations in the skull might be 
associated with corresponding adaptations in the vertebral column and limbs, for example. It 
would be interesting to explore the relationships between such modules and the 
phylogenetic signals in such modules. Moreover, likelihood and Bayesian analyses of 
molecular data sets often implement different rate parameters and models within different 
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loci or groups of sequences, and a similar approach might be applied to morphological data 
sets analysed within a Bayesian framework.  

Our assessments of the retained synapomorphy in morphological characters from different 
body regions in mammals when mapped against independent molecular trees is informative, 
but could be developed a great deal further. A series of papers (Slater, et al., 2010; Sansom 
and Wills, 2017; Arnold, et al., 2017) have exploited this approach for comparisons of the 
retention indices of hard and soft part morphological characters in order to determine the 
probable effect of fossilisation upon the accuracy of (and systematic biases within) 
cladograms. Such approaches have demonstrated, for example, rampant convergence 
within the morphology of teeth in response to similar biomechanical and functional demands 
makes them poor markers of deep phylogeny (Sansom, et al., 2016).  

8.3.2. Indices of disparity 

A limited number of studies have explored the relationship between indices of disparity 
inferred from taxa specific character data (as we utilise in Chapter 4) and indices of disparity 
inferred from geometric morphometric data (O'Leary et al., 2013). Those studies that make a 
direct comparison appear to show good consilience, but the generality of this pattern 
remains to be tested across diverse higher taxa and taxonomic levels. Our own data for the 
geometry of the spine could be repurposed to derive a geometric morphospace for species 
rather than for individual bones, since new approaches permit the simultaneous analysis of 
multiple landmark frameworks that do not have rigid connections between them (e.g., 
multiple vertebrae down the spinal column; Klingenberg, 2014; Collyer, et al, 2020). This 
would permit a comparison between our estimates of taxa specific character and geometric 
disparity.  

Our comparison in Chapter 4 of disparity inferred from vertebral characters and that derived 
from the entire morphological data set of O’Leary et al. (2013) was indicative only. It served 
as part of an illustration of the general consilience of inferences about phylogeny and 
disparity derived from these two character types (as a presage for making inferences about 
complexity from the vertebral column). In general, the vertebral column is an underexploited 
resource in morphological data sets, and the numbers of characters pertaining to the 
vertebrae is often modest. However, unlike phylogenetic analyses (where depauperate 
character sets often yield poorly resolved and poorly supported trees), the ratio of characters 
to taxa is much less critical for analyses of disparity. A more comprehensive analysis of 
vertebral column disparity versus whole body disparity across mammal taxa would be 
possible to test the generality of the pattern from O’Leary et al. (2013). More generally, there 
have been few systematic studies of disparity indexed with reference to different anatomical 
regions or modules (Cooper, et al., 2020), and there is much that could be learned from 
studies of this kind. Received wisdom is that morphological disparity is most appropriately 
indexed with reference to a broad sampling of characters from all aspects of morphology, 
and most appropriately regarded as an holistic index of morphological variety. Early 
morphometric work, by contrast, routinely indexed shape variation relative to single aspects 
of form, such as the cranidia of trilobites (Sun, et al., 2020) or the valves of ostracods (De 
Deckker, 2015).  

8.3.3. Geometric morphometric data 
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In general terms, our geometric morphometric data for the vertebral column of mammals in 
Chapters 5 and 6 remains underexploited. There is great potential to explore, for example, 
variation in the shape of elements from the same region of the spine relative to our habitat 
and locomotory classifiers. Do adaptations for flying or swimming call forth similar 
morphological adaptations of the same elements? What are the precise changes in form, 
and what is their biomechanical and biological significance more generally?  

Our indices of geometric complexity were inferred from a modest number of species, which 
we subdivided into 7 and 11 orders depending upon the inclusion/exclusion of cervical data. 
An expansion of the sample would increase the power of our analyses, especially in those 
groups where sampling was sparsest. In particular, we only sampled 2 out of 1300+ species 
of Chiroptera, and mammals with large body size (which were too big to fit in the micro-CT 
scanner) and marine mammals were also underrepresented.  

While our indices of complexity are limited to descriptions of the vertebral column, there are 
other aspects of morphology that might be amenable to quantification, and that merit 
exploration. The serial homology of the fore and hind limbs of tetrapods is moot, but both 
contain functional elements in similar physical and biomechanical relationships to each 
other, and whose ontogeny and evolution appear to be regulated by similar developmental 
pathways and genes. Much could be done to quantify the morphological differentiation 
between four and hindlimb pairs in tetrapods. Certain patterns are likely to be associated 
with certain modes of locomotion, and the extent to which these have evolved convergently 
could be assessed across the diversity of tetrapod groups. Unlike morphometric data on the 
show and differentiation of vertebral elements, data on the dimensions of limb bones is 
relatively quick to acquire, and does not need to entail time-consuming scanning and 3-D 
rendering. It may also be possible to quantify differentiation of the digits in a similar manner. 
Finally, the morphological differentiation between teeth, as well as dental formulae, may offer 
another valuable source of data on serial differentiation.  

8.3.4. Testing trends and patterns 

The study of evolutionary trends has intensified in recent years. Our data are amenable to a 
number of other tests (e.g., McShea, 1993; McShea, 1994; Wang, 2001; McShea and 
Brandon, 2010) including subclade skewness and I am in the process of adapting and 
automating these.  

The utility of our data would be greatly enhanced with the inclusion of fossil taxa. These are 
beneficial both for dating trees and for facilitating the reconstruction of ancestral states at 
internal nodes. Studies of trends and rate shifts are also more solidly underpinned with the 
inclusion of fossil data. This would also permit us to investigate the timing of rate shifts 
occurring in parallel branches of our trees. Coincident timing might imply some 
environmental forcing factor such as the availability of habitat or the selective effects of mass 
extinctions. There is some evidence to suggest that more specialised morphologies may fare 
more poorly at times of climatic and other upheavals to the physical environment. Insofar as 
morphological complexity might be construed as being allied to morphological specialisation, 
it is worth exploring the possibility of selection against more complex morphologies at mass 
extinction events.  
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Finally, an obvious avenue for future study would it be to explore the possible generality of 
the patterns we observe in mammals in other groups of tetrapods. Birds and squall mates in 
particular may be amenable two analyses of vertebral elements numbers and 
regionalisation. These groups have greater developmental and evolutionary flexibility in 
numbers of vertebrae, such that changes in these numbers may achieve at least some of the 
biomechanical effects achieved by changes of shape in mammals. Count data of very much 
quicker to collate than geometric morphometric data, and the generality of patterns in counts 
and ratios within these groups would be well worth exploring.  
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