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Abstract 

To investigate major evolutionary trends and the importance of fossil data we 

need to be confident that both phylogenetic trees and fossil dates are reliable. Indices 

of stratigraphic congruence provide a way to quantify the fit between the fossil record 

and phylogeny, but appear to be subject to a number of putative biases. I used both 

simulated data and a large sample of empirical trees to determine the effect of these 

biases on the most widely used indices of stratigraphic congruence to determine. The 

GER* (the modified gap excess ratio) was the least sensitive and therefore 

recommended for use. I found that stratigraphic congruence varied significantly across 

higher taxa (for example, arthropods were less stratigraphically congruent than 

tetrapods), and also throughout the Phanerozoic (the last 540 million years), closely 

following the taxonomic composition of my sample.   

I focussed on data quality and in particular taxon sampling, homoplasy and tree 

support to investigate general trends across taxonomic groups. A novel script was 

developed to automatically carry out continuous taxon jackknifing to investigate the 

effect of taxon sampling on the stability of phylogenetic trees. While this is a 

computationally intensive process, I found that measures of homoplasy and support 

(which are much easier to calculate) could serve as partial indicators of whether a tree 

was likely to be sensitive to taxon sampling. There was no major variation in taxon 

sampling trends across higher taxa. A modified version of this script was then used to 

look at particular cases of conflicting phylogenetic hypotheses to determine how easy 

it would be to get a data set to generate a constraint topology with only small changes 

to the taxon sample. In almost every case, it required maximal removal of taxa from 

the data set in order to match the constraint topology, indicating that there were very 

different phylogenetic signals in the different data sets. 

The extent of trends across taxonomic groups and through time is variable. 

Although stratigraphic congruence varies significantly between groups and throughout 

the Phanerozoic, measures of homoplasy and support do not appear to be taxon 

dependent. Taxon sampling is an important consideration when designing 

phylogenetic analyses: denser taxon sampling can have a positive influence on 

estimates of phylogenetic accuracy and perturbations of the taxon sample can result in 

radically different evolutionary relationships.
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Introduction  

Phylogenetic trees provide a concise illustration of the inferred evolutionary 

history of organisms. A sound understanding of phylogeny is vital for addressing 

many of the most intriguing macroevolutionary questions. Among the most pressing 

are attempts to understand the manner in which novel bodyplans evolved, as well as 

the timing and rates of these transitions. The ongoing revolutions in sequencing 

technology, computing power and algorithm development all mean that previously 

recalcitrant, deep phylogenetic problems are increasingly being tackled with large 

molecular and genomic databases (Delsuc et al., 2006; Savard et al., 2006; Hallström 

et al., 2007; Struck and Fisse, 2008; von Reumont et al., 2012; Morgan et al., 2013; 

Romiguier et al., 2013). Unfortunately, such approaches can only be applied to extinct 

organisms in the most exceptional circumstances (Loreille et al., 2001; Germonpré et 

al., 2009; Rohland et al., 2010; Orlando et al., 2013). For the estimated 98% of species 

that are known exclusively from fossils, evolutionary relationships can only be 

inferred with reference to morphological data. This means that fossils (and 

morphology more generally) still have a vitally important role in resolving many large 

branches of the Tree of Life. Moreover, the existence of dinosaurs and pterosaurs 

could never be deduced from analyses of modern crocodiles and birds, nor are giant 

myriapods and sea scorpions implied by the existence of millipedes and spiders 

(Owen, 1842; Huxley, 1870; Ostrom, 1975; Briggs et al., 1979; Dunlop and Selden, 

1997). For revelations of this kind, we must rely exclusively on the fossil record.  

The fossil record is undeniably fragmentary, but knowing where the biggest gaps 

are is not just a key requirement for all studies of macroevolution, but is also essential 

for molecular clock studies that are dependent upon accurate fossil calibrations (Joyce 

et al., 2013; Clarke et al., 2011). Although incompleteness can take many forms 

(organismal, taxonomic, stratigraphic, palaeobiogeographical), stratigraphic gaps 

implied by cladograms are among the most important for macroevolutionary studies 

(Wills et al., 2008). For example, cats (Felidae) and canids (Canidae) share a common 

ancestor, but whereas the oldest canid fossils are estimated to be 46 Myo, the oldest 

cat fossils are less than 35 Myo (O’Leary et al., 2013). This is a cladistically-implied 

gap or ghost range. Since there are two independent “accounts” of the history of Life – 

the geological series of first fossil occurrences and trees inferred from character data – 
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it is tremendously informative to plot the former onto the latter to determine how 

much they correspond. Stratigraphic congruence indices are used to quantify this fit 

between the fossil record and phylogeny, with strong congruence indicating that both 

most likely reflect the true, underlying evolution of the group in question 

(Huelsenbeck, 1994; Wills, 1999; Pol and Norell, 2001; Wills et al., 2008). 

Conversely, discordance indicates that one, or possibly both, of these are incorrect. 

This is difficult to judge, as neither the accuracy of the tree nor the quality of the fossil 

record is known with certainty. If we suspect the tree is problematic, it could be due to 

poor levels of tree support or the existence of conflicting phylogenies for the same 

group, whereas problems with the stratigraphic data could be due to a sparse fossil 

record or uncertain dates of origination of taxa (Wills et al., 2008). To further 

complicate the situation, there is no one measure of stratigraphic congruence that 

appears to be unaffected by some form of bias. A number of these measures have been 

tested both empirically and in simulations (Benton and Storrs, 1994; Siddall, 1996; 

Hitchin and Benton, 1997; Wills, 1999; Pol et al., 2004; Lelièvre et al., 2008; Wills et 

al., 2008). Factors such as the number of taxa and the tree topology have been shown 

to influence congruence values, meaning that they cannot be used to compare trees 

obtained from different data sets (Wills, 1999). The combination of inferences from 

phylogeny with fossil and stratigraphy data is required to be able to address questions 

about whether groups of organisms become inexorably more complex with time, or 

whether more advanced clades competitively replace their forebears. This implies 

knowing that evolutionary trees and fossil dates are reliable. If biases exist we need to 

recognise where are they, and how to control for them.  

In order to use phylogenies to test evolutionary hypotheses it is important to 

have confidence in their accuracy and support. Although we can never know the true 

tree in empirical studies, a phylogenetic tree provides us with a hypothesis of the 

evolutionary history of a group based on observed data. It is not unusual to find 

conflicting trees for the same group of organisms and as more data become available 

in the form of new taxa and new characters, support for new relationships can unfold 

and tree topologies can further change (Nabhan and Sarkar, 2012). For some of the 

most difficult phylogenetic problems, researchers need guidance on whether to sample 

more characters or more taxa. Studies have shown that as the number of characters is 

increased, trees tend to become better supported (Hillis et al., 1994; Graybeal, 1994; 
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Rannala et al., 1998). However, levels of character convergence and reversal are also 

critical, such that large but homoplasious character sets can fail to resolve even 

moderate numbers of taxa. While some researchers have advised that increasing the 

number of characters alone is insufficient, there has been a long-standing debate 

around the impact of taxon sampling (Nabhan and Sarkar, 2012). Phylogenetic 

inference attempts to reconstruct patterns of character evolution based on a sample of 

taxa and sampling at insufficient frequency is likely to be misleading (Zwickl and 

Hillis, 2002). The degree of sensitivity to taxon sampling may vary within a data set, 

i.e., removing two taxa may have a less dramatic effect than removing twenty taxa 

(Poe, 1998a). While the effects of taxon sampling upon both the stability and apparent 

relationships are unclear, we may expect that a well supported tree would be more 

resistant to the effects of taxon sampling than a poorly supported tree (Hovencamp, 

2006). A number of studies have used both empirical and simulated data to explore the 

effects of taxon sampling, but results were contradictory (Pollock et al., 2002; Zwickl 

and Hillis, 2002; Hillis et al., 2003; Heath et al., 2008; Wiens and Tiu, 2012).  

 

 

Outline of Ph.D. project 

My Ph.D. project was part of a programme funded by the Leverhulme Trust 

entitled “Major evolutionary trends and the importance of fossil data”. The scope of 

this programme was to investigate large-scale macroevolutionary trends through time, 

gaps in the fossil record and the relationships between fossils and the Tree of Life. 

There were two parts to my research. Firstly I examined factors affecting measures of 

stratigraphic congruence and observed trends throughout the Phanerozoic and across 

higher taxa. Previous research has shown some differences in congruence between 

taxonomic groups, with arthropods having worse congruence than tetrapods, for 

example. Additionally, differences have been observed through time. My second task 

was to look at the effects of data quality and taxon sampling on phylogenetic trees, 

again across higher taxa. As mentioned, the impact of taxon sampling, in particular, 

has been the subject of much debate in the last two decades. 

The first two chapters specifically targeted the concept of stratigraphic 

congruence and ghost ranges, or gaps, in the fossil record. A large sample of 

phylogenetic trees was required, in addition to the first and last fossil dates for every 
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taxon in each tree. I supplemented an existing data set with some under-represented 

groups for this purpose (Benton et al., 2000). Chapter 1 focussed on the most 

commonly used measure of stratigraphic congruence, the gap excess ratio (GER; 

Wills, 1999). Statistical analyses were used to examine the various factors that were 

thought to influence the GER and how it varied across taxonomic groups and through 

time. Chapter 2 built on this work to further refine and extend the analysis to include 

all of the frequently cited measures of stratigraphic congruence in use today, namely 

the GER and its two derivatives the topological gap excess ratio (GERt) and the 

modified gap excess ratio (GER*) (Wills et al., 2008), along with the stratigraphic 

consistency index (SCI; Huelsenbeck, 1994) and the Manhattan stratigraphic measure 

(MSM*; Pol and Norell, 2001). This is the largest and only study to date that has 

attempted to do this. Both of these chapters examined whether congruence, as 

measured by each of the different indices, varied across major taxonomic groups and 

throughout the Phanerozoic.  

The focus of the thesis moved to the area of data quality for Chapters 3 and 4. A 

number of factors, including homoplasy, can affect the accuracy and stability of a 

phylogenetic tree. Various measures of homoplasy are frequently cited alongside 

cladograms in publications, but as with measures of stratigraphic congruence, these 

can be affected by factors such as the number of taxa in the tree (Sanderson and 

Donoghue, 1989; Archie, 1996; Hoyal-Cuthill, 2010). Inadequate taxon sampling can 

also lead to spurious phylogenies (Nabhan and Sarkar, 2012). As with the first two 

chapters, Chapter 3 also required a large data sample, this time consisting of data 

matrices from publications. I used a novel approach to test the effect of taxon 

sampling – continuous taxon jackknifing (CTJ) – and we developed a TNT script to 

automate this computationally intensive method. Measures of homoplasy (consistency 

index (CI; Kluge and Farris, 1969), retention index (RI; Farris, 1989b) and homoplasy 

excess ratio (HER; Archie, 1989)) and support (total support index (TSI; Bremer, 

1994)) were evaluated to determine whether they could be used as indicators of the 

sensitivity of a tree to taxon sampling effects. Chapter 4 focussed on specific case 

studies rather than general trends. There are many instances of phylogenetic conflict 

stemming from differences in taxon sampling and phylogenetic signal between 

different data sets for the same group of organisms, but how different are these trees? 

Using a modified version of the CTJ script to progressively remove taxa from a data 
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set, I investigated how easy it would be to generate a particular tree from a data set 

that was not originally used to infer it. This chapter was an exploration of a novel 

method for testing this. I addressed three different vertebrate groups; placental 

mammals, squamates and plesiosaurs, each of which has some interesting alternative 

phylogenetic hypotheses. The final chapter summarises the main findings overall and 

provides suggestions for future work.   
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Abstract  

Many published cladograms report measures of stratigraphic congruence. Strong 

congruence between cladistic branching order and the order of first fossil occurrences 

is taken to support both the accuracy of cladograms and the fidelity of the record. Poor 

congruence may reflect inaccurate trees, a misleading fossil record, or both. However, 

it has been demonstrated that most congruence indices are logically or empirically 

biased by parameters that are not uniformly distributed across taxa or through time. 

These include tree size and balance, mean ghost range duration (gap size) and the 

range and distribution of origination dates. This study used 650 published cladograms 

to investigate the influence of these variables on the Gap Excess Ratio (GER). In a 

range of multivariate models, factors other than congruence per se explained up to 

73.4% of the observed variance in GER amongst trees. Arthropods typically have 

poorer GER values than other groups, but the residual differences from our models are 

much less striking. The models also show no clear residual trend in GER through the 

Phanerozoic. Because the GER is strongly influenced by parameters related to 

cladogram size, balance and duration, comparisons across trees should be made with 

caution. 
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Introduction 

 It is estimated that only 2% of the species that have existed on Earth are alive 

today. Fossils provide the only direct evidence of the remaining 98%, but their 

particular utility may be in documenting transitional forms and sequences of character 

acquisition within the deepest branches of the tree (Wills and Fortey, 2000). 

Morphological data from fossils may therefore be vital for accurate cladistics 

(Donoghue et al., 1989). In addition to preserving extinct combinations of character 

states (Donoghue et al., 1989; Wagner, 1999; Grantham, 2004; Cobbett et al., 2007) 

fossils also occur in rocks that can be dated in relative and absolute time (Springer et 

al., 2001; Crane et al., 2004; Donoghue and Purnell, 2009). Classically, temporal data 

do not contribute to phylogenetic inferences (but see Wagner 1995a and Fisher 2008), 

and hence the order in which taxa branch within a cladogram can be compared 

legitimately with the sequence in which they first appear through the fossil record. 

Both should reflect the same underlying evolutionary history, but neither is logically 

contingent on the other. Significant congruence is consistent with an accurate 

phylogeny that is mapped onto a sequence of first fossil occurrences that document 

reliably the order in which groups evolved. Poor congruence is amenable to a variety 

of explanations, either singly or in concert. It might result from a spurious tree, the 

misinterpretation of particular fossils, or from probabilities of preservation that are too 

low or variable between lineages or through time to record the origination of groups in 

the correct temporal sequence.  

Stratigraphic congruence indices are now routinely reported for published trees 

that include fossils. They are utilized in two ways: for refining/testing particular 

phylogenies, and for the statistical treatment of large samples of cladograms in order 

to find trends. The first application includes the use of stratigraphy as an ancillary 

criterion for choosing between or filtering large numbers of otherwise equally 

parsimonious trees. Stratigraphic data are not included in the original optimisations, 

but merely utilized post-hoc. However, the use of such a “stratigraphic yardstick” is 

only defensible where there is reason to trust the fidelity of the fossil record on other 

grounds (Wills, 1999; Benton, et al., 2000). There is an inherent need for a measure of 

congruence between the fossil record and phylogeny: not least for studies that date 

events and calibrate evolutionary rates by superimposing fossil records onto trees 

(Norell and Novacek, 1992). These usually employ molecular data (e.g. Smith et al., 
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2006), but there is now also a burgeoning literature on morphology (Ruta et al., 2006; 

Brusatte et al., 2008; Friedman, 2010). These applications do not utilise a “yardstick” 

approach, but rather use cladistic inferences and stratigraphic dates for cross-

validation: accurate knowledge of the sequence of appearance of phylogenetic 

terminals as implied by significant congruence is a minimum requirement.  

The second use for measures of congruence is in statistical studies of hundreds 

of trees that look for widespread trends (Wills, 2002). Here, there has been a tendency 

to use cladograms as the ‘yardstick’, against which to measure something about the 

fidelity of the fossil record (precisely the reverse logic to that employed above). Most 

investigations have focused on differences in congruence for higher taxa, or for taxa 

from different habitats (e.g., terrestrial v. marine or freshwater). Benton and Hitchin 

(1996) and Benton and Simms (1995) both argued that the quality of the continental 

vertebrate fossil record is comparable to that of echinoderms. However, Benton et al. 

(1999) demonstrated that the congruence values for echinoderm cladograms were 

significantly better than those for fish and tetrapods, while Wills (1999) suggested that 

the fossil record of arthropods was less complete than tetrapods and fish. More 

recently, there has been an acknowledgment that while we cannot assume trees to be 

of uniform quality across taxa (there are, in fact, good reasons to suppose otherwise), 

taxonomic differences in congruence (necessarily conflating aspects of fossil record 

fidelity and phylogenetic accuracy) might nonetheless be informative. The contrast 

between the situation in dinosaurs (Wills et al., 2008, where most trees approach 

maximal congruence) and that in malacostracan crustaceans (Wills et al., 2009, where 

congruence is actually worse than random for most permutations of stratigraphic range 

data across many trees) is particularly striking. A much smaller number of studies 

have used stratigraphic congruence as an index of fossil record ‘quality’ through time. 

The first of these (Benton et al., 2000) used three indices calculated for 1,000 

cladograms of animals and plants, concluding that the fossil record is of uniform 

quality (principally, the probability of preservation in this context) in Palaeozoic, 

Mesozoic and Cenozoic time bins, and at taxonomic levels of (predominantly) families 

and above. This contrasts with the expectation of some authors (e.g. Benton, 1994; 

Benton et al., 2000) that quality should deteriorate with increasing geological age, 

since the probability of preservation is thought to decrease while the chances of 

deformation and subduction increase (but see Smith and McGowan, 2007). Moreover, 
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the probability of gaps in the fossil record can be inversely related to the intensity of 

study (Donoghue et al., 1989). Wills (2007) reworked these data, assessing the pattern 

through time using 77 series and stages, and a refined measure of congruence (the Gap 

Index: GI). At this improved resolution, congruence was seen to be at its highest in the 

Mesozoic, deteriorating back into the Palaeozoic but also, paradoxically towards the 

Recent (Fig. 1a, b). How can this be?  

Figure 1. Stratigraphic congruence for large samples of published cladograms, resolved to 77 series and 
stages through the Phanerozoic. Congruence is measured using the gap index (GI: see text, figure 2 and 
Wills, 2007), which scales the observed number of ghost ranges passing through a given stratigraphic 
interval between the maximum (GI = 0.0) and minimum (GI = 1.0) possible. Bold lines indicates means, 
±SE. All plots omit the contributions of given intervals for given trees where there are fewer than 6 
possible GI values. Most trajectories have a convex pattern, with congruence greatest in the Triassic and 
Jurassic, and declining both towards the Cambrian, and towards the Recent. Plots a, c and e are for all 
ghost ranges in all cladograms, while plots b, d and f omit ghost ranges subtended between terminals 
originating in the Recent (i.e., those with no fossil record). (a) 1,000 Trees from Benton et al. (2000) 
and Wills (2007). (b) 1,000 Trees from Benton et al. (2000) and Wills (2007), but omitting taxa with no 
fossil record. This has little impact on the decline in GI from the Jurassic to the Recent, but rather raises 
mean GI throughout the profile. (c) 1,095 Trees, including 1,000 trees as above, plus 95 trees of 
molluscs and birds compiled by AOC (see materials and methods section). The addition of a modest 
number of additional trees removes much of the apparent decline in GI from the Triassic back to the 
Cambrian seen in a. (d) 1,095 trees (as in c), but omitting taxa with no fossil record. (e) 650 Trees (as in 
d), but omitting those cladograms with taxa originating in fewer than five different stratigraphic 
intervals. This filters out very small trees, as well as those with originations concentrated in a limited 
number of strata. This was the sample of trees used in the main set of analyses presented in the rest of 
this paper. (f) 650 Trees (as in e), but omitting taxa with no fossil record. 
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 Unfortunately, there is no universal measure of stratigraphic congruence that can 

be compared across trees and data sets. This is precisely analogous to the problems 

encountered with measures of the quality of phylogenetic data such as the CI 

(consistency index) (Kluge and Farris, 1969) and the RI (retention index) (Farris, 

1989b), which are biased by numbers of characters and numbers of taxa (Sanderson 

and Donoghue, 1989; Archie and Felsenstein, 1993). Hence, in the same way that the 

CI cannot be compared directly for data sets of different dimensions, so existing 

measures of stratigraphic congruence are logically or empirically found to be biased 

by a range of factors relating not only to the size and balance of the tree, but also to the 

distribution of observed stratigraphic ranges.  

The gap excess ratio (GER) was proposed by Wills (1999) and is now widely 

used as a measure of congruence derived from the inferred extent of ghost ranges 

relative to a theoretical maximum and minimum. For the most recent applications, see 

Brusatte and Sereno (2008), Lelièvre et al. (2008), Tetlie and Poschmann (2008), 

Wills et al. (2008, 2009), Dyke et al. (2009), Frobisch and Schoch (2009), Tsyganov-

Bodounov et al. (2009), Brusatte et al. (2010), Campione and Reisz (2010), Kroh and 

Smith (2010), Lamsdell et al. (2010). Where sister terminals or nodes are first 

represented in the fossil record at different times, a ghost range is subtended between 

them. These ghost ranges can be summed throughout a tree to yield a total minimum 

implied gap (denoted ∑MIG (minimum implied gap) in Benton and Storrs (1994), or 

simply MIG in Wills (1999)). The GER scales the observed MIG between the sum of 

ghost ranges for the worst (Gmax) and best (Gmin) possible fit of a given set of 

stratigraphic data onto any tree topology (Fig. 2). 

Because the GER is calculated over an entire tree, studies that use it to 

investigate patterns of congruence through time must assign each tree to a particular 

time bin (e.g., Benton et al., 1999, 2000). This approach is problematic where 

cladograms span more than one time bin, which disproportionately affects larger and 

more deeply rooted trees. As a means to obviate this, Wills (2007) devised the gap 

index (GI): a measure precisely analogous to the GER, but calculated for each 

stratigraphic interval through which a tree passes (Figs 1 & 2). Mean gap index values 

have been used to investigate the distributions of ghost ranges through time, without 

needing to place a given cladogram into a single time bin.   
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Figure 2. Calculation of the stratigraphic consistency index (SCI), gap index (GI), gap excess ratio 
(GER), modified Manhattan stratigraphic measure (MSM*) and the relative completeness index (RCI) 
for a simple, hypothetical case. (a) Hypothetical phylogeny for terminals A to G, showing 
stratigraphically consistent (✓) and inconsistent (✗) nodes. (b) Cladogram in ‘a’ plotted onto 
hypothetical ‘observed’ stratigraphic ranges (thick, vertical black bars) and showing ghost ranges 
(vertical broken lines). The table shows observed (Obs.), minimum (Min.) and maximum (Max.) 
possible numbers of ghost ranges traversing each stratigraphic interval for any topology. These bounds 
are used to calculate the gap index (GI: see panel e), scaling the number of ghost ranges in each 
stratigraphic interval between these maxima and minima. The sum of the observed ghost ranges across 
the tree is the minimum implied gap (MIG) (c) Minimum possible ghost ranges summed over all 
intervals (Gmin) on a pectinate tree. (d) Maximum possible ghost ranges summed over all intervals on a 
pectinate tree (Gmax). (e) Formulae for all indices, with worked examples for all of the above. The GER 
is precisely analogous to the GI, except that ghost ranges are summed over the entire tree, rather than 
being calculated for single intervals. GI calculation is for interval 6. The MSM* was originally 
described in terms of the consistency index of an irreversible and ordered stratigraphic character. 
However, it is precisely equivalent to the formulation given here. The SCI is simply the number of 
internal cladogram nodes with a sister group or terminal of equivalent age or older, expressed as a 
fraction of the total number of internal nodes. The RCI differs from all of the other indices in expressing 
a ratio between the sum of observed ranges (standard range length or SRL, represented by the thick 
black bars) and the sum of ghost ranges (∑MIG, equivalent to the MIG in other formulae). It is also the 
only index not scaled between zero and one. 

 

This paper has three purposes: 

1. To quantify the magnitude and direction of several sources of bias on the GER 

(Wills, 1999) in the largest empirical data set published to date (Benton et al., 

2000; Wills, 2007). The calculation of GER statistics (and that of many of its 
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putative sources of bias) has been automated for an unlimited number of 

stratigraphic ranges in the program ‘Ghosts’ (Wills (1999) and subsequent 

revisions). This is also able to handle large batches of trees and output tables of 

summary statistics.  

2. To determine the extent to which differences in median GER values previously 

reported between major taxonomic groups can be explained by the distribution of 

the sources of bias identified above. Do excellent values for many groups of 

vertebrates and poor values for arthropods reflect differences in congruence alone? 

3. To test whether the pattern of congruence throughout the Phanerozoic is closer to 

that reported by Benton et al. (2000) (a uniform distribution, albeit at a very coarse 

temporal scale) or that found by Wills (2007) (complex, but higher in the 

Mesozoic than the Palaeozoic and Cenozoic). 

 

Parameters that influence indices of stratigraphic congruence  

Since the present paper concentrates on the GER, a lengthy discussion of the 

behaviour of other metrics is beyond its scope. However, a number of tree parameters 

are repeatedly cited in the literature as confounding comparisons of indices between 

cladograms. These parameters concern both the nature and structure of cladograms, 

and the stratigraphic ranges of their constituent taxa. They include biases deduced 

logically and, less frequently, those observed empirically.  

 

Tree balance 

The balance of a tree refers to the degree of symmetry in its topological 

branching structure. Heard’s index (Im) is one of the most widely used indices of 

imbalance, and is given by Heard (1992):  

€ 

Im =

TR −TL
all interior nodes
∑

(n −1)(n − 2) /2
 

where TR is the number of terminal taxa subtended to the right of an internal node, TL 

is the number of terminal taxa subtended to the left of that node, and n is the total 
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number of terminals in the tree. A perfectly balanced tree is one that bifurcates 

symmetrically at each internal node, always having equal numbers of taxa on either 

side (Im = 0.0). A completely imbalanced or pectinate (comb-like) tree is one in which 

every bifurcation leads to at least one terminal taxon (Im = 1.0). A comprehensive 

simulation and review of the effects of tree balance was provided by Siddall (1996), 

later partially evaluated empirically by Benton and Hitchin (1997). In summary, all 

congruence indices are theoretically biased by tree balance / imbalance (or can only be 

calculated for special cases), but this has not been reported from empirical studies.  

The first described and perhaps most intuitive index of congruence is the 

Spearman rank correlation (by convention, SRC in this context) between age rank (the 

order in which taxa first appear in the fossil record) and clade rank (the order of 

branching in a pectinate or completely unbalanced tree) (Gauthier et al., 1988; Norell 

and Novacek, 1992). This metric is only applicable to completely pectinate trees (or 

those that can be simplified or subdivided into a pectinate structure) (Benton et al., 

1999; Pol et al., 2004) thereby excluding the majority with a more complex topology a 

priori (Pearson, 1999; Wills et al., 2008).  

Siddall (1996) and Hitchin and Benton (1997) focussed on the stratigraphic 

consistency index (SCI) of Huelsenbeck (1994). This expresses the number of 

consistent internal nodes as a fraction of the total number of resolved internal nodes in 

the tree, where a consistent node is one with a sister node or terminal of the same age 

or older (Fig. 2). Values of the SCI range between 0.0 (completely incongruent) and 

1.0 (completely congruent), but these are only achievable in fully pectinate trees, or 

those in which groups of terminals originate penecontemporeneously (Siddall, 1996; 

Wills, 1999). If no taxa originate at the same time, then pairs of sister nodes cannot 

both be consistent. Therefore, on a fully balanced tree, the SCI will always be 0.5 (i.e. 

50% of nodes will always be consistent and 50% inconsistent), but on a pectinate tree 

it can vary between zero and one. Similarly, in cases where all taxa originate at the 

same time (such that congruence becomes meaningless), all nodes will be considered 

consistent, yielding an SCI of 1.0 (Wills, 1999; Pol et al., 2004). Benton and Hitchin 

(1996) did not find a significant relationship between the SCI and balance for their 

empirical sample of 376 cladograms of echinoderms, fishes and tetrapods.  
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The GER is also subject to logical biases relating to tree balance, and for reasons 

similar to those afflicting the SCI (Wills, 1999). Because Gmax and Gmin are defined by 

minimally and maximally congruent pectinate trees respectively, it may be impossible 

to achieve them on more balanced topologies. In a series of simulations, Pol et al. 

(2004) demonstrated that there is a marked difference in the distributions of possible 

stratigraphic debt values for fully pectinate and balanced trees. Simple simulations for 

the GER illustrate a similar point. A completely balanced (Fig. 3a) and a completely 

imbalanced (Fig. 3b) topology, both of 32 terminals, were randomly assigned the same 

set of regularly spaced stratigraphic dates 5,000 times. Initially, there were four evenly 

spaced dates (0, 5, 10 and 15 units), with eight terminals given each date. On the 

balanced topology (Fig. 3a), GER values of 0.00 and 1.00 are never achieved, and the 

distribution has a mode of 0.356 and a median of 0.378. A moderately low GER is 

therefore easier to obtain (by chance) than a high one. On the pectinate topology (Fig. 

3b), the mode is 0.000 and the median 0.022: a very low GER is now very easy to 

obtain, and a high one very unlikely (although values of 1.00 are now theoretically 

possible). 

 

 
Figure 3. Simulation of the effects of four variables on the distribution of possible GER values for a 
tree of 32 taxa. Panels a, c, e and g are for a perfectly balanced tree, while panels b, d, f and h are for a 
completely pectinate tree. Distributions of GER values are from 5,000 random reassignments of the 
range data across each tree. (a, b) Four regularly spaced first occurrence dates (ages 0, 5, 10 and 15 
units), with eight terminals given each date. (c, d) Sixteen regularly spaced first occurrence dates (ages 
0 to 15 units in increments of 1), with two terminals given each date. Increasing the number of different 
first occurrence dates (without changing the range of first occurrences) causes the median GER to 
increase. (e, f) Four first occurrence dates, but with ages 0, 13, 14 and 15 units (eight terminals given 
each date). These bottom-heavy origination dates yield a multimodal distribution of GER values with a 
lower median than the regularly spaced dates. (g, h) Four first occurrence dates, with ages 0, 1, 2 and 15 
units (eight terminals given each date). Top-heavy origination dates yield a multimodal distribution of 
GER values with a higher median than the regularly spaced dates. 
 



 27 

Benton and Storrs (1994) and Benton and Simms (1995) reported unsurprising biases 

in the SRC related to the number of terminals: larger trees have higher values of 

Spearman’s rho. Consequently, they excluded trees with less than four taxa from their 

analyses of 74 vertebrate cladograms, with more equivocal results than those 

previously reported by Norell and Novacek (1992).  

 

Tree size 

We distinguish between topologies and trees in this context. A topology is 

simply a branching structure, or a tree without the terminals labelled. Many distinct 

trees can therefore share the same topology, differing only in the locations of the 

terminals. Siddall (1996) demonstrated that as the number of terminals increases, the 

mean level of imbalance for randomly resolved topologies decreases. More precisely, 

Heard’s index of imbalance (Im) decreased logarithmically as the number of taxa (n) 

increased. For example, when n = 3, there is only one possible resolved topology, and 

this is completely unbalanced. However, when n = 4, there are two possible 

topologies: one completely imbalanced or pectinate, and one completely balanced. At 

n = 6 there are six possible topologies, with only one of these completely unbalanced 

(Hitchin and Benton, 1997). Consequently, because tree size can ‘drive’ tree 

imbalance, and tree imbalance in turn influences congruence indices (see above), there 

is also a theoretical relationship between tree size and congruence mediated by 

imbalance (Wills, 1999, 2001; Wagner and Sidor, 2000; Pol et al., 2004; Lelièvre et 

al., 2008; Wills et al., 2008). However, this relationship has not been universally 

reported in empirical studies. Hitchin and Benton (1997) found that the SCI is biased 

by tree size but not tree shape, while Benton and Storrs (1995) found that shape was 

important. The later, much larger empirical study by Benton et al. (1999) did not find 

the anticipated effects of either tree shape or tree size. There appears to be no 

consensus on the sensitivity of the SCI to either parameter (Pol et al., 2004).  

The Manhattan Stratigraphic Measure (MSM) of Siddall (1998) is simply the 

consistency index (ci) (Kluge and Farris, 1969) of an ordered, stratigraphic character, 

while its modification (MSM*: Pol and Norell, 2001) is equivalent to the ci of an 

irreversible and ordered stratigraphic character. It can be given by:  
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€ 

MSM * =
Lm
Lo

 

where Lm is the minimum length for the age character on any tree (i.e. the number of 

states, minus one) and Lo is the length obtained by optimizing the age character onto 

the actual phylogenetic tree. Siddall (1998) used randomization tests to demonstrate 

that raw MSM values were not biased by tree shape, but rather by tree size. Pol et al. 

(2004) carried out extensive testing of the MSM*, in addition to the GER and the SCI, 

to examine their sensitivity to tree shape, tree size and the number of possible ages of 

first appearance among terminal taxa. They employed the same randomization 

procedure used by Siddall (1998) but found that the indices seemed to be affected by 

all three parameters: the GER was found to be influenced by a marginally greater 

degree than the MSM*, but not as much as the SCI. Lelièvre et al. (2008) noted that 

because the MSM* is equivalent to the consistency index of an irreversible character 

and, it must theoretically be subject to the same biases as the ci and CI, including the 

number of taxa in the tree (Farris, 1989b).  

We also note that the GER can be formulated in a manner analogous to the 

retention index of the age character for comparison with the MSM* (Pol and Norell, 

2001): 

  

€ 

GER =
LM − Lo
LM − Lm

 

where LM and Lm are the maximum and minimum lengths for the age character on any 

topology and Lo is the length obtained by optimizing the age character on the actual  

phylogenetic tree. As such, it is also subject to the same biases as the retention index 

of an irreversible age character (Finarelli and Clyde, 2002). 

 

Number of different origination dates 

Pol et al. (2004) also demonstrated that the number of different first occurrence 

dates correlates positively with the median number of steps expected in a reversible 

stratigraphic character. When stratigraphic data were permuted across a given 

topology, increasing the number of coded stratigraphic intervals (while holding the 

total stratigraphic range of the tree constant) caused the randomized distribution of 
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step lengths to shift to the right. A similar phenomenon can also be demonstrated for 

the GER, which is closer in concept to the use of an irreversible stratigraphic 

character. Figures 3c, d show the effects of increasing the number of different 

origination dates to sixteen (relative to the four used in panels 3a, b), but with no 

change in the range or interquartile range of those dates. For the balanced tree (Fig. 

3c), the distribution of GER values moves significantly to the right (mode of 0.409 and 

median of 0.449) (medians significantly different: Kruskal-Wallis chi-squared = 

3898.92, P < 2.2E-16). For the pectinate tree (Fig. 3d), the change is much less 

apparent (mode of 0.000 and median of 0.089), but there is still a highly significant 

increase in the median (Kruskal-Wallis chi-squared = 1184.31, P < 2.2E-16).  

 

Range of origination dates 

We are aware of no purely computational reason, why the number of 

stratigraphic intervals spanned by a tree per se (the number of divisions between the 

oldest and youngest origin) should influence the distribution of possible congruence 

metrics. In practice, however, the number of intervals spanned correlates positively 

with the size of the tree and the number of different intervals coded; parameters that 

do have an effect. Benton and Storrs (1994) and Hitchin and Benton (1997) observed 

an empirical relationship for the SRC: trees with longer temporal spans tended to have 

higher correlation than those in which the range of origins was more constrained. If all 

other parameters are invariant, and first occurrences are dated within some constant 

margin of error, then a wider span of origins may ensure that first occurrences resolve 

in the correct order (Benton, 1995; Mannion et al., 2011). This relates more directly to 

the mean gap or ghost range size, which we also consider in our model. 

 

Distribution of origination dates 

Irrespective of the range of origins and the number of coded intervals, the 

distribution of first occurrence dates can also be shown to influence the distribution of 

possible GER values. We considered two extreme cases: one ‘bottom-heavy’ (in which 

most first occurrences were close to the oldest origin) (Fig. 3e, f) and one ‘top-heavy’ 

(a mirror image of the first) (Fig. 3g, h). Instead of four groups of eight origin dates at 

0, 5, 10, and 15 (as in 3a, b), we used 0, 13, 14 and 15 (bottom-heavy) and 0, 1, 2 and 
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15 (top-heavy). All four simulations show a harmonic pattern in the distribution of 

GER values. Differences are most visible in the balanced trees: the bottom-heavy 

balanced tree (Fig. 3e) has a much lower median (0.217) than the even-spaced 

balanced tree (0.378) (Fig. 3a), and the range of values observed is greater. By 

contrast, the top-heavy balanced tree (Fig. 3g) has a significantly higher median 

(0.467) than the even-spaced balanced tree. The pectinate trees follow a similar 

general pattern: the bottom heavy pectinate tree (Fig. 3f) has a lower median (0.008) 

than the even-spaced pectinate tree (0.022) (Fig. 3b), while the top-heavy pectinate 

tree (Fig. 3h) has the highest median of all (0.041). 	  

 

Materials and Methods 

The data set 

 Our initial data set consisted of 1,094 published cladograms. One thousand were 

taken from the analyses of Benton et al. (2000) and Wills (2007), and we 

supplemented these with 94 cladograms of the hitherto underrepresented molluscs and 

birds (Appendix I, Table A1 and Appendix II). Most of the results presented here are 

for a large subset of 650 of these cladograms: removing trees where the number of 

different first occurrence dates was fewer than five. This filtered out trivially small 

cladograms, as well as those where originations were concentrated in a very small 

number of intervals. Time slice analyses using the GI show patterns of “gappiness” for 

650 trees that differ little from those from all 1,094. Indeed, the addition of 94 mollusc 

and bird trees appears to have had more affect on the results than the subsequent 

filtering. By removing very small trees, however, we obtained a distribution of overall 

GER values (and ultimately, residuals) much more amenable to linear modelling.  

The resulting set of 650 trees encompassed a wide range of organisms, at various 

taxonomic levels, from both animal and plant phyla. The Paleobiology database 

(http://paleodb.org) served as the primary source of stratigraphic range data for genera 

and higher taxa. Additional sources of stratigraphic information were The Fossil 

Record 2 (Benton, 1993) and Sepkoski’s online genus database (Sepkoski, 2002). Data 

for lower taxonomic levels were taken directly from the literature where possible. 
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Stratigraphic ranges were coded to the nearest series and stage after Benton et al. 

(2000), the Phanerozoic being divided into 77 intervals with an average duration of 

7.04 million years. Where regional or archaic stage names were used these were 

reconciled with international stratigraphic standards using the International 

stratigraphic chart (Remane and Ogg, 2009), The Geologic Timescale 2004 

(Gradstein et al., 2004) and the GeoWhen database 

(http://www.stratigraphy.org/bak/geowhen/index.html). These data are summarised in 

the Appendix I, Table A2. Perl scripts were used to automate much of the data setup 

and file formatting. GER values and all other primary statistics (e.g. tree balance, 

mean gap size, gap standard deviation, range centre of gravity, etc.) were calculated 

using a modified version of Ghosts 2.3 (Wills, 1999, 2007).  

 

Independent variables 

A summary of all twelve ‘predictor’ (potentially influential) variables used in 

this study is given in Table 1. Two principal aims of this paper are to determine 

whether there are differences in median GER values for trees of different higher taxa, 

and for trees from different geological periods. These comparisons are not 

straightforward because other parameters are not distributed homogeneously across 

these categories. For example, the finding that trees of arthropods have poorer GER 

values than those of tetrapods (Wills, 2001) cannot be interpreted as a straightforward 

taxonomic effect if we also know that the arthropod trees in our sample are smaller 

than those of tetrapods on average, and also that arthropod trees tend to investigate the 

relationships between taxa of a higher rank than those of tetrapods. A number of such 

parameters are therefore included in our models if only so that we can discount their 

importance.  

The number of taxa simply records the size of each tree; the number of terminals 

irrespective of whether these are species, higher taxa, or a mixture. The mean age of 

originations offers a proxy for the age of the tree, and has been removed from the 

model where we have investigated patterns in the GER through time.  

The range of originations records the temporal span of that portion of the tree 

capable of subtending ghost ranges. It has been suggested that cladograms with a 

narrow range of originations will tend to be more stratigraphically incongruent than 
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cladograms with a more widely spaced range of originations (Benton and Storrs, 1994; 

Hitchin and Benton, 1997; Benton et al., 1999; Wills, 1999). 

Table 1. Predictor Variables. 

Predictor variable Description Type Transform 
Number taxa The number of taxa in the cladogram Continuous log 

Heard’s index 
Measure of the tree balance using Heard’s 
Index (Im): varies from 0.0 (un-balanced) to 
1.0 (perfectly balanced)  

Continuous N/A 

Mean origins Mean age of originations of taxa in the 
cladogram Continuous N/A 

Range origins Range of originations of taxa in the 
cladogram  Continuous log 

Mean gap size Mean gap size (ghost range) of taxa in the 
cladogram Continuous log 

Gap standard 
deviation 

Standard deviation of the gap size (ghost 
range) Continuous log 

Range centre gravity Centre of gravity of the observed 
stratigraphic ranges of taxa in the cladogram Continuous N/A 

% no fossils Percentage of taxa in the cladogram with no 
fossil record Continuous N/A 

% extend Recent Percentage of taxa in the cladogram that 
extend to the Recent Continuous log 

Taxon rank 
Median taxonomic rank of the cladogram. 6 
levels: species, genus, family, order, class, 
phylum, kingdom 

Categorical N/A 

Taxon group 

Taxonomic group of the cladogram. 11 
levels: plants, cnidaria, mollusca, 
arthropoda, echinodermata, bryozoa, 
graphtolites, fishes, tetrapoda, all life, 
brachiopoda  

Categorical N/A 

Number strat 
intervals 

Number of different stratigraphic intervals 
taxa in the cladogram are contained within Continuous N/A 

 
 

Taxonomic rank has been approximated by scoring each terminal in each tree in 

one of six categories (species=1, genus=2, family=3, order=4, class=5, phylum or 

above=6). The median of these values has been scored as the level of analysis for the 

entire tree. This variable has subsequently been treated as categorical and unordered in 

our models.  

The mean gap size is the mean number of stratigraphic intervals traversed by 

each ghost range in the tree (mean ghost range length): its inclusion may require some 

explanation. It is true that for a given tree, longer ghost ranges imply poorer 

congruence and a lower GER. However, when looking across a sample of different 

trees, it is not the case that trees with longer ghost ranges must necessarily have lower 
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GER values. Indeed, it is straightforward to simulate examples where different gap 

sizes yield identical distributions of GER values: precisely because the scaling in 

simulations is entirely arbitrary. Rather, the mean gap size attempts to offer a proxy 

for the actual time (number of stages) between taxonomic sampling events on the tree. 

Simply dividing the range of origination dates by the number of terminals (minus one) 

would be a weaker proxy for this (not least because of differences in tree balance), 

although we note that these two parameters are strongly correlated across our 1,094 

trees (r = 0.751, P < 2.2E-16). The gap standard deviation is simply the standard 

deviation of gap values calculated above, and will be zero if all gaps are of the same 

length. Thus, a high gap standard deviation indicates a wide disparity of taxonomic 

sampling frequency through time. Since we acknowledge that mean gap size can only 

be inferred as part of the process by which GER values are calculated (plotting range 

data onto a particular tree and inferring ghost ranges) we also present a subset of 

analyses omitting mean gap size and gap standard deviation.  

The range centre of gravity is a proxy for the overall shape of the clade (based 

on observed ranges) through time. It is calculated according to the formula of Gould et 

al. (1987):  

€ 

CG =

Niti
i=1

n

∑

Ni
i=1

n

∑
 

where Ni is the number of observed ranges in the ith interval, and ti is the age of the ith 

interval. We then express this relative to the range of intervals spanned by the entire 

clade, scaling between 0.0 and 1.0. Hence, clades with a CG (centre of gravity) of 0.5 

are balanced at the midpoint between their origin and extinction. Those with values 

less than 0.5 are top heavy, while those below 0.5 are bottom heavy. Clade shape is 

itself a proxy for the mode of radiation: bottom heavy clades are those with more rapid 

initial diversification. We note that extant clades will have ranges truncated by the 

present for some fraction of their constituent taxa. This will tend to raise the centre of 

gravity artificially.  

Taxa with no fossil record may have legitimately originated in the Recent, 

although this becomes increasingly unlikely as their taxonomic rank increases. Often, 
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however, complete absence from the record reflects other factors such as the size of 

individuals, population size, habitat, and the volatility of tissues. Such taxa could 

potentially subtend ghost ranges deep into trees, thereby lowering GER values. By 

including the percentage of taxa with no fossil record as a variable, we will test if this 

effect is detectable. The percentage of taxa that extend to the Recent is also included 

because the effects of this parameter were investigated by Wills (2007).  

 

Exploratory, non-linear models (CART and GAM) 

All analyses and tests were conducted in R version 2.10.1 (R Core Team, 2009). 

Several of our independent variables had markedly non-normal distributions: these 

were initially transformed as indicated in Table 1, which has greatly improved the 

distribution of GER residuals in the resulting models. As outlined by Crawley (2007), 

classification and regression trees (CART) (Breiman et al., 1984) (created using the 

packages ‘tree’ and ‘rpart’) were used to highlight ‘important’ variables (i.e. those that 

have the greatest influence on the response) and complex variable interactions, while 

generalised additive models (GAM) (Hastie and Tibshirani, 1986) (using ‘mgcv’) 

were used to identify non-linearities.  

A classification and regression tree (CART) is a binary decision tree, commonly 

used in data mining to create a model that will predict the values of a dependent (or 

response) variable based on a number of independent (or predictor) variables. It is 

constructed by splitting a node into two daughter nodes repeatedly, beginning at the 

root. At the first node a threshold level is selected for one of the predictor variables 

and the mean value of the response is calculated above and below this threshold value, 

both of which are then used to calculate the deviance. This is repeated for all possible 

values of the threshold for this predictor. The ‘best split’ for the predictor variable is 

the threshold value that has the highest deviance, that is, explains the greatest amount 

of deviance in the response (Crawley, 2007). This is calculated for each of the 

predictors and the one with the highest overall deviance is chosen as the split for that 

node. The procedure is repeated at each node. The tree is initially overfit and then 

pruned using cross-validation, starting from the terminal nodes and moving up the tree 

(Breiman et al., 1984). In the final topology, the values at the terminals represent the 

mean value of the response variable, given the values of the predictors represented by 
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the path from the root of the tree to the terminal node. We also implemented a random 

forests approach using the package ‘randomForest’. This is a powerful statistical tool 

for quantifying the importance of variables, and which has increased predictive power 

compared with individual regression trees (Breiman, 2001; Strobl et al., 2007). A 

random forest of 500 bootstrapped trees was generated and the predictions for each 

tree used in a ‘voting’ process to establish the relative importance of each predictor 

variable on the response (GER). Two different measures of importance were used: the 

mean decrease in accuracy (%IncMean) and the mean decrease Gini 

(IncNodeImpurity).  Both of these measures were calculated separately for each tree in 

the forest and then averaged. There is no consensus on which measure is preferable. 

Generalised additive models (GAMs) are an extension of generalized linear 

models (GLMs), but implement additive rather than linear regression (Wood, 2006). 

The linear function of a predictor is replaced with smoothed functions, which can 

reveal non-linearities in the predictors (O’Brien and Rago, 1996). One of the main 

justifications for using non-parametric methods is that they model complex 

relationships between variables without strong model assumptions (Wood, 2006). 

Unlike other non-parametric models, their output is relatively straightforward to 

interpret. Results from these analyses were used to test whether the use of linear 

regression was appropriate, while the CART output provided a graphical 

representation of the interactions between predictors. Due to the large number of 

variables, this enabled us to reduce the interactions in the initial linear model to 

include only the variables that were shown to interact in the CART output (Crawley, 

2007).  

 

Linear models 

The data were modelled six times, always with the GER as the dependent 

variable: 

1. All twelve of the independent variables in Table 1. This model was used to 

determine the effects of all variables on the GER. 

2. All of the independent variables in Table 1, except the mean gap size and the 

gap standard deviation. These two variables were removed experimentally for 
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the reasons discussed above. 

3. As 1, but omitting the categorical variable for taxonomic group. This model 

was also used to investigate GER residuals in different taxonomic groups. 

4. As 2, but also omitting the categorical variable for taxonomic group. This 

model was also used to investigate GER residuals in different taxonomic 

groups, but without modelling out the effects of mean gap size and gap 

standard deviation. 

5. As 1, but omitting the mean age of origin. This variable was removed so that 

we could investigate GER residuals for the other variables in each geological 

period. 

6. As 2, but also omitting the mean age of origin. This model was also used to 

investigate GER residuals in each geological period, but without modelling out 

the effects of mean gap size and gap standard deviation. 

 

For each analysis, we used reverse stepwise regression, starting with the most 

complex model (i.e., including all of the variables specified above) and removing non-

significant terms one by one, highest P-value first. Within this constraint, interaction 

terms were removed first, followed by main effects, unless the non-significant main 

effect was part of a significant interaction. Factor (categorical) terms were not 

removed if at least one level was significant. This process was repeated until all 

remaining terms were significant. By comparison, models were also selected 

automatically using the ‘step’ function in R. This uses the standard Akaike 

information criterion (AIC) as its optimality criterion (Akaike, 1974). Both of these 

mechanisms yielded adequate models, omitting some of the independent variables. 

Model diagnostics, including the residuals against the fitted values and the normal 

quantile-quantile (Q-Q) plots, were examined to ensure the resulting fit was acceptably 

linear.  

Trees were assigned to one of the twelve geological periods according to their 

mean age of origin. Kruskal-Wallis and subsequent post-hoc tests were carried out to 

determine whether any of the differences observed through time or by taxonomic 

group or were significantly different from any others. 
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Results 	  

Regression trees and linear models 

The regression trees reveal many complex interactions between parameters, with 

several terms appearing more than once. In the analysis including mean gap size and 

gap standard deviation (Fig. 4), mean gap size itself emerges as the most significant 

variable. Partitions of trees with greater mean ghost range lengths consistently have 

lower mean GER values. The range of origins of taxa in the cladogram is also highly 

influential, along with the range centre of gravity. Other important variables are the 

gap standard deviation and to a lesser degree, Heard’s index of tree balance and the 

mean origination date.  

 
Figure 4. Regression tree for the GER. The split value is shown beside the predictor at each node. The 
longer the branch, the greater the deviance explained. If the value of the predictor is less than the split 
value at the node, then the next step is taken down the left branch of the tree. If it is greater, the next 
step is along the right branch. For example, if the mean gap size is < 2.38 then you refer to the left side 
of the tree. At the next node if the mean gap size is < 0.34, then the mean GER value is 0.83: hence for a 
tree with very small gaps the GER value is quite high. 
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Figure 5. Regression tree for the GER excluding mean gap size and gap standard deviation. The split 
value is shown beside the predictor at each node. The longer the branch, the greater the deviance 
explained. If the value of the predictor is less than the split value at the node, then the next step is taken 
down the left branch of the tree. If it is greater, the next step is along the right branch. 
 
 

In the regression tree omitting mean gap size and gap standard deviation (Fig. 5), 

taxonomic group becomes by far the most important variable. This is because different 

taxonomic groups typically contain trees with different mean gap sizes, taxonomic 

group becoming a proxy for gap size when it is not explicitly present in the model. 

Other, much less important variables are the range of origins, the percentage of taxa 

extending to the Recent, the percentage of taxa with no fossil record, and the mean 

origination date.  

Random forest analyses including all variables (Fig. 6a, b) yields results similar 

to those for the simple regression tree. Overall, mean gap size, range of origins and 

gap standard deviation are found to be the most important predictors, with the range 

centre of gravity and the mean of origins important to a lesser degree. Random forest 

analyses for all variables except the mean gap size and the standard deviation of gaps 

(Fig. 6c, d), show that taxonomic group, the range centre of gravity, the mean of 

origination dates and the range of origination dates become the most important 

predictors.  



 39 

 
Figure 6. Random forest analyses of the importance of variables in predicting the GER. Predictors are 
sorted in decreasing order of importance from top to bottom. All plots are derived from 500 bootstrap 
replicates. (a, b) Analyses including all 12 variables (i.e., model 1). (c, d) Analyses including only nine 
variables (omitting mean gap size and gap standard deviation) (i.e., model 2) (a, c) Mean decrease in 
accuracy (% Inc MSE) and (b, d) Mean decrease Gini (Inc Node Purity: based on the Gini gain criterion 
algorithm employed by the randomForest package in R). 
 

 

With all variables included, GAM plots (Appendix I, Fig. A1) of each 

continuous linear predictor against component smooth functions of the fitted GAM 

object show little evidence of curvature, with narrow 95% confidence intervals. This 

means that we were able to use linear models for the rest of our analyses. The GER 

model diagnostic plots (Appendix I, Fig. A2) of the residuals v. the fitted values are 

scattered above and below the zero-line indicating no heteroscedasticity (problematic 
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trends in the data caused by variables with markedly different variances: often 

resulting in a funnel-shaped residual plot). Moreover, the normal Q-Q plots show a 

linear pattern, as the matched quantiles generally lie along a straight line (with a 

modest number of outliers).  

The final linear model including all twelve variables (Model 1) contains many 

complex and significant interaction terms (Table 2). The adjusted r2 is 0.7339, 

meaning that 73.4% of the total variance in the GER is accounted for by variation in 

the independent variables. The mean gap size, the gap standard deviation, the range of 

origins, and the range centre of gravity are highly significant, and the mean of origins 

is significant: exactly as would be predicted from the regression tree and random 

forest analyses. However, the number of taxa and Heard’s index are also highly 

significant: variables not highlighted above. Results from the automated linear 

modeling are given in the Appendix I, Table A3. These models were broadly similar to 

those obtained manually, albeit containing more terms, which is often the case 

(Crawley, 2007).  

 

Table 2. Linear model for the GER. Top panel show the model equation. Middle panel shows each of 
the terms in the model along with their statistics. Bottom panel shows the overall statistics for the model 
indicating that 73.4% of the total variance in the GER is accounted for by variation in the independent 
variables. ‘gap_standard_deviation’ has been abbreviated to ‘gap_std_dev’. 

GER = number_taxa + Heards_index + range_origins + taxon_rank + taxon_group  
+ range_centre_gravity + mean_gap_size + gap_std_dev+ range_origins:mean_gap_size  
+ range_centre_gravity:gap_std_dev+ Heards_index:range_centre_gravity  
+ Heards_index:mean_gap_size + range_origins:range_centre_gravity:gap_std_dev 
+ range_origins:mean_gap_size:gap_std_dev + Heards_index:range_origins:range_centre_gravity  
+ Heards_index:range_centre_gravity:gap_std_dev + Heards_index:mean_gap_size:gap_std_dev 
+ Heards_index:range_origins:range_centre_gravity:mean_gap_size  
+ Heards_index:range_origins:mean_gap_size:gap_std_dev 
+ Heards_index:range_centre_gravity:mean_gap_size:gap_std_dev 
Coefficients: Estimate Std. Error t value Pr(>|t|)  
(Intercept) 0.929765 0.172235 5.398 9.59E-08 *** 
number_taxa -0.178556 0.014908 -11.978 <2.00E-16 *** 
Heards_index -0.165963 0.174845 -0.949 0.342889  
range_origins 0.21812 0.067805 3.217 0.001363 ** 
taxon_rank_genus -0.014083 0.029914 -0.471 0.637961  
taxon_rank_family -0.031945 0.029736 -1.074 0.283107  
taxon_rank_order -0.064382 0.03007 -2.141 0.032659 * 
taxon_rank_class -0.072219 0.043038 -1.678 0.093845 . 
taxon_rank_phylum -0.155404 0.045465 -3.418 0.000672 *** 
taxon_group_Echinodermata 0.067481 0.027106 2.49 0.013051 * 
taxon_group_Fishes 0.099795 0.023428 4.26 2.37E-05 *** 
taxon_group_Mollusca 0.083006 0.026811 3.096 0.00205 ** 
taxon_group_Plants 0.115007 0.031839 3.612 0.000328 *** 
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taxon_group_Tetrapoda 0.088193 0.022227 3.968 8.10E-05 *** 
range_centre_gravity -0.150529 0.18936 -0.795 0.426957  
mean_gap_size -1.551006 0.167094 -9.282 <2.00E-16 *** 
gap_std_dev -0.440039 0.073054 -6.023 2.93E-09 *** 
range_origins:mean_gap_size 0.449947 0.068427 6.576 1.03E-10 *** 
range_centre_gravity:gap_std_dev 1.820571 0.206101 8.833 <2.00E-16 *** 
Heards_index:range_centre_gravity -1.310551 0.348587 -3.76 0.000186 *** 
Heards_index:mean_gap_size 0.917705 0.191517 4.792 2.07E-06 *** 
range_origins:range_centre_gravity: 
gap_std_dev -0.335053 0.046486 -7.208 1.66E-12 *** 

range_origins:mean_gap_size: 
gap_std_dev -0.030566 0.008235 -3.712 0.000224 *** 

Heards_index:range_origins: 
range_centre_gravity 0.808749 0.189828 4.26 2.36E-05 *** 

Heards_index:range_centre_gravity: 
gap_std_dev -0.451901 0.194689 -2.321 0.020602 * 

Heards_index:mean_gap_size: 
gap_std_dev -0.422148 0.114796 -3.677 0.000256 *** 

Heards_index:range_origins: 
range_centre_gravity:mean_gap_size -0.551533 0.142593 -3.868 0.000121 *** 

Heards_index:range_origins: 
mean_gap_size:gap_std_dev 0.051742 0.015902 3.254 0.001201 ** 

Heards_index:range_centre_gravity: 
mean_gap_size:gap_std_dev 0.507199 0.16833 3.013 0.002691 ** 

Signif. codes:    0 '***'   0.001 "**'  0.01 '*'  0.05  '.'  0.1 ' '  1 
Residual standard error: 0.1279 on 620 degrees of freedom 
Multiple R-squared: 0.7454, Adjusted R-squared: 0.7339 
F-statistic: 64.82 on 28 and 620 DF, p-value: < 2.2e-16 

 

Differences in GER between major taxa 

The variation in median GER values across different taxonomic groups is 

illustrated in Figure 7a. Arthropods have the lowest median GER (see also Wills, 

2001), followed by plants and molluscs. Kruskal-Wallis and post-hoc tests revealed 

that there are significant differences (Kruskal-Wallis chi-squared = 86.916, P < 2.2E-

16) between arthropods and all other taxonomic groups except plants (Mann-Whitney 

tests with Holm’s sequential Bonferroni corrections, P < 3.029E-03; TukeyHSD P < 

0.043), between plants and both echinoderms (Mann-Whitney tests with Holm’s 

sequential Bonferroni corrections, P < 1.456E-03; TukeyHSD, P = 0.005) and 

tetrapods (Mann-Whitney tests with Holm’s sequential Bonferroni corrections, P < 

1.006E-04; TukeyHSD, P = 0.0004) and between molluscs and both echinoderms 

(Mann-Whitney tests with Holm’s sequential Bonferroni corrections, P < 4.273E-03; 

TukeyHSD, P = 0.017) and tetrapods (Mann-Whitney tests with Holm’s sequential 

Bonferroni corrections, P < 1.092E-04; TukeyHSD, P = 0.001). Figure 7b shows the 

variation in residual GER values by taxonomic group, with all other variables 
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modelled out (Model 3). Differences are much less marked, and significant (Kruskal-

Wallis chi-squared = 16.404, P-value = 0.006) only between arthropods and fishes 

(Mann-Whitney tests with Holm’s sequential Bonferroni corrections, P = 0.004; 

TukeyHSD, P = 0.029) and between arthropods and tetrapods (Mann-Whitney tests 

with Holm’s sequential Bonferroni corrections, P = 0.002; TukeyHSD, P = 0.005). 

Finally, with mean gap and gap standard deviation removed (Model 4), much of the 

residual variance in GER values is restored (Fig. 7c)  

 

 
Figure 7. Variation in GER and GER residuals across taxonomic groups. For each box, the median 
value is indicated by a black horizontal bar, the shaded area represents upper and lower quartiles and the 
dashed lines connect to the most eccentric points within 1.5 interquartile ranges of the median. Outliers 
are shown as circles. Numbers below icons at the top indicate the number of trees in each taxonomic 
group. (a) Raw GER values. (b) Residual GER values for the model initially incorporating all 11 
independent variables (except taxonomic group). (c) Residual GER values for the model initially 
incorporating 9 independent variables (except taxonomic group, mean gap size and gap standard 
deviation). Abbreviations: Arth., Arthropods; Echi., Echinoderms; Fish., Fishes; Moll., Molluscs; Plan., 
Plants; Tetr., Tetrapods. 
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Differences in GER between geological periods  

Figure 8a illustrates the variation in GER over the eleven periods of the 

Phanerozoic, with trees dated according to the mean date of origin of their constituent 

taxa. The convex pattern (with greatest congruence in the late Palaeozoic and 

Mesozoic) closely resembles that observed by Wills (2007) for the GI, and 

investigated in more detail in Figure 1. Figure 8b, c show that there is little variation in 

the model residuals through time for the GER.  

 
Figure 8. Variation in GER and GER residuals through time. Trees are dated according to the mean age 
of origin of their constituent taxa. For each box the median value is indicated by a black horizontal bar, 
the shaded area represents upper and lower quartiles and the dashed lines connect to the most eccentric 
points within 1.5 interquartile ranges of the median. Outliers are shown as circles. Numbers above 
periods indicate the number of trees in each geological time period. (a) Raw GER values. (b) Residual 
GER values for the model initially incorporating all 11 independent variables (except mean of origins). 
(c) Residual GER values for the model initially incorporating 9 independent variables (except mean of 
origins mean gap size and gap standard deviation). Abbreviations: Ca, Cambrian; O, Ordovician; S, 
Silurian; D, Devonian; C, Carboniferous; P, Permian; Tr, Triassic; J, Jurassic; K, Cretaceous; Pg, 
Palaeogene; Ng, Neogene.  
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Discussion  

Factors influencing the GER 

Analyses using regression trees, random forests and linear modelling all found 

that the gap size and gap standard deviation have a marked and significant effect on 

the GER. Trees with shorter ghost ranges tend to have better GER values than those 

with longer ones. At first sight, this may seem hardly surprising: the GER is supposed 

to record something about the extent of ghost ranges, after all. However, the GER is 

scaled relative to a theoretical maximum and minimum extent of ghost ranges and so 

is a ratio, whereas the average gap length is measured in units of stratigraphic stages. 

This means that trees with identical topologies and identical relative distributions of 

origination dates can have very different mean ghost range lengths, yet ultimately 

identical GER values. In other words, there is no theoretical reason why mean ghost 

range length should correlate with the GER when looking across a sample of different 

trees (as we are doing here). This correlation is only expected for permutations of 

range data across a given tree. Our empirical result is informative, therefore: it tells us 

that as the actual (not relative) durations of gaps between sister taxa increase in real 

trees, so the sums of those ghost ranges tend towards their theoretical minimum (a 

change in their relative extent). While this finding is not wholly unexpected, it is not a 

necessary one. We also found that ghost ranges of a more uniform length tend to yield 

higher GERs than highly variable ones. Hence, the highest GER values are found 

when the gaps between sister taxa are relatively small and of a similar size.  

When rerunning the linear models, but omitting mean gap size and gap standard 

deviation from the outset, the amount of variance explained declined from 74.5% to 

26.6%, highlighting the predictive value of these two variables. In their absence, 

taxonomic group becomes by far the most important predictor: arthropods, molluscs 

and plants have lower GER values than other groups on average. For these latter taxa, 

the range of origins and the mean age of origins subsequently become important 

predictors of the GER, while the percentage of extant terminals is important for all 

groups. Many authors have observed differences in stratigraphic congruence between 

higher taxa (Benton and Storrs, 1994; Benton and Simms, 1995; Hitchin and Benton, 

1997; Wills, 1999, 2001; Wagner and Sidor, 2000, Pol et al., 2004; Lelièvre et al., 

2008, Wills et al., 2008, 2009). However, taxonomic group may also be a proxy for 
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differences in the gap size (and other variables) highlighted above, so that when gap 

size is omitted from the model as an explicit variable, its effects emerge through the 

taxonomic group.  

Our simple simulations and previous studies all suggested that tree balance 

should be an important predictor of the GER. It emerges as a moderately important 

variable in random forest analyses based on node purity, but is only decisive at a low 

level in regression trees. However, tree balance is significant in our linear models, 

both on its own and in interaction with other parameters: mean gap size, the mean age 

of origins, the range of origins and the range centre of gravity. The bivariate 

relationship between tree balance and the range centre of gravity is a significantly 

negative one: balanced trees have a slightly lower range CG on average.  

The total stratigraphic range of origins emerges as the second most important 

variable in the random forest analysis based on all variables. This is much higher than 

its rank in the simple regression tree: a difference explicable by the greater stability of 

the former. Random forests grow a large number of bootstrapped trees (typically 500 

or more). Rather than using a single regression tree, the values for variable importance 

are aggregated by averaging across all trees. Random forests have been shown to 

provide better models for prediction than simple regression trees, which can be very 

sensitive to minor perturbations in the data (Prasad et al., 2006).  The range of origins 

is also highly significant in our final linear models, appearing in several complex 

interactions, as well as making its own unique contribution. The relationship to the 

GER is slightly positive when all other variables and interactions are factored out: 

cladograms spanning a wider range of origins have higher GER values on average (see 

Benton et al. (1999) for a similar observation in their bivariate analyses). The 

bivariate relationship for our sample of 650 cladograms is negative, however  (r = -

0.248, P = 1.611E-10). One reason for the apparent discrepancy is the very strong 

positive correlation between the range of origins and both gap size (r = 0.801, P < 

2.2E-10) and gap standard deviation (r = 0.933, P < 2.2E-10) in our sample: hence the 

total span of the tree becomes a proxy for these and other variables.  

The range centre of gravity emerges as the fourth most important variable in the 

random forest analyses of all twelve predictors, and first or second in the analyses 

omitting mean gap size and gap standard deviation. In the linear model of all variables, 
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and omitting gap size and gap standard deviation, it is highly significant. As predicted 

by our simulations, the overall relationship is a positive one: as the CG of clades 

increases (moving from more bottom-heavy shapes to more top-heavy ones) the mean 

GER increases also. Moreover, bottom-heaviness may be indicative of a rapid 

radiation, which may itself result in a narrow range of origins (known to correlate with 

a poorer GER). However, we note that our CG calculations were performed on all 

clades, irrespective of whether they are truncated by the Recent or not. Extant clades 

will inevitably be ‘flat topped’: this will raise the CG of those with an approximately 

symmetrical diversity profile through time, and less predictable effects on others.  

 

Differences in GER between major taxa 

As in previous studies, there are significant differences in median GER scores 

between major taxonomic groups. Figure 7a shows the characteristically poor values 

for arthropods (Wills, 2001) (median 0.36) and plants (median 0.46), and much higher 

values for tetrapods (0.67) and echinoderms  (0.67) (Benton et al., 1999). Many of 

these differences are significant, most notably between arthropods and all other taxa, 

except plants. 

Most arthropod taxa are known to have a poor fossil record. The exoskeleton is 

rarely heavily mineralised (the heavily calcified trilobites and decapods are the 

exceptions) and their preservation potential is therefore low. Many arthropod groups 

are also very small (Wills, 2001; Wills et al., 2009). In addition, Wills (2007) reported 

that levels of homoplasy are particularly high in arthropods, and certainly much higher 

than in vertebrates. Although homoplasy and other measures of data quality do not 

necessarily relate directly to the accuracy of cladograms (which is unknowable in all 

of our examples), some correlation is probable. If the cladograms for some taxonomic 

groups are less accurate than others, then stratigraphic congruence is also likely to be 

lower. Many plant groups (particularly those from the Silurian and Devonian) appear 

to have been subject to rapid tissue degradation and therefore also have a relatively 

poor fossil record (Niklas, 1998; Friedman and Cook, 2000). Some mollusc groups, 

such as the bivalves, appear to have an excellent fossil record (Jablonski et al., 2003) 

while other groups are relatively sparse (Reid et al., 1996; Brayard et al., 2010). The 

low GER values obtained for our sample of trees are nonetheless somewhat surprising.  
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Although major taxa have a characteristic signature in terms of their 

stratigraphic congruence, it also appears that much of the difference is explicable in 

terms of the distributions of other variables. Figure 7b shows the residual GER scores 

by taxonomic group from the model (3) initially including all predictors except 

taxonomic group: most of the variation between groups is removed and the only 

significant differences are between fishes and arthropods and between tetrapods and 

arthropods. A similar model, but removing mean gap size and gap standard deviation 

(4), reveals a pattern of GER residuals more closely resembling that in Figure 7a. 

Hence, much of the variation in GER values between major taxa is attributable to 

variation in gap size and standard deviation. Molluscs, arthropods and plants have 

much larger median gap sizes and gap standard deviations than echinoderms, fishes 

and tetrapods, with all of these contrasts being significant. Finally, plants, molluscs 

and arthropods also have a much greater median range of origins than echinoderms, 

fishes and tetrapods, although this variable has a slightly positive effect on the GER 

once other variables are controlled.  

These results highlight the fact that while the GER is a ratio, and does not index 

the absolute extent of ghost ranges (still less the completeness of the fossil record), it 

is nonetheless influenced by measures that are related to absolute time in our 

empirical sample. For example, trees with longer ghost ranges (numbers of intervals) 

tend to have a poorer GER, but not because this is a necessary consequence of the way 

the index is calculated. Rather, in our empirical sample of real trees, longer mean 

ghost ranges (in absolute terms) predict poorer stratigraphic congruence. The inclusion 

of variables measured in absolute time reflected a desire to factor out heterogeneity 

across major taxa in our empirical sample. However, this is a highly conservative 

approach. Large gaps in absolute terms may imply a patchy fossil record and/or sparse 

sampling of taxa through time and across the tree: factors that may legitimately 

depress congruence and the GER. Hence, while Figure 7b shows there is relatively 

little difference in the residual GER values between taxa, absolute differences are still 

marked (it is simply that many of these differences can be explained by variation in 

parameters such as the range of origination dates, tree balance, etc.).  
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Differences in GER between geological periods 

The overall pattern of GER values binned into periods (according to the mean 

date of origin of each tree) is similar to that obtained for the gap index (GI) (Fig. 1): 

higher in the late Palaeozoic and Mesozoic than the early Palaeozoic and Cenozoic. 

We note that the precise pattern obtained for the GI is sensitive to the inclusion of our 

additional mollusc and bird datasets, as well as the filtering out of very small trees. 

Variation in the GER through time is at least partially a response to changes in the 

proportions of higher taxa through time (Wills 2007). For example, arthropods, 

molluscs and echinoderms radiated during the Cambrian, while tetrapods diversified 

during the Carboniferous (Benton and King, 1989; Briggs and Fortey, 1989). Since we 

know that different taxa have significantly different GER values, we would expect the 

values in each period to track this turnover in diversity. The irregular increase in 

median GER from the Cambrian to the Carboniferous (Fig. 8) may partly reflect 

declining proportions of arthropod, mollusc and plant trees, and increasing numbers of 

fishes and tetrapods. The decline in congruence from the Triassic to the Recent is 

more difficult to explain, because tetrapods (whose congruence is generally very good) 

constitute an increasing fraction of the sample (Fig. 9). Wills (2007) experimented 

with the removal of extant taxa and those with no fossil record: the latter often subtend 

extensive ghost ranges deep into trees. These ‘pull of the Recent’ type effects 

(Jablonski et al., 2003) appear to make relatively little contribution to the late 

Mesozoic and Cenozoic decline, although removing them (Fig. 1b, d, e) increases 

mean GER values systemically over the entire Phanerozoic. From simulations, Wills 

(2007) concluded that the decline to the Recent was more probably a result of the 

manner in which the GI is calculated: tending to slice across the bottom of trees nearer 

the Cambrian, and preferentially through their tops towards the Recent. Our binning 

approach calculates congruence values for whole trees, and so is not subject to this 

effect. If data for the Palaeozoic, Mesozoic and Cenozoic are pooled, there is a 

significant difference in median GER value between the Mesozoic and both the 

Palaeozoic and Cenozoic (Mann-Whitney tests with Holm’s sequential Bonferroni 

corrections, P = 0.004 and 0.010 respectively). The number of comparisons entailed, 

however, means that the Kruskal-Wallis does not detect differences between 

individual periods. 
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Our models of residual GER by period, omitting just mean date of origin (model 

5) or this in addition to mean gap size and gap standard deviation (model 6) show 

much less variation through time. With all significant conflating variables factored out 

(model 5, Fig. 8b) the highest residuals occur in the Silurian and Permian, with the 

lowest values in the Cambrian and Palaeogene. Omitting the mean gap size and the 

gap standard deviation from the outset (model 6, Fig. 8c) increases the spread of 

values in each period, but restores little of the pattern seen for the raw GER values.  

 
Figure 9. Taxonomic composition of our sample of 650 cladograms through the periods of the 
Phanerozoic. Trees are assigned to periods according to the mean date of origin of their constituent taxa. 
A large proportion of our sample is tetrapods, and their proportional contribution to each period 
increases through time. 

 

Conclusions 

1. The GER cannot be used straightforwardly to compare congruence for different 

trees. The GER is not a measure of fossil record completeness, but rather a ratio of 

the total extent of ghost ranges relative to their theoretical maximum and minimum 

on any tree of the same size. Simulations demonstrate that the distribution of 

possible GER values is influenced by a number of variables, including the number 
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of terminals and the distribution of origination dates. As documented elsewhere, 

this means it is not straightforward to compare GER values derived from different 

trees and different data sets. This problem is precisely analogous to the effects of 

character matrix dimensions on measures of cladogram quality such as the 

ensemble consistency index (CI) and ensemble retention index (RI) (Archie, 1989; 

Naylor and Kraus, 1995). However, because the distribution of possible GER 

values is also influenced by tree balance, the use of the GER as an ancillary 

criterion for selecting among otherwise equally optimal trees is also problematic 

(Wills 1999). These difficulties do not uniquely afflict the GER, but are reported to 

various degrees for other congruence metrics such as the SCI (Benton and Storrs, 

1995; Siddall, 1996; Wagner and Sidor, 2000; Wills et al., 2008) and MSM* (Pol 

et al., 2004; Wills et al., 2008).  

2. The GER is influenced by many factors besides congruence per se. Values of 

twelve variables reasoned or observed to influence the GER were calculated for 

our sample of 650 animal and plant cladograms. Their empirical relationship with 

the GER was investigated using a variety of non-parametric (regression trees, 

random forests, and generalised additive models) and parametric (linear models) 

approaches. There are many significant interactions between these variables, 

which, taken together, account for approximately three quarters of the variation in 

the GER. Mean ghost range size, the standard deviation of ghost range sizes and 

the range of origination dates (temporal range of the tree) emerge as the most 

important variables, followed by the overall shape of the clade (whether bottom or 

top heavy). Models omitting ghost range size and standard deviation explained 

only 26.6% of the variance in the GER.  

3. The GER is not a straightforward measure of the quality of the fossil record. 

Empirical studies of congruence indices for large samples of cladograms have 

been used to address two questions: is congruence different across major 

taxonomic or environmental subdivisions (Benton, 1995; Benton and Simms, 

1995; Benton and Hitchin, 1996, 1997; Benton et al., 1999), and does congruence 

change through geological time (Benton et al., 2000; Wills, 2007)? In most of 

these studies, congruence is assumed to be a proxy for the quality of the fossil 

record. This is an oversimplification for three reasons. Firstly, metrics such as the 

SCI, GER and MSM* variously measure the agreement between two sequences: all 
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can return high or maximal values when fossil occurrences are extremely sparse, 

so long as their orders of occurrence agree. The RCI (Benton and Storrs, 1994) 

(Fig. 2) is closer to a measure of record quality, but there are problems with its 

scaling and interpretation (Wills, 1999). Secondly, for congruence to provide a 

proxy for record quality, we must assume that cladograms are correct, or at least of 

uniform accuracy. The assumption of a ‘cladistic yardstick’ is fraught with 

difficulties, not least that accuracy is unknowable. Measures of data quality and 

tree support (insofar as these might offer a proxy for accuracy) are certainly not 

uniformly distributed across higher taxa, while higher taxa themselves are not 

uniformly distributed through time. Thirdly, the other sources of bias discussed 

above are not uniformly distributed, either across higher taxa or through time.  

4. The GER varies very significantly between higher taxa, but much of this variation 

can be explained by other independent variables. Previous studies have reported 

significant differences in GER values across higher taxa, with arthropods being 

characteristically poor (Wills, 2001; Wills et al., 2009), and vertebrates very good 

(Benton and Hitchin, 1996; Wills et al., 2008). Our study replicates these findings, 

additionally reporting poor values for molluscs. However, when our linear models 

were used to remove the effects of eleven of the variables above (omitting 

taxonomic group), very few residual group differences remained significant 

(arthropods compared with fishes, and arthropods compared with tetrapods). This 

is because several important sources of bias are not distributed uniformly across 

higher taxa. For example, arthropod cladograms tend to have a longer absolute 

duration and longer ghost ranges than those of vertebrates: both factors associated 

empirically with lower GER values. There are few differences in congruence 

between higher taxa that cannot be explained by variation in other parameters, 

therefore. However, this does not imply that ghost ranges are equally extensive in 

different taxa, still less that the fossil record is of uniform quality across taxa. 

5. Although the GER varies considerably between periods (with highest values in the 

Carboniferous, Triassic and Jurassic), much of this variation can be explained by 

other independent variables. The results of empirical studies of congruence 

through time depend largely upon the methods used. Benton et al. (2000) binned 

cladograms into eras, but at such a coarse temporal scale, were unable to detect 

any significant trend. They concluded that congruence is uniform through time, 
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which was also taken to imply that the fossil record does not deteriorate (at a 

predominantly familial scale) with increasing antiquity. Wills (2007) used an 

alternative approach, calculating the congruence (gap index) in each of 77 

stratigraphic series and stages. This revealed a convex pattern of congruence 

through the Phanerozoic: highest in the Mesozoic, but declining into the early 

Palaeozoic and paradoxically also declining towards the Recent. We note that the 

addition of a modest number of trees is able to perturb this pattern. The analysis 

presented here returned to a binning approach, and replicated the convex pattern 

observed by Wills (2007) (albeit using a rather different method). However, when 

the effects of eleven of our twelve independent variables were factored out 

(omitting a proxy for the age of the tree), the residual GER values are much less 

variable.  
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Abstract 

A number of stratigraphic congruence indices are widely used in the literature, 

most commonly the stratigraphic consistency index (SCI; Huelsenbeck, 1994), the 

Manhattan stratigraphic measure (MSM*; Pol and Norell, 2001), the gap excess ratio 

(GER; Wills, 1999), the topological gap excess ratio (GERt; Wills et al., 2008), and 

the modified gap excess ratio (GER*; Wills et al., 2008). Many authors discuss factors 

that are believed to bias these indices, with several empirical and simulation studies 

addressing some subset of the putative interactions. This study combined both 

approaches to quantify the effects of 10 potentially conflating variables on all five of 

the above indices: the number of taxa, taxonomic rank, taxonomic group, tree balance, 

mean age of originations, range of originations, centre of gravity of originations, gap 

variability, percentage of extant taxa and percentage of taxa with no fossil record. 

Non-parametric statistical modelling methods were used with 657 published 

cladograms from many different phyla spanning the entire Phanerozoic. The centre of 

gravity of the ages of origination in a tree had never been investigated hitherto, and in 

our empirical study, this was found to be the most significant predictor of stratigraphic 

congruence, followed by the percentage of extant taxa in a tree. Simulations also 

revealed that the centre of gravity of originations had an effect on each of the indices 

to some extent. Although the GER* was not completely immune to the effects of tree 

balance, tree size and ages of origination, it was the least sensitive of all indices tested. 

We found significant differences across higher taxa for all indices; arthropods had 

lower congruence and tetrapods higher congruence, at least in part due to the quality 

of their fossil records. Unexpectedly, stratigraphic congruence also varies throughout 

the Phanerozoic, closely following the taxonomic composition of our sample. Notably, 

periods containing a high proportion of arthropods have poorer congruence overall.  
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Introduction 

Chapter 1 demonstrated why it is often valuable to know how closely the 

sequence of evolutionary branching implied by a cladogram concurs with the temporal 

sequence of first occurrences documented in the fossil record. Phylogeny is rarely 

inferred using data on the chronological ages of taxa, but rather with reference to the 

distributions of molecular and morphological characters. However, both temporal 

order and cladistic branching sequence should reflect the same underlying and real 

evolutionary pattern. Strong and significant congruence between the two can be 

regarded as a minimum requirement for the accurate time calibration of trees  (Wills et 

al., 2009). Weak congruence or significant conflict either results from a gappy fossil 

record or from a spurious phylogeny; either source of conflict is seriously detrimental 

to calibrated rate studies unless the calibrations and subclades are chosen with extreme 

care. For some groups, the match may be so bad as to prohibit fossil calibration 

altogether. 

A number of measures of statigraphic congruence have been proposed and 

applied in the literature. None of these is entirely satisfactory, each being variously 

influenced by tree balance (pectinate or symmetrical), tree size and the distribution of 

first occurrence dates through time, among other variables. This makes their use in 

meta-analytical studies problematic, unless all potentially biasing factors are randomly 

distributed across the categories of interest. Their precise comparison for any two 

given trees is more difficult still.  In Chapter 1 (and see O’Connor et al., 2011) I 

presented an appraisal of one of the most commonly cited congruence indices, the Gap 

Excess Ratio (GER; Wills, 1999). In simulations, I demonstrated that the expected 

distributions of values were influenced by a number of undesirable factors. By 

modelling many of these factors out, I further demonstrated that at least some of the 

temporal trends and taxonomic differences reported in prior meta-analytical studies are 

really artefactual.   

Although it has many desirable properties, the GER is only one of many 

congruence indices applied in the literature. In this chapter, I evaluate the performance 

of the most widely cited of these; namely the Modified Manhattan Stratigraphic Metric 

(MSM* of Pol and Norell, 2001) and the Stratigraphic Consistency Index (SCI of 

Huelsenbeck, 1994), as well as the topological Gap Excess Ratio and the modified 
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Gap Excess Ratio (GERt and GER* of Wills et al., 2008). I use a variety of 

simulations of the biases reported for the GER by O’Connor et al. (2011), followed by 

an empirical evaluation of how these biases influence apparent temporal and 

taxonomic patterns of congruence.  

 

Measures of stratigraphic congruence 

In the first chapter we focussed our analyses on the GER, but examined in detail 

a number of parameters, including tree balance and the number of terminals in a tree, 

and how they have been shown in previous studies to affect the GER, and indeed other 

measures of congruence. Rather than reiterate this here, I briefly summarise the main 

issues for each index of stratigraphic congruence. 

The earliest attempt to assess the fit of phylogeny to the stratigraphic record 

simply calculated the Spearman rank correlation (SRC) of age rank and clade rank 

(Gauthier et al., 1988; Norell and Novacek, 1992). We do not include this index in our 

present study as it is now rarely implemented (Benton et al., 1999; Pol et al., 2004); it 

can only be applied to fully pectinate trees, which become increasingly rare as the 

number of terminals increases (Wills et al., 2008). Consequently, to calculate the SRC, 

most trees have to be reduced to a fully pectinate form by collapsing or pruning 

branches, thereby removing part of the sample. All other indices can be calculated for 

trees with any topology, but the distribution of possible values is inherently shaped by 

that topology.  

The stratigraphic consistency index (SCI; Huelsenbeck, 1994) assesses the 

congruence of each internal cladogram node in turn (with the exception of the basal 

node or root) (Fig. 1). A node is deemed congruent if the oldest of the terminals that it 

supports (or that resolve distal to it) is stratigraphically no older than the oldest of the 

terminals supported by its sister node. In cases where all terminals originate at 

different times, only fully pectinate topologies will be capable of yielding a full set of 

congruent or incongruent nodes. Moreover, a fully balanced and resolved tree with as 

many different origination dates as terminals will always have an equal number of 

balanced and imbalanced nodes. It can theoretically take any value between 0.0 

(completely incongruent – all nodes inconsistent) and 1.0 (completely congruent – all 

nodes consistent), within the constraints of tree topology described above.  Previous 
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studies have also demonstrated that the SCI is biased by the distribution of first 

occurrences of taxa in the fossil record (Wills, 1999; Pol et al., 2004). Siddall (1996) 

showed that as the number of terminals increases, the distribution of possible tree 

topologies changes, such that the mean level of tree balance (as measured by the 

complement of Heard’s index of Imbalance, Im) also increases (Heard, 1992; Siddall, 

1996). Therefore, as the SCI is biased by tree balance and there is a relationship 

between the number of taxa and tree balance, there is also a theoretical negative 

relationship between the SCI and the number of taxa (see also Wills, 1999, 2001; Pol 

et al., 2004; Lelièvre et al., 2008). These relationships have not always emerged from 

empirical studies of large samples of trees (e.g., Benton et al., 1999). Hitchin and 

Benton (1997) found that the SCI was biased by tree size but not tree shape, while 

Benton and Storrs (1994), Wagner and Sidor (2000) and Wills et al. (2008) all 

suggested that tree shape is the major factor. Overall, there appears to be little 

consensus on the sensitivity of the SCI to either parameter (Pol et al., 2004).  

 
Figure 1. Calculation of stratigraphic indices. (a) Stratigraphic consistency index (SCI); (b) Manhattan 
stratigraphic metric (MSM*). Lm is the minimum possible length of the age character (equivalent to the 
distance between the oldest and youngest strata), Lo is the observed length of the age character. The 
Manhattan matrix is the step-matrix of all pairwise distances (i.e. number of intervening intervals) 
between states; (c) Gap excess ratio (GER). MIG is the minimum implied gap, Gmax and Gmin are the 
sum of ghost ranges for the maximum and minimum fit of the given set of stratigraphic data onto any 
tree topology, respectively.  
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All of the remaining indices variously utilise the concept of ghost ranges 

subtended by inferred sister taxa. Sister groups (whether two terminals, two clades or a 

combination of these) derive from a hypothetical ancestor. As such, the two daughter 

lineages must have originated at the same time, but this is seldom recorded in the 

fossil record. Much more commonly, the earliest fossil record of one lineage predates 

the other, implying a gap or ghost range for the latter. The sister relationship between 

Pan (chimpanzees) and Hominini (Australopithecina and Homo) furnishes an 

example. While Hominini have a fossil record going back around 6 million years, the 

oldest chimpanzee remains are no more than 548 thousand years old (McBrearty and 

Jablonski, 2005). Because Hominini and Pan each have many unique defining 

apomorphies, Pan is not believed to have evolved from within the Hominini (or vice 

versa). It follows that there must be a gap or ghost range in the chimpanzee fossil 

record of approximately 5.5My, extending down to the appearance of the first 

hominin. Naturally, this ghost range may be an underestimate, because the first 

hominin fossil may itself postdate the first hominin. In this particular case, 

independent molecular clock estimates using extant genomes put the Pan/hominin 

split at between 5.4 and 6.3 Mybp (Patterson et al., 2006), so the cladistically-implied 

ghost range appears robust. Few sister clades have received such intense scrutiny, 

however.  

The Manhattan stratigraphic measure (MSM; Siddall, 1998) can be derived 

utilising a Sankoff character coding the first stratigraphic occurrences of all terminals 

(Fig. 1). The MSM has been superceded by the modified MSM (MSM*; Pol and Norell, 

2001). The MSM* represents an advance by prohibiting state reversals (effectively 

impossible time reversals) using infinite transition costs in half of the step matrix, and 

making the optimisation conform to Camin-Sokal parsimony rules. The MSM* attains 

a value of 1.0 when the Sankoff character is optimised with the minimum possible 

steps (perfect fit), and tends towards 0.0 as the number of observed steps increases 

(although a value of 0.0 is not possible, since this would require an infinite number of 

steps). A number of studies have shown that both the MSM and the MSM* are biased 

by tree size (Siddall, 1998; Pol et al., 2004; Lelièvre, et al., 2008), and tree shape (Pol 

et al., 2004) (contrary to Siddall (1998)). Lelièvre, et al. (2008) also noted that the 

MSM is analagous to the consistency index (Farris, 1989b), and as such, is subject to 
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the same biases: namely the number of taxa and the number of stratigraphic intervals 

in this context.  

The gap excess ratio (GER; Wills 1999) is conceptually similar to the MSM*, 

but has usually been computed by inferring ghost ranges directly (rather than via the 

use of parsimony algorithms in other applications) (Fig. 1). GER values range from 0.0 

(perfect incongruence) to 1.0 (perfect congruence). Wills (1999) acknowledged that 

the GER is biased by tree topology; it can never reach the theoretical maximum or 

minimum on a balanced tree, as the MIG can never be equal to either Gmin or Gmax. Pol 

et al. (2004) found that the GER was influenced by undesirable parameters (tree shape, 

tree size and the number of possible ages of first stratigraphic occurrences) to a greater 

degree than the MSM*, but not as much as the SCI. The GER is also comparable to the 

retention index of an age character, and is therefore subject to similar biases (Finarelli 

and Clyde, 2002). Wills et al. (2008) introduced two indices derived from the GER. 

The topological GER (GERt) sought to overcome the worst biases caused by 

differences in tree balance, and operates by scaling the observed sum of ghost ranges 

between the minimum and maximum possible values on a given tree topology (rather 

than on any tree topology) (Fig. 2). Formally, it is given by 

  

€ 

GERt = 1 −
MIGu −Gtmin
Gtmax −Gtmin

 

where MIGu is the sum of ghost ranges for stratigraphic intervals of unit length, and 

Gtmax and Gtmin are the maximum and minimum possible values of MIGu on the given 

topology. Gtmin and Gtmax have been estimated by permuting the assignment of range 

data over the tree. Unfortunately, the resulting distributions of MIGu values tend to be 

negatively skewed towards Gtmax. This means that unless the permutations are 

effectively exhaustive, Gtmin will tend to be underestimated and Gtmax will be 

overestimated. Taken together, this can lead to overestimates of GERt. To overcome 

this problem, a modified GER (GER*) was proposed (Wills et al., 2008). This does 

not attempt to estimate Gtmax and Gtmin, but rather is derived from the distribution of 

MIGu values for the random permutation of stratigraphic data over the tree.  

  GER* = 1 –  (Fraction of distribution  ≤  MIGu for original data) 



60   

The GER* is estimated from the fraction of the area under a curve of permuted 

values corresponding to a MIGu value greater than the observed value. Estimates of 

the GER* are much less sensitive to the number of permutations used than the GERt; 

closely similar estimates were obtained for a sample of dinosaur trees using both 

50,000 permutations and 1,000 permutations (Wills et al., 2008). Estimates of GER* 

also take the shape of the distribution of MIGu values directly into account (Wills et 

al., 2008). The GER* has not yet been explicitly tested for any biases.  

 
 
Figure 2. Calculation of the GERt and the GER*. The histogram is based on MIGu values for 50,000 
randomisations of stratigraphic data over the observed topology for a data set. (taken from Wills et al., 
2008). 

 

The relative completeness index (RCI; Benton, 1994; Benton and Storrs, 1994) 

is not strictly an index of congruence per se, but is often discussed in their context, and 

applied alongside of them (Benton and Simms, 1995; Benton and Hitchin, 1997; 

Hitchin and Benton, 1997; Benton, 1998; Benton et al., 1999; Wills, 1999, 2001; 

Angielczyk, 2001; Kerr and Kim, 2001; Villier et al., 2004; Marjanovic and Laurin, 

2008; Smith et al., 2006; Marjanovic and Laurin, 2007; Tetlie and Poschmann, 2008; 

Dyke et al., 2009; Rahman et al., 2009; Tsyganov-Boudounov et al., 2009; Cisneros 
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and Ruta, 2010; Kroh and Smith, 2010; Lamsdell et al., 2010; Eddy and Clarke, 2011). 

It was devised as a measure of the completeness of the fossil record as implied by a 

given cladogram, and compares the sum of the minimum implied gaps (MIG) with the 

sum of observed ranges (SRL: simple range length). More formally, it is given by  

€ 

RCI = 1 − (MIG)∑
(SRL)∑

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ × 100%  

Values can theoretically reach 100% (where all terminals originate at the same 

time and there are no ghost ranges), but have no lower bound and are frequently large 

and negative in trees with short observed fossil ranges and/or poor congruence. As 

such, it conflates congruence with the extent of observed ranges, making its 

interpretation less straightforward. We do not consider it further here. 

 This study has three purposes. Firstly, we subject the SCI, MSM* and GER (the 

three most commonly used indices) along with derivatives of the latter (GERt and 

GER*) to the same set of simulations in order to explore their susceptibility to a 

number of logically and empirically demonstrated biasing factors (e.g., Pol et al., 

2004; Lelièvre et al., 2008). Secondly, we use a large empirical data set (a meta-

analysis of 657 published cladograms after O’Connor et al., 2011) to investigate the 

variation in all five congruence indices throughout the Phanerozoic, subsequently 

modelling out significant sources of bias. Thirdly, we test claims about differences in 

congruence across higher taxa using the same corpus of data.  

 

Materials and Methods 

Simulations 

A number of previous studies have investigated the effects of one or more 

potentially conflating factors upon the expected distribution of one or more 

stratigraphic congruence indices (e.g., Siddall, 1996; Pol et al., 2004; O’Connor et al., 

2011). Here, we investigate the effects of tree balance, as well as the number and 

distribution of different stratigraphic intervals on all five commonly implemented 

indices (SCI, MSM*, GER, GERt and GER*).  
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In the first set of simulations, we investigated the effects of the distribution of 

origination dates in the simple, eight taxon case using three scenarios: origins equally 

spaced through time (e.g., two terminals at each of 0, 10, 20 and 30 units), origins 

clustered in older strata (bottom-heavy: two terminals at each of 0, 28, 29 and 30 

units) and origins clustered in younger strata (top-heavy: two terminals at each of 0, 1, 

2 and 30 units). We simultaneously explored the effects of tree balance by mapping 

these distributions onto either a fully pectinate or a fully balanced topology. These 

combinations yielded six possible variants (Table 1). For each scenario, stratigraphic 

range data were randomly assigned to the terminals 5,000 times and the distributions 

of all indices were inferred. GERt and GER* values were each themselves estimated 

using 1,000 replications.  

Table 1. Simulations of 8 taxa.  
 

Test Tree topology Distribution of stratigraphic dates 

1 Fully balanced Symmetrical – dates regularly spaced 
2 terminals at each of 0, 10, 20, 30 intervals  

2 Fully balanced Bottom-heavy – most taxa appearing closest to the oldest origin 
2 terminals at each of 0, 28, 29, 30 intervals 

3 Fully balanced Top-heavy – most taxa appearing closest to the youngest origin 
2 terminals at each of 0, 1, 2, 30 intervals 

4 Fully pectinate Symmetrical – dates regularly spaced 
2 terminals at each of 0, 10, 20, 30 intervals  

5 Fully pectinate Bottom-heavy – most taxa appearing closest to the oldest origin 
2 terminals at each of 0, 28, 29, 30 intervals 

6 Fully pectinate Top-heavy – most taxa appearing closest to the youngest origin 
2 terminals at each of 0, 1, 2, 30 intervals 

 

The second set of simulations concerned the much larger, 64 taxon case. In addition to 

exploring whether tree size per se influenced the five indices (by comparison with the 

results of the previous eight taxon case), we also investigated whether the number and 

distribution of stratigraphic dates influenced the distribution of index values. Each 

number of different stratigraphic intervals (4, 8, 16, 32 and 64) were distributed in 

three ways (regularly through time, top-heavy and bottom-heavy), each of which was 

optimized onto two 64-terminal topologies (perfectly balanced and perfectly pectinate) 

(Table 2). This yielded a total of 30 different scenarios. Distributions of indices were 

inferred from 5,000 random permutations of stratigraphic data across each tree, and all 

GERt and GER* indices themselves were inferred using 1,000 replications.  
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Table 2. Simulations of 64 taxa. There are 128 stratigraphic intervals in total. 
 

Test Tree 
topology 

Number of 
different 

stratigraphic dates 
Distribution of stratigraphic dates 

1 Fully 
balanced 4 

Symmetrical – 16 terminals at each of 4 evenly spaced intervals 
Bottom-heavy – 16 terminals at each of 3 oldest intervals and 1 
terminal at the youngest interval 
Top-heavy – 16 terminals at each of 3 youngest intervals and 1 
terminal at the oldest interval 

2 Fully 
balanced 8 

Symmetrical – 8 terminals at each of 8 evenly spaced intervals 
Bottom-heavy – 8 terminals at each of 7 oldest intervals and 1 
terminal at the youngest interval 
Top-heavy – 8 terminals at each of 7 youngest intervals and 1 
terminal at the oldest interval 

3 Fully 
balanced 16 

Symmetrical – 4 terminals at each of 16 evenly spaced intervals 
Bottom-heavy – 4 terminals at each of 15 oldest intervals and 1 
terminal at the youngest interval 
Top-heavy – 4 terminals at each of 15 youngest intervals and 1 
terminal at the oldest interval 

4 Fully 
balanced 32 

Symmetrical – 2 terminals at each of 32 evenly spaced intervals 
Bottom-heavy – 2 terminals at each of 31 oldest intervals and 1 
terminal at the youngest interval 
Top-heavy – 2 terminals at each of 31 youngest intervals and 1 
terminal at the oldest interval 

5 Fully 
balanced 64 

Symmetrical – 1 terminal at every 2nd interval 
Bottom-heavy – 1 terminal at each of 63 oldest intervals and 1 
terminal at the youngest interval 
Top-heavy – 1 terminal at each of 63 youngest intervals and 1 
terminal at the oldest interval 

6 Fully 
pectinate 4 

Symmetrical – 16 terminals at each of 4 evenly spaced intervals 
Bottom-heavy – 16 terminals at each of 3 oldest intervals and 1 
terminal at the youngest interval 
Top-heavy – 16 terminals at each of 3 youngest intervals and 1 
terminal at the oldest interval 

7 Fully 
pectinate 8 

Symmetrical – 8 terminals at each of 8 evenly spaced intervals 
Bottom-heavy – 8 terminals at each of 7 oldest intervals and 1 
terminal at the youngest interval 
Top-heavy – 8 terminals at each of 7 youngest intervals and 1 
terminal at the oldest interval 

8 Fully 
pectinate 16 

Symmetrical – 4 terminals at each of 16 evenly spaced intervals 
Bottom-heavy – 4 terminals at each of 15 oldest intervals and 1 
terminal at the youngest interval 
Top-heavy – 4 terminals at each of 15 youngest intervals and 1 
terminal at the oldest interval 

9 Fully 
pectinate 32 

Symmetrical – 2 terminals at each of 32 evenly spaced intervals 
Bottom-heavy – 2 terminals at each of 31 oldest intervals and 1 
terminal at the youngest interval 
Top-heavy – 2 terminals at each of 31 youngest intervals and 1 
terminal at the oldest interval 

10 Fully 
pectinate 64 

Symmetrical – 1 terminal at every 2nd interval 
Bottom-heavy – 1 terminal at each of 63 oldest intervals and 1 
terminal at the youngest interval 
Top-heavy – 1 terminal at each of 63 youngest intervals and 1 
terminal at the oldest interval 
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The empirical data set 

Our empirical sample comprised 657 published cladograms and their associated 

stratigraphic data (after O’Connor et al., 2011) (Appendix I, Table A1 and Appendix 

II). The resulting compilation contained trees for a wide range of animal and plant 

groups, sampled at various taxonomic levels, and spanning the entire Phanerozoic. 

Three principal sources were used to assemble data on the first and last occurrences of 

terminals: the Paleobiology database (http://paleodb.org), The Fossil Record 2 

(Benton, 1993) and Sepkoski’s online genus database (Sepkoski, 2002). These were 

augmented with data from the primary publications (those containing the trees) where 

appropriate. Stratigraphic ranges were coded to the nearest of 77 series and stages after 

Benton et al. (2000). All stage names were reconciled with international stratigraphic 

standards using the International Stratigraphic Chart (Remane and Ogg, 2009), The 

Geologic Timescale 2004 (Gradstein et al., 2004) and the GeoWhen database 

(http://www.stratigraphy.org/bak/geowhen/index.html) (Appendix I, Table A2). All 

stratigraphic indices and other data set parameters were calculated using a modified 

version of Ghosts 2.3 (Wills, 1999; Wills, 2007; Wills et al., 2008). The simulations 

were performed on the University of Bath's High Performance Computing Facility 

with a modified version of the Ghosts program.  

 

Independent variables 

This paper explores how a number of independent variables influence five 

stratigraphic indices (SCI, MSM*, GER, GERt and GER*) and whether there are 

differences in the median value of each stratigraphic index for trees from different 

geological periods and for trees from different taxonomic groups. We incorporate 

parameters that have been investigated previously (justified either logically or 

empirically), to which we have added a number of other independent variables that we 

believe may be influential. We do not use the same twelve parameters that we used in 

chapter one; mean gap size, gap standard deviation and range centre of gravity are no 

longer included for reasons explained below. In addition, we have also removed the 

number of different stratigraphic intervals (that taxa in a cladogram are contained 

within) as one of our independent variables. This parameter was not found to be an 

influential or a significant parameter in any of the analyses of chapter one.  
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Variables intrinsic to the tree topology 

1. The number of taxa (number of terminals) within the tree.  

2. Tree balance (calculated using Heard’s index of imbalance (Im), where a value 

of 0.0 signifies a perfectly balanced tree and a value of 1.0 signifies a completely 

pectinate tree (Heard, 1992). 

Variables intrinsic to the nature and distribution of stratigraphic data 

3. The mean age of origination of terminals in the tree was used as a proxy for 

its overall age. This parameter was removed from consideration when we 

examined how indices varied through time. 

4. The range of origination dates of terminals was used as a proxy for the 

duration of that portion of the tree relevant for calculating congruence. All five 

of the indices investigated here use only first occurrence dates. As such, they 

differ from the RCI (not considered here), which also utilizes last occurrences. 

Several studies suggest that trees with a wider range of originations tend to be 

more stratigraphically congruent than those with a narrower range (Benton and 

Storrs, 1994; Hitchin and Benton, 1997; Benton et al., 1999; Wills, 1999). 

5. The centre of gravity of origination dates of terminals (CG) was used as an 

index of whether first occurrence dates were more common near that of the 

oldest terminal (bottom-heavy: CG < 0.5), that of the youngest terminal (top-

heavy: CG > 0.5), or neither (CG = 0.5). Its was calculated using the formula of 

Gould et al. (1987):  

€ 

CG =

Niti
i=1

n

∑

Ni
i=1

n

∑
 

where Ni is the number of observed originations in the ith interval, and ti is the 

age of the ith interval. Using the centre of gravity of originations also makes this 

parameter comparable to that used in the simulations. We use the centre of 

gravity of origination dates rather than the range centre of gravity, as we used 

previously. We noted in chapter one that when calculating the range centre of 
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gravity, extant clades will have their ranges truncated by the Recent for some 

fraction of their constituent taxa, which in turn tends to artificially raise the 

centre of gravity.   

6. The gap variability is defined as the mean difference between all gap sizes and 

the mean gap size in a tree, scaled by the mean difference between 

chronologically successive first occurrence dates. This latter scaling is 

equivalent to the mean gap size that would be reported for the most congruent 

arrangement of taxa on a fully bifurcating, pectinate tree (that giving Gmin). Gap 

variability does not depend on the absolute size of gaps, but rather on the 

constancy or regularity of gap sizes. In chapter one we used both the mean gap 

size and the gap standard deviation as two of our independent variables, but we 

noted that for a given tree, longer ghost ranges could result in poorer 

stratigraphic congruence. However, across a sample of trees, having longer ghost 

ranges should not mean that trees necessarily have lower congruence (unless 

there is an additional effect of duration per se). We therefore sought a ‘gap’ 

measure that reported the regularity of gaps in a data set, so that data sets with 

very different mean, standard deviation and range of gaps, but similar regularity 

of gaps would give the same value for this parameter.  

Variables relating to the proportions of fossil and Recent taxa sampled 

7. The percentage of taxa with no known fossil record (i.e., those only known 

from living specimens). Taxa with no fossil record may subtend long ghost 

ranges between themselves and their nearest fossil relatives, thereby depressing 

congruence.  

8. The percentage of extant taxa. Taxa that occur in the Recent (Wills, 2007) may 

or may not also have a fossil record (as above). 

Variables intrinsic to the taxon sample 

9. Taxonomic rank of terminals (Benton et al., 1999). We coded six categories 

for the taxonomic rank of terminals: species, genus, family, order, class, and 

phylum or above. Super and sub ranks were subsumed into the rank to which 

they referred (e.g., subfamilies and superfamilies were all referred to families). 

Where trees contained terminals with a mixture of ranks, the median value was 
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recorded. Thereafter, the rank code for each tree was treated as categorical and 

unordered.  

10. Taxonomic group. We recognized six categories (arthropods, echinoderms, 

fishes, molluscs, plants, and tetrapods) in a categorical, unordered variable. All 

of the trees in our sample fitted squarely within this system. Previous studies 

have shown that congruence levels vary significantly across higher taxa (Benton 

and Hitchin, 1996, 1997; Benton et al., 1999; Wills, 2001). This parameter was 

removed from consideration when we examined how indices varied across 

higher taxa. 

 

Statistical analysis 

All statistical analyses were carried out using R, version 2.15.2 (R Core Team, 

2012). Neither the GERt nor the GER* had distributions that were even approximately 

normal. Standard transformations improved these distributions very little, such that the 

residuals from exploratory multiple regression models were unfavorably distributed. 

We therefore used generalized linear modeling (GLM) for all subsequent analyses. 

GLMs allow us to fit models to data that do not follow a normal distribution, but 

follow a distribution from the exponential family, such as the Poisson, Binomial or 

Gamma probability distributions (Faraway, 2006). We used a Gamma distribution for 

both the GERt and GER* models and a normal distribution for the GER, MSM* and 

SCI models. Model reduction was implemented stepwise using Akaike’s information 

criterion (AIC) to choose the model with the ‘best fit’ (lowest AIC value and highest 

information content) (Akaike, 1974). Initially we ran our models without interaction 

terms, but we repeated the modeling with interaction terms included, for comparison 

with the results of the GER from the first chapter and to determine the extent of 

interactions in the minimum adequate models. We used regression trees to determine 

which interactions to include in our initial models, using the same methods described 

in chapter one. The data were modeled in three different ways (1-3 below), with each 

of the five stratigraphic indices as the dependent variable (fifteen GLMs in total).  

1. All independent variables included. This model was used to determine the effect 

of all of the variables on each stratigraphic index. 

2. All independent variables included, except for the mean age of origin (used to 
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assign a tree to one of the twelve geological time periods). This model was used 

to examine the residual trend in index by geological period. 

3. All independent variables included, except for taxonomic group. This model was 

used to examine the residual stratigraphic index partitioned by taxonomic group.  

 

The goodness of fit of a linear model to its underlying data is given by the 

adjusted r2. However, this is not applicable to generalized linear models (GLMs), 

where instead it is usual to report the ‘proportion of deviance explained’ (which can be 

regarded as a generalization of r2; Faraway, 2006). To determine whether any of the 

observed differences through time or across taxonomic groups were significant, we 

implemented Kruskal-Wallis and subsequent post-hoc tests (Nemenyi-Damico-Wolfe-

Dunn test (Hollander and Wolfe, 1999)).  

In addition to the GLM, we used a random forests approach to rank the most 

significant and influential independent variables (Breiman, 2001). These utilised 

various resampling protocols to yield forests of binary decision trees. These methods 

were described in detail in the first chapter (see also O’Connor et al. (2011).  

 

Results 

Simulations 

Simulations of 8 taxa with 4 different dates of origin 

 There were differences in the distributions of all stratigraphic indices when 

permuted stratigraphic data were optimised onto pectinate versus balanced trees. In 

simulations with regularly spaced originations, this was most marked for the SCI 

(Figs. 3 and 4). The SCI had a much narrower range of values (0.5 – 0.833) and higher 

median (0.667) on the balanced topology than on its pectinate counterpart (0 – 0.833 

and 0.333 respectively). The median SCI on the balanced topology was not 0.5 

because not all origination dates were different (there are pairs of values); as predicted 

by O’Connor et al. (2011). The difference in the GER (Figs. 5 and 6) for the balanced 

and pectinate topologies (regularly spaced originations) was also quite marked, with 

the balanced tree again having a narrower range of values (0.220 – 0.890) and higher 

median (0.329) than the pectinate one (0 – 0.890 and 0.110 respectively). Both the 
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GERt and GER* (Figs. 5 and 6) maintained almost the same range on pectinate and 

balanced trees (0.000 – 1.000 by definition). Median GERt values were reasonably 

similar (0.110 and 0.164 on pectinate and balanced trees respectively) while there 

were greater differences for the GER* (0.463 and 0.154 respectively). The 

distributions of GERt and GER* values also differed on pectinate and balanced trees. 

The MSM* (Figs. 3 and 4) was the least obviously affected by the balance of the 

topology (especially for regularly spaced intervals). The balanced topology had a 

higher median (0.329) then the pectinate topology (0.277), reflecting a similar 

difference in the ranges (0.304 – 0.757 for balanced and 0.255 – 0.757 for pectinate 

topologies).  

Not all of the indices behaved differently when stratigraphic dates were regularly 

spaced, bottom-heavy or top-heavy. The SCI was not affected at all; nodes were either 

congruent or incongruent, and the extent of age differences had no bearing. 

Differences in the GER were much more pronounced on the completely balanced 

topology than on the pectinate one. On the balanced tree, the top-heavy distribution 

gave the smallest range of values (0.388 – 0.806) and the highest median (0.403), 

while the bottom-heavy distribution gave the largest range (0.059 – 0.971) and the 

lowest median (0.088).  The GERt served to normalise the ranges, while the GER* 

distributions for the three stratigraphic distributions were scarcely distinguishable. On 

the pectinate topology, the distribution of all three GER based indices were very 

strongly positively skewed, and closely similar across all three conformations of range 

data.  For the balanced topology, the MSM* had the lowest range (0.255 – 0.519) and 

median (0.259) on the top-heavy distribution and the highest range (0.467 – 0.966) and 

median (0.475) on the bottom-heavy distribution (the opposite pattern from the GER). 

These MSM* distributions were similar on the pectinate tree, although the top-heavy 

conformation of dates had a higher range of values and higher maximum indices 

overall.  
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Figure 3. Distribution of SCI and MSM* values for 8 taxa for balanced topologies with 3 different 
distributions of 4 dates. Frequency on y-axis, index values on x-axis.  

 

 

Figure 4. Distribution of SCI and MSM* values for 8 taxa for pectinate topologies with 3 different 
distributions of 4 dates. Frequency on y-axis, index values on x-axis.  
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Figure 5. Distribution of GER, GERt and GER* values for 8 taxa for balanced topologies with 3 
different distributions of 4 dates. Frequency on y-axis, index values on x-axis. 
  

 
Figure 6. Distribution of GER, GERt and GER* values for 8 taxa for pectinate topologies with 3 
different distributions of 4 dates. Frequency on y-axis, index values on x-axis.  
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Simulations of 64 taxa with different numbers of origination dates 

Of all the indices investigated, the GER* was the least influenced by any of the 

potentially biasing parameters, including the number of different dates of origination. 

Its median value was close to 0.5 in all simulations for both top and bottom-heavy 

distributions of origination dates on both balanced and pectinate trees (Figs. 7 and 8). 

As above, the tendency of the GER* to a median value of 0.5 is desirable for randomly 

permuted data that should have congruence neither significantly better nor worse than 

expected. 

The MSM* was somewhat more susceptible to biases than the GER*, and had 

much lower median values overall. With regularly spaced intervals, the MSM* showed 

no variation with the number of originations on either the balanced or the pectinate 

tree, with a median close to 0.04 (Figs. 7 and 8). On the balanced tree, median values 

showed a slightly convex distribution with the bottom-heavy dates, and a slight 

increase up to 32 different origination points for the top-heavy dates. On the pectinate, 

bottom-heavy tree, median values were also slightly convex, while no trend was 

apparent for the top-heavy distribution.  

All of the other indices (GER, GERt and SCI) showed large and significant 

differences over all parameters (Figs. 7 and 8). As a general observation, median 

values tended to be lower for a given combination of parameters on the pectinate trees 

than on their balanced counterparts. The GER and GERt showed a variable pattern 

depending upon the distribution (top or bottom-heavy) of origination dates and tree 

topology. On the pectinate tree, both indices showed increasing medians with 

increasing numbers of origination dates, although GERt values were higher than GER 

values (and the size of the differential increased). On the balanced tree with regularly 

spaced originations, the number of origination dates made little difference to either the 

GER or GERt.  On the balanced tree with a bottom-heavy distribution of originations, 

both indices decreased from 4 to 8 different dates, but increased thereafter. With a top-

heavy distribution of originations, results for the GER and GERt were markedly 

different; the former increasing up to 32 different dates and the latter decreasing up to 

this point and increasing thereafter.  

The median SCI became progressively more depressed as the number of 

different origination dates increased. On the balanced, 64 terminal topology, it tended 
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towards the theoretical value of 0.50 as the number of origination dates increased up to 

64 (where all values were 0.5 by definition). As noted above, the SCI was entirely 

indifferent to the top or bottom heaviness of origination dates. On balanced topologies, 

the median SCI also followed a decreasing trajectory with increasing numbers of 

origination dates. All median points were nearly 0.5 lower on the pectinate topologies 

than on their balanced counterparts, tending to a median close to 0.0 in the 64 date 

cases.  

 
Figure 7. Distribution of stratigraphic index values for 64 taxa with 4, 8, 16, 32 and 64 different dates 
of origination for 3 different distributions of dates for balanced topologies.  
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Figure 8. Distribution of stratigraphic index values for 64 taxa with 4, 8, 16, 32 and 64 different dates 
of origination for 3 different distributions of dates for pectinate topologies.  

 

Empirical analyses 

Congruence indices modelled with respect to all variables 

Each of the five congruence indices (GER, GERt, GER*, MSM* and SCI) were 

modelled linearly (GLMs) with respect to all 10 of the original, potentially biasing 

variables (with and without interaction terms). The minimum adequate models without 

interactions had between 2 and 7 significant parameters, whereas the models with 

interactions had between 2 and 9 significant parameters (P < 0.05) (Tables 3 and 4). 

Both sets of models showed broadly similar results, although some parameters that 

were significant on their own in the first set (without interactions) were only 

significant as part of an interaction in the second set (with interactions). All of the 

indices were strongly and significantly affected by two factors: the centre of gravity of 

origins (only as part of an interaction for the SCI and MSM*) and the percentage of 

extant taxa in the tree (only as part of an interaction for the GER*). All indices were 

negatively correlated with the percentage of extant taxa; trees with few extant 

terminals tended to have higher congruence than those with a large proportion of 



75   

living representatives (Fig. 9). For the GER and its derivatives, trees with a high centre 

of gravity of origination dates (i.e., top-heavy: origination centre of gravity nearest to 

the youngest ages of origination) had slightly lower congruence than trees with a 

lower centre of gravity (Fig. 10). The MSM* had the opposite relationship with the 

centre of gravity of origins, while the SCI showed a slight convex relationship. The 

taxonomic rank of the tree was not a significant factor in any of the minimum 

adequate models. Tree balance (i.e., Heard’s index), gap variability, and taxonomic 

group were only significant for the MSM*. The number of taxa was significant for 

both the MSM* and the GERt and in the GER* model including interactions.   

 

Table 3. Significance of parameters in minimum adequate models (all parameters included, but 
interaction terms excluded in initial models). No shading = significant parameter (P value < 0.05 
shown); hatched shading = non-significant parameter (P value > 0.05 not shown); black shading implies 
parameter not included in final model.  

Parameter SCI MSM* GER GERt GER* 

Number of taxa  < 2.0e-16  6.1e-05  

Heard’s index  2.1e-04    

Mean of origins      

Range of origins  1.4e-08 1.9e-03 2.4e-02 

 

 

Taxonomic rank      

Taxonomic group    

 

  

 Percentage no fossils  8.9e-07 7.3e-06 6.5e-06 

 

1.3e-03 

Percentage extant taxa 3.4e-12 7.7e-07 3.7e-08 2.3e-10 3.2e-07 

 Origins centre of gravity 3.0e-02 1.5e-03 < 2.0e-16 < 2.0e-16 1.8e-05 

Gap variability  1.3e-02    

Proportion of deviance explained (%) 14.2 58.4 31.0 32.3 10.1 
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Table 4. Significance of parameters in minimum adequate models (all parameters and interaction 
terms included in initial models). No shading = significant parameter (P value < 0.05 shown); hatched 
shading = non-significant parameter (P value > 0.05 not shown); black shading implies parameter not 
included in final model.  

Parameter SCI MSM* GER GERt GER* 

Number of taxa    5.6e-05 9.4e-03 

Heard’s index  2.7e-04    

Mean of origins      

Range of origins  1.8e-07 1.5e-02  4.1e-02 

Taxonomic rank      

Taxonomic group  1.3e-02  

 

  

 Percentage no fossils  3.8e-07 6.4e-06 1.9e-05 7.6e-03 

Percentage extant taxa 1.3e-05 7.6e-09 6.4e-08 1.5e-07  

Origins centre of gravity   1.2e-15 2.7e-05 6.6e-05 

Gap variability  4.4e-03    

Proportion of deviance explained (%) 14.9 60.4 31.4 33.0 10.7 

Significant interaction parameters included in minimum adequate models 

Percentage extant taxa : Origins centre of 
gravity  

1.7e-02    1.1e-02 

Origins centre of gravity : Gap variability  2.3e-02    

Number of taxa : Gap variability  1.7e-03    

Number of taxa : Origins centre of 
gravity : Gap variability   2.4e-02    

Mean of origins : Origins centre of 
gravity   3.6e-02   

Mean of origins : Origins centre of 
gravity : Range of origins    3.2e-02  
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Figure 9. Pairwise correlations of the percentage of extant taxa and each of the indices (GER*, GER, 
SCI, GERt and MSM*). Kendall’s tau τ coefficients and P values are shown in panels below the 
diagonal.  
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Figure 10. Pairwise correlations of the origins centre of gravity and each of the indices (GER*, GER, 
SCI, GERt and MSM*). Kendall’s tau τ coefficients and P values are shown in panels below the 
diagonal.  

 

Similar to the minimum adequate models, the random forest analyses including 

all variables highlighted the centre of gravity of origination dates (i.e., whether 

originations were top or bottom-heavy) as the most influential variable affecting the 

GER and its derivatives (see Table 5), and the second most important variable for the 

SCI and MSM*. The percentage of extant taxa in the tree had the greatest influence on 

the SCI. For the MSM*, the most influential variable was the number of taxa.  
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Table 5. Random forest variable importance results summary (1 indicates highest importance, 10 
indicates lowest importance). 

Parameter SCI MSM* GER GERt GER* 

Number of taxa 7 1 9 8 7 

Heard’s index  4 4 6 9 8 

Mean of origins 3 5 3 4 2 

Range of origins  6 7 2 2 3 

Taxonomic rank 9 10 10 10 10 

Taxonomic group  8 6 4 3 6 

Percentage no fossils 10 9 8 7 9 

Percentage extant taxa  1 8 7 5 4 

Origins centre of gravity 2 2 1 1 1 

Gap variability 5 3 5 6 5 

 

Taxonomic group omitted from analyses   

Taxonomic group was omitted as an independent variable in order to explore 

variation in residual congruence indices across taxa. The minimum adequate models 

for all five indices were closely similar to those derived with the initial inclusion of all 

variables (as above) when interactions were included or excluded (Table 6, 

interactions table not shown). The random forest results were also closely similar, 

albeit omitting taxonomic group (not shown). Plots of median index values for 

taxonomic groups (Fig. 11) demonstrated that arthropods have the lowest (worst) 

median GER, GERt and GER*, followed by plants and molluscs. Plants had the lowest 

median SCI, followed by molluscs. Molluscs had the lowest median MSM*, followed 

by arthropods. Overall arthropods, plants and molluscs had lower median index values 

than tetrapods and echinoderms. There were significant differences in all index values 

between groups, as shown by Kruskal-Wallis χ2 values (Table 7). The significant 

differences were mainly those between arthropods and other taxa, echinoderms and 

other taxa, and between tetrapods and other taxa (Appendix I, Table A4). Residual 

differences were less marked between groups for all indices (Appendix I, Table A5).  
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Table 6. Significance of parameters in minimum adequate models (taxonomic group and interaction 
terms excluded from initial models). No shading = significant parameter (P value < 0.05 shown); 
hatched shading = non-significant parameter (P value > 0.05 not shown); black shading implies 
parameter not included in final model.  

Parameter SCI MSM* GER GERt GER* 

Number of taxa  < 2.0e-16  6.0e-05 1.1e-03 

Heard’s index  4.8e-05    

Mean of origins   3.9e-02 3.6e-02  

Range of origins 2.4e-02 7.3e-04    

Taxonomic rank      

Percentage no fossils  1.1e-06 5.1e-08 4.9e-09 5.3e-04 

Percentage extant taxa 1.4e-09 1.8e-10 5.1e-13 1.5e-15 6.1e-10 

Origins centre of gravity  1.6e-04 < 2.0e-16 < 2.0e-16 7.4e-06 

Gap variability  2.1e-02    

Proportion of deviance explained (%) 12.1 55.2 26.2 28.0 9.7 

 

 

Figure 11. Variation in the median index and residual values across taxonomic groups. For each box, 
the median value is indicated by a black horizontal bar, the shaded area represents upper and lower 
quartiles and the dashed lines connect to the most eccentric points within 1.5 interquartile ranges of the 
median. Outliers are shown as circles.  

0.0

0.5

1.0

GER

-0.9

0.0

0.9

0.0

0.5

1.0

GERt

-0.9

0.0

0.9

0.0

0.5

1.0

GER*

-0.9

0.0

0.9

0.0

0.5

1.0

SCI

-0.9

0.0

0.9

A
rth
ro
po
ds

E
ch
in
od
er
m
s

Fi
sh
es

M
ol
lu
sc
s

P
la
nt
s

Te
tra
po
ds

0.0

0.5

1.0

MSM*

A
rth
ro
po
ds

E
ch
in
od
er
m
s

Fi
sh
es

M
ol
lu
sc
s

P
la
nt
s

Te
tra
po
ds

-0.9

0.0

0.9

Raw values                                      Residual values



81   

Table 7. Kruskal-Wallis χ2 values.  

Parameter χ2 p-value Parameter χ2 p-value 

SCI 45.4 1.2e-08 SCI residuals 20.6 9.7e-04 

MSM* 124.7 < 2.2e-16 MSM* residuals 36.7 6.9e-07 

GER 91.4 < 2.2e-16 GER residuals 28.5 2.8e-05 

GERt 94.4 < 2.2e-16 GERt residuals 26.7 6.6e-05 

GER* 80.0 8.4e-16 GER* residuals 17.0 4.5e-03 

 

All of the independent variables vary significantly between taxonomic groups 

(Kruskal-Wallis, all values of P < 3.1E-12) (Fig. 12). Nemenyi-Damico-Wolfe-Dunn 

post-hoc tests showed differences in gap variability, Heard’s index and number of taxa 

mainly between molluscs and other groups. Both arthropods and molluscs have an 

extremely high percentage of extant taxa and a slightly higher percentage of taxa with 

no fossil record in their trees, both of which are significantly different from all the 

other groups. The origins centre of gravity is significantly different between all groups 

apart from arthropods and echinoderms, arthropods and fishes and echinoderms and 

fishes. Unsurprisingly, mean and range of origins vary significantly between groups; 

some groups have genuinely older clades than others. 
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Figure 12. Variation in 8 of the independent variables across taxonomic groups. For each box, the 
median value is indicated by a black horizontal bar, the shaded area represents upper and lower quartiles 
and the dashed lines connect to the most eccentric points within 1.5 interquartile ranges of the median. 
Outliers are shown as circles.  
 

 

Mean age of origin omitted from analyses 

The analysis omitting the mean age of origin enabled us to explore patterns of 

residual congruence through time (Fig. 13). The minimum adequate GLMs with and 

without interactions (Table 8, interactions not shown) and random forest results (not 

shown) were closely similar to those from the analysis including all independent 

variables. Median values for each index were plotted according to mean origination 

date, binned into geological periods. Although the five indices showed patterns 

throughout the Phanerozoic that differed in detail, the overall trends were similar. All 

recorded a decline in stratigraphic congruence from the Permian to the Recent and an 

increase in congruence from the Cambrian to the Ordovician (to the Silurian in the 

G
ap

 v
ar

ia
bi

lit
y

0.0

0.2

0.4

0.6

O
rig

in
s 

ce
nt

re
 o

f g
ra

vi
ty

0.0

0.5

1.0

H
ea

rd
's

 in
de

x

0.0

0.5

1.0

N
um

be
r o

f t
ax

a

0

30

60

90

M
ea

n 
of

 o
rig

in
s

0

20

40

60

80

R
an

ge
 o

f o
rig

in
s

0

20

40

60

80

A
rth
ro
po
ds

E
ch
in
od
er
m
s

Fi
sh
es

M
ol
lu
sc
s

P
la
nt
s

Te
tra
po
ds

%
 e

xt
an

t t
ax

a

0

25

50

75

100

A
rth
ro
po
ds

E
ch
in
od
er
m
s

Fi
sh
es

M
ol
lu
sc
s

P
la
nt
s

Te
tra
po
ds

%
 n

o 
fo

ss
ils

0

20

40

60

80



83   

case of the MSM*). The interval from the Silurian to the Permian showed a variety of 

patterns depending upon the index. Both the GER and GERt were initially stable, but 

then increased from the Carboniferous to the Permian, while the GER* increased 

steadily over the Silurian to the Permian. The SCI decreased from the Silurian to the 

Devonian but increased from the Devonian to the Permian, while the MSM* showed a 

large decrease from the Silurian to the Devonian followed by a small increase thence 

to the Permian. Many periods had significantly different median MSM* values when 

compared with other periods. However, none of the other cross-period comparisons 

were significantly different (Appendix I, Table A6). Residual differences were much 

less pronounced and none were significantly different for any of the indices. All of the 

independent variables vary significantly between taxonomic groups (Kruskal-Wallis, 

all values of P < 5.2E-05) (Fig. 14).  

Table 8. Significance of parameters in minimum adequate models (mean of origins and interaction 
terms excluded from initial models). No shading = significant parameter (P value < 0.05 shown); 
hatched shading = non-significant parameter (P value > 0.05 not shown); black shading implies 
parameter not included in final model.   

Parameter SCI MSM* GER GERt GER* 

Number of taxa  < 2.0e-16  6.1e-05  

Heard’s index  2.1e-04    

Range of origins  1.4e-08 1.9e-03 2.4e-02  

Taxonomic rank      

Taxonomic group      

Percentage no fossils  8.9e-07 7.3e-07 6.5e-06 1.3e-03 

Percentage extant taxa 8.1e-07 7.7e-07 3.7e-08 2.3e-10 3.2e-07 

Origins centre of gravity 3.4e-02 1.5e-03 < 2.0e-16 < 2.0e-16 1.8e-05 

Gap variability  
 

1.4e-02    

Proportion of deviance explained (%) 14.2 58.4 31.0 32.3 10.1 
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Figure 13. Variation in the median index and residual value through time. Trees are dated according to 
the mean age of origin of their constituent taxa. For each box the median value is indicated by a black 
horizontal bar, the shaded area represents upper and lower quartiles and the dashed lines connect to the 
most eccentric points within 1.5 interquartile ranges of the median. Outliers are shown as circles. 
Abbreviations: Ca, Cambrian; O, Ordovician; S, Silurian; D, Devonian; C, Carboniferous; P, Permian; 
Tr, Triassic; J, Jurassic; K, Cretaceous; Pg, Palaeogene; Ng, Neogene. 
 

 

Discussion 

Simulated data 

The SCI, GER and MSM* have been tested in simulation studies before (Siddall, 

1998; Pol et al., 2004), but not the GERt or GER*. Moreover, we have investigated a 

factor not previously explored for any other index, namely the centre of gravity of 

origination dates. We note that while all five indices are notionally scaled between 

zero (least congruent) and one (most congruent), only the GER* and the GERt 
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expressed this full range of values irrespective of the tree topology or the distribution 

of origination dates. The range of median values for the MSM* was particularly small, 

with median values for all simulations between 0.21 and 0.47. This is to be expected 

given the manner in which it is scaled.  

 The SCI is the index most susceptible to biasing factors. In common with all 

previous simulations, we demonstrate a problematic sensitivity to tree balance. Siddall 

(1998) found that the SCI gave higher values for pectinate trees in comparison to 

balanced trees (regardless of the number of taxa or the number of ages of origination). 

Pol et al. (2004), by contrast, found the opposite pattern; higher SCI for balanced than 

pectinate trees. Our results concur with those of the latter authors, with the fully 

pectinate tree having a median SCI nearly 0.5 lower than the fully balanced tree for 

random stratigraphic data. However, like Siddall (1998), we also found a decrease in 

median SCI as the number of different ages of origination was increased. This is 

because where several dates were identical they could potentially be used to define the 

first occurrences of sister nodes. In such cases, both nodes can be deemed congruent. 

For example, in the 64 taxon case with just four origination dates, there were four 

groups of 16 identical origination dates. When the number of origination dates was 

increased to 64, no two dates were identical, meaning that for any given pair of sister 

nodes, one must be congruent and the other incongruent. It follows that all SCI values 

for the fully balanced trees must then be 0.50.   

The MSM* was relatively insensitive to differences in tree balance in our 

simulations, a similar result to that reported by Pol et al. (2004). The MSM* is 

equivalent to the consistency index of an irreversible character (minimum possible 

steps divided by the observed number of steps). As such, we would expect it to behave 

in a similar manner to the per character ci or the ensemble CI across all characters 

(Kluge and Farris 1969). The CI has no reported sensitivity to tree balance in 

simulations, nor can we find any theoretical reason for one. The MSM* also shows 

relative insensitivity to the number of different origination dates in our simulations; 

another finding of Pol et al. (2004). Pol et al. (2004) did not test the influence of the 

distribution of origination dates upon any of the indices. In our simulations, both the 

regularly-spaced and top-heavy concentrations of origination dates yielded the lowest 

and flattest responses as the number of different dates was varied (Figures 7 and 8). 

The bottom-heavy concentration of dates showed slightly higher median MSM* values 
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overall, with the highest median values at 16 dates in the 64 taxon case.  There is 

therefore some interaction between the number of different origination dates and the 

distribution of those dates for the MSM*.  Because the MSM* is usually calculated by 

harnessing parsimony algorithms within other software (e.g., MacClade), it is unusual 

to code more than a modest number of intervals, and there is little latitude for 

experimenting with the distribution of those intervals in simulations. Here, we have 

calculated it indirectly using ghost ranges inferred using the program Ghosts (Wills 

2008), allowing the index to be expressed over many more subtle stratigraphic 

gradations. 

 The GER showed a much wider range of potential values in simulations than 

either the SCI or the MSM*, although this difference relates partly to its scaling.  The 

GER showed considerable sensitivity to tree balance, but to nowhere near the same 

degree as the SCI.  The GER was also susceptible to the number of different 

originations, especially when these were not regularly spaced, and especially on 

balanced trees. There was therefore an interaction between tree balance and the 

number and distribution of different origination dates, all influencing the GER. Similar 

interactions appeared to plague the GERt, although it did not always respond in the 

same manner as the GER. In particular, on balanced trees with top-heavy originations, 

the median GERt values showed a concave pattern with increasing numbers of dates, 

while the median GER showed almost the inverse, convex pattern.  

Of all the indices investigated, the GER* was the least susceptible to the biasing 

factors that we investigated, whilst still maintaining a full range of response values 

(0.0 to 1.0 by definition). Median values for randomly permuted data were invariably 

very close to 0.50, irrespective of tree size and balance, or the number or distribution 

of origination dates. This is a desirable property; values of 0.5 can be interpreted as 

consistent with the random distribution of origination dates across the tree. Despite the 

uniformity of medians, precise GER* distributions differed, notably on balanced and 

imbalanced topologies.   

None of the indices tested was entirely impervious to the sources of bias 

investigated, but we advocate the use of the GER* as having the most stable and 

desirable properties under the widest range of conditions. We note here that although 

the GER* was originally derived by applying a randomisation procedure to the GER, 
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this latter index only has one variable term (the sum of ghost ranges or MIG) for a 

given set of stratigraphic ranges and a given topology. It follows that any index that 

incorporates the MIG (or its equivalent) as the only variable term will behave in an 

identical manner to the GER if subjected to a comparable randomisation procedure. 

Hence, both the MSM* and the RCI of Benton and Storrs (1994) would yield identical 

statistics to the GER* if used as the basis for a comparable randomisation test. We also 

note that the SCI is derived in a fundamentally different manner (nodal consistency) 

from the GER and MSM*. Huelsenbeck (1994) advocated the use of a randomisation 

procedure in order to test the significance of the SCI, but this is rarely applied or 

reported in practice. We note that it would be possible to modify the SCI (in a manner 

analogous to the GER) in order to yield a scaled SCI for a given topology (SCIt; 

comparable to the GERt) and a SCI* (comparable to the GER*) by comparison with 

the distribution of SCI values for permuted stratigraphic data.  

 

Empirical data 

The second part of the study investigated how each of the stratigraphic indices 

was affected by a number of potentially biasing parameters, using the empirical results 

from 657 real datasets. All of the models we analysed in Chapter 1 included 

interaction terms. In this study we used two sets of models; the first set included 

interactions and the second set excluded interactions. There were two reasons for 

doing this. Firstly, regression trees showed that there are potential interactions 

between a number of parameters in our models. Secondly, we wished to determine the 

extent and significance of these interactions in comparison to models which excluded 

them. We found that both sets of models were fundamentally similar. Models that 

included interactions explained a marginally higher proportion of deviance (Tables 5 

and 6). The parameters that were significant in models that excluded interactions were 

also significant in models that included interactions, although some of these 

parameters were only significant in interactions with another parameter. The 

interactions centered around parameters that were highly significant on their own in 

our models: origins centre of gravity, percentage of extant taxa and the number of taxa 

(for the MSM*). The origins centre of gravity and the percentage of extant taxa were 

both highly significant for all indices. Each of the indices was negatively correlated 

with the percentage of extant taxa in the tree (Fig. 9). This ‘pull of the Recent’ effect 
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(Jablonski et al., 2003) means that the stratigraphic ranges of Recent taxa (with no 

fossil record) tend to be extended back to their nearest fossil relatives, creating large 

implied ghost ranges and thereby depressing stratigraphic congruence (Wills, 1999). 

This is true of our sample of trees; arthropods had the highest proportion of taxa 

without a fossil record (median value = 13.1%) (Fig. 12) and the lowest congruence, 

while echinoderms, fishes and tetrapods the lowest proportion and the highest 

congruence.  

In contrast with the simulations, our empirical results only highlighted tree 

balance as a significant parameter for the MSM*. Its unimportance for the SCI is 

unexpected, particularly given the logical and necessary relationship between tree 

balance and the distribution of possible SCI values. The MSM* has a positive linear 

correlation with tree balance (Fig. 14), However, both the SCI and the GER show a 

strong concave curvilinear association with tree balance, even though they do not have 

a large correlation coefficient.  
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Figure 14. Pairwise correlations of the tree balance (as measured by Heard’s index) and each of the 
indices (GER*, GER, SCI, GERt and MSM*). Kendall’s tau τ coefficients and P values are shown in 
panels below the diagonal.  

 

Despite some differences in detail, all indices concurred that trees of arthropods 

have consistently low congruence, while tetrapods have consistently high congruence. 

The one exception to this is the MSM*, which showed low congruence for arthropods, 

but also for tetrapods. This may be a result of the relationship between the MSM* and 

the number of terminals in a tree. Our empirical results confirm the negative 

correlation between tree size and the MSM* (Fig. 15). This is expected because the 

MSM* is equivalent to the consistency index of an irreversible character, which is 

itself biased by the number of taxa, (Lelièvre et al., 2008). MSM* is negatively 

correlated with the number of taxa (as number of taxa increases, MSM* decreases; τ = 

-0.48, P < 2.2e-16) and positively correlated with tree balance, as measured by 
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Heard’s index (as Heard’s index increases moving from balanced to pectinate 

topology, MSM* also increases; τ = 0.34, P < 2.2e-16). These relationships have a 

bearing on the relatively poor MSM* values for arthropods, molluscs and tetrapods; 

these groups have the highest median number of taxa per cladogram (11 - 14), along 

with the lowest median values for Heard’s index of imbalance (all < 0.5, indicating 

more balanced trees). Echinoderms, fishes and plants have higher values (all > 0.5, 

more pectinate trees). Tree size was found to also be significant for the GERt and also 

to a lesser extent for the GER* (only when interactions were included in the model). 

We compared the GER models that included interactions with the results we 

obtained from the first chapter. The model in Chapter 1 with all parameters included 

(plus interactions) highlighted the number of taxa as a highly significant variable for 

the GER; we did not confirm this result with the current analyses. The only difference 

between the two analyses is that we used different independent variables in the 

models. The gap-related variables (mean gap size and gap standard deviation) both 

had a significant effect on the models in the first chapter, but we replaced them here 

with our new parameter ‘gap variability’, which was not found to be significant. As 

mentioned, gap variability was used instead of mean gap size and gap standard 

deviation, as it is not dependent on the size of gaps, but on the constancy of gaps, so 

we would not expect it to have a significant effect on the GER. When we removed 

both of the ‘old’ gap parameters from the models in chapter 1, we found that tree size 

was no longer a significant parameter.  
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Figure 15. Pairwise correlations of the tree size and each of the indices (GER*, GER, SCI, GERt 
and MSM*). Kendall’s tau τ coefficients and P values are shown in panels below the diagonal. 
 

There are many reasons why the congruence between phylogeny and 

stratigraphy can vary. It is well known that the quality of the fossil record differs 

greatly between taxa, and for a number of different reasons. All organisms do not have 

equal probabilities of preservation, particularly those that lack a mineralised skeleton, 

small-bodied forms, those from very small populations, and groups with narrow 

geographic ranges or limited to particular habitats (Kidwell and Holland, 2002; Smith 

and McGowan, 2011). Arthropods, plants and some mollusc groups have low 

preservation potentials, with many of these groups having a sparse fossil record 

(Niklas, 1988; Reid et al., 1996; Friedman and Cook, 2000; Brayard et al., 2010). 

Fossil collecting effort can also vary, with vertebrates (and dinosaurs, in particular) 

generating more interest than other groups. Extremely well-studied groups may 

therefore have better circumscribed first occurrence dates and higher overall 
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congruence (Benton et al., 1999; Wills et al., 2008). Cladograms for some groups are 

potentially less accurate than those of others – homoplasy has been reported as high in 

arthropods when compared to vertebrates (Wills, 2007) and this may also contribute to 

lower stratigraphic congruence. Both Wagner (2000) and Hoyal-Cuthill (2010) noted 

that the number of taxa in a data matrix is known to affect levels of homoplasy, 

increasing as the number of taxa increases. Again, this adds to our explanation that 

groups with higher numbers of taxa tend to have higher homoplasy, resulting in lower 

congruence, but it does not provide a complete explanation for the patterns we see our 

sample. Compared to other groups, arthropods, molluscs and plants have higher 

median numbers of taxa per cladogram and lower congruence. The exception to this 

rule is the tetrapods, which have the highest median number of taxa but also have high 

congruence. 

 Siddall (1998) observed that metrics designed to measure a particular 

phenomenon should be correlated with each other if they are each, in fact, 

appropriately sensitive to that phenomenon. For our empirical sample of trees, it is 

reassuring to report that these relationships hold relatively strongly (Fig. 16). 

However, we note that the MSM*, is more weakly correlated with all of the other 

indices (all Kendall’s rank correlation tau values ≥ 0.18 and ≤ 0.36, all P values < 

2.7e-12) than any of these indices correlate with each other.  
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Figure 16. Pairwise correlations of the GER*, GER, SCI, GERt and MSM*. Kendall’s tau τ coefficients 
and P values are shown in panels below the diagonal.  

 

The variation in congruence through time was broadly similar for all five indices 

examined, and comparable to patterns seen in previous studies (Wills, 2007; O’Connor 

et al., 2011). In general, congruence was higher throughout the Mesozoic in 

comparison to the Palaeozoic and Cenozoic, although the MSM* did not precisely 

follow this pattern. The variation in congruence throughout the Phanerozoic appeared 

to follow the taxonomic composition of our sample (Fig. 17). In the Cambrian, 56% of 

trees were arthropods (relatively low congruence) while 44% were echinoderms 

(relatively high congruence). By the Ordovician, only 26% of trees were of arthropods 

while 70% were of echinoderms. This was reflected by an increase in all indices of 

congruence from the Cambrian to the Ordovician (Fig. 13). Similarly, the proportion 

of tetrapods (high congruence) increased from 35% to 75% from the Carboniferous to 
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the Permian, which may account for the increase in congruence on all indices between 

these periods. While all indices (except the MSM*) indicate relatively high congruence 

from the Permian up to the Neogene, we do detect a small decline. Wills (2007) also 

observed this decline and attributed it, in part, to an increase in “gappiness” in the 

Neogene. This result is also consistent with the observation that congruence was 

depressed as the fraction of extant taxa in a tree increased (Fig. 9), coupled with the 

unsurprising observation that the percentage of extant taxa increased significantly 

towards the Recent (Fig. 18). Post-hoc tests also revealed that the percentage of taxa 

with no fossil record is significantly higher for trees in the Neogene compared to other 

time periods. Gap variability does not change to a great extent through our timeframe, 

but it is significantly different in a number of time periods (Palaeogene with Devonian 

and Jurassic), as is the number of taxa (Palaeogene with Carboniferous, Devonian, 

Jurassic and Silurian; Neogene with Carboniferous, Devonian, Jurassic and Silurian; 

Devonian with Cretaceous, Ordovician and Triassic). The mean of origins needs no 

explanation – obviously, the further back in time you go the older the mean origin of 

trees in that timeframe will be. One other point of interest is that the variation in 

origins centre of gravity shows the classic Gouldian clade diversity shape bias, with 

more bottom-heavy clades in the distant past and more top-heavy clades towards the 

Recent. Trees originating closer to the present typically have a shorter range of origins 

than older trees. However, trees in the Ordovician, Devonian, Permian and Triassic 

also show lower ranges of origination, whereas trees in the Silurian have the largest 

range of origins and theses differences are, for a large part, due to the composition of 

taxa during these time periods.   
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Figure 17. Taxonomic composition of our sample of 657 cladograms through the periods of the 
Phanerozoic. Trees are assigned to periods according to their mean origination date of their constituent 
taxa. Abbreviations: Ca, Cambrian; O, Ordovician; S, Silurian; D, Devonian; C, Carboniferous; P, 
Permian; Tr, Triassic; J, Jurassic; K, Cretaceous; Pg, Palaeogene; Ng, Neogene. 
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Figure 18. Variation in the median values of the independent variables through time. Trees are dated 
according to the mean age of origin of their constituent taxa. For each box the median value is indicated 
by a black horizontal bar, the shaded area represents upper and lower quartiles and the dashed lines 
connect to the most eccentric points within 1.5 interquartile ranges of the median. Outliers are shown as 
circles. Abbreviations: Ca, Cambrian; O, Ordovician; S, Silurian; D, Devonian; C, Carboniferous; P, 
Permian; Tr, Triassic; J, Jurassic; K, Cretaceous; Pg, Palaeogene; Ng, Neogene. 

 

Conclusions 

1. None of the published indices of congruence that we investigated (SCI, MSM*, 

GER, GERt and GER*) was entirely immune to the potential sources of bias that 

afflict empirical data sets. While all offer a guide to stratigraphic congruence, none 

can be applied uncritically, either to large samples of trees (e.g., when seeking 

temporal or taxonomic trends) (Benton et al., 2000; Wills, 2001; Wills, 2007) or to 

otherwise equally optimal trees from the same data set (e.g., when seeking to 

choose between them on ancillary criteria of stratigraphic congruence) 

(Huelsenbeck, 1994; Wills, 1998). For the first application, we advocate an 

empirical modelling approach to mitigate the worst systemic biases. For the latter, 

we advocate the use of those indices least biased by tree balance (MSM* and 
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GER*), since balance is the only variable parameter when all trees are the same 

size and mapped to the same distribution of first occurrence dates. The SCI is the 

least suitable index in this context, since it is the most theoretically constrained by 

tree balance.  

2. The GER* and the GERt were the only indices that had values over the whole 

permissible range (0.0 – 1.0: by definition) irrespective of topology or the 

distribution of stratigraphic dates. This makes their interpretation slightly more 

straightforward than the other indices, where ranges of possible values are 

variously constrained by tree balance and the distributions of first occurrence 

dates.  

3. Our simulations showed that the GER* was the index least sensitive to the number 

of different stratigraphic dates of origin, or to the manner in which these dates 

were distributed (in contrast to the GER and to a lesser extent the GERt). The 

GER* was also less sensitive to differences in tree topology than the GER and 

GERt. The MSM* was not unduly influenced by the number of different 

stratigraphic dates of origin, but was considerably biased by the distribution of 

those originations (top or bottom-heavy). Differences in tree topology had a much 

greater effect upon the MSM* than the GER*, although this partly reflected 

differences in scaling. The MSM* was sensitive to differences in tree size across 

our sample of empirical data sets, as was the GERt and the GER* to a lesser extent. 

The SCI was strongly influenced by tree balance and the number of different 

origination dates, but impervious to differences in the distributions of those dates 

(nodes either are or are not congruent). In our empirical sample, tree size had little 

effect upon the SCI.  

4. Across our empirical data set, all of the indices were highly sensitive to the centre 

of gravity of origins, as well as the percentage of extant taxa in the tree. Taxa with 

no fossil record tended to have larger ghost ranges extended back to their nearest 

fossil relatives, resulting in lower stratigraphic congruence.  

5. Stratigraphic congruence varies across higher taxa and throughout the 

Phanerozoic, but this is to be expected due to differences in fossil record and 

cladogram quality, and these differences are precisely what the indices are 

designed to measure. The variations in congruence through time appear to closely 

follow the taxonomic composition of our sample. Low congruence in groups such 

as arthropods is to some extent, due to their poor preservation potential and higher 
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homoplasy. Time periods where these groups constituted the majority of our 

sample showed lower congruence.  
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Abstract 

It is generally accepted that the choice of which taxa and/or characters to include 

in a data matrix can have a significant effect on the resulting inferred phylogeny. 

Although highly debated, maximising these two parameters has been shown, both 

empirically and in simulations, to improve the support and accuracy of phylogenetic 

estimations. In this study, we collected a large number of data matrices, covering both 

vertebrate and invertebrate groups, to investigate the effect of taxon removal on 

phylogenetic trees. Using a novel automated TNT script to implement continuous 

taxon jackknifing (CTJ), we investigated trends in the resulting CTJ curve shapes. 

These curves were determined from the distance between the tree resulting from the 

removal of jackknifed taxa and the original tree (with the jackknifed taxa pruned from 

it). A combination of principal components analysis and Procrustes superimposition 

were used to establish parameters responsible for the variation in CTJ curve shape 

space. Multivariate linear modeling was used to determine whether variables, such as 

the numbers of taxa and characters, the percentage of missing data and measures of 

homoplasy and support influence CTJ curve shape. CTJ curves are time-consuming to 

calculate, but homoplasy and support parameters are routinely reported alongside trees 

in publications. We examined whether any of these known parameters could be used 

as an indicator of potential sensitivity of a tree to taxon sampling. We found that 

vertebrates and invertebrates reacted in a similar way to taxon removal and this was 

generally the same across higher taxonomic groups. Interestingly, the height of the 

CTJ curve was highly correlated with measures of both homoplasy and support; trees 

with more homoplasy and lower support were found to be more sensitive to taxon 

removal. However, the centre of gravity (CG) of the CTJ curve seemed to provide an 

indication of the proportion of taxa that needed to be removed from a tree before it 

became sensitive to taxon sampling. It is suspected that the sampling intensity would 

be a good predictor of the CG of a CTJ curve and is recommended for further 

investigation. 
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Introduction  

The reconstruction of phylogeny underpins many areas of comparative 

biological research and forms the basis of biological classification (Rokas and Carroll, 

2005). Phylogenetic trees depict the evolutionary relationships between organisms and 

are important tools for organising our understanding of biological diversity. 

Phylogenies are constantly re-examined and updated as new data (new taxa and new 

characters) and new inferential methods become available. In order to use phylogenies 

to test evolutionary hypotheses it is important to have confidence in their accuracy and 

support (Felsenstein, 1985; Hillis and Bull, 1993; Efron et al., 1996; Rannala et al., 

1998).   

There is a vast array of data now available for use in phylogenetic analyses. 

However, the manner in which these data are selected and filtered can have a dramatic 

effect upon inferred relationships and branch lengths (Nylander, 2001) (a problem that 

extends to even the most data-rich phylogenomic analyses (von Reumont et al., 

2011)). One of the key factors affecting phylogenetic reconstruction is taxon sampling 

(Hillis, 1996, 1998; Graybeal, 1998; Poe, 1998a, 1998b; Rannala et al., 1998; Soltis et 

al., 1999; Pollock and Bruno, 2000; Zwickl and Hillis, 2002; Pollock et al., 2002; 

Hedtke et al., 2006; Wiens and Tiu, 2012). Augmenting a data set with additional taxa 

can radically alter the inferred relationships of all taxa (Cao et al., 1997; Philippe, 

1997). In the case of molecular data, the additional taxa may help break up long 

branches, which can improve the stability of the tree (Heath et al., 2008), but in some 

cases can actually add additional long branches (Kim, 1998), Therefore, while the 

addition of taxa can have an effect on the phylogeny, this is not necessarily a 

beneficial one (Mariadassou et al., 2012). All other things being equal, we might 

expect that a well-supported or less homoplastic tree would be affected by taxon 

sampling to a lesser degree than a poorly supported tree, or that removing a greater 

proportion of taxa from a tree would have a larger effect than removing a smaller 

proportion (Poe, 1998a). Another issue is whether or not to include taxa with large 

proportions of missing data. In simulation studies it has been shown that taxa with up 

to 90% missing data can still be placed accurately on a phylogeny, although the ability 

of such taxa to change relationships amongst more complete taxa is limited (Wiens, 

2003a, 2003b, 2004). This is particularly relevant when dealing with fossil taxa, which 

tend to have more missing data than their extant counterparts; some systematists 



102   

believe they should not be included at all (Patterson, 1981; Ax, 1987; Scotland et al., 

2003).  Cobbett et al. (2007) found no difference between the behaviour of fossils and 

extant taxa in the data sets they examined. Moreover, fossil taxa are able to increase 

congruence between molecular and morphological results, suggesting that their 

inclusion is important for phylogenetic accuracy (Wiens, 2004). Overall, the 

consensus is that denser taxon sampling improves the accuracy of the resulting 

phylogeny (but see Kim, 1996, 1998; Rosenberg and Kumar, 2003 for an alternative 

perspective).   

Despite the benefits of increasing the taxon sample, it is not always possible to 

do this for various reasons (not least the availability of material and data) such that 

incomplete taxon sampling is the rule (Poe, 1998a; Hovenkamp, 2006). Adding more 

taxa also makes the analysis much more computationally intensive; as more taxa are 

added, so the number of possible tree topologies increases exponentially. The 

increased processing power of standard workstations and the availability of high 

performance computing centres has vastly increased the tractability of much larger 

problems (Heath et al., 2008), but the ambition of many systematists has increased in 

parallel. Nevertheless, there are no clear guidelines or standards that enable a 

researcher to decide which taxa to include in any given analyses; taxon sampling is, in 

many cases, guided by intuition (Nabhan and Sarkar, 2012). Of course, we also have 

the option of adding more characters to our data sets, especially with the advances 

(and decreasing costs) of next-generation sequencing (Heath et al., 2008; Soon, 2013). 

However, it is not just a case of using as much data as is available; determining which 

combination of loci and/or morphological characters to sequence and code for which 

taxa remains problematic in any given study. This becomes evident when we compare 

trees generated from different types of data (morphological and molecular) and from 

different data sets (of the same data type) for the same group of organisms; conflicting 

topologies have been found in many instances (Quick and Belshaw, 1999; Lee 2005; 

Ketchum and Benson, 2010; Benson et al., 2012; Nery et al., 2012; Teeling et al., 

2013). When dealing with molecular data incongruent phylogenies can result from 

differences in the genes used in the analysis or the assumptions underlying character 

evolution (Rokas et al., 2003; Pollard et al., 2006; Belfiore et al., 2008; Edwards, 

2009). For example, careful consideration needs to be given to the choice of model of 

evolution; models can fail to accommodate large-scale heterogeneity across lineages 
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with respect to evolutionary rate variation (Morgan et al., 2013). The assumption that 

all bases are equally frequent when there is a significant CG bias in the sample can 

also cause problems, as CG-rich sequences have been shown to support erroneous 

phylogenies in comparison to AT-rich sequences (Gruber et al., 2007; Romiguier et 

al., 2013). Some genes contain more phylogenetic signal than others when used with 

particular taxonomic groups; srRNA (nuclear small-subunit ribosomal RNA) has 

proven useful in establishing the relationships of diverse prokaryotes and protists 

(Kumar and Rzhetsky, 1996), but not so for metazoans (Giribet, 2002). There can be 

significant differences in phylogenetic trees inferred using sequences that evolve at 

completely different rates, i.e., rapidly evolving versus slowly evolving gene 

sequences (Aguinaldo et al., 1997). Further problems can occur when concatenating 

multiple loci into a supermatrix using genes that have conflicting signals (Ane and 

Sanderson, 2005; Jeffroy et al., 2006; Degnan and Rosenberg, 2009; Nabhan and 

Sarkar, 2012). Taxon sampling can be further biased by the availability of relevant 

sequences in genetic databases (Rosenberg and Kumar, 2003).  

 Although evolutionary relationships are increasingly inferred from molecular 

data, in this chapter I am focussing solely on morphological data. Most extant species 

are initially described based on their morphology and extinct (mostly fossil) species 

are almost invariably known only from their morphology. To reconstruct an all-

encompassing “Tree of Life”, fossil taxa must be included along with extant taxa.  

Once we have selected taxa and generated a tree, we then need to determine how 

good our tree actually is. One of the problems with measuring the accuracy or quality 

of a phylogenetic tree is that (in empirical studies) we do not know the true 

relationships for a particular set of taxa. We are only able to measure how well the 

inferred tree fits the underlying data. There are various ways to evaluate a phylogeny. 

We can look at the properties of the characters in the tree and their consistency using 

descriptive measures such as the consistency index (ci) (Kluge and Farris, 1969) and 

the retention index (ri) (Farris, 1989a). Characters are deemed 100% consistent when 

they fit a particular cladogram perfectly, otherwise they are said to exhibit homoplasy. 

The minimum number of steps (character state changes) that are needed to explain the 

evolution of a trait is given by the number of character states minus one, which is the 

minimum number of steps required to explain the distribution of states without 

homoplasy (Hoyal-Cuthill, 2010). Virtually all data sets include some level of 
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homoplasy, which occurs whenever character states arise more than once on a given 

tree, something that we wish to minimise in cladistic analysis (Brandley et al., 2009). 

Large amounts of homoplasy can disrupt the accuracy of phylogenies and our 

confidence in the evolutionary hypotheses we infer from them (Archie, 1996; 

Brandley et al., 2009). We can also calculate the ci and ri per tree, as the ensemble CI 

and RI. These indices are commonly reported in publications as measures of the 

amount of homoplasy in a given data set, where values of 1.0 indicate no homoplasy 

and values approaching 0.0 indicate maximum homoplasy. Although the ri and RI are 

not defined as measures of homoplasy per se, RI = 0.0 when all character states exhibit 

maximum homoplasy, so it has been frequently used as a more general index of 

overall homoplasy in publications (Archie, 1996). An alternative measure is the 

homoplasy excess ratio (HER) (Archie, 1989), which is scaled to take account of the 

number of taxa, the number of characters and frequency of character states, all 

properties of a data set that are known to effect the CI and RI (Sanderson and 

Donoghue, 1989; Archie, 1996; Hoyal-Cuthill, 2010).  

We can also determine the degree of support for a group or clade in a tree. One 

approach is to determine whether the clade also occurs in slightly less parsimonious 

trees. The difference in length between the shortest trees which include a given clade, 

and the shortest trees which exclude that clade (i.e., the number of extra steps required 

to overturn the clade) is deemed the Bremer support value (also referred to as the 

decay index) (Bremer, 1994). These values can in turn be used to calculate the total 

support index (TSI) for all clades in a tree. The TSI is given by the ratio of the sum of 

all Bremer support values over the tree to the total length of the tree (Bremer, 1994). A 

TSI equal to 1.0 implies a fully supported tree, i.e., one in which there is no homoplasy 

in the data. However, a low TSI value does not necessarily mean that all clades are 

poorly supported; some clades could still have high Bremer support values (Kitching 

et al., 1998).  

Once all species have been sampled for a given clade, it becomes impossible to 

improve taxon sampling further (although refinements can be made in the outgroup). 

As the taxon sample approaches completion, we predict that the addition of taxa is 

progressively less likely to influence inferred relationships (Miller, 2003). One way to 

test this is to look at how stable a data set is to taxon removal, i.e., how consistently 

clades are recovered when you remove taxa from the data set (taxon jackknifing). This 
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resampling stability will depend upon the stability of the tree to begin with. We would 

anticipate that more robust trees should be able to withstand a greater amount of taxon 

deletion than trees that are less robust. A systematic way of doing this is to use a 

‘continuous taxon jackknife’ (CTJ) approach, by increasing the number of taxa 

randomly removed from the tree over all sample sizes. By measuring the distance 

between the original tree (minus the jackknifed taxon/ taxa) and a new tree inferred 

from the subsample, we can plot how the distance between these trees (scaled per 

branch) changes as more and more taxa are removed. The greater the distance between 

trees, the greater the impact of taxon removal. In addition to testing whether our tree is 

sensitive to taxon sampling this method also allows us to see if the tree is sensitive to 

the proportion of taxa that are removed. CTJ is a time consuming and computationally 

intensive process. One of the main aims of this study is to be able to determine 

whether it is possible to predict the shape of a CTJ curve (and hence, how a tree will 

be affected by taxon sampling), if we know the amount of homoplasy and tree support 

there is, along with ancillary measures, such as the percentage of missing data, the 

number of taxa and the number of characters in the tree – all parameters that are 

relatively easy to calculate for a data set (in comparison to the CTJ shape parameters). 

I examine the effect of taxon deletion on a large number of published data sets to see if 

there are differences between vertebrates and invertebrates in general, and more 

specifically between higher taxonomic groups. Finally, I also investigate how 

measures of homoplasy and support vary across higher taxa and if it is possible to 

predict the amount of homoplasy (as measured by the CI, RI and HER) and support (as 

measured by the TSI) in a tree, given the ancillary measures mentioned above.  

 

 

Methods 

The data sample consisted of 430 published data matrices from recent studies: 

180 invertebrate trees and 250 vertebrate trees representing a diversity of animal 

groups (see Appendix III for complete listing). I used data sets containing 

morphological data only, with tree sizes ranging from 5 to 105 terminals (median 

value = 22). Data were sourced from TreeBase (www.treebase.org) (Piel et al., 2002), 

Dryad (www.datadryad.org) and from recent literature. All phylogenetic analysis was 
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carried out using TNT v1.1 (Goloboff et al., 2008) and I used R, v2.15.2 (R Core 

Team, 2012) for all statistical analysis. Data matrices were converted to TNT format 

prior to analysis, with all character weights and orderings as per the original 

publication.   

 

Continuous taxon jackknifing method 

To explore the effect of removing taxa from a tree, I used a continuous taxon 

jackknifing procedure similar to the method described by Poe (1998a). A phylogenetic 

tree was initially inferred from the original complete data set and, once the taxon (or 

taxa) to be removed had been selected, a new tree was inferred from the remainder of 

the data. The taxa in the subsample were also pruned from the original tree. The 

difference between the pruned (original) tree and the new tree (based on the 

subsample) was calculated to determine how different the resulting trees were due to 

the removal of taxa. Tree-to-tree distance measures (Rosenberg and Kumar, 2001; 

Rokas and Carroll, 2005; Cobbett et al., 2007) or the difference in tree lengths (Poe, 

1998a) are most commonly used for this purpose. I used two tree-to-tree distance 

measures – Robinson and Foulds symmetric difference (1981) (RF), used by Cobbett 

et al. (2007), Rokas and Carroll (2005) and Zwickl and Hillis (2002), and the subtree 

prune and regraft (SPR) distance (Allen and Steel, 2001). For two unrooted trees, the 

RF distance is calculated as the number of partitions amongst the two trees that are on 

one or other of the trees, but not both. In the case of rooted trees, this is simply a count 

of the number of clades rather than the number of partitions. The SPR distance is 

calculated as the minimum number of moves needed to transform one tree into 

another. An SPR move is defined as cutting any edge from a tree resulting in a subtree. 

This subtree is then regrafted, by the same cut edge, to the middle of a different edge 

on the original pruned tree. Where the RF or SPR values are zero then this implies that 

the data set is not affected by the removal of the particular taxon (or taxa). A number 

of other studies have addressed this topic, but have focused on either a first-order 

taxon jackknife (Cobbett et al., 2007), removing single taxa from a data set one at a 

time, or have used a sub-sampling approach, with the size of the taxon sub-sample 

randomly selected at each iteration (Rosenberg and Kumar, 2001; Rokas and Carroll 

2005).  
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As the ‘true’ tree was unknown, we used the most parsimonious tree (MPT) 

inferred from the complete data matrix as our base tree from which to prune taxa. We 

developed a script in TNT that automatically takes an input data matrix and carries out 

continuous taxon jackknifing, as described, starting with a single taxon jackknife, and 

increasing the number of taxa jackknifed by one each time until there were only 4 taxa 

left in the original data matrix. The difference between the pruned and jackknifed trees 

was calculated at each point and saved in an output file. Where there was more than 

one MPT the mean distance between each tree in each group and its nearest neighbour 

in the other group was used, as devised by Cobbett et al. (2007). Both tree-to-tree 

distance measures were scaled per internal cladogram node. The output file contained 

the tree-to-tree distances for each of 500 random deletions at each step of the jackknife 

process. For example, for the single taxon jackknife we randomly selected one taxon 

to remove from the data set 500 times and calculated the tree-to-tree distance between 

the tree inferred from the remaining taxa and the pruned original tree. Each column in 

the output file contained data for jackknifes at a particular sample size (i.e., column 

one contained the 500 mean distance measures obtained when removing a single 

taxon, column two contained 500 mean distances when removing two taxa, etc.). I also 

used TNT, in combination with Perl scripts, to generate the HER, CI, RI and TSI 

metrics for each data set. Three different measures of homoplasy were used 

throughout. The CI and RI are easy to calculate and although they are biased by the 

number of taxa and characters in a data set, they are most commonly reported in 

publications. The HER is more difficult to compute (involving a character state 

permutation step), but is less susceptible to variations in data set dimensions, so is 

more comparable across matrices.  

Each of the output files from the TNT analysis was then used as an input file for 

an R script, which generated the CTJ curves for each data set. The mean RF and SPR 

distances (plus 97.5% confidence intervals) were calculated and plotted against the 

number of taxa removed from each data set. I also generated two csv files, one for 

mean RF distance values and the second for the mean SPR distance values. Each row 

in the csv file contained the RF (or SPR) data points used to generate the CTJ curve 

for a particular data set. Finally, I generated a separate output file that contained CTJ 

curve-specific descriptors: the mean height, the maximum height and the centre of 
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gravity along the sample size axis (scaled between 0.0 and 1.0) of each of the CTJ 

curves. 

 

Principal components analysis and the Procrustean superimposition method 

Overall, we wanted to examine whether the patterns in the CTJ curve shape 

space could be determined by any of the simpler parameters that we already knew, 

such as the number of taxa or the amount of homoplasy, for example. I used a 

combination of principal components analysis (PCA) and Procrustes superimposition. 

PCA is one method that allows us to use a large number of variables and reduce the 

amount of explained variation to just a few components (Pearson, 1901; Hotelling, 

1933). In PCA the first principal component (PC) always has the largest possible 

variance and therefore this component explains the largest amount of the variation in 

the data. The component loadings are used to determine how much of the variation in 

the variables are explained by the component. If one variable has a high component 

loading, then this means that the variation among all of the variables is more 

completely explained by a single component comprised of this variable.  

I used two separate PCAs. The first used the CTJ curves to examine the curve 

shape space and determine whether the curve height or centre of gravity could explain 

the pattern in the shape space. PCA requires that every row in the input data matrix 

consist of the same number of columns. The data matrices of mean RF and SPR had 

different numbers of columns, determined by the number of taxa in each tree. To 

standardise the matrix, I generated 20 interpolated points between the first and last 

values for both the RF and SPR distances for each CTJ curve, resulting in a data 

matrix of 430 rows and 20 columns; each row represented one data set of 20 (equally-

spaced) data points. Each of these points was calculated using a weighted mean based 

on distances from its neighbours. I plotted the first two principal components for all 

taxa, and for vertebrates and invertebrates separately. The second PCA used a number 

of ancillary variables (comprised of the HER, CI, TSI, number of taxa, number of 

characters and percentage of missing data) to examine whether any of these variables 

explained the variation in the ancillary space. RI was not included in this analysis as it 

was highly correlated with the HER (Kendall’s tau correlation = 0.83, P < 0.05). The 



109   

first two PCs for this PCA were also plotted for vertebrates and invertebrates and for 

higher taxa.   

I then used both of these PCAs as input to a Procrustes superimposition. This 

method is usually applied to morphometric data, but it can be extended to any area 

where multiple data sets are compared (Gower, 1971). The purpose of this was to 

determine whether there was an association between the CTJ curve shape space and 

the ancillary variable space. This would allow me to say whether the CTJ curve shape 

could be explained to some extent by the ancillary variables, which are much simpler 

to calculate for a data set. I used the ancillary data set as the reference (target) 

configuration. The two data matrices (one for each PCA) were scaled, centered and 

rotated to find their optimal superimposition by minimizing the sum of squared 

residuals between corresponding points in the two matrices (Jackson, 1995; Peres-

Neto and Jackson, 2001). I then plotted the Procrustes superimposition of the CTJ and 

ancillary data. The statistical significance of the Procrustean fit was determined by the 

permutation method of Jackson (1995).  

 

Multivariate linear modeling 

I used multivariate linear modeling to investigate the amount of homoplasy (as 

measured by the HER, CI and RI, separately) and support (as measured by the TSI) 

across higher taxa, similar to the procedure I employed in Chapter 2 for the 

congruence indices.  I used models with and without interactions (Table 1). I also used 

the random forest method (Breiman, 2001), as described in Chapter 1, in order to 

determine the relative importance of the independent variables (O’Connor, et al., 

2011). The first and second PCs from the first PCA were used as response variables in 

a separate analysis, using the same independent variables as above. Finally, I used the 

CTJ curve parameters (mean and maximum height and scaled centre of gravity) as 

response variables in a third analysis. This should enable us to determine whether 

measures of homoplasy and support, as well as ancillary parameters such as dataset 

dimensions and the percentage of missing data, could be used as predictors of the 

shape of the CTJ curves.   

In each of these analyses, the variation in the response values along with their 

residuals from the minimum adequate models were plotted across the main taxonomic 
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groups. The data sample was unbalanced, i.e., there were large variations in the 

number of data sets representing each taxonomic group (varied from 5 to 115 samples 

per group). To try to minimise the effect of the unbalanced design, but still include a 

large sample of taxonomic groups, I only used groups that had at least 16 data sets 

when looking at variations across taxonomic groups. Kruskal-Wallis and Nemenyi-

Damico-Wolfe-Dunn post-hoc tests were used to determine whether there were any 

significant differences between groups.  

Table 1. Linear models.  
 

Model Dependent variable Independent variables 

1 HER 
Number of taxa 
Number of characters 
Percentage of missing data 

2 CI 
Number of taxa 
Number of characters 
Percentage of missing data 

3 RI 
Number of taxa 
Number of characters 
Percentage of missing data 

4 TSI 
Number of taxa 
Number of characters 
Percentage of missing data 

5 PC 1 
Number of taxa 
Number of characters 
Percentage of missing data 

6 PC 2 
Number of taxa 
Number of characters 
Percentage of missing data 

7 CTJ mean height 

Number of taxa 
Number of characters 
Percentage of missing data 
HER 
TSI 

8 CTJ maximum height 

Number of taxa 
Number of characters 
Percentage of missing data 
HER 
TSI 

9 CTJ scaled centre of 
gravity 

Number of taxa 
Number of characters 
Percentage of missing data 
HER 
TSI 
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Results 

The results for the RF data and the SPR data were almost identical: I only 

present the RF results here (see Appendix I for SPR results).  

Patterns in CTJ curves 

430 CTJ curves were plotted of the RF (or SPR) distance against the number of 

taxa removed from a data set. Figure 1 shows examples of the three main shapes 

observed. The curve in the left hand panel (Fig. 1a) is almost flat: the RF and SPR 

distances were zero (or very close to zero) no matter how many taxa were removed 

from the tree. In the middle panel (Fig. 1b), the curve is convex and the distance 

between trees increased as more taxa were removed, but peaked when approximately 

50% of taxa were removed. In the right hand panel (Fig. 1c), the distances kept 

increasing until the majority of taxa had been removed at which point removing more 

taxa caused less of a difference between trees. 

Figure 1. Patterns of CTJ curves. RF points are represented by the black shaded circles, SPR points are 
represented by the grey shaded circles. Curves were generated from the following data sets: (a) Sanchez 
et al. (2007), (b) Simonsen et al. (2011), (c) Zrzavy (2003). 
  

Variation in the CTJ curve parameters across taxonomic groups 

I used the mean height, maximum height and scaled centre of gravity of the CTJ 

curve as (separate) response variables, with the number of taxa, number of characters, 

percentage of missing data, HER and TSI as independent variables in multivariate 

models (with and without interactions). With the mean height as the response, all 

parameters except the number of characters were significant in the minimum adequate 

model, and these parameters explained 62.3% of the variation in the response (Table 

2). With maximum height as the response, only the number of taxa, the HER and TSI 
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were significant and explained 68.6% of the variation. With the scaled centre of 

gravity as the response, the number of taxa, the percentage of missing data and the TSI 

were the only significant parameters, but explained only 27.4% of the variation. When 

I included interactions in the models, I found that the number of taxa was the only 

significant parameter on its own for both of the height variables, while all of the other 

parameters were significant in interactions, of which there were many (not shown). 

The TSI was the only parameter that was significant in isolation for the scaled centre 

of gravity, with all other parameters significant in interactions. In fact the initial model 

for all three of these response variables was also the minimum adequate model, 

meaning no terms could be removed to increase the fit of the model. For both of the 

height parameters the HER was the most important variable from the random forest 

analysis, whereas the TSI was the most important for the scaled centre of gravity 

(Table 3). This technique did not determine whether variables were significant, but 

ranked them by their predictive influence on the response. All three of the CTJ curve 

parameters were significantly correlated with the number of taxa, number of 

characters, the HER and the TSI (Fig. 2). Trees with more taxa tended to have larger 

values for height and centre of gravity of the associated CTJ curve. The strength of 

these correlations varied; the scaled centre of gravity had the weakest correlation with 

each of the parameters and it was not correlated at all with the percentage of missing 

data. The CTJ height parameters were negatively correlated with all of the ‘support’ 

parameters (CI, RI, HER and TSI); data sets with higher CTJ curves tended to have 

lower values for these parameters. A low TSI means low overall support for the tree, 

whereas low CI, RI and HER values all mean higher levels of homoplasy in the tree. 

The scaled centre of gravity had a curvilinear relationship with both the HER and TSI. 

Table 2. Multivariate modeling summary with CTJ curve parameters as response variables (interactions 
excluded in initial models). No shading = significant parameter (P value < 0.05 shown); hatched 
shading = non-significant parameter (P value > 0.05 not shown; black shading implies parameter not 
included in final model.  

Independent variable Mean height Maximum height Scaled centre gravity 

Number of taxa < 2.0E-16 < 2.0E-16 9.2E-15 

Number of characters    

Percentage of missing data 1.2E-02  6.9E-03 

HER < 2.0E-16 < 2.0E-16  

TSI 1.8E-05 1.4E-04 1.9E-09 
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Table 3. Random forest variable importance results summary with CTJ curve parameters as response 
variables (1 indicates highest importance, 5 indicates lowest importance).  

Parameter Mean height Maximum height Scaled centre gravity 

Number of taxa 3 2 3 

Number of characters 4 4 4 

Percentage of missing data 5 5 5 

HER 1 1 2 

TSI 2 3 1 

 

There were significant differences for the two CTJ height parameters across 

higher taxa (Kruskal-Wallis, all P values < 0.05) (Fig. 3). No significant differences 

were observed for the scaled centre of gravity or any of the three sets of residual 

values. Post-hoc tests were unable to detect which groups these differences were 

between, possibly due to the unbalanced design (large differences in sample sizes 

between groups). 
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Figure 2. Pairwise correlations of all variables. Kendall’s tau τ coefficients and P values are shown in 
panels below the diagonal. 
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Figure 3. Variation in the median values of the CTJ curve parameters and their residuals values across 
taxonomic groups. For each box, the median value is indicated by a black horizontal bar, the shaded 
area represents upper and lower quartiles and the dashed lines connect to the most eccentric points 
within 1.5 interquartile ranges of the median. Outliers are shown as circles.  

 

Variation in homoplasy and support across taxonomic groups 

I modelled each of the CI, RI, HER and TSI with respect to the number of taxa, 

the numbers of characters and the percentage of missing data (Table 4). All three 

parameters were found to be significant predictors of the CI (explaining 49% of the 

variation), the number of characters was the only significant parameter for the RI 

(explaining only 4.9% of the variation) and the number of characters and the 

percentage of missing data were significant for the TSI (explaining 19.4% of the 

variation). None of the three parameters were found to be significant predictors of the 

HER for models including and excluding interactions and furthermore the HER was 
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not significantly correlated with any of these parameters (Fig. 2). When I included 

interactions, I found almost identical results for the CI, RI and TSI, although I also had 

interactions terms for these variables, in particular, between the number of taxa and 

the number of characters and also the number of characters and the percentage of 

missing data. The random forest results (Table 5) showed that the percentage of 

missing data was the most important predictor of the TSI and the HER (random forests 

will still rank given predictors even if they have little or no influence on a response 

variable). The number of taxa and the number of characters were the most important 

predictors for the CI and RI respectively. The TSI was the only parameter that was 

significantly (negatively) correlated with all three of the predictors. The CI and the RI 

were negatively correlated with the number of taxa and the number of characters. This 

means that as the number of taxa or characters in a tree increased, the amount of 

homoplasy, if measured by the CI or the RI, also increased (i.e., decreasing CI, RI 

values), while tree support decreased (i.e., decreasing TSI values). The TSI was 

negatively correlated with the percentage of missing data; the less missing data there 

was in a tree, the greater the tree support. The percentage of missing data was 

positively correlated with both the number of taxa and the number of characters. The 

TSI was positively correlated with each of the homoplasy indices, meaning that as the 

level of homoplasy decreased (high CI, RI, HER values), the tree support increased 

(high TSI values).   

Table 4. Multivariate modeling summary with homoplasy and support parameters as response variables 
(interactions excluded in initial models). No shading = significant parameter (P value < 0.05 shown); 
hatched shading = non-significant parameter (P value > 0.05 not shown; black shading implies 
parameter not included in final model.  

Independent variable CI RI HER TSI 

Number of taxa < 2.0E-16    

Number of characters 2.5E-03 6.3E-04  4.0E-03 

Percentage of missing data 4.2E-03   8.6E-12 
 
Table 5. Random forest variable importance results summary with homoplasy and support parameters 
as response variables (1 indicates highest importance, 3 indicates lowest importance).  

Parameter CI RI HER TSI 

Number of taxa 1 3 3 3 

Number of characters 2 1 2 2 

Percentage of missing data 3 2 1 1 
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Figure 4. Variation in the median values of CI, RI, HER and TSI and their residuals values across 
taxonomic groups. For each box, the median value is indicated by a black horizontal bar, the shaded 
area represents upper and lower quartiles and the dashed lines connect to the most eccentric points 
within 1.5 interquartile ranges of the median. Outliers are shown as circles.  
 

Each of the indices and their residual values (except for the TSI residuals) varied 

significantly across the major taxonomic groups (Kruskal-Wallis, all P values < 0.05) 

(Fig. 4). As before, the post-hoc tests were unable to detect where all of these 

differences were. However, some significant differences were found between groups. 

Mammals and reptiles were found to have significantly lower median CI values than 

molluscs, while arthropods had significantly lower median CIs than reptiles. For the 

RI, fish had significantly higher median values than mammals, while for the TSI, fish 

had significantly higher median values than reptiles. Amphibians were found to have 

significantly lower median CI residuals than other groups, while mammals were found 

to have significantly lower median CI and RI residuals than reptiles.  
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At a broader taxonomic scale, I found some differences between the invertebrate 

and vertebrate data sets (Fig. 5). Invertebrates had significantly higher values for the 

mean number of taxa per tree (Kruskal-Wallis chi-squared = 4.4, P = 3.5E-02) and the 

mean maximum height of the CTJ curve than vertebrates (Kruskal-Wallis chi-squared 

= 4.0, P = 4.5E-02). Conversely, vertebrates had significantly higher values for the 

mean number of characters per data set (Kruskal-Wallis chi-squared = 24.3, P = 8.3E-

07), the mean number of characters per taxon (Kruskal-Wallis chi-squared = 62.7, P = 

2.4E-15) and the mean percentage of missing data (Kruskal-Wallis chi-squared = 4.0, 

P = 4.5E-02) than invertebrates.  

Figure 5. Comparison of invertebrate and vertebrate data sets. For each box, the median value is 
indicated by a black horizontal bar, the shaded area represents upper and lower quartiles and the dashed 
lines connect to the most eccentric points within 1.5 interquartile ranges of the median. Outliers are 
shown as circles.  
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Principal components analysis and variation in the principal components across 

taxonomic groups 

The first PCA was based on the 20 interpolated points from the CTJ curves. The 

first two principal components (PCs) accounted for 97.9% of the total variation (PC 1 

= 93%, PC 2 = 4.9%). The PCA plot for vertebrates and invertebrates (Fig. 6a) 

appeared to show that invertebrates were more spread out over PC 1 than vertebrates. 

The invertebrate PCA plot (Fig. 6c) showed that molluscs and arthropods were well 

spread out (more negative values) over PC 1, whereas annelids and echinoderms were 

more constricted and nearer to zero on PC 1. The vertebrate PCA plot (Fig. 6d) 

showed that most groups were well spread out over the first principal components 

axis, with the mammals being the most scattered. Looking at the overall plot for all 

groups (Fig. 6b) we can see that the molluscs and arthropods are still the most spread 

out in comparison to other groups.  
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Figure 6. 1st PCA of invertebrate and vertebrate data sets. (a) Vertebrates and invertebrates. (b) 
Vertebrates and invertebrates broken down by taxonomic group. (c) Invertebrates broken down by 
taxonomic group. (d) Vertebrates broken down by taxonomic group. All plots are to the same scale. 

 

The first PC was significantly correlated with all variables and it was almost 

perfectly (negatively) correlated with the mean height of the CTJ curves (Kendall’s tau 

correlation = -0.97, P < 2.2E-16) (Fig. 7). If we examine the overall PCA plot and 

compare this with data sets that have the largest height values, we see that data sets 

with curves that have the highest and lowest values for mean height are also the ones 

with the highest and lowest values for PC 1. So this would imply that PC 1 represents 

the mean height of the CTJ curve.  
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Figure 7. Pairwise correlations of PC 1 with all variables. Kendall’s tau τ coefficients and P values are 
shown in panels below the diagonal. 
 

Figure 8. Pairwise correlations of PC 2 with all variables. Kendall’s tau τ coefficients and P values are 
shown in panels below the diagonal. 

  

 There was no difference between vertebrates and invertebrates for the PC 2 

scores (Kruskal-Wallis chi-squared = 0.64, P = 0.42). PC 2 was significantly 

correlated with all other variables except for the RI and the HER, although some 

correlations, such as with the percentage of missing data, were very weak (Fig. 7 and 

Fig. 8). It was most highly correlated with the scaled centre of gravity of the CTJ 

curve (Kendall’s tau correlation = 0.58, P < 2.2E-16). Data sets that had the highest 

and lowest values for the second PC corresponded, to some extent, to those that also 
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had the highest and lowest values for the scaled centre of gravity. This would suggest 

that the second PC is closely related to the scaled centre of gravity of the CTJ curve.  

The first two PCs from this PCA were each modelled with respect to the number 

of taxa, the number of characters and the percentage of missing data (Table 6). For PC 

1 and PC 2 the only significant parameter in the minimum adequate model was the 

number of taxa (explaining 24.8% and 26.4% of the variation, respectively). I got 

similar results when I included interactions in the models, but also had a significant 

interaction between the number of taxa and the percentage of missing data for both 

PCs. The random forest results (Table 7) also showed that the number of taxa was the 

most important of the three variables for both PC 1 and PC 2. PC 1 and PC 2 were 

significantly correlated with all three of these parameters, but most strongly with the 

number of taxa (Fig. 8). There were significant differences for PC 1 raw and residual 

values across higher taxa (Kruskal-Wallis, all P values < 0.05), but not for PC 2 or its 

residuals (Fig. 9). As previously, post-hoc tests were unable to detect which groups 

these differences were between for the PC 1 values or residuals.    

 
Table 6. Multivariate modeling summary with principal component parameters as response variables 
(interactions excluded in initial models). No shading = significant parameter (P value < 0.05 shown); 
hatched shading = non-significant parameter (P value > 0.05 not shown; black shading implies 
parameter not included in final model.  

Independent variable PC 1 PC 2 

Number of taxa 2.0E-16 2.0E-16 

Number of characters   

Percentage of missing data   
 
 
Table 7. Random forest variable importance results summary with principal component parameters as 
response variables (1 indicates highest importance, 3 indicates lowest importance).  

Parameter PC 1 PC 2 

Number of taxa 1 1 

Number of characters 3 2 

Percentage of missing data 2 3 
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Figure 9. Variation in the median values of the 1st and 2nd PCs (from the 1st PCA) and their residuals 
values across taxonomic groups. For each box, the median value is indicated by a black horizontal bar, 
the shaded area represents upper and lower quartiles and the dashed lines connect to the most eccentric 
points within 1.5 interquartile ranges of the median. Outliers are shown as circles.  

 

The second PCA was based on the ancillary data for each data set. The first two 

PCs accounted for 97.7% of the total variation (PC 1 = 94.6%, PC 2 = 3.1%). In 

contrast to the first PCA, this PCA plot for vertebrates and invertebrates (Fig. 10) 

seemed to show that vertebrates were more spread out (more negative values) over PC 

1 than invertebrates. 
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Figure 10. 2nd PCA of invertebrate and vertebrate data sets. (a) Vertebrates and invertebrates. (b) 
Vertebrates and invertebrates broken down by taxonomic group. (c) Invertebrates broken down by 
taxonomic group. (d) Vertebrates broken down by taxonomic group. All plots are to the same scale. 
 

 The PC loadings measure the importance of each variable in accounting for the 

variability in the PC. The PC 1 loadings from the ancillary PCA showed that the 

number of characters was associated with the direction of the maximum amount of 

variation in this data set (Table 8). Data sets that had the highest and lowest number of 

characters also had the highest and lowest values for the first PC. The loadings for 

second PC indicated that the number of taxa was responsible for the next largest 

variation in the data perpendicular to PC 1.   
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Table 8. 2nd PCA loadings (eigenvectors) for PC 1 and PC 2.  

Parameter PC 1 PC 2 

TSI -5.9E-04 4.9E-04 

HER -3.4E-05 9.9E-04 

Number of taxa 9.7E-02 -9.9E-01 

Number of characters 9.9E-01 9.5E-02 

Percentage of missing data 7.0E-02 3.1E-02 

CI -9.2E-04 7.5E-03 

 

The PCs from first and second PCAs were used to generate the Procrustean 

superimposition plot (Fig. 11). The residuals after optimal fit are represented by 

straight lines between the corresponding data points from each data set. This analysis 

showed that there was a highly significant agreement between the two data sets 

(measure of fit m2 = 0.93, P ≤ 0.001), which means that there was strong correlation 

between the similarity of the CTJ curve shapes and the similarity in values taken for 

the ancillary variables for each data set. Values from the Procrustes superimposition 

residuals were generally quite small with a median value of 0.036 and were correlated 

with the height of the CTJ curves.  

Figure 11. (a) Procrustes superimposition of invertebrate and vertebrate data sets (circles correspond to 
the target data points, i.e., the ancillary data points). (b) Distribution of residuals between data sets 
(median value = 0.036).  
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Discussion 

 

CTJ curves and the variation in curve shape parameters across higher taxa 

I investigated the effects of continuous taxon jackknifing on a large number of 

data matrices, determining whether there were differences observed between 

vertebrates and invertebrates, and also across higher taxonomic groups. To obtain the 

CTJ curves I plotted the distance between trees against the number of taxa removed. 

The two trees in question were firstly the most parsimonious tree obtained without the 

jackknifed taxa in the data set and secondly the most parsimonious tree obtained from 

all the taxa in the data set with the jackknifed taxa pruned from this. A number of 

different trends were observed. In some cases the curves were flat, indicating that the 

removal of taxa had no effect on the resulting tree, as the distance between trees 

remained zero (or close to zero). Other curves showed varying degrees of convexity, 

demonstrating that these trees were perturbed by the removal of taxa; the distances 

varied as taxa were removed from the tree. Where we observed an increase in distance, 

we saw two different trends. The first was a slow steady increase in distance, peaking 

when a large proportion of the taxa had been removed, at which point the distance 

decreased. The second pattern revealed that the distance between the trees reached a 

peak much earlier (a smaller proportion of taxa had been removed) before beginning 

to decrease again as more and more taxa were removed.  

I was interested in understanding why we see these different patterns and 

whether measures of homoplasy or support, or other ancillary measures such as 

numbers of taxa and characters and the percentage of missing data, could help us 

predict the shape of the CTJ curve for a tree. This could potentially enable us to 

determine whether (and how) a tree would be sensitive to taxon sampling. The results 

of multivariate modeling showed that the HER, TSI and the number of taxa in a tree 

were all significant predictors of the height of a CTJ curve. Both mean and maximum 

heights were negatively correlated with the three measures of homoplasy (CI, RI, 

HER) and the TSI. This means that data sets with more homoplasy and less support 

tended to have higher mean and maximum CTJ curve heights. The curve height is the 

distance between the ‘true’ (pruned tree) and the jackknifed tree. The greater the 

distance between trees, the less alike they are, implying that the removal of taxa had a 

large effect on the resulting tree. We would have expected trees with more homoplasy 
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and less support to be more sensitive to taxon sampling (Poe, 1998a). Hovenkamp 

(2006) found that clades with high bootstrap support were resilient to increased taxon 

sampling and moreover, suggested that bootstrap support values could be used as a 

predictor of clade stability to some extent. It is possible that, in our data sample, 

measures of homoplasy and support could be suitable indicators of CTJ curve height 

and hence, the overall sensitivity of a data set to taxon sampling.  

However, the scaled centre of gravity (CG) of a CTJ curve seemed to behave 

differently. Without interactions in our models, homoplasy was not a significant 

predictor of the CG, although the TSI, the number of taxa in a tree and the percentage 

of missing data were all found to be significant predictors of the CG. When I included 

interactions between all the independent variables, I found that only the TSI was a 

significant predictor in its own right, but that all of the other variables were significant 

in interactions, including the HER in combination with the TSI and the number of taxa 

and characters. The CG was correlated with the TSI, RI and HER, but not to the same 

extent as the height parameters. While the correlations were positive, the relationships 

were found to be curvilinear. This meant that trees with higher support and less 

homoplasy could have either low or high values for their CGs, whereas trees with 

lower support and more homoplasy tended to have more mid-range CGs. The CG 

values, however, gave us an indication of the proportion of taxa that must be removed 

from a tree before the tree reached it maximum sensitivity to taxon sampling. In this 

case, the amount of homoplasy or support alone, or any of the other ancillary 

measures, would not be adequate predictors of the CG value for a tree, as low 

homoplasy and high support could mean either a low or a high CG value – so the tree 

was highly sensitive to sampling (i.e., you only had to remove a few taxa) or only 

became sensitive when you removed the majority of taxa.  

There are a number of possibilities that could be investigated to account for the 

pattern of variation in CG, one of which is taxonomic group. I examined how each of 

the CTJ curve parameters varied between the different groups in the sample. Between 

vertebrates and invertebrates I found no difference for either the CG or the mean 

height of the CTJ curves, although there was a difference for the maximum height. 

Although I found significant differences between higher taxa for both of the height 

parameters, again there were no differences observed for the CG. This would seem to 

rule out taxonomic group as a predictor of the CG. Another possibility is that trees 
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with higher CG values (i.e., those from which a large proportion of taxa must be 

removed before the tree becomes unstable) are also ones that are better sampled, so 

possibly include all species in a family, whereas trees with mid-range CG values are 

not as well sampled. Trees with high values of CG also tend to have more taxa, 

although this is not a very strong correlation, but it may relate to sampling intensity. I 

have already mentioned that better supported trees tend to be more resilient to taxon 

sampling. It has been suggested that phylogenetic accuracy does not benefit from 

increasing the number of taxa per se, but from other factors related to the sampled 

taxa, such as the density of taxon sampling (Rokas and Carroll, 2005). Hence, the 

percentage of taxa in a clade that have actually been sampled may be more informative 

than the total number of taxa included (Yang and Goldman, 1997; Hillis 1998). It 

would be interesting to test the sampling intensity within our data set in future studies 

(a sizeable task).  

While the non-parametric Kruskal-Wallis test was able to detect significant 

differences between taxonomic groups for certain parameters, further post-hoc tests 

were unable to detect exactly where these differences were located. This could result 

from the largely unbalanced design of the sample – the number of data sets in each 

taxonomic group varied from 16 to 115. Post-hoc tests in general tend to be designed 

for use with balanced (or slightly unbalanced) data and finding an appropriate test for 

extreme sample subset sizes proved difficult (the Nemenyi-Damico-Wolfe-Dunn test 

was the most appropriate). The main reason for the difference in sample sizes was due 

to the availability of appropriate data matrices. In recent years, a large proportion of 

phylogenetic analyses have been based on molecular data. As I was only using 

morphological data matrices, fossil-based data sets made up a large part of the overall 

sample (66%). Some groups, such as the reptiles are extremely well studied, in 

particular by palaeontologists. This is reflected in our sample: more than 95% of the 

reptile data sets are from fossil taxa (dinosaurs) and this group comprised 83 data sets. 

Arthropods are an extremely large group, so it is no surprise that they form the largest 

number of data sets overall (115), although in this case only 47% of taxa were fossils. 

A more balanced sample would allow us to test for differences between groups with 

greater precision.  
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Homoplasy and support and their variation across higher taxa 

Although the number of taxa and the number of characters are known to affect 

homoplasy (and indeed multivariate modeling showed that both the CI and RI (in 

interactions) were influenced to some extent by these) the HER is scaled to take both 

of these parameters into account (Sanderson and Donoghue, 1989; Archie, 1996; 

Hoyal-Cuthill, 2010). I found that the HER was not correlated with either data set 

dimensions or the percentage of missing data. Furthermore, none of these variables 

were significant predictors of the HER.  

The number of taxa, the number of characters and the percentage of missing data 

were all found to be significant predictors of the CI (with and without interactions 

included in the models). In addition, the CI was also significantly (negatively) 

correlated with both the number of taxa and the number of characters, as has been 

reported previously (Archie, 1989; Sanderson and Donoghue, 1989; Meier et al., 

1991; Hoyal-Cuthill et al., 2010). The CI is defined as the ratio of the minimum 

number of character state changes in a data set to the total number of state changes 

required on the most parsimonious tree. Theoretically, as the number of terminals is 

increased on a tree, the number of internal nodes (or branch segments) increases and 

therefore the probability that a character will change state somewhere on the tree also 

increases (Sanderson and Donoghue, 1989; Archie and Felsenstein, 1993). If the 

number of possible state changes is limited then this means that there will be an 

increase in the amount of homoplasy in the tree (as measured by the CI) as the number 

of taxa is increased. It should be noted that if the number of states is unlimited then 

this might not result in an increase in homoplasy.  

Meier et al. (1991) found that the CI was sensitive to missing data and theorised 

that unknown character states are assumed (by computer programs) to add no extra 

steps, resulting in these missing data character states inflating the CI. Although I also 

found the percentage of missing data to be a significant predictor of the CI, the two 

variables were not significantly correlated.  

Nabhan and Sarkar (2013) stated that there was strong evidence to support the 

belief that increasing the taxon sample was beneficial to the accuracy of the resulting 

phylogeny. I found that the TSI was correlated with the number of taxa, but this was a 

very weak negative correlation; as the number of taxa was increased the level of 



130   

support dropped slightly. With and without interactions in our models, the number of 

characters and the percentage of missing data were significant predictors of the TSI. 

Wiens and Tiu (2012) found that adding taxa with up to 90% missing data could still 

be beneficial in phylogenetic analysis and given the choice of adding incomplete taxa 

or adding no further taxa, it would still be better to add incomplete taxa. Crawley and 

Hilu (2012) also found that adding partial genomic regions and/or incomplete taxa (up 

to 40% missing data), thus allowing denser taxon sampling, improved phylogenetic 

accuracy in their study of angiosperms. This was very relevant to my data sample, as 

there was a lot of missing data (high proportion of fossil taxa). However, I found a 

negative correlation between the TSI and percentage of missing data, so in my data 

sample, as the percentage of missing data increased the overall support decreased. 

Cobbett et al. (2007) used the leaf stability measure and found that fossils tend to be 

less stable than extant taxa and concluded that they are more likely to reduce the 

support in the rest of the tree. One reason they cited for this was that fossil taxa cannot 

be as densely sampled as extant taxa, due to the paucity of fossil specimens, and that it 

“is the nature and amount of the data that are present, rather than the proportion that 

are missing” that is critical in this respect.   

The presence of homoplasy is to be expected in most phylogenetic analyses and 

in large amounts can interfere with accuracy (Brandley et al., 2009; Archie, 1996). It 

is no surprise that we found that the CI, RI and HER were positively correlated with 

the TSI; low support values are associated with high levels of homoplasy (low 

homoplasy index values) and vice versa. In simulations, Archie (1996) looked at the 

CI and HER in relation to tree accuracy for molecular data. He also found that 

homoplasy and accuracy were correlated, but the relationship was a complex one. The 

HER was found to be an effective predictor of tree accuracy; a high level of 

homoplasy indicated a less accurate tree. Conversely, the CI was much less reliable; a 

small change in the CI was associated with a large change in expected accuracy, but 

the accuracy could only be predicted over a much smaller range than was possible 

with the HER.    

It has been reported previously that levels of homoplasy differ between 

taxonomic groups; for example, arthropods are thought to have higher levels of 

homoplasy than vertebrate groups (Wagner, 2000; Wills 2007). Overall we found no 

difference in the amount of homoplasy between vertebrates and invertebrates, but we 
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did find differences across higher taxa (Fig. 12). As mentioned, the post-hoc tests were 

unable to detect where all of these differences were; fish had significantly higher 

median RI values than mammals, while reptiles and mammals had significantly lower 

median CI values than molluscs and arthropods had significantly lower CI values then 

reptiles. No differences were found between arthropods and any other groups, but that 

maybe because of the lack of power of the post-hoc tests. Support was also found to 

differ between taxonomic groups, with fish having significantly higher median values 

than reptiles.  

Figure 12. Comparison of variables across higher taxonomic groups. For each box, the median value is 
indicated by a black horizontal bar, the shaded area represents upper and lower quartiles and the dashed 
lines connect to the most eccentric points within 1.5 interquartile ranges of the median. Outliers are 
shown as circles. 
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In Chapter 2, I investigated how stratigraphic indices varied across taxonomic 

groups and found that, in general, vertebrates were more stratigraphically congruent 

than invertebrates (with some exceptions). I am not using the same data sets in this 

chapter, but there is an overlap between taxonomic groups. I have further broken down 

the vertebrates from chapter 2 into groups that are comparable to the samples in this 

chapter. Table 9 shows the median GER and GER* values for groups from chapter 2, 

alongside the HER and TSI values for the same groups from the analysis in this 

chapter. Reptiles, mammals, echinoderms and amphibians all had higher stratigraphic 

congruence than arthropods, molluscs, fish and birds. It is interesting that groups with 

higher congruence do not appear to be the same groups with higher tree support (TSI) 

or lower homoplasy, which is something that we may have expected if both the fossil 

record and phylogeny were congruent. Of course, whilst we are looking at the same 

overall taxonomic groups, we are not looking at exactly the same data sets, so we 

cannot draw any definitive conclusions from this. The reptile data sets in Chapter 1 are 

all fossil-based, and in this chapter the reptile data sets comprise 96% fossil data 

(predominately dinosaurs). Dinosaurs are known to have excellent congruence (Wills 

et al., 2008)) and in my data they do have high values for stratigraphic congruence. 

Furthermore, dinosaur clades have been reported as having very well supported trees 

(Pisani et al., 2002). However, my reptile data sets have lower support than almost all 

other data sets and do have some homoplasy, but not extremely large amounts. 

Unsurprisingly, they also have a significantly higher proportion of missing data than 

other data sets (31%) (Fig. 12), although this does not always have a detrimental effect 

on either support or homoplasy levels (Wiens, 2003a, 2003b; Wiens, 2006).   

The only way we could obtain a definitive understanding of the relationship 

between homoplasy, support and stratigraphic congruence would be to compare all of 

these measures for a single sample of data sets. This was not possible with the current 

data sets, as there was almost no overlap between the data from Chapter 2 and this 

chapter, but it is recommended for future study. Different forms of data were required 

for these two chapters; each of the data sets in Chapter 2 consisted of a phylogenetic 

tree along with fossil first and last occurrence dates for each taxon in the tree, while 

each data set in Chapter 3 consisted of a character data matrix.  
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Table 9. GER, GER*, HER and TSI median values for taxonomic groups. (1 median values from the 
GER and GER* are taken from the data sets in chapter 2; 2 median values for the HER and TSI are taken 
from the data sets used in this chapter). 

Parameter GER1 GER*1 HER2 TSI2 

Arthropods 0.40 0.71 0.57 0.22 

Echinoderms 0.75 0.98 0.64 0.28 

Molluscs 0.51 0.86 0.68 0.25 

Amphibians 0.67 0.99 0.53 0.21 

Birds 0.55 0.89 0.60 0.16 

Fishes 0.55 0.90 0.62 0.26 

Mammals 0.71 0.97 0.52 0.19 

Reptiles 0.72 0.99 0.61 0.17 

 

Principal components analysis and Procrustean superimposition  

The first PCA was based on the CTJ curve shape space and although the first PC 

was significantly correlated with all the other variables, it was primarily a measure of 

the height of the CTJ curve. Likewise, the second principal component was also 

correlated with all variables (except RI and HER) and was, to some extent, associated 

with the scaled CG of the CTJ curve. There were some differences in the PCA plots 

between vertebrates and invertebrates. The invertebrate data appeared to have a larger 

range of values over PC 1 than the vertebrate data and this was consistent with the 

observation that invertebrates had significantly higher CTJ curve heights than 

vertebrates. Molluscs and arthropods were the most scattered over PC 1 when 

comparing higher taxa. There was less variation observed between vertebrates and 

invertebrates for PC 2 and we found no significant difference between these two 

groups for the scaled CG. Likewise higher taxa were not as scattered over PC 2, but 

arthropods, brachiopods and molluscs appeared to have slightly larger ranges over PC 

2. When I modelled each of the PCs with respect to the number of taxa, characters and 

the percentage of missing data, I found the only the number of taxa was a significant 

predictor for each PC. The number of taxa was also found to be the most important 

variable from the random forest analysis. This parameter was correlated with the CTJ 

curve height; trees with more taxa tended to have larger values for their CTJ curve 

height.  

The second PCA showed the opposite pattern, with vertebrates appearing to 

have a larger range of (positive) values over PC 1 than invertebrates. In this case we 
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found that the number of characters accounted for the greatest amount of variation in 

PC 1 and we also found that vertebrates have significantly more characters per tree 

than invertebrates. Like the first PCA, there did not appear to be as much variation 

over PC 2 (associated with the number of taxa in this case), but we did find that 

invertebrates had significantly more taxa than vertebrates.  

Procrustean superimposition showed that there was a highly significant 

agreement between the two data sets, i.e., the CTJ curve shape space and the ancillary 

data space. This meant that there was a relationship between the CTJ curves and the 

variables that were defined as the ancillary parameters; the HER, CI, TSI, number of 

taxa, number of characters, and the percentage of missing data. 

 

Conclusions 

1. It is plausible to some extent to use measures of homoplasy (CI, RI and HER) and 

support (TSI) to predict the height of a CTJ curve for a tree and consequently 

whether a data set will be sensitive to taxon sampling. Data sets with higher 

amounts of homoplasy and lower support tended to have greater CTJ curve heights 

than data sets with lower homoplasy and higher support. Flat CTJ curves were not 

perturbed when taxa were removed, as the distance between the jackknifed tree 

and the original pruned tree was zero (or close to zero), so the trees were the same. 

Conversely, curves with larger height values (greater distance) were ones where 

the jackknifed tree was no longer similar to the original (pruned) tree and therefore 

were more sensitive to the removal of taxa; the larger the height, the greater the 

sensitivity.  

2. The CG of a CTJ curve did not appear to be associated with either homoplasy or 

support to a large extent, as neither of these were significant predictors and had a 

curvilinear relationship with the CG. None of the independent variables we 

included in our analysis were adequate either. Whereas the height of the CTJ curve 

could tell us whether a tree would be sensitive to taxon sampling, the CG gave us 

an indication of the proportion of taxa that needed to be removed before a tree 

became unstable. It may be that the sampling intensity would be a good predictor 

of the CG of a CTJ curve, but this is something that would have to be explored in a 

future study. 
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3. We were unable to test conclusively whether the curve parameters, homoplasy and 

support varied across higher taxa. We did find differences, but our post-hoc tests 

were not powerful enough to determine which groups differed.  
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Abstract 

Congruence between trees inferred from independent sources of data for the 

same group of organisms provides strong support for the accuracy of the phylogenetic 

hypothesis. Conversely, discordance indicates that at least one of the trees must be 

incorrect. There are many examples in the literature where cases of conflict are 

common, three of which I investigated: placental mammals, squamates and 

plesiosaurs. The root of placental mammals has yet to be conclusively resolved and a 

number of options had been proposed, all of which seem equally well supported. A 

similar problem exists for squamates with discordance existing between 

morphological and molecular trees. Plesiosaurs show different topologies and 

groupings depending on which taxon sample and characters are used to infer the tree. I 

examined whether it was possible to generate a particular tree topology from a data set 

that was not originally used to infer this topology. I used a continuous taxon 

jackknifing method (CTJ) to progressively remove taxa from a data set to determine 

what it would take to match a constraint topology. Each of the three groups was tested 

for a number of constraints. In almost all cases a sizeable proportion of taxa had to be 

removed from the data sets in order to generate a phylogenetic tree that matched the 

constraint topology. In addition, when congruence was found, it was rare – usually less 

than 1% of trees matched the constraint. This indicated a large conflict in the signals 

between the different data sets. A number of problems were highlighted with respect 

to the script that was used. Future study would require refinements to the script to 

allow for tighter constraints to be tested and additional taxa to be included in the 

analyses.
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Introduction 

A phylogenetic tree provides us with a hypothesis of the evolutionary history of 

a group of organisms based on an observed data set. In the last few decades there have 

been significant changes in both the data and the methods used for phylogenetic 

inference. Originally, phylogenies were formulated on the basis of the morphological 

characters of extant (and fossil) taxa. With the advent of DNA sequencing and the 

constant improvement and refinement in sequencing technologies, we have seen the 

use of nucleotide and other molecular sequences either displacing or used in 

conjunction with morphological information in a large number of phylogenetic 

studies. The volume of publically available and annotated nucleotide data has 

increased exponentially in the last few years. This often makes it the default data 

source of choice, especially for large-scale phylogenetic analysis (Hutchinson, 2007).  

Unfortunately, it is not unusual to find disagreement between trees inferred from 

different data sets for the same group of organisms. Where we find congruence 

between trees based on different data, this provides good support for the common 

phylogenetic hypotheses. Where there is disagreement, it may be difficult to determine 

which relationships are most likely to be true. In many cases, the discordance is 

between molecular trees and morphological trees. It has often been suggested that the 

molecular results should be preferred in these cases (Pisani et al., 2007) and this has 

fuelled a debate on the value of using morphological data at all (Scotland et al., 2003; 

Jenner, 2004; Wiens, 2004). However, if we restrict our studies to molecular data, this 

allows sampling of only 2% (approximately) of all species known to have existed. In 

order to generate a ‘Tree of Life’, we need to include fossil taxa, for which almost no 

molecular data exists, alongside extant taxa (Wiens, 2004). In addition to conflicts 

between morphological and molecular phylogenies, incongruence can also exist 

between trees generated from similar data sets, i.e., trees inferred from different genes 

or from different sets of morphological characters (Quick and Belshaw, 1999; Rokas 

et al., 2003; Burleigh and Mathews, 2004; Evans et al., 2010; Ketchum and Benson, 

2010; Benson et al., 2012).  
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Conflicting phylogenetic hypotheses 

Placental mammals 

Until the advent of DNA sequencing technologies, the standard classification of 

mammals comprised two major groups: Prototheria (egg-laying monotremes) and 

Theria (live-bearing mammals), with Theria further divided into Metatheria 

(marsupials) and Eutheria (placentals). This hypothesis was based on morphological 

data, including fossils, with Xenarthra (armadillos, anteaters and sloths) as the root of 

Eutheria (Fig. 1a). The remaining orders were mostly grouped into three major clades: 

Anagalida, Archonta and Ungulata (Springer, et al., 2004). In light of more recent 

molecular studies, strong support has been found for two clades comprising four 

distinct lineages: Afrotheria and Xenarthra (together the Atlantogenata) plus the 

Euarchontoglires and Laurasiatheria (together the Boreoeutheria) (Fig. 1b). These four 

groups are now fairly well established, particularly amongst molecular systematists. 

There are a number of differences between the morphological and molecular 

hypotheses, with a conflicting branching order and disparate clade composition. The 

molecular afrotherian group is spread between Ungulata, Anagalida and Insectivora in 

the morphological phylogeny, while Laurasiatheria is distributed amongst Insectivora, 

Archonta and Ungulata, plus a clade with Carnivora and Pholidota. For example, 

consider the positions of Dermoptera (flying lemurs) and Chiroptera (bats), which are 

sister clades in the morphology tree. These two groups share many anatomical 

features, such as having a flight membrane, that support this sister grouping. In the 

molecular phylogeny the two groups are found in separate lineages, with Chiroptera 

within Laurasiatheria and Dermoptera part of Euarchontoglires. This positioning 

within the phylogeny indicates that a flight membrane, at least, must have evolved 

independently in these two groups. This is just one example of homoplasy in placental 

mammal morphology. If we are to accept the molecular phylogeny, then we have to 

also accept that there must have been numerous parallel adaptative radiations across 

placental mammals (Springer et al., 2004).  
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Figure 1. Phylogeny of the mammals. (a) Tree based on morphological data; (b) Tree based on 
molecular data (from Springer et al., 2004). Colours are based on the divisions in (b). 

 

There is one major aspect of this placental mammal phylogeny that is still in 

dispute, however, and that is the root of the tree (Teeling and Hedges, 2013). This has 

proven to be highly controversial and still remains unresolved, despite many extensive 

studies. Three possibilities have been proposed as shown in figure 2. The first is the 

basal position of Afrotheria (Fig. 2a) (Murphy et al., 2001; Waddell and Shelley, 

2003; Nikolaev et al., 2007; Nishihara et al., 2007; Meredith et al., 2011; McCormack 

et al., 2012; Romiguier et al., 2013). The second is the basal position of Xenarthra 

(Fig. 2b) (Waddell et al., 2001; Kriegs et al., 2006; O’Leary et al., 2013). The third is 

the Atlantogenata clade as a sister group to Boreoeutheria (Fig. 2c) (Huchon et al., 

2002; Murphy et al., 2007; Wildman et al., 2007; Hallström et al., 2007; Kjer and 

Honeycutt, 2007; Hallström and Janke, 2008; Prasad et al., 2008; Meredith et al., 

2011; Song et al., 2012).   

 

Figure 2. The three alternative roots of living placental mammals (adapted from Teeling and Hedges, 
2013). 
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These studies all utilised molecular data and each of the roots appears well 

supported in the studies that have proposed them. Much of the subsequent debate has 

surrounded the utility of particular types of molecular data to accurately place the root. 

There is evidence to show that base composition can have an effect on the accuracy of 

a molecular phylogeny, with AT-rich sequences shown to be more reliable in 

comparison to CG-rich sequences (Romiguier et al., 2013). The suitability of models 

of evolution can also be a problem if they fail to take rate heterogeneity across 

lineages into account (Morgan et al., 2013). Retroposons (a class of transposable 

elements) emerged as useful phylogenetic markers as they were considered to be 

evolutionarily conserved and phylogenetically informative (Rokas and Holland, 2000). 

In the case of placental mammals, however, they were found to support all three of the 

rooting options equally (Nishihara et al., 2009).  

Only one of the studies highlighted incorporated morphological data, in a total 

evidence approach (combining morphological and molecular data in the one analysis) 

and this placed the root of placental mammals firmly with the xenarthran clade 

(O’Leary et al., 2013). Although some systematists have discounted the use of 

morphological data, in at least one recent study it was found to increase support for the 

molecular tree of placental mammals, but only when used in combination with the 

molecular data (Lee and Camens, 2009).  

New to molecular phylogenetics is the use of micro-RNA’s (miRNA), very short 

non-coding regulatory genes found in eukaryotes (Tarver et al., 2013). They have a 

low rate of evolution and are rarely lost. Furthermore, it is almost impossible to evolve 

the same miRNA more than once independently, making them seemingly ideal 

markers for phylogenetic inference (Sperling and Petersen, 2009; Wheeler et al., 

2009). A number of studies have utilised miRNAs in an attempt to resolve intractable 

phylogenetic problems (Campbell et al., 2011; Rota-Stabelli et al., 2011; Helm et al., 

2012; Lyson et al., 2012; Peterson et al., 2013). Interestingly, most of these studies 

found trees that were congruent with previous morphological, rather than molecular 

phylogenies. Kevin Peterson (Dartmouth College, U.S.A.) has looked at a number of 

groups of organisms using miRNAs, but possibly the most surprising of his results are 

those obtained for placental mammals (Dolgin, 2012). Although the tree has yet to be 

formally published in a peer-reviewed journal, he has found a completely different 

topology than previous studies (Fig. 3). Unlike the three rooting scenarios already 
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mentioned, in this tree, murid rodents are basal to all other placentals. Furthermore, 

the branching order of the groups shown is almost the reverse order compared to the 

more traditional tree. Whether this tree will stand up to scrutiny remains to be seen, 

but it provides a fourth option for the root of placental mammals.  

   
Figure 3. Traditional and miRNA placental mammal trees (from Dolgin, 2012). 

 

Squamates 

Squamates, comprising snakes and lizards, are one of the most diverse groups of 

terrestrial vertebrates with over 9,000 known species (Wiens et al., 2012; Pyron et al., 

2013). There has been considerable analysis of their taxonomy and phylogeny at every 

level, but several relationships remain largely unresolved. A number of very extensive 

studies were carried out in the last decade using both molecular data and 

morphological data, which have produced conflicting results (Vidal and Hedges, 2005; 

Conrad, 2008; Wiens et al., 2010; Gauthier et al. 2012; Mulcahy et al., 2012; Wiens et 

al., 2012; Pyron et al., 2013). Morphological data supported the hypothesis that 

Iguania (iguanas, chameleons and their relatives) were ancestral to Scleroglossa (all 

other squamates) (Estes et al., 1988; Lee, 1998; Lee, 2005). This largely singular view 

held until the advent of molecular phylogenetic analyses, which found that iguanians 

were closely related to the more derived Anguimorpha and Serpentes, while the 

Gekkota and Dibamidae groups were ancestral (Losos et al., 2012; Wiens et al., 2012). 



 143 

The largest morphological study to date incorporating many new characters (192 

exemplar species, both extant and extinct, plus 610 characters), which many thought 

would increase support for the molecular view, however, supported the more 

traditional phylogeny of an ancestral Iguania (Gauthier et al., 2012). So there are 

currently two opposing phylogenies, both with very different views on the ancestral 

position within the squamates and both with extensive data supporting them (Fig. 4).  

 

Figure 4. Conflicting hypotheses of squamate phylogeny. (a) Morphological phylogeny. (b) Molecular 
phylogeny (adapted from Losos et al., 2012) 
 

In addition to the position of Iguania, there is also some conflict with regards to 

the position of both Dibamidae and Gekkota in the molecular phylogeny. Pyron et al. 

(2013), Mulcahy et al. (2012) and Wiens et al. (2010) all found Dibamidae to be the 

most ancestral clade, while Wiens et al. (2012) found both Dibamidae and Gekkota as 

sister groups, ancestral to all other squamates. Furthermore, Townsend et al. (2004) 

found Gekkota as the most ancestral clade.   

 

Plesiosaurs 

Plesiosauria is a monophyletic clade of reptiles within the extinct superorder 

Sauropterygia. Their existence spanned approximately 135 Mya from the Rhaetian to 

the end-Cretaceous extinction event 65 Mya (Ketchum and Benson, 2010; Benson et 

al. 2012). They were considered secondarily aquatic, non-mammalian tetrapods with 

the unique feature of four enlarged limbs that were used for locomotion. They were 

classified into two main groups based on their body type; the plesiosaurs had long 

necks and small heads, while the pliosaurs had short necks and large heads (O’Keefe, 
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2001; Benson and Ketchum, 2012). Unlike the other groups discussed herein, these are 

all fossil taxa and only morphological data exists for analysis.  

Ketchum and Benson (2010) looked at the global interrelationships of 

Plesiosaura and in particular the role of taxon sampling. They compiled a thorough 

review of all previous phylogenetic hypotheses and highlighted a number of conflicts, 

particularly in relation to the more recent results. Both O’Keefe (2004) and 

Druckenmiller and Russell (2008) found that the plesiosaurs split into the two main 

groups: Plesiosauroidea and Pliosauroidea. However, the composition of taxa within 

these groups was quite different. For example, O’Keefe found Polycotylidae within 

Plesiosauroidea, while Leptocleididae was grouped with Rhomaleosauridae within 

Pliosauroidea. Conversely, Druckenmiller and Russell found Polycotylidae within 

Pliosauroidea as a sister clade to the monophyletic Leptocleididae. Ketchum and 

Benson selected 66 taxa for their study to ensure significant representation of both 

basal and higher clades. They re-examined all previously used characters and selected 

178 characters, 8 of which were new. They recovered the split between 

Plesiosauroidea and Pliosauroidea, similar to previous analyses. They also found 

Leptocleididae and Polycotylidae formed a monophyletic clade similar to 

Druckenmiller and Russell. However, unlike Druckenmiller and Russell, this clade 

was not within Pliosauroidea, but resided in Plesiosauroidea. A more recent study by 

Benson et al. (2012) looked at the disparity and diversity in plesiosaurs from the 

Triassic-Jurassic boundary. They constructed a new data matrix, built upon on 

previous published data sets, which included 207 morphological characters (46 new) 

for 32 taxa. Their results revealed a novel topology; Pliosauridae and Plesiosauroidea 

formed a clade (Neoplesiosauria), but Rhomaleosauridae was found to be outside of 

this clade.  

 

In Chapter 3 I looked at how changing the taxon sample of a data set could 

affect the stability of a phylogenetic tree. I found that it was possible, to some extent, 

to predict whether a tree would be sensitive to taxon sampling just by looking at the 

levels of homoplasy in the data set. In this chapter I investigate how easy it would be 

to generate a particular tree topology from a data set that was not originally used to 

infer this tree topology. There are many examples of discordant phylogenetic 
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hypotheses for particular groups of organisms, but how different are these trees and 

would it be possible to alter the taxon sample to infer one of the conflicting trees from 

another? I used a similar approach to the continuous taxon jackknifing (CTJ) method I 

used in Chapter 3. With the target tree topology set up as a constraint topology, I 

progressively removed taxa from the data set and determined whether the resulting 

topology (inferred from the reduced data) matched the constraint at each stage. I 

examined a number of conflicting hypotheses for the three groups discussed: placental 

mammals, plesiosaurs and squamates.  

 

Methods 

Data sets and constraint tests 

Placental mammals 

The majority of recent mammal data sets have been based on molecular data, but 

Lee and Camens (2009) investigated whether morphological data could provide a 

strong phylogenetic signal for placental mammals. They based their data set on Asher 

(2007), which comprised a large total evidence data set. I removed the morphological 

data from this and further modified it for use with my tests. The original 

morphological matrix consisted of 2 outgroup taxa (Didelphis and a diprotodont 

taxon) and 51 ingroup taxa (including 12 fossil taxa). TNT can only recognise 1 

outgroup representative, so I selected Didelphis as the sole outgroup taxon. In order to 

set up the constraints and run the tests, every taxon in the data set had to be assigned to 

one of the 4 placental mammal lineages (Afrotheria, Xenarthra, Laurasiatheria and 

Euarchontoglires). The 12 fossil taxa could not be reconciled conclusively to any 

particular group, so they were removed from the data set. The final data set included 

196 characters for 41 extant taxa, covering the main groups of placental mammals 

(one representative of each group and 1 outgroup taxon) (Appendix I, Table A13). My 

tests were based on the four alternative hypotheses for the rooting of placental 

mammals, as described in the Introduction (Table 1).   
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Table 1. Placental mammal constraint tests. 

Test Details Constraint tree 
1 Afrotheria is the root of placental 

mammals 
(((Boreoeutheria+Xenarthra)(Afrotheria))(outgroup)) 
 

2 Xenarthra is the root of placental 
mammals 

(((Boreoeutheria+Afrotheria)(Xenarthra))(outgroup)) 

3 Atlantogenata and Boreoeutheria are 
sister clades 

(((Boreoeutheria)(Atlantogenata))(outgroup)) 

4 Murid rodents are the root of 
placental mammals 

(((all-others)(Mus+Rattus))(outgroup)) 
 

 

 

Squamates 

The conflicts mentioned in the Introduction formed the basis of the constraint 

tests for the squamates (Table 2). There were a number of different (and large) 

morphological data sets available that I could have used (Conrad, 2008; Gauthier et 

al., 2012), but I chose the data set with the smallest number of taxa, due to the 

computational intensity of the jackknifing script. This data set had a broad taxonomic 

coverage and included both extant and fossil taxa. Unlike placental mammals, I was 

able to reconcile each taxon to a particular group, so no taxa were removed from the 

data set. The morphological data set was taken from Lee (2005) and contained 399 

characters for 33 taxa, including 1 generic outgroup taxon (Appendix I, Table A14).  

Table 2. Squamate constraint tests. Abbreviations: Ang: Anguimorpha; Dib: Dibamidae; Gek: Gekkota; 
Igu: Iguania; Out: outgroup.  

Test Details Constraint tree 
1 Iguania forms the most ancestral clade (((all-others)(Igu))(Out)) 
2 (Iguania+Angiomorpha) form the most derived 

clade 
(((Ang+Igu)(all-others))(Out)) 
 

3 Dibamidae forms the most ancestral clade (((all-others)(Dib))(Out)) 
4 (Dibamidae+Gekkota) form the most ancestral 

clade 
(((all-others)(Dib+Gek))(Out)) 
 

5 Gekkota forms the most ancestral clade (((all-others)(Gek))(Out)) 
 

 

Plesiosaurs 

As plesiosaurs are a group of extinct taxa, all data sets were based on 

morphological data. I used the data sets of Druckenmiller and Russell (2008), 

Ketchum and Benson (2010) and Benson et al. (2012) to test the conflicting 

hypotheses presented in the Introduction (Table 3). There were a number of 
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ambiguous taxon codings in these 3 data sets; for example, Maresaurus is considered 

part of Pliosauridae in the 2012 paper, but part of Rhomaleosauridae (within 

Plesiosauroidea) in the 2010 paper (Table 4). For these analyses I decided to use the 

coding associated with a particular data set when setting up constraints that involved 

that data set (Appendix I, Tables A15, A16, A17). This meant that in test 1 

Maresaurus was assigned to the Pliosauridae clade, whereas in tests 2, 3 and 4 it was 

assigned to the Plesiosauroidea clade. I was able to do just one test with the 2012 data 

set as taxa were only defined as Pliosauridae or Plesiosauroidea.  

Table 3. Plesiosaur constraint tests. Abbreviations: Lep: Leptocleididae; Out: Outgroup; Ple: 
Plesiosauroidea; Pli: Pliosauridae; Pol: Polycotylidae; Rho: Rhomaleosauridae. 

Test Details Data set  Constraint tree 
1 Ple and Pli sister clades 2012 ((Pli)(Ple)(Out)) 
2 Rho basal to (Ple + Pli) clade 2010 (((Ple+Pli)(Rho))(Out)) 

3 Ple and Pli sister clades, Rho and Lep 
within Pli 2010 (((Pli+Rho+Lep)(Ple))(Out)) 

4 Ple and Pli sister clades, Rho and Pol 
within Pli 2010 (((Pli+Rho+Pol)(Ple))(Out)) 

5 Rho basal to (Ple + Pli) clade 2008 (((Ple+Pli)(Rho))(Out)) 
6 Ple and Pli sister clades, Lep within Ple 2008 (((Ple+Lep)(Pli))(Out)) 
7 Ple and Pli sister clades, Pol within Ple 2008 (((Ple+Pol)(Pli))(Out)) 

 
 
Table 4. Conflicting taxon codings between the three data sets for plesiosaurs.  

Taxa 2008 coding 2010 coding 2012 coding 
Polycotylidae Pliosauridae Plesiosauroidea  
Leptocleididae Pliosauridae Plesiosauroidea  
Umoonasaurus Pliosauridae Plesiosauroidea  
Maresaurus  Plesiosauroidea Pliosauridae 
Thassiodracon Plesiosauroidea Plesiosauroidea Pliosauridae 
Hauffiosaurus  Plesiosauroidea Pliosauridae 

 

The TNT Script 

I wanted to test whether the test data sets would generate trees that supported a 

particular topology, i.e., a constraint topology. Topological constraints are user 

defined phylogenetic hypotheses that can be used to find optimal trees that include a 

specified clade or set of relationships (or exclude a specified clade, etc.). Each of the 

test data sets were converted to the TNT format prior to use with the TNT script and 

constraint trees were set up and saved in Newick format. The TNT script followed the 

same process as the one I used in Chapter 3, with a number of exceptions. Taxa were 

randomly jackknifed (500 times) from the input data matrix, starting with just one 
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taxon and increasing the number of jackknifed taxa by one each time, until there were 

just 4 taxa left in the original data matrix. The outgroup taxon was not jackknifed. 

After each jackknife, the most parsimonious tree or trees (MPTs) were generated 

according to the constraint topology. These MPTs were then compared to the 

constraint tree (with the jackknifed taxa pruned from it). Unlike the script in Chapter 3 

we were not looking for distances between trees, but rather which trees matched the 

constraint topology.  

Two output files were automatically generated by the script. The first one 

contained the proportion of MPTs that agreed with the constraint for each run. If the 

proportion was greater than 90%, then the list of taxa that had been jackknifed from 

the data set, for that run, were then printed to the second output file. These were the 

taxa that had to be removed from a data file in order to get more than 90% of the 

resulting MPTs to agree with the constraint topology. To verify this I generated one 

tree from the data set, minus these particular taxa.   

 

Results 

For each of the tests carried out I have listed the minimum number of taxa that 

had to be removed from the data set in order to satisfy the constraint topology. In some 

cases there were multiple minimum trees in the output file from the script, but I have 

just shown the first example for each test. To verify that the reduced data set was 

congruent with the constraint topology I have also shown one tree generated from the 

reduced data set. In each of the tests I was just looking for the topology that meets the 

minimum requirements for the constraint and not the resolution within any of the 

resulting clades. 

 

Placental mammals 

Test 1: Afrotheria root to Boreoeutheria and Xenarthra. 

In order to satisfy the constraint topology of an afrotherian root, a minimum of 

26 of the 40 taxa had to be removed from the initial data set (Table 5, Fig. 5). Both 

members of Xenarthra had to be removed and all members of Euarchontoglires, except 
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for Cavia and Leporid, had to be removed from the Boreoeutheria. The basal 

afrotherian group contained just one member, Orycteropus. The jackknifed tree 

matched the constraint just once out of the 500 repetitions (0.2%) jackknifing 26, 27, 

28 and 29 taxa. Once 30 taxa were jackknifed the tree matched the constraint 5 times 

and increased gradually from then on. When the limit of taxa to be jackknifed was 

reached (36 taxa), the tree matched the constraint 426 times out of 500 repetitions 

(85.2%).  

Table 5. Test 1 mammals – taxa removed from data set. 

 Taxa removed Superorder  Taxa removed Superorder 
1 Amblysomus Afrotheria 14 Mus Euarchontoglires 
2 Caniform Laurasiatheria 15 Myrmecophagid Xenarthra 
3 Chaetophractus Xenarthra 16 Ochotona Euarchontoglires 
4 Cynocephalus Euarchontoglires 17 Phyllostomid Laurasiatheria 
5 Echinops Afrotheria 18 Procavia Afrotheria 
6 Elephantulus Afrotheria 19 Rattus Euarchontoglires 
7 Erinaceus Laurasiatheria 20 Ruminant Laurasiatheria 
8 Felis Laurasiatheria 21 Sorex Laurasiatheria 
9 Homo Euarchontoglires 22 Strepsirhine Euarchontoglires 
10 Hystrix Euarchontoglires 23 Sus Laurasiatheria 
11 Lama Laurasiatheria 24 Tapirus Laurasiatheria 
12 Loxodonta Afrotheria 25 Trichechus Afrotheria 
13 Macroscelides Afrotheria 26 Tupaia Euarchontoglires 

 

 
 
Figure 5. Tree to fit Test 1 for placental mammals. Black indicates outgroup; red indicates afrotherian 
clade; blue indicates (Boreoeutheria+Xenarthra) clade. 
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Test 2: Xenarthra root to Boreoeutheria and Afrotheria. 

Similar to test 1, I had to remove a minimum of 26 of the 40 taxa to get the 

constraint topology (Table 6, Fig. 6). The basal xenarthran group contained just 1 of 

the 2 members. The clade of Boreoeutheria and Afrotheria contained a mix of both 

groups (unresolved). The tree generated from the remaining taxa matched the 

constraint just once out of 500 times that 26 taxa were jackknifed from the data matrix.   

Table 6. Test 2 mammals – taxa removed from data set. 

 Taxa removed Superorder  Taxa removed Superorder 
1 Balaenopterid Laurasiatheria 14 Mus Euarchontoglires 
2 Cavia Euarchontoglires 15 Ochotona Euarchontoglires 
3 Ceratotherium Laurasiatheria 16 Orycteropus Afrotheria 
4 Chaetophractus Xenarthra 17 Pteropus Laurasiatheria 
5 Cynocephalus Euarchontoglires 18 Rousettus Laurasiatheria 
6 Delphinid Laurasiatheria 19 Ruminant Laurasiatheria 
7 Echinops Afrotheria 20 Solenodon Laurasiatheria 
8 Equus Laurasiatheria 21 Sorex Laurasiatheria 
9 Felis Laurasiatheria 22 Strepsirhine Euarchontoglires 
10 Hippopotamus Laurasiatheria 23 Talpa Laurasiatheria 
11 Homo Euarchontoglires 24 Tapirus Laurasiatheria 
12 Macroscelides Afrotheria 25 Trichechus Afrotheria 
13 Manis Laurasiatheria 26 Tupaia Euarchontoglires 

 

 
 
Figure 6. Tree to fit Test 2 for placental mammals. Black indicates outgroup; red indicates xenarthran 
clade; blue indicates (Boreoeutheria+Afrotheria) clade. 
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Test 3: Atlantogenata and Boreoeutheria sister clades. 

A minimum of 27 of the 40 taxa had to be removed before the resulting tree 

satisfied the constraint topology (Table 7, Fig. 7). Both xenarthran representatives had 

to be removed. Only 1 member, an afrotherian representative Orycteropus, remained 

in the Atlantogenatan clade, whereas there were 11 representatives in the 

Boreoeutherian clade. The resultant tree matched the constraint just once out of the 

500 times that 27 taxa were jackknifed from the data matrix.  

Table 7. Test 3 mammals – taxa removed from data set. 

 Taxa removed Superorder  Taxa removed Superorder 
1 Amblysomus Afrotheria 15 Myrmecophagid Xenarthra 
2 Caniform Laurasiatheria 16 Ochotona Euarchontoglires 
3 Chaetophractus Xenarthra 17 Phyllostomid Laurasiatheria 
4 Cynocephalus Euarchontoglires 18 Procavia Afrotheria 
5 Echinops Afrotheria 19 Rattus Euarchontoglires 
6 Elephantulus Afrotheria 20 Rousettus Laurasiatheria 
7 Erinaceus Laurasiatheria 21 Ruminant Laurasiatheria 
8 Felis Laurasiatheria 22 Sorex Laurasiatheria 
9 Homo Euarchontoglires 23 Strepsirhine Euarchontoglires 
10 Hystrix Euarchontoglires 24 Sus Laurasiatheria 
11 Lama Laurasiatheria 25 Tapirus Laurasiatheria 
12 Loxodonta Afrotheria 26 Trichechus Afrotheria 
13 Macroscelides Afrotheria 27 Tupaia Euarchontoglires 
14 Mus Euarchontoglires    

 

 
 
Figure 7. Tree to fit Test 3 for placental mammals. Black indicates outgroup; red indicates 
Atlantogenatan clade; blue indicates Boreoeutherian clade. 
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Test 4: Murid rodents basal to all other placental mammals. 

A minimum of 32 of the 40 taxa had to be removed before the resulting tree 

satisfied the constraint topology (Table 8, Fig. 8). This tree matched the constraint 

topology in just one out of the 500 repetitions when 32 taxa were removed from the 

data set. 

Table 8. Test 4 mammals – taxa removed from data set. 

 Taxa removed Superorder  Taxa removed Superorder 
1 Amblysomus Afrotheria 17 Macroscelides Afrotheria 
2 Balaenopterid Laurasiatheria 18 Myrmecophagid Xenarthra 
3 Caniform Laurasiatheria 19 Ochotona Euarchontoglires 
4 Cavia Euarchontoglires 20 Phyllostomid Laurasiatheria 
5 Ceratotherium Laurasiatheria 21 Procavia Afrotheria 
6 Chaetophractus Xenarthra 22 Rattus Euarchontoglires 
7 Cynocephalus Euarchontoglires 23 Rousettus Laurasiatheria 
8 Delphinid Laurasiatheria 24 Ruminant Laurasiatheria 
9 Echinops Afrotheria 25 Solenodon Laurasiatheria 
10 Elephantulus Afrotheria 26 Sorex Laurasiatheria 
11 Erinaceus Laurasiatheria 27 Strepsirhine Euarchontoglires 
12 Felis Laurasiatheria 28 Sus Laurasiatheria 
13 Hippopotamus Laurasiatheria 29 Talpa Laurasiatheria 
14 Hystrix Euarchontoglires 30 Tapirus Laurasiatheria 
15 Leporid Euarchontoglires 31 Trichechus Afrotheria 
16 Loxodonta Afrotheria 32 Tupaia Euarchontoglires 

 

 

Figure 8. Tree to fit Test 4 for placental mammals. Black indicates outgroup; red indicates murid 
rodent representative; blue indicates all other placental mammals. 
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Squamates 

Test 1: Iguania clade basal.  

This was a morphological data set and this was the hypothesis based on 

morphology, so unsurprisingly, without removing any taxa from the data set I got this 

tree. All 4 iguanians were in the basal clade (Fig. 9). The other clade (all other taxa) 

was quite unresolved, although Gekkota did form a clade and Anguimorpha would 

also form the most derived clade, except for the inclusion of Serpentes.   

 

Figure 9. Tree based on full data set for squamates. Black indicates outgroup; red indicates Iguanian 
clade; blue indicates all others. 
 

Test 2: (Dibamidae+Gekkota) clade basal.  

To satisfy this constraint topology I had to remove a minimum of 20 of the 33 

taxa from the initial data set (Table 9, Fig. 10). Only 1 of the 4 gekkotans remained in 

the basal group with the sole Dibamidae taxon. Interestingly, all Iguania and the sole 

representatives of Serpentes and Amphisbaenia had to be removed, leaving a derived 

clade of just scincomorphan and anguimorphan taxa. This was the only tree that 
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matched the constraint topology out of the 500 repetitions removing 20 taxa from the 

data set.   

Table 9. Test 2 squamates – taxa removed from data set. ‘_f’ indicates fossil taxon. 

 Taxa removed   Taxa removed  

1 Iguanidae Iguania 11 Sineoamphisbaena_f unknown 
(Scleroglossa) 

2 Leiolepidinae Iguania 12 Amphisbaenia Amphisbaenia 
3 Agaminae Iguania 13 Teiidae Scincomorpha 
4 Chamaeleonidae Iguania 14 Gymnophthalmidae Scincomorpha 

5 Polyglyphanodon_f unknown 
(Scleroglossa) 15 Anguidae Anguimorpha 

6 Macrocephalosaurus_f unknown 
(Scleroglossa) 16 Shinisaurus Anguimorpha 

7 Xantusiidae Scincomorpha 17 Heloderma Anguimorpha 
8 Eublepharinae Gekkota 18 Varanus Anguimorpha 
9 Gekkonines_s.l. Gekkota 19 Mosasauridae_f Anguimorpha 
10 Diplodactylinae Gekkota 20 Serpentes Serpentes 

 

 
 
Figure 10. Tree to fit Test 2 for squamates. Black indicates outgroup; red indicates 
(Dibamidae+Gekkota) clade; blue indicates all others. 
 

Test 3:  (Iguania+Anguimorpha) form the most derived clade.  

I had to remove a minimum of 24 of the 33 taxa before the resulting tree 

satisfied the constraint topology (Table 10, Fig. 11). However, I had to remove all taxa 

except for Iguania and Anguimorpha taxa, which meant that (obviously) they formed a 



 155 

clade. The tree only matched the constraint topology one time out of the 500 

repetitions removing 24 taxa from the data matrix.  

Table 10. Test 3 squamates – taxa removed from data set. ‘_f’ indicates fossil taxon. 

 Taxa removed Group  Taxa removed Group 
1 Agaminae Iguania 13 Lacertidae Scincomorpha 
2 Chamaeleonidae Iguania 14 Teiidae Scincomorpha 

3 Polyglyphanodon_f unknown 
(Scleroglossa) 15 Gymnophthalmidae Scincomorpha 

4 Macrocephalosaurus_f unknown 
(Scleroglossa) 16 Cordylidae Scincomorpha 

5 Xantusiidae Scincomorpha 17 Scincidae Scincomorpha 
6 Eublepharinae Gekkota 18 Anguidae Anguimorpha 
7 Gekkonines_s.l. Gekkota 19 Shinisaurus Anguimorpha 
8 Diplodactylinae Gekkota 20 Heloderma Anguimorpha 
9 Pygopodidae Gekkota 21 Lanthanotus Anguimorpha 

10 Sineoamphisbaena_f unknown 
(Scleroglossa) 22 Mosasauridae_f Anguimorpha 

11 Dibamidae Dibamidae 23 Adriosaurus_f Anguimorpha 
12 Amphisbaenia Amphisbaenia 24 Serpentes Serpentes 

 

 
 
Figure 11. Tree to fit Test 3 for squamates. Black indicates outgroup; blue indicates 
(Iguania+Anguimorpha) clade. 

 
 
Test 4: Dibamidae clade basal. 

To satisfy the constraint topology I had to remove a minimum of 23 of the 33 

taxa (Table 11, Fig. 12). This meant removing all the Iguania, Gekkota and Serpentes 

taxa, leaving Dibamidae, plus some Scincomorpha and Anguimorpha representatives. 
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This was the only tree that matched the constraint topology out of the 500 repetitions 

removing 23 taxa from the data set. 

Table 11. Test 4 squamates – taxa removed from data set. ‘_f’ indicates fossil taxon. 

 Taxa removed Group  Taxa removed Group 
1 Iguanidae Iguania 13 Amphisbaenia Amphisbaenia 
2 Leiolepidinae Iguania 14 Lacertidae Scincomorpha 
3 Agaminae Iguania 15 Teiidae Scincomorpha 
4 Chamaeleonidae Iguania 16 Gymnophthalmidae Scincomorpha 

5 Polyglyphanodon_f unknown 
(Scleroglossa) 17 Shinisaurus Anguimorpha 

6 Macrocephalosaurus_f unknown 
(Scleroglossa) 18 Heloderma Anguimorpha 

7 Xantusiidae Scincomorpha 19 Varanus Anguimorpha 
8 Eublepharinae Gekkota 20 Dolichosauridae_f Anguimorpha 
9 Gekkonines_s.l. Gekkota 21 Pachyrhachis_f Anguimorpha 
10 Diplodactylinae Gekkota 22 Haasiophis Anguimorpha 
11 Pygopodidae Gekkota 23 Serpentes Serpentes 

12 Sineoamphisbaena_f unknown 
(Scleroglossa)    

 

 
 
Figure 12. Tree to fit Test 4 for squamates. Black indicates outgroup; red indicates Dibamidae clade; 
blue indicates all others. 

 

Test 5: Gekkota clade basal. 

I had to remove a minimum of 15 of the 33 taxa to satisfy the constraint 

topology (Table 12, Fig. 13). All of the Iguania and Dibamidae taxa were removed. 
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This tree matched the constraint topology just twice out of the 500 repetitions when 15 

taxa were removed from the data set.  

Table 12. Test 5 squamates – taxa removed from data set. ‘_f’ indicates fossil taxon. 

 Taxa removed Group  Taxa removed Group 

1 Iguanidae Iguania 9 Sineoamphisbaena_f unknown 
(Scleroglossa) 

2 Leiolepidinae Iguania 10 Dibamidae Dibamidae 
3 Agaminae Iguania 11 Gymnophthalmidae Scincomorpha 
4 Chamaeleonidae Iguania 12 Cordylidae Scincomorpha 

5 Polyglyphanodon_f unknown 
(Scleroglossa) 13 Mosasauridae_f Anguimorpha 

6 Macrocephalosaurus_f unknown 
(Scleroglossa) 14 Dolichosauridae_f Anguimorpha 

7 Xantusiidae Scincomorpha 15 Pachyrhachis_f Anguimorpha 
8 Gekkonines_s.l. Gekkota    

 

 
 
Figure 13. Tree to fit Test 5 for squamates. Black indicates outgroup; red indicates Gekkota clade; blue 
indicates all others. 

 

Plesiosaurs 

Test 1: Plesiosauroidea and Pliosauria sister groups (using 2012 data set). 

To satisfy the constraint topology I only had to remove a minimum of 2 

(Eurycleidus and Thalassiodracon) of the 28 taxa (Table 13, Fig. 14). All of the 

retained Rhomaleosauridae are a sister group to the retained Pliosauridae and together 

these form the Pliosauria. The resulting clades were quite well resolved with the 3 



 158 

Microcleidus specimens (M. tournemirensis, M. brachypteryglus and M. 

homoalospondylus) and 3 Hauffiosaurus specimens (H. longirostris, H. tomistomimus 

and H. zanoni) grouped in their respective clades. Taxon codings were based on those 

used in Benson et al. (2012). The resulting tree matched the constraint topology 17 

times out of the 500 repetitions removing 2 taxa from the data matrix.   

Table 13. Test 1 plesiosaurs – taxa removed from data set.  

 Taxa removed Sub-group Group 
1 Eurycleidus Rhomaleosauridae Pliosauridae 
2 Thalassiodracon Pliosauridae Pliosauridae 

 

 
 
Figure 14. Tree to fit Test 1 for plesiosaurs. Black indicates outgroup; red indicates Pliosauridae clade; 
blue indicates Plesiosauroidea clade. 

 

Test 2: Rhomaleosauridae basal to the (Plesiosauroidea+Pliosauria) clade (using 

2010 data set). 

I had to remove a minimum of 18 of the 56 taxa to satisfy the constraint 

topology (Table 14, Fig. 15). Taxon codings were based on Ketchum and Benson 

(2010). 3 members of the Rhomaleosauridae were retained in a clade outside of the 

Pliosauridae and Plesiosauroidea split. The tree generated from the remaining taxa 

matched the constraint just once out of 500 times when 18 taxa were jackknifed from 

the data matrix. 
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Table 14. Test 2 plesiosaurs – taxa removed from data set. Abbreviations: Lep: Leptocleididae; Out: 
Outgroup; Ple: Plesiosauroidea; Pli: Pliosauridae; Pol: Polycotylidae; Rho: Rhomaleosauridae.  

 Taxa removed Group  Taxa removed Group 
1 Aristonectes parvidens Ple 10 OUMNH J.02247 Pli 
2 BMNH R2439 Pli 11 OUMNH J.10337 Ple 
3 Brancasaurus brancai Lep 12 Plesiosaurus dolichodeirus Ple 
4 Edgarosaurus muddi Pol 13 Plesiosaurus macrocephalus Ple 
5 Leptocleidus capensis Lep 14 Rhomaleosaurus victor Rho 
6 Libonectes morgani Ple 15 Simolestes vorax Pli 
7 Liopleurodon ferox Pli 16 Terminonatator pontiexensis Ple 
8 Manemergus anguirostris Pol 17 Thalassomedon haningtoni Ple 

9 Microcleidus 
homalospondylus Ple 18 Thililua longicollis Lep 

 

 

Figure 15. Tree to fit Test 2 for plesiosaurs. Black indicates outgroup; red indicates Rhomaleosauridae 
clade; blue indicates (Plesiosauroidea+Pliosauridae) clade 
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Test 3: (Pliosauridae+Leptocleididae+Rhomaleosauridae) and (Plesiosauroidea-

Leptocleididae) sister clades (using 2010 data set). 

I had to remove 41 of the 56 taxa to satisfy the constraint topology (Table 15, 

Fig. 16). Taxon codings were based on Ketchum and Benson (2010). 2 representatives 

of the Leptocleididae (Brancasaura branchi and Kaiwhekea katiki) and 2 of the 

Rhomaleosauridae (Rhomaleosaurus megacephalus and Rhomaleosaurus zetlandicus) 

were retained within the Pliosauridae. The tree generated from the remaining taxa 

matched the constraint topology just once out of the 500 repetitions removing 41 taxa 

from the data matrix.  

Table 15. Test 3 plesiosaurs – taxa removed from data set. Abbreviations: Lep: Leptocleididae; Out: 
Outgroup; Ple: Plesiosauroidea; Pli: Pliosauridae; Pol: Polycotylidae; Rho: Rhomaleosauridae.  

 Taxa removed Group  Taxa removed Group 
1 Aristonectes parvidens Ple 22 Occitanosaurus tournemirensis Ple 
2 BMNH R2439 Plio 23 OUMNH J.10337 Pli 
3 Cryptoclidus eurymerus Ple 24 Palmulasaurus quadratus Pol 

4 Dolichorhynchops 
herschelensis Pol 25 Peloneustes philarchus Pli 

5 Dolichorhynchops osborni Pol 26 Plesiopleurodon wellesi Pol 
6 Edgarosaurus muddi Pol 27 Plesiosaurus dolichodeirus Ple 
7 Eopolycotylus rankini Pol 28 Plesiosaurus macrocephalus Ple 
8 Hauffiosaurus zanoni Ple 29 Pliosaurus brachydeirus Pli 
9 Hydrorion brachypterygius Ple 30 Pliosaurus brachyspondylus Pli 
10 Hydrotherosaurus alexandrae Ple 31 QMF 18041 Pol 
11 Kimmerosaurus langhami Ple 32 Rhomaleosaurus victor Rho 

12 Leptocleidus capensis Lep 33 Seeleyosaurus 
guilelmiimperatoris Ple 

13 Leptocleidus superstes Lep 34 Simolestes vorax Pli 
14 Libonectes morgani Ple 35 Styxosaurus snowii Ple 
15 Liopleurodon ferox Plio 36 Terminonatator pontiexensis Ple 
16 Macroplata longirostris Ple 37 Thalassiodracon hawkinsi Ple 
17 Manemergus anguirostris Pol 38 Thililua longicollis Lep 
18 Maresaurus coccai Rho 39 Tricleidus seeleyi Ple 

19 Microcleidus 
homalospondylus Ple 40 Trinacromerum bentonianum Pol 

20 MMUM LL_8004 Ple 41 Umoonasaurus demoscyllus Lep 
21 Nichollssaura borealis Lep    
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Figure 16. Tree to fit Test 3 for plesiosaurs. Black indicates outgroup; red indicates 
(Pliosauridae+Leptocleididae+Rhomaleosauridae) clade; blue indicates (Plesiosauroidea-
Leptocleididae) clade. 
 

Test 4: (Pliosauridae+Polycotylidae+Rhomaleosauridae) and (Plesiosauroidea-

Polycotylidae) sister clades (using 2010 data set). 

I had to remove 45 of the 56 taxa to satisfy the constraint topology (Table 16, 

Fig. 17). Taxon codings were based on Ketchum and Benson (2010). Three 

representatives of the Polycotylidae were retained within the Pliosauridae, whereas all 

members of Rhomaleosauridae were removed. The resulting tree matched the 

constraint once out of the 500 repetitions removing 3 taxa from the data matrix.   

Table 16. Test 4 plesiosaurs – taxa removed from data set. Abbreviations: Lep: Leptocleididae; Out: 
Outgroup; Ple: Plesiosauroidea; Pli: Pliosauridae; Pol: Polycotylidae; Rho: Rhomaleosauridae.  

 Taxa removed Group  Taxa removed Group 
1 Aristonectes parvidens Ple 24 Muraenosaurus leedsii Ple 
2 BEDFM 1999_201 Pli 25 Nichollssaura borealis Lep 
3 BMNH R2439 Pli 26 Occitanosaurus tournemirensis Ple 
4 Brachauchenius lucasi Pli 27 OUMNH J.02247 Pli 
5 Brancasaurus brancai Lep 28 OUMNH J.10337 Ple 
6 Callawayasaurus colombiensis Ple 29 Palmulasaurus quadratus Pol 
7 Cryptoclidus eurymerus Ple 30 Plesiopleurodon wellesi Ple 
8 Dolichorhynchops osborni Pol 31 Plesiosaurus macrocephalus Ple 
9 Eopolycotylus rankini Pol 32 Pliosaurus brachydeirus Pli 
10 Eromangasaurus australis Ple 33 QMF 18041 Pol 
11 Hauffiosaurus zanoni Ple 34 Rhomaleosaurus megacephalus Rho 
12 Hydrorion brachypterygius Ple 35 Rhomaleosaurus victor Rho 
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13 Hydrotherosaurus alexandrae Ple 36 Rhomaleosaurus zetlandicus Rho 

14 Kaiwhekea katiki Lep 37 Seeleyosaurus 
guilelmiimperatoris Ple 

15 Kimmerosaurus langhami Ple 38 Simolestes vorax Pli 
16 Kronosaurus queenslandicus Pli 39 Styxosaurus snowii Ple 
17 Leptocleidus capensis Lep 40 Terminonatator pontiexensis Ple 
18 Leptocleidus superstes Lep 41 Thalassomedon haningtoni Ple 
19 Libonectes morgani Ple 42 Thililua longicollis Lep 
20 Liopleurodon ferox Pli 43 Tricleidus seeleyi Ple 
21 Macroplata longirostris Ple 44 Trinacromerum bentonianum Pol 
22 Maresaurus coccai Rho 45 Umoonasaurus demoscyllus Lep 
23 MMUM LL_8004 Ple    

 

 

Figure 17. Tree to fit Test 4 for plesiosaurs. Black indicates outgroup; red indicates 
(Pliosauridae+Polycotylidae+Rhomaleosauridae) clade; blue indicates (Plesiosauroidea-Polycotylidae) 
clade. 
 

Test 5: Rhomaleosauridae basal to the (Plesiosauroidea+Pliosauria) clade (using 

2008 data set). 

I only had to remove a minimum of 3 of the 29 taxa to satisfy the constraint 

topology (Table 17, Fig. 18). 1 of the 2 representatives of Rhomaleosauridae was 

retained as the basal group to the (Plesiosauroidea+Pliosauria) clade. Taxon codings 

were based on Druckenmiller and Russell (2008). The resultant tree matched the 

constraint just twice out of the 500 times that 3 taxa were jackknifed from the data 

matrix.  
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Table 17. Test 5 plesiosaurs – taxa removed from data set.   

 Taxa removed Sub-group Group 
1 Rhomaleosaurus megacephalus Rhomaleosauridae Pliosauridae 
2 Simolestes vorax Pliosauridae Pliosauridae 
3 Thalassiodracon hawkinsi Plesiosauroidea Plesiosauroidea 

 

 

Figure 18. Tree to fit Test 5 for plesiosaurs. Black indicates outgroup; red indicates Rhomaleosauridae 
clade; blue indicates (Plesiosauroidea+Pliosauridae) clade. 
 

Test 6: (Pliosauridae-Leptocleididae) and (Plesiosauroidea+Leptocleididae) sister 

clades (based on 2008 data set).  

I had to remove a minimum of 21 of the 29 taxa to satisfy the constraint 

topology (Table 18, Fig. 19). One of the Leptocleididae taxa had to be removed. 

Taxon codings were based on Druckenmiller and Russell (2008). This was the only 

tree that matched the constraint topology out of the 500 repetitions of 22 taxa removed 

from the data set.  

Table 18. Test 6 plesiosaurs – taxa removed from data set. Abbreviations: Lep: Leptocleididae; Out: 
Outgroup; Ple: Plesiosauroidea; Pli: Pliosauridae; Pol: Polycotylidae; Rho: Rhomaleosauridae.  

 Taxa removed Group Sub-
group  Taxa removed Group Sub-

group 

1 BMNH 49202 Ple Ple 12 Pliosaurus 
brachyspondylus Pli Pli 

2 BMNH R.1336 Ple Ple 13 Polycotylus latipinnis Pli Pol 
3 Cryptoclidus Ple Ple 14 QM F18041 Pli Pli 
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eurymerus 

4 Dolichorhynchops 
osborni Pli Pol 15 Rhomaleosaurus 

megacephalus Pli Rho 

5 Edgarosaurus muddi Pli Pol 16 Rhomaleosaurus victor Pli Rho 

6 Elasmosaurus 
platyurus Ple Ple 17 Simolestes vorax Pli Pli 

7 Kronosaurus 
queenslandicus Pli Pli 18 Terminonatator 

pontiexensis Ple Ple 

8 Leptocleidus capensis Pli Lep 19 Thalassiodracon 
hawkinsi Ple Ple 

9 Liopleurodon ferox Pli Pli 20 TMP 94.122.01 Pli Pli 

10 Macroplata tenuiceps Pli Pli 21 Umoonasaurus 
demoscyllus Pli Pli 

11 Muraenosaurus 
leedsii Ple Ple     

 

 

Figure 19. Tree to fit Test 6 for plesiosaurs. Black indicates outgroup; red indicates (Pliosauridae-
Leptocleididae) clade; blue indicates (Plesiosauroidea+Leptocleididae) clade. 
 

Test 7: Split is (Pliosauridae-Polycotylidae) and (Plesiosauroidea+Polycotylidae) 

(based on 2008 data set). 

 

I only had to remove a minimum of 5 of the 29 taxa to satisfy the constraint 

topology (Table 19, Fig. 20). Only one member of Polycotylidae remained as part of 

the (Plesiosauroidea+Polycotylidae) clade. Taxon codings were based on 

Druckenmiller and Russell (2008). This was the only tree that matched the constraint 

topology out of the 500 repetitions of 5 taxa removed from the data set.  
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Table 19. Test 7 plesiosaurs – taxa removed from data set.  

 Taxa removed Sub-group Group 
1 BMNH 49202 Plesiosauroidea Plesiosauroidea 
2 Dolichorhynchops osborni Polycotylidae Pliosauridae 
3 Edgarosaurus muddi Polycotylidae Pliosauridae 
4 Elasmosaurus platyurus Plesiosauroidea Plesiosauroidea 
5 Liopleurodon ferox Pliosauridae Pliosauridae 

 

 

Figure 20. Tree to fit Test 7 for plesiosaurs. Black indicates outgroup; red indicates 
(Plesiosauroidea+Polycotylidae) clade; blue indicates (Pliosauridae-Polycotylidae) clade. 
 

 

Discussion  

In Chapter 3 I found that changing the taxon sample could fundamentally alter 

the resulting tree topology. For this chapter I wanted to apply a similar method to 

examine particular cases where there were known conflicts between trees generated 

from different data sets, but for the same group of organisms. The main question was 

whether it would be easy to generate a particular tree topology from a data set that was 

not originally used to infer this tree topology; by progressively removing taxa from a 

data matrix would it be possible to get a resulting tree that matched a particular 

constraint topology? I focussed the analyses on three separate groups that have known 
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conflicting phylogenetic hypotheses: placental mammals, squamates and plesiosaurs.  

 

Placental mammals 

A number of large-scale molecular and morphological studies have failed to 

resolve the root of placental mammals. Each of the studies found a high level of 

support for their “root”, with many reasons highlighted why other studies were in 

disagreement. I attempted to test whether (and how easily) any of the four rooting 

hypotheses could be reached with a morphological data set. The results showed that 

over half of the taxa had to be removed from the data set in order to obtain the 

constraint tree in each of the four cases. This appears to support the idea that there 

were very different phylogenetic signals in each of the data sets (from different 

sources) that generated these original four hypotheses.   

The morphological data set that I used was culled from a total evidence data 

matrix of Lee and Camens (2009), which was an augmented version of the matrix used 

by Asher (2007). Both of these studies concluded that the morphological data alone 

did not retrieve the clades found by molecular data, but actually bolstered support for 

the molecular clades when used in combination with the molecular data. Furthermore, 

the morphological data were not alone is failing to recover these ‘molecular’ clades; a 

number of the molecular partitions that were analysed in isolation also yielded trees 

that were incongruent. Therefore, it is not surprising that the morphology-only data set 

that I used failed to retrieve the constraint trees without the removal of a substantial 

portion of taxa. What is interesting is that the previous morphological hypotheses of a 

xenarthran root (Test 2), was as difficult to achieve as any of the alternative roots.  

 

Squamates 

In almost all cases I had to remove over half the taxa to match each of the 

constraint trees. This indicates that there was a large conflict between the signals 

present in the original data sets. The only exception to this was, unsurprisingly, the 

recovery of Iguania as basal to all other squamate groups. This hypothesis was based 

on a morphological phylogeny, so we would have expected to achieve this with 

minimal removal of taxa and in this case it was achieved without removing any taxa.  
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I tested Gekkota as basal (Test 5), Dibamidae as basal (Test 3) and 

(Gekkota+Dibamidae) as basal (Test 4) to all other squamates. The only way to match 

the constraint tree in any of these tests, was to remove all other alternative basal taxa, 

i.e., to have Gekkota as the basal clade, all of Iguania and Dibamidae had to be 

removed; to have Dibamidae as basal, all of Iguania and Gekkota had to be removed; 

to have (Gekkota+Dibamidae) as basal, all of Iguania had to be removed. The other 

option was with Iguania basal (Test 1) and this was the only case where I didn’t have 

to remove any taxa. Furthermore, Test 2 ((Iguania+Anguimorpha) as a more derived 

clade) required all other taxa had to be removed from the data set, leaving only 

representatives of these two groups, which obviously formed a clade.  

Almost all previous morphological hypotheses have placed Iguania at the base of 

the squamate tree (Pyron et al., 2013), whereas molecular hypotheses have found 

Dibamidae and/or Gekkota as basal to all other squamates. From my analyses, it seems 

that the morphological data set can only be forced to match the molecular topology by 

removing the vast bulk of taxa and in particular, removing taxa that may otherwise 

have been part of the basal group.  

Future work would include using the much larger and more recent 

morphological data sets of Conrad (2008) and/or Gauthier et al. (2012). These data 

sets have more taxa (and characters), so potentially include a better taxon sample.  

 

Plesiosaurs 

The majority of the Benson et al. (BEA; 2012) and the Druckenmiller and 

Russell (DR; 2008) data sets required minimal removal of taxa in order to obtain the 

constraint topology, whereas the Ketchum and Benson (KB; 2010) data set (with twice 

as many taxa) required up to two thirds of the taxa to be removed before it matched 

any constraints. Both the BEA and the DR data sets were primarily testing the 

relationships inferred from the tree obtained by the KB data set; the split between 

Pliosauroidea and Plesiosauroidea, and Polycotylidae and Leptocleididae recovered 

within Plesiosauroidea. This would seem to indicate that the relationships inferred by 

the KB data set were the easiest to obtain. Conversely, it was much harder to force the 

KB data set to match any of the constraints imposed by trees obtained from the BEA 

and DR data sets.  
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The main problem I had with the plesiosaur data was defining the taxon 

affinities. This has been highlighted previously as a complication with diverse and 

non-overlapping taxon samples and characters sets, resulting in problems with 

correspondence and definition of clades and the affinities of taxa (Ketchum and 

Benson, 2010). Interestingly, it was this paper (which also provided the second of the 

three data sets used here) that brought these problems to the fore. They attempted to 

reconcile these differences by increasing the taxon sample and implementing an in-

depth revision of the characters they used. My results suggest that the phylogeny 

obtained by this data set is also the easiest to achieve by modest taxon resampling of 

the alternative data sets (from Druckenmiller and Russell, 2008; Benson et al., 2012).  

 

Test limitations 

There were a number of limitations with this analysis, in particular with the 

software used. TNT recognises just one taxon as an outgroup taxon. This meant that 

taxa had to be removed from both the placental mammal and plesiosaur data matrices 

prior to analyses. In addition, it was not possible to have ‘floating’ taxa, i.e., taxa that 

are not assigned to a particular clade, meaning that additional fossil taxa of unknown 

affinities had to be removed from both the mammal and plesiosaur data sets. The 

squamate data set was unaffected by both of these restrictions. It is certainly not ideal 

having to remove taxa, in particular fossil taxa, from the data set prior to analysis. It is 

known that the inclusion of fossil taxa can have a dramatic effect on a resulting 

phylogeny. For example, the publication that the squamate morphological data set was 

taken from investigated such a situation (Lee, 2005). The data matrix included both 

osteological and soft anatomy characters and when these data partitions were analysed 

separately (without fossil taxa), they gave conflicting results. However, when fossil 

taxa were included in the analysis, the results were congruent. The squamate data set 

included 8 fossil taxa and at least 4 of these taxa were removed in each of my tests in 

order to satisfy the constraint. The TNT script does not distinguish between fossil and 

extant taxa when selecting taxa to be jackknifed from the data set. It would be 

interesting to see what would happen if we limited the jackknife to the removal of 

extant taxa only; would the inclusion of the fossil taxa make it easier to match any of 

the constraints in the squamate tests?  
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 A further complication of the TNT script is that the constraint is defined as the 

whole topology and not just the particular part being tested. This is best illustrated 

with a simple example. If I wanted to test Afrotheria as the sister group of all other 

placental mammals I would set up my constraint tree as follows:  

(((Laurasiatheria+Euarchontoglires+Xenarthra)(Afrotheria))(outgroup taxon)) 

The script randomly selects taxa to be jackknifed (excluding the outgroup 

taxon). This could mean that all of the afrotherian taxa get jackknifed. In addition, 

these afrotherians would then have to be pruned from the constraint tree. When the 

constraint tree is compared with the jackknifed tree, they could still match, and the 

jackknifed taxa saved to the output file. The problem with this scenario is that this is 

not what I wanted to test. In the current analysis, this output file has to be searched 

manually for particular cases where not all of the afrotherian taxa have been 

jackknifed (i.e., the constraint that I was testing). At the moment, it is not clear 

whether TNT can actually handle the constraint tests differently, but this is something 

that we would want to investigate in future work.   

 

Conclusions and future work 

This study was somewhat revealing as an exploratory work. I have shown that in 

the majority of cases I tested that it was not a simple task to generate a particular 

topology from a data set that was not used to infer this original topology, merely by 

resampling taxa. In most cases, a significant proportion of the taxa had to be removed 

to meet the constraint. There were a number of issues highlighted, particularly with the 

TNT script, which would need to be rectified before any future work is carried out. 

Furthermore, it would be interesting to examine a number of other groups where 

discordance has been found. Recently, miRNAs have been used to try to resolve the 

origin of turtles (Lyson et al., 2012). Molecular analysis has positioned turtles within 

diapsids, whereas many morphological analyses have placed them outside diapsids (or 

within diapsids, but sister to lepidosaurs). There are currently three conflicting 

phylogenetic hypotheses with respect to their phylogenetic position; sister to diapsids, 

sister to lepidosaurs, or sister to (or within) archosaurs. The turtle + lepidosaur group 

was supported by the miRNAs. A number of studies have used miRNAs, although 
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they are still fairly new to molecular phylogenetics (Heimberg et al., 2008; Wiegmann 

et al., 2011; Helm et al., 2012; Pisani et al., 2012; Peterson et al., 2013). The data sets 

are small and comprise a presence/absence of specific miRNAs for each taxon. It 

would be interesting to use these miRNA data sets to test how easy it would be to 

generate alternative molecular and/or morphological hypotheses.  
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Conclusions 

The overall aims of this thesis were to investigate patterns of stratigraphic 

congruence through time and across higher taxonomic groups. As a prerequisite for 

this, it also entailed a comprehensive evaluation of all indices commonly used to 

assess stratigraphic congruence, as well as a quantification of the factors that 

potentially bias them. I sought to determine which index was most suitable for large 

meta-analytical studies of temporal and taxonomic trends, and for choosing between 

otherwise equally optimal trees derived from the same character matrix. Accurate 

phylogenies and a fossil record of known quality are both essential for many 

macroevolutionary studies and all molecular clock analyses. The second part of my 

research investigated broad patterns of phylogenetic data quality; specifically levels of 

homoplasy and tree support. It also investigated the effects of taxon resampling 

(continuous taxon jackknifing); both applied to large samples of data sets from 

different higher taxa, and to specific case studies. 

 

Parameters influencing measures of stratigraphic congruence 

I compared the five main measures of stratigraphic congruence (SCI, MSM*, 

GER, GERt and GER*) and the factors that were thought to affect them (number of 

taxa, tree balance, taxonomic group, taxonomic rank, mean of origins, range of 

origins, centre of gravity of originations, gap variability, percentage of taxa with no 

fossil record and percentage of extant taxa). Using both simulated and empirical data, I 

demonstrated that none of these measures were completely immune to biases, but were 

affected to varying degrees. With the empirical data, the centre of gravity of 

origination dates of terminals and the percentage of extant taxa in the tree were both 

found to be significant predictors of all five indices. The GER, GERt, GER* and SCI 

were all positively correlated with the origins centre of gravity; trees with bottom-

heavy centres of gravity of origins had lower congruence than trees with top-heavy 

centres of gravities. All indices were negatively correlated with the percentage of 

extant taxa in a tree; congruence increased as the percentage of extant taxa decreased. 

The extensive simulations showed that the GER* was the least sensitive to tree 

balance, the distribution of dates of origination (top or bottom-heavy) and the number 

of different dates of origination. In comparison to the other indices, the GER* was not 
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as strongly affected by the tree balance, so would be recommended when comparing 

congruence between optimal trees from the same data set. 

 

Patterns of variation in stratigraphic congruence through time and across higher taxa 

There were significant differences in median stratigraphic congruence values 

between taxonomic groups. All indices (apart from the MSM*) consistently found that 

trees of arthropods, plants and molluscs had lower congruence than tetrapods, 

echinoderms and fish. This could be a reflection of the accuracy of cladograms and/or 

the quality of the fossil record for these groups. For example, arthropods have a poor 

fossil record in comparison to tetrapods due, in part, to their low preservation potential 

and small body sizes (Wills, 2001). The MSM* was strongly influenced by the number 

of taxa in the tree (decreasing as the number of taxa increased). Arthropods, molluscs 

and tetrapods had higher median numbers of terminals and lower median MSM* 

values than plants, echinoderms and fish. 

There was also a significant variation in stratigraphic congruence throughout the 

Phanerozoic, which appeared to follow the taxonomic composition of the data sample; 

an increase from the Cambrian to the Ordovician and a decreasing pattern to the 

Carboniferous, followed by a sharp increase to the Permian and a steady decrease to 

the Neogene. In general, congruence was higher throughout the Mesozoic in 

comparison to the Palaeozoic and Cenozoic (Wills 2007).  

 

Taxon sampling, homoplasy and tree support 

The continuous taxon jackknifing process served as a way to test if any of the 

known parameters, such as measures of homoplasy or support (relatively easy to 

calculate) could be used as indicators of whether a tree would be sensitive to taxon 

sampling. Measures of homoplasy and support were found to predict this and were 

negatively correlated with the height of the CTJ curve (the degree to which the tree 

was sensitive to the removal of taxa). Interestingly the centre of gravity of the CTJ 

curve appeared to be related to the proportion of taxa that had to be removed prior to 

the tree becoming unstable; an observation that could relate to the sampling intensity 

of a tree (less well-sampled trees become unstable with the removal of fewer taxa in 

comparison to better sampled trees). Differences in levels of homoplasy (Homoplasy 
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Excess Ratio; HER (Archie, 1989)) and overall tree support (Total Support Index; TSI 

(Bremer, 1994)) were observed across higher taxa. Cladograms of fish were better 

supported than cladograms of reptiles, and fish had less homoplasy than mammals, 

whereas arthropods, mammals and reptiles were all found to have lower congruence 

than molluscs.   

 

Reconciling conflicting phylogenetic hypotheses 

The relationships of many clades are unclear, with several examples of 

competing hypotheses for similar sets of taxa available in the literature (Annelids: 

Zrzavy et al., 2009; Ankylosaurs: Thompson et al., 2011; Molluscs: Wilson et al., 

2010; Molluscs: Smith et al., 2011). For the small sample of case studies that I 

investigated in Chapter 4, it was rarely possible to derive even broad clades (trees 

consistent with simple constraints) from a data set compiled by other authors. 

Although this was exploratory work, it revealed that in the majority of cases, a 

significant number of taxa had to be removed from a data set in order to infer one or 

more optimal trees consistent with even the broadest of competing hypotheses. With 

the minimum number of taxa removed, it was generally less than 1% of trees that 

matched the constraint at this iteration. This would seem to indicate that there are very 

different phylogenetic signals in the data sets used to generate the original 

(conflicting) trees. There are a growing number of examples of disagreement between 

trees generated from molecular and morphological data, which has fuelled the debate 

on whether to use morphology at all (Scotland et al., 2003; Jenner, 2004; Pisani et al., 

2007). However, conflict can also arise when comparing trees generated from different 

molecular data sets, in addition to different morphological data sets (Giribet and 

Edgecombe, 2006; Lyson et al., 2011).  

 

 

Future directions 

My research has highlighted several areas for future study and scope for 

improvement with current methods.  
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Link between stratigraphic congruence and quality of the phylogenetic tree 

 As discussed in Chapter 3, the next obvious step in the analysis would be to 

investigate relationships between stratigraphic congruence and levels of support and 

homoplasy. Strong stratigraphic congruence is an indication that both the phylogenetic 

tree and the fossil record are correct. We know that there are instances of poor fossil 

record quality for certain groups of organisms (Niklas, 1988; Reid et al., 1996; 

Friedman and Cook, 2000; Wills, 2001; Brayard et al., 2010), but low congruence 

could also result from less accurate trees (Wagner, 2000; Wills, 2001). Do plants, 

arthropods and molluscs (with relatively lower congruence) have less accurate 

cladograms than tetrapods, echinoderms and fish? When I used measures of 

homoplasy and support as an indication of the accuracy of a cladogram, I did not find 

that this was necessarily the case, for my sample of trees in Chapter 3. However, as 

noted, I was using two different data sets to measure congruence and 

homoplasy/support: trees with first and last dates of fossil occurrences for the former, 

character data matrices for the latter. Testing this would require one sample of data 

sets that contained both types of data. Furthermore, to increase the power of post-hoc 

statistical testing, it would be desirable to have taxonomic groups of similar sizes. The 

quality of the inferred tree should depend on the quality of the data. As I found in 

Chapters 3 and 4, subtle changes in the taxon sample can radically alter the resulting 

optimal tree(s) – both the relationships between taxa and the balance of the tree may 

change. If relationships change this could introduce more (or less) gaps in the 

stratigraphic record for the taxa in question. Changing the taxon sample could also 

change the number of taxa unknown as fossils. Adding taxa known only from the 

Recent tends to add ghost ranges between these taxa and their nearest fossil relatives, 

thereby depressing indices of congruence. In general, an inaccurate phylogeny could 

overestimate or underestimate gaps, as taxa in the ‘wrong’ position could create gaps 

where there should be none or eliminate gaps where they should exist. Sampling 

intensity (i.e. proportion of taxa per clade) is also a factor worth investigating in this 

context, as a tree with many gaps could be a sign of poor sampling (Wagner, 2000).  
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Sampling intensity and taxon sampling 

In Chapter 3, I reasoned that the position of the centre of gravity of the CTJ 

curve might be related to sampling intensity. With some trees it was necessary to 

remove a large fraction of the taxa from the data set before the tree was perturbed to a 

great extent, whereas with other trees the proportion of taxa that needed to be removed 

was much smaller. This could be an indication that better sampled trees (i.e. those 

containing a higher proportion of taxa per clade) only become unstable with the 

removal of a greater quantity of taxa in comparison to less well-sampled trees. It has 

been suggested that the percentage of taxa sampled within a taxonomic group may be 

more important than the total number of taxa included (Yang and Goldman, 1997). 

Determining the sampling intensity would not be a simple task, but starting with well-

studied groups where data exists for the majority of taxa in a clade would offer a point 

of departure. However, the choice of which taxa to include in any phylogenetic 

analysis is a problem in itself, as there is a general lack of consensus on how to design 

such analyses (Geuten et al., 2007; San Mauro et al., 2012). The choice tends to be 

directed by intuition rather than any specific rules. In many published articles 

experimental design relates primarily to the choice of loci and morphological 

characters, but not to which taxa to include, despite the fact that both taxon and 

character sampling are recognised as fundamental to phylogenetic accuracy (Graybeal, 

1998; Pollock et al., 2002; Hillis et al., 2003; Rokas and Carroll, 2005; Nabhan and 

Sarkar, 2012). Several promising techniques for experimental design have been 

developed in relation to molecular systematics using the Fisher information matrix to 

predict where taxa need to be added to a tree, by taking the tree topology, branch 

lengths and substitution models into account (Goldman, 1998; Massingham and 

Goldman, 2000; Geuten et al., 2007). Unfortunately, these methods have not been 

rigorously tested and are rarely applied in practice (Heath et al., 2008; San Mauro et 

al., 2012).  

Although there are no universally agreed guidelines for experimental design in 

phylogenetic analysis, there are a number of strategies that have been shown to 

improve both the accuracy and confidence of the inferred phylogenetic trees (Wiens 

2004; Heath et al., 2008; San Mauro et al., 2012): 

1. Dense taxon sampling has resulted in more accurate estimates of phylogeny in 

both simulations and empirical studies (Yang and Goldman, 1997; Zwickl and 
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Hillis, 2002; Hedtke et al., 2006; Heath et al., 2008). Additional taxa can help 

to disperse homoplasy across the tree and also break up long branches (Hillis, 

1996). 

2. Additionally, increasing the number of characters can also lead to an 

improvement in the accuracy of trees. It is important to have a sufficiently high 

ratio of characters to taxa, although this is not usually specified in analyses and 

there are no clear recommendations of what value is acceptable (Heath et al., 

2008). 

3. Studies have shown that the addition of taxa with a large proportion of missing 

character data (up to 90%) can still contribute to phylogenetic accuracy 

(Wiens, 2003a, 2003b, 2006; Wiens and Tiu, 2012). It is important, however, 

to note that including characters that are scored as ‘missing’ for a large number 

of the taxa may lead to less accurate phylogenies, as opposed to missing data 

that is randomly distributed throughout the data matrix (Wiens and Morrill, 

2011; Wiens and Tiu, 2012).  

4. Long branches within an ingroup can be drawn towards the base of a tree by 

long branch attraction. A way of mitigating this effect is to select outgroup 

taxa more closely-related to the ingroup (Holland et al., 2003). 

 

Testing conflicting phylogenetic hypotheses 

In addition to determining which taxa must be removed from a data set in order 

to yield some competing hypothesis of relationships, it would be informative to look at 

exactly where these taxa were removed from the original tree. Were these taxa 

originally internested high within major clades or close to the constraint node or close 

to the root of the tree? We might intuitively predict greater impact upon inferred 

relationships in the immediate proximity of the pruned taxa, although Cobbett et al. 

(2007) illustrated many examples where this was not the case. There are numerous 

examples of conflicting phylogenetic hypotheses that merit examination and if it was 

possible to highlight exactly what caused these differences, it might go some way to 

enabling us to resolve such conflicts in the future. One example of a problem that was 

resolved by using a resampling process was implemented by San Mauro et al. (2012). 

Rather than removing taxa, as in our CTJ method, they used a taxon-addition method 

to examine one controversial branch on a molecular phylogeny of caecilian 
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amphibians. They combined this method with the method of Massingham and 

Goldman (2000), using the Fisher information matrix, to determine where taxa could 

be added to a tree to increase the precision of the estimate.  

I highlighted a number of improvements that could be made to the current TNT 

script that was used for the analyses in Chapter 4. One change could involve allowing 

the user to select ingroup taxa that should not be jackknifed, for example we may want 

to keep all fossil taxa in the resulting tree. It is not clear from the extremely poor TNT 

documentation whether it would be possible to improve upon the design of the script 

to allow for more complex constraints to be tested with ease. Furthermore, it would be 

sensible to develop a script to automatically parse the output files in order to simplify 

interpretation of the results.     

 

Gouldian clade diversity shape 

When the centre of gravity (CG) of origins for our sample of 657 clades in 

Chapter 2 were plotted through time, we replicated the Phanerozoic trend originally 

observed by Gould et al. (1977). We observed a significant correlation between clade 

diversity CG and proximity to the recent; older clades tended to be bottom-heavy (CG 

< 0.5) while younger clades tended to be top-heavy (CG > 0.5). This would be a very 

interesting phenomenon to investigate further. We already have the data to test 

whether this effect is real or the result of biases. For example, is the trend of increasing 

centre of gravity values a function of the taxonomic group or the number of terminals?  

 

Concluding remarks 

Evolution leaves its footprint in fossil and extant taxa: The diverse array of 

organisms that we see around us today are a result of diversification over hundreds of 

millions of years of geological time. In order to calibrate rates of diversification we 

rely on evidence from the fossil record, coupled with accurate phylogenetic 

hypotheses – two independent lines of evidence. We must be confident that both of 

these are accurate and congruent. Stratigraphic indices provide a way to measure this 

congruence and where we find low levels of congruence, we can surmise that either 

the fossil record and/or the phylogeny is imperfect. Accurate information is also 

essential for studies that investigate the origins of biodiversity, patterns of 
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geographical distribution, major transitions and macroevolutionary studies looking at 

changes in morphological complexity, disparity and diversity through time. We have 

always been interested in the patterns and processes by which organisms arise and 

become extinct. What combination of adaptive response mechanisms allows some 

organisms to persist into the future while others perish? Do they adapt in situ or move 

to a more amenable habitat? What is the pace of this evolutionary change? By 

studying how organisms adapted (or not) to past geological events and changing 

environments, we can potentially use this information to develop our understanding of 

how organisms may respond to changing environments and anthropogenic habitat 

fragmentation in the future. 
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Appendix I 
 

Supplementary tables 

 
Table A1. New data added to the original Benton et al. (2000) and Wills (2007) data set. 
 
Author Year Group Number of taxa 
Harper 2000 Molluscs 16 
Rudra 2007 Molluscs 7 
Graf & Cummings 2007 Molluscs 6 
Waller 2006 Molluscs 11 
Harzhauser 2003 Molluscs 10 
Taylor 2007 Molluscs 30 
Harzhauser et al. 2008 Molluscs 12 
Schneider 2002 Molluscs 23 
Manda & Turek 2009 Molluscs 9 
Moyne 2004 Molluscs 12 
Neige et al. 2009 Molluscs 14 
Reynolds & Okusa 1999 Molluscs 11 
Heb et al. 2008 Molluscs 9 
Canapa 2001 Molluscs 15 
Canapa 1999 Molluscs 23 
Sigwart & Sutton 2007 Molluscs 34 
Puillandre et al. 2010 Molluscs 10 
Winnepenninckx et al. 1996 Molluscs 25 
Korn 1997 Molluscs 13 
Hedegaard 1997 Molluscs 14 
Barucca et al. 2004 Molluscs 24 
Steiner & Muller 1996 Molluscs 10 
Claremont et al. 2008 Molluscs 18 
Mahidol et al. 2007 Molluscs 11 
Steiner 1992 Molluscs 12 
Passamaneck et al. 2004 Molluscs 10 
Colgan et al. 2000 Molluscs 40 
Stuart et al. 1998 Molluscs 11 
Kano et al. 2002 Molluscs 11 
Merle & Pacaud 2004 Molluscs 6 
Harasewych et al. 1998 Molluscs 25 
Dayrat et al. 2001 Molluscs 31 
Vonnemann et al. 2005 Molluscs 11 
Hayashi 2005 Molluscs 33 
Grande et al. 2004 Molluscs 11 
Ponder & Lindberg 1997 Molluscs 40 
Doucet-Beaupre et al. 2010 Molluscs 17 
Grande et al. 2008 Molluscs 13 
Colgan 2007 Molluscs 36 
Yoon 2005 Molluscs 21 
Wagele 2005 Molluscs 11 
Donald 2005 Molluscs 8 
Maruyuma 1998 Molluscs 7 
Canapa 2000 Molluscs 44 
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Table A1. Continued. 
 
Author Year Group Number of taxa 
Anderson 2003 Molluscs 10 
Vendrasco 2009 Molluscs 11 
Geiger 2005 Molluscs 13 
Vermeij 2000 Molluscs 45 
Hedges 1994 Birds 16 
Padian & Chiappe 1998 Birds 9 
Vantuinen 1998 Birds 6 
Cicero 2001 Birds 6 
Cracraft 2001 Birds 61 
Ericson 2001 Birds 16 
Haddrath 2001 Birds 14 
Lucchini 2001 Birds 8 
Vantuinen 2001 Birds 19 
Chiappe 2002 Birds 17 
Clarke 2002 Birds 19 
Donne 2002 Birds 24 
Mayr 2002 Birds 8 
Paton 2002 Birds 20 
Mayr 2003 Birds 8 
Mayr2 2003 Birds 13 
Mayr3 2003 Birds 27 
Mayr & Clarke 2003 Birds 46 
Prychitko 2003 Birds 9 
Mayr 2004 Birds 18 
Mayr1 2004 Birds 17 
Poechubb 2004 Birds 12 
Bertelli 2005 Birds 18 
Bourdon 2005 Birds 17 
Bourdon1 2005 Birds 26 
Clarke1 2005 Birds 47 
Fountain 2005 Birds 17 
Mayr 2005 Birds 23 
Mayr1a 2005 Birds 14 
Mayr1b 2005 Birds 17 
Mayr 2005 Birds 19 
Bertelli 2006 Birds 19 
Ericson 2006 Birds 80 
Ksepka 2006 Birds 36 
Mayr 2006 Birds 34 
Zhou 2006 Birds 25 
Balanoff 2007 Birds 8 
Clarke 2007 Birds 19 
Hospitaleche 2007 Birds 13 
Mayr 2008 Birds 74 
Bourdon 2009 Birds 17 
Worthy 2009 Birds 46 
Mayr 2010 Birds 8 
Harshmann 2008 Birds 18 
Fain 2007 Birds 22 
Vantuinen 2006 Birds 11 
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Table A2. Stratigraphic stages conversion. ISC: International Stratigraphic Chart. 
 

Stage Ghosts Fossil Record 2 ISC Sepkoski 
0 rec Holocene Holocene Holocene 
1 ple Pleistocene   
2 pli Pliocene   
3 umi Upper Miocene   
4 mmi Middle Miocene   
5 lmi Lower Miocene   
6 cht Chattian Chattian Chattian 
7 rup Rupelian Rupelian Rupelian 
8 prb Priabonian Priabonian Priabonian 
9 brt Bartonian Bartonian Bartonian 

10 lut Lutetian Lutetian Lutetian 
11 ypr Ypresian Ypresian Ypresian 
12 tha Thanetian Thanetian Thanetian 
13 dan Danian Palaeogene Danian Danian 
14 maa Maastrichtian Maastrichtian Maastrichtian 
15 cmp Campanian Campanian Campanian 
16 san Santonian Santonian Santonian 
17 con Coniacian Coniacian Coniacian 
18 tur Turonian Turonian Turonian 
19 cen Cenomanian Cenomanian Cenomanian 
20 alb Albian Albian Albian 
21 apt Aptian Aptian Aptian 
22 brm Barremian Barremian Barremian 
23 hau Hauterivian Hauterivian Hauterivian 
24 vlg Valanginian Valanginian Valanginian 
25 ber Berriasian Cretaceous Berriasian Berriasian 
26 tth Portlandian Portlandian Portlandian 
27 kim Kimmerifgian Kimmerifgian Kimmerifgian 
28 oxf Oxfordian Oxfordian Oxfordian 
29 clv Callovian Callovian Callovian 
30 bth Bathonian Bathonian Bathonian 
31 baj Bajocian Bajocian Bajocian 
32 aal Aalenian Aalenian Aalenian 
33 toa Toarcian Toarcian Toarcian 
34 plb Pliensbachian Pliensbachian Pliensbachian 
35 sin Sinemurian Sinemurian Sinemurian 
36 het Hettangian Jurassic Hettangian Hettangian 
37 rht Rhaetian Rhaetian Rhaetian 
38 nor Norian Norian Norian 
39 crn Carnian Carnian Carnian 
40 lad Ladinian Ladinian Ladinian 
41 ans Anisian Anisian Anisian 
42 scy Scythian Triassic Induan/ Olenekian Induan/ Olenekian 

43 tat Tatarian Wuchiapingian/ 
Changhsingian 

Wuchiapingian/ 
Changhsingian 

44 kaz Kazanian Roadian/ Wordian/ 
Capitanian 

Roadian/ Wordian/ 
Capitanian 

45 kun Kungurian Kungurian Kungurian 
46 art Artinskian Artinskian Artinskian 
47 sak Sakmarian Sakmarian Sakmarian 
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Table A2. Continued. 
 

Stage Ghosts Fossil Record 2 ISC Sepkoski 
48 ass Asselian Permian Asselian Permian Asselian Permian 
49 gze Gzelian Gzelian Gzelian 
50 kas Kasimovian Kasimovian Kasimovian 
51 mos Moscovian Moscovian Moscovian 
52 bsk Bashkirian Bashkirian Bashkirian 
53 spk Serpukhovian Serpukhovian Serpukhovian 
54 vis Visean Visean Visean 

55 tou Tournaisian 
Carboniferous Tournaisian Tournaisian 

56 fam Famennian Famennian Famennian 
57 frs Frasnian Frasnian Frasnian 
58 giv Givetian Givetian Givetian 
59 eif Eifelian Eifelian Eifelian 
60 ems Emsian Emsian Emsian 
61 pra Pragian Pragian Pragian 
62 lok Lochkovian Devonian Lochkovian Lochkovian 
63 prd Pridoli Pridoli Pridoli 

64 lud Ludlow Ludfordian/ Gorstian Ludfordian/ 
Gorstian 

65 wen Wenlock Homerian/ 
Sheinwoodian 

Homerian/ 
Sheinwoodian 

66 lly Llandovery Silurian Rhuddanian/ 
Aeronian/ Telychian 

Rhuddanian/ 
Aeronian/ Telychian 

67 ash Ashgill Katian/ Hirnantian Katian/ Hirnantian 
68 crd Caradoc Sandbian Sandbian 
69 llo Llandeilo   
70 lln Llanvirn Darriwillian Darriwillian 
71 arg Arenig Dapingian Dapingian 
72 tre Tremadoc Ordovician Tremadoc Tremadoc 
73 mer Merioneth   
74 std St Davids   
75 crf Caerfai Cambrian   
76 edi Vendian   
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Table A3. Final GER mode using automated procedure. Top panel show the model equation. Middle 
panel shows each of the terms in the model along with their statistics. Bottom panel shows the overall 
statistics for the model indicating that 73.5% of the total variance in the GER is accounted for by 
variation in the independent variables. ‘gap_standard_deviation’ has been abbreviated to ‘gap_std_dev’. 
 
GER = number_taxa + Heards_index + mean_origins + range_origins + taxon_group 
+ range_centre_gravity + mean_gap_size + gap_std_dev + %_extend_recent  
+ range_origins:range_centre_gravity + range_origins:mean_gap_size  
+ range_centre_gravity:mean_gap_size + range_origins:gap_std_dev  
+ range_centre_gravity:gap_std_dev + mean_gap_size:gap_std_dev + Heards_index:range_origins  
+ Heards_index:range_centre_gravity + Heards_index:mean_gap_size + Heards_index:gap_std_dev 
+ range_origins:range_centre_gravity:mean_gap_size  
+ range_origins:range_centre_gravity:gap_std_dev + range_origins:mean_gap_size:gap_std_dev  
+ range_centre_gravity:mean_gap_size:gap_std_dev  
+ Heards_index:range_origins:range_centre_gravity + Heards_index:range_origins:mean_gap_size  
+ Heards_index:range_centre_gravity:mean_gap_size + Heards_index:range_origins:gap_std_dev  
+ Heards_index:range_centre_gravity:gap_std_dev + Heards_index:mean_gap_size:gap_std_dev  
+ range_origins:range_centre_gravity:mean_gap_size:gap_std_dev  
+ Heards_index:range_origins:range_centre_gravity:mean_gap_size  
+ Heards_index:range_origins:range_centre_gravity:gap_std_dev  
+ Heards_index:range_origins:mean_gap_size:gap_std_dev  
+ Heards_index:range_centre_gravity:mean_gap_size:gap_std_dev  
+ Heards_index:range_origins:range_centre_gravity:mean_gap_size:gap_variance 
Coefficients: Estimate Std. Error t value Pr(>|t|)  
(Intercept) 0.8657349 1.0211186 0.848 0.396866  
number_taxa -0.1781908 0.0148692 -11.984 < 2.2e-16 *** 
Heards_index -0.6405006 1.7723205 -0.361 0.717933  
mean_origins -0.0010424 0.0004484 -2.325 0.020413 * 
range_origins 0.2736995 0.4663671 0.587 0.557505  
taxon_group_Echinoderms 0.0373007 0.025407 1.468 0.142586  
taxon_group_Fishes 0.0811435 0.0238945 3.396 0.000729 *** 
taxon_group_Molluscs 0.0796099 0.0276277 2.882 0.004097 ** 
taxon_group_Plants 0.1346614 0.0331348 4.064 5.45E-05 *** 
taxon_group_Tetrapods 0.0494841 0.0244604 2.023 0.043506 * 
range_centre_gravity -0.1529267 1.6829612 -0.091 0.927628  
mean_gap_size -1.0263634 1.2443859 -0.825 0.409811  
gap_variance -1.4249912 0.9631517 -1.48 0.139522  
%_extend_recent -0.0009309 0.0002147 -4.335 1.70E-05 *** 
range_origins:range_centre_gravity -0.0150726 0.7624142 -0.02 0.984234  
range_origins:mean_gap_size 0.2555419 0.4768357 0.536 0.592215  
range_cantre_gravity:mean_gap_size -0.7829902 2.0614785 -0.38 0.704212  
range_origins:gap_variance 0.288827 0.2483273 1.163 0.245249  
range_centre_gravity:gap_variance 3.9018132 1.6712609 2.335 0.019886 * 
mean_gap_size:gap_variance 0.3338016 0.4658911 0.716 0.47397  
Heards_index:range_origins 0.2240628 0.8267831 0.271 0.786479  
Heards_index:range_centre_gravity 0.0860092 3.0366854 0.028 0.977414  
Heards_index:mean_gap_size 0.8865095 2.1953427 0.404 0.686491  
Heards_index:gap_variance 1.6010769 1.6771657 0.955 0.340142  
range_origins:range_centre_gravity: 
mean_gap_size 0.2857528 0.7752938 0.369 0.712574  

range_origins:range_centre_gravity: 
gap_variance -0.9547814 0.4341631 -2.199 0.028244 * 

range_origins:mean_gap_size: 
gap_variance -0.1162307 0.1263712 -0.92 0.358064  

 
 



 204 

Table A3. Continued.  
 
Coefficients: Estimate Std. Error t value Pr(>|t|)  
range_centre_gravity:mean_gap_size: 
gap_variance -0.7260497 0.754884 -0.962 0.33653  

Heards_index:range_origins: 
range_centre_gravity 0.1770916 1.4172292 0.125 0.900599  

Heards_index:range_origins: 
mean_gap_size 0.1447651 0.8617034 0.168 0.86664  

Heards_index:range_centre_gravity: 
mean_gap_size -0.275276 3.8539748 -0.071 0.943082  

Heards_index:range_origins: 
gap_variance -0.5784643 0.4666417 -1.24 0.215589  

Heards_index:range_centre_gravity: 
gap_variance -3.8046053 3.1044339 -1.226 0.220846  

Heards_index:mean_gap_size: 
gap_variance -1.5799277 0.781204 -2.022 0.043569 * 

range_origins:range_centre_gravity: 
mean_gap_size:gap_variance 0.1975375 0.2061178 0.958 0.338256  

Heards_index:range_origins:r 
ange_centre_gravity:mean_gap_size -0.6458137 1.4723139 -0.439 0.661079  

Heards_index:range_origins: 
range_centre_gravity:gap_variance 1.1970612 0.8635404 1.386 0.166186  

Heards_index:range_origins: 
mean_gap_size:gap_variance 0.3506731 0.2155603 1.627 0.104297  

Heards_index:range_centre_gravity: 
mean_gap_size:gap_variance 2.7508344 1.3171154 2.089 0.037165 * 

Heards_index:range_origins: 
range_centre_gravity:mean_gap_size: 
gap_variance 

-0.6078793 0.3657488 -1.662 0.097025 . 

Signif. codes:    0 '***'   0.001 "**'  0.01 '*'  0.05  '.'  0.1 ' '  1 
 
Residual standard error: 0.1277 on 609 degrees of freedom 
Multiple R-squared: 0.7507, Adjusted R-squared: 0.7347 
F-statistic: 47.02 on 39 and 609 DF, p-value: < 2.2e-16 
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Table A4. Statistical test results for differences between taxonomic groups (only significant differences 
shown, P < 0.05). 
 

Index Groups 
Arthropods-Echinoderms 
Arthropods-Fishes 
Arthropods-Tetrapods 
Echinoderms-Fishes 
Echinoderms-Molluscs 
Echinoderms-Plants 
Tetrapods-Molluscs 

 
GER 
 
 
 
 
 
 
 
 

Tetrapods-Plants 
Arthropods-Echinoderms 
Arthropods-Fishes 
Arthropods-Tetrapods 
Echinoderms-Molluscs 
Echinoderms-Plants 
Tetrapods-Fishes 
Tetrapods-Molluscs 

 
GERt 
 
 
 
 
 
 
 
 

Tetrapods-Plants 
Arthropods-Echinoderms 
Arthropods-Fishes 
Arthropods-Tetrapods 
Echinoderms-Molluscs 
Echinoderms-Plants 
Tetrapods-Fishes 
Tetrapods-Molluscs 

 
GER* 
 
 
 
 
 
 
 
 

Tetrapods-Plants 
Echinoderms-Molluscs 
Echinoderms-Plants 
Fishes-Molluscs 
Fishes-Plants 
Tetrapods-Molluscs 

 
SCI 
 
 
 
 
 
 
 
 

Tetrapods-Plants 
Arthropods-Echinoderms 
Arthropods-Fishes 
Arthropods-Molluscs 
Arthropods-Plants 
Echinoderms-Molluscs 
Echinoderms-Tetrapods 
Fishes-Molluscs 
Fishes-Tetrapods 
Molluscs-Plants 
Tetrapods-Molluscs 

 
MSM* 
 
 
 
 
 
 
 
 
 
 Tetrapods-Plants 
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Table A5. Statistical test results for residual differences between taxonomic groups (only significant 
differences shown, P < 0.05). 
 

Index Groups 
Arthropods-Echinoderms 
Echinoderms-Fishes 
Echinoderms-Molluscs 

 
GER 
 

Tetrapods-Molluscs 
Arthropods-Echinoderms 
Echinoderms-Fishes 

 
GERt 
 
 

Echinoderms-Molluscs 
GER* 
 
 
 
 
 
 

Echinoderms-Molluscs 
Arthropods-Plants 
Echinoderms-Plants 

 
SCI 
 
 
 

Tetrapods-Plants 
Arthropods-Echinoderms 
Arthropods-Plants 
Arthropods-Tetrapods 
Echinoderms-Fishes 
Echinoderms-Molluscs 
Echinoderms-Tetrapods 
 Plants-Molluscs 

 
MSM* 
 
 
 
 
 
 

Tetrapods-Molluscs 
 
 
Table A6. Statistical test results for differences between stratigraphic time periods (only significant 
differences shown, P < 0.05). 
 

Index Groups 
Carboniferous-Neogene 
Devonian-Palaeogene 
Devonian-Neogene 
Devonian-Cretaceous 
Jurassic-Palaeogene 
Jurassic-Neogene 
Neogene-Permian 
Neogene-Silurian 
Permian-Palaeogene 

 
MSM* 
 
 
 
 
 
 
 

Palaeogene-Silurian 
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Table A7. Data sets for Chapter 3. 

Author Year Group Number of taxa 
Adrain  2003 invertebrates 9 
Adrain & Westrop  2007 invertebrates 13 
Aguiar & Melo  2011 invertebrates 41 
Ahyong & O’Meally 2004 invertebrates 45 
Alvarez-Padilla & Hormiga 2011 invertebrates 47 
Alvarez et al. 1998 invertebrates 37 
Alvarez et al. 2000 invertebrates 26 
Amorim & Grimaldi 2006 invertebrates 11 
Anderson et al. 2010 invertebrates 46 
Anjos-Silva et al. 2007 invertebrates 14 
Apakupakul et al. 1999 invertebrates 39 
Arango 2002 invertebrates 38 
Astrop 2011 invertebrates 12 
Azar et al. 2009 invertebrates 52 
Ball & Maddison 1987 invertebrates 29 
Banks & Paterson 2004 invertebrates 16 
Bates et al. 2005 invertebrates 24 
Benedetto  2009 invertebrates 31 
Bergsten & Miller 2007 invertebrates 15 
Beutel et al. 2011 invertebrates 29 
Beutel et al. 2012 invertebrates 47 
Beutel et al. 2012 invertebrates 48 
Blagoderov & Grimaldi 2004 invertebrates 40 
Blagoderov et al. 2009 invertebrates 18 
Blake & Hagdorn 2003 invertebrates 24 
Blank et al. 2010 invertebrates 88 
Bochkov et al. 2011 invertebrates 11 
Brady & Ward 2005 invertebrates 22 
Bridge et al. 1995 invertebrates 19 
Brothers 2011 invertebrates 33 
Brunton et al. 1995 invertebrates 19 
Budd 2002 invertebrates 25 
Candela  2011 invertebrates 24 
Capa et al. 2011 invertebrates 67 
Cardona-Duque & Franz 2012 invertebrates 23 
Carlson 1995 invertebrates 11 
Carlson et al. 2007 invertebrates 78 
Carlson & Fitzgerald 2008 invertebrates 73 
Chaboo  2007 invertebrates 98 
Chamorro & Konstantinov  2011 invertebrates 13 
Chatterton et al. 1998 invertebrates 37 
Cherns  2004 invertebrates 33 
Clarke 2011 invertebrates 24 
Congreve & Lieberman 2008 invertebrates 16 
Corona & Morrone  2007 invertebrates 42 
Dewing 2004 invertebrates 15 
Dikow & Mathis  2002 invertebrates 11 
Dong et al. 2004 invertebrates 26 
Dong et al. 2010 invertebrates 35 
Dunlop & Selden 1997 invertebrates 18 
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Table A7.  Continued. 

Author Year Group Number of taxa 
Edgecombe book  invertebrates 65 
Edgecombe et al. 2011 invertebrates 23 
Edgecombe & Koch  2008 invertebrates 29 
Engel  2001 invertebrates 22 
Engel  2009 invertebrates 76 
Engel  1999 invertebrates 11 
Erwin & Thacker 2007 invertebrates 13 
Felix & Mejdalani 2011 invertebrates 40 
Fikacek & Short 2010 invertebrates 17 
Fortey & Chatterton 1988 invertebrates 11 
Ge et al. 2011 invertebrates 25 
Ge et al. 2011 invertebrates 44 
Gerstmeier & Eberle 2011 invertebrates 12 
Grebennikov  2010 invertebrates 16 
Grebennikov  2009 invertebrates 30 
Grimaldi & Engel 2006 invertebrates 10 
Gustavo & SeneSilva 2002 invertebrates 16 
Haasl  2000 invertebrates 34 
Harrison & Crespi 1999 invertebrates 11 
Haszprunar  2000 invertebrates 11 
Haug et al. 2010 invertebrates 11 
Haug et al. 2010 invertebrates 20 
Hedegaard 1997 invertebrates 14 
Hendrixson & Bond 2009 invertebrates 17 
Hippa et al. 2005 invertebrates 26 
Hoberg et al. 2004 invertebrates 14 
Hoffmann  2010 invertebrates 31 
Huguet et al. 2002 invertebrates 17 
Jeffrey et al. 2003 invertebrates 26 
Joseph & Framenau 2012 invertebrates 32 
Keller 2011 invertebrates 105 
Kerr & Kim 2001 invertebrates 28 
Koch & Edgecombe 2012 invertebrates 32 
Lee et al. 2008 invertebrates 26 
Lieberman 2001 invertebrates 26 
Lieberman 2002 invertebrates 17 
Lieberman 1998 invertebrates 26 
Liljeblad 2008 invertebrates 56 
Liljeblad 2008 invertebrates 68 
Liljeblad & Ronquist 1998 invertebrates 41 
Littlewood & Smith 1995 invertebrates 46 
Liu et al. 2011 invertebrates 27 
Lorz & Held 2004 invertebrates 16 
Lyall & Selden 1997 invertebrates 19 
Mah 2000 invertebrates 26 
Maletz et al. 2009 invertebrates 33 
Mallat & Chen 2003 invertebrates 7 
Mally & Nuss 2011 invertebrates 41 
Marek  2005 invertebrates 9 
Marshall  2003 invertebrates 45 
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Table A7.  Continued. 

Author Year Group Number of taxa 
Martynov & Schrodl 2011 invertebrates 20 
Mendes 2011 invertebrates 21 
Merle & Pacaud 2003 invertebrates 20 
Michez et al. 2007 invertebrates 10 
Mita & Konishi 2011 invertebrates 12 
Monks & Owen 2000 invertebrates 17 
Moyne & Neige 2004 invertebrates 12 
Olesen 2009 invertebrates 15 
Opitz 2009 invertebrates 7 
Orozco & Philips 2010 invertebrates 20 
Osborn & Rouse 2011 invertebrates 26 
Paterson & Edgecombe 2006 invertebrates 27 
Peterson & Eernisse 2001 invertebrates 42 
Ponder 1997 invertebrates 40 
Prokop & Ren 2007 invertebrates 17 
Quicke & Belshaw 1999 invertebrates 33 
Ramskold et al. 1991 invertebrates 48 
Reid et al. 1996 invertebrates 22 
Ridgway et al. 1998 invertebrates 42 
Rousset et al. 2003 invertebrates 16 
Rudra  2007 invertebrates 7 
Samyn et al. 2005 invertebrates 20 
Sanchez et al. 2010 invertebrates 28 
Sano & Akimoto 2011 invertebrates 36 
Scheltema et al. 2012 invertebrates 7 
Scheltema & Schander 2000 invertebrates 7 
Schram  2007 invertebrates 18 
Schram & Dixon  2004 invertebrates 50 
Schulze 2003 invertebrates 18 
Shackleton 2005 invertebrates 38 
Shultz  2007 invertebrates 59 
Sigwart  2009 invertebrates 42 
Sigwort & Sutton  2007 invertebrates 37 
Simonsen et al. 2011 invertebrates 35 
Sinclair & Kirk-Spriggs 2010 invertebrates 9 
Siveter et al. 2004 invertebrates 42 
Smith  2000 invertebrates 61 
Smith  2000 invertebrates 31 
Smith & Paterson 1995 invertebrates 28 
Sorensen et al. 2006 invertebrates 36 
Steiner 1992 invertebrates 12 
Stock et al. 2011 invertebrates 22 
Subbotin et al. 2005 invertebrates 13 
Sumrall & Gahn  2006 invertebrates 15 
Sunberg  2004 invertebrates 66 
Sutton et al. 2004 invertebrates 12 
Tarasov & Solodovnikov 2011 invertebrates 54 
Tetlie & Cuggy 2007 invertebrates 22 
Tetlie & Poschmann 2008 invertebrates 13 
Thayer  2000 invertebrates 29 
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Table A7. Continued. 

Author Year Group Number of taxa 
Thayer  1997 invertebrates 10 
Tu & Hormiga  2011 invertebrates 87 
Tu & Hormiga  2011 invertebrates 18 
Vendrasco et al. 2004 invertebrates 11 
Vernoux et al. 2010 invertebrates 10 
Villalobos & Alvarez 2010 invertebrates 41 
Villier et al. 2004 invertebrates 36 
Waller 2006 invertebrates 11 
Wappler et al. 2004 invertebrates 46 
Ward & Brady 2003 invertebrates 15 
Wegrzynowicz 2002 invertebrates 34 
Westrop et al. 2010 invertebrates 25 
Wheeler et al. 1993 invertebrates 12 
Wheeler & Hayashi 1998 invertebrates 17 
Whitfield  1992 invertebrates 17 
Williams et al. 2011 invertebrates 12 
Wills 1998 invertebrates 54 
Wills et al. 2009 invertebrates 30 
Wipfler et al. 2011 invertebrates 18 
Wolstenholme et al. 2003 invertebrates 14 
Won et al. 2001 invertebrates 32 
Yao et al. 2011 invertebrates 10 
Yao et al. 2012 invertebrates 42 
Yoshizawa & Saigusa 2001 invertebrates 10 
Yoshizawa 2002 invertebrates 50 
Yoshizawa 2004 invertebrates 17 
Yuan et al. 2006 invertebrates 17 
Zhang et al. 2010 invertebrates 19 
Zrzavy 2003 invertebrates 42 
Zrzavy et al. 2001 invertebrates 31 
Adnet & Cappetta  2001 vertebrates 24 
Ahlberg et al. 2008 vertebrates 21 
Aldridge  2007 vertebrates 19 
Allain & Aquesbi 2008 vertebrates 23 
Alvarado-Ortega & Espinosa-
Arrubarrena 

2008 vertebrates 7 
Amson & Laurin  2011 vertebrates 23 
Andres & Qiang 2008 vertebrates 61 
Andres et al. 2010 vertebrates 22 
Antonanzas et al. 2004 vertebrates 23 
Apesteguia & Zaher 2006 vertebrates 19 
Archibald et al. 2001 vertebrates 25 
Argue et al. 2009 vertebrates 12 
Arratia 2008 vertebrates 51 
Artyukhin 2006 vertebrates 23 
Asher 2007 vertebrates 53 
Asher et al. 2005 vertebrates 68 
Asher et al.  2006 vertebrates 23 
Asher et al. 2010 vertebrates 30 
Azuma & Currie  2000 vertebrates 10 
Bai et al. 2010 vertebrates 58 
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Table A7. Continued. 

Author Year Group Number of taxa 
Beard et al. 2009 vertebrates 39 
Beck et al. 2008 vertebrates 33 
Bell  2010 vertebrates 11 
Bennett  2007 vertebrates 7 
Bennett  1989 vertebrates 19 
Betancur et al. 2007 vertebrates 28 
Bianucci et al. 2007 vertebrates 21 
Bisconti  2008 vertebrates 35 
Bloch et al. 2007 vertebrates 21 
Bloch et al. 2004 vertebrates 8 
Botha & Brink & Modesto 2009 vertebrates 16 
Bouetel & de Muizon 2006 vertebrates 23 
Bourdon et al. 2009 vertebrates 17 
Brazeau  2005 vertebrates 15 
Brown et al. 2011 vertebrates 23 
Brusatte & Sereno 2008 vertebrates 15 
Brusatte et al. 2010 vertebrates 23 
Burger  2010 vertebrates 25 
Calvin & Suteethorn  2006 vertebrates 13 
Carballido et al. 2011 vertebrates 41 
Carnevale & Pietsch 2010 vertebrates 8 
Carrano & Sampson 2008 vertebrates 21 
Carr & Williamson  2010 vertebrates 25 
Cau & Fanti  2011 vertebrates 40 
Cerdeno  1995 vertebrates 46 
Chakrabarty  2007 vertebrates 41 
Christiansen & Mazak  2009 vertebrates 8 
Chure et al. 2010 vertebrates 12 
Cisneros et al.  2010 vertebrates 24 
Cisneros et al. 2011 vertebrates 23 
Claeson et al. 2010 vertebrates 40 
Clement et al. 2009 vertebrates 11 
Clement & Long 2010 vertebrates 33 
Conrad et al. 2007 vertebrates 50 
Cracraft & Clarke 2001 vertebrates 8 
Croft & Anaya 2006 vertebrates 10 
Damiani 2002 vertebrates 25 
Damiani & Yates 2003 vertebrates 20 
Dasilao & Sasaki  1998 vertebrates 9 
Davis 2010 vertebrates 43 
Delfino & de Vos  2010 vertebrates 60 
Deng 2008 vertebrates 31 
de Pietri et al. 2011 vertebrates 12 
de Pinna et al. 2007 vertebrates 35 
de Santana & Crampton 2011 vertebrates 11 
Dietze 2009 vertebrates 17 
Doiuchi et al. 2004 vertebrates 19 
Druckenmiller & Maxwell 2010 vertebrates 16 
Dupret et al. 2009 vertebrates 41 
Eddy & Clarke  2011 vertebrates 22 
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Table A7. Continued. 

Author Year Group Number of taxa 
Egi et al. 2005 vertebrates 15 
Ezcurra & Thacker 2007 vertebrates 13 
Ezcurra et al.  2010a vertebrates 20 
Ezcurra et al. 2010b vertebrates 28 
Fernandez & Baldor 2011 vertebrates 16 
Ferretti  2010 vertebrates 11 
Fierstine et al. 2008 vertebrates 12 
Fortuny et al. 2011 vertebrates 26 
Franca & Langer  2006 vertebrates 14 
Fried  2008 vertebrates 19 
Friedman 2007 vertebrates 39 
Friedman et al. 2010 vertebrates 26 
Frobisch  2007 vertebrates 42 
Frobisch et al. 2011 vertebrates 15 
Frobisch & Reisz 2011 vertebrates 49 
Froelich  2002 vertebrates 48 
Gaffney et al. 2011 vertebrates 37 
Gallina & Apesteguia  2011 vertebrates 23 
Gao et al. 2008 vertebrates 15 
Gates & Sampson 2007 vertebrates 15 
Gaubert et al. 2005 vertebrates 44 
Gaudin & Emry 2009 vertebrates 17 
Gauthier et al. 1988 vertebrates 31 
Germain  2010 vertebrates 11 
Gess et al. 2006 vertebrates 21 
Gibbs et al. 2000 vertebrates 5 
Godefroit et al. 2008 vertebrates 21 
Gonzalez-Rodriguez et al. 2004 vertebrates 8 
Grande et al.  1998 vertebrates 38 
Gregorova et al. 2009 vertebrates 6 
Guang-Hui & Chang  2009 vertebrates 16 
Hastings et al. 2010 vertebrates 16 
Hill et al. 2003 vertebrates 24 
Hilton  2003 vertebrates 20 
Hilton & Forey 2009 vertebrates 18 
Holland & Long  2009 vertebrates 12 
Holmes et al.  2001 vertebrates 8 
Hospitaleche et al. 2007 vertebrates 22 
Hurley et al. 2007 vertebrates 29 
Jeong & Nakabo 2009 vertebrates 32 
Jiang et al. 2005 vertebrates 10 
Jouve  2006 vertebrates 47 
Joyce & Norell  2005 vertebrates 11 
Kammerer  2011 vertebrates 12 
Kellner  2004 vertebrates 45 
Kenaley  2009 vertebrates 27 
Khidir et al. 2005 vertebrates 14 
Khonsari et al. 2009 vertebrates 9 
Kimura & Hasegawa 2010 vertebrates 17 
Klug 2010 vertebrates 30 
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Table A7. Continued. 

Author Year Group Number of taxa 
Lambert 2008 vertebrates 16 
Lee 2005 vertebrates 33 
Li et al. 2005 vertebrates 34 
Liao et al. 2010 vertebrates 35 
Liu et al. 2009 vertebrates 23 
Liu et al. 2011 vertebrates 30 
Livezey 1996 vertebrates 39 
Longrich & Currie 2009 vertebrates 12 
Lopez-Arbarello & Zavattieri 2008 vertebrates 16 
Lucinda & Vari 2009 vertebrates 22 
Lund 2000 vertebrates 13 
Lyson & Joyce 2000 vertebrates 16 
Lyson et al. 2011 vertebrates 27 
Macdougall & Modesto 2011 vertebrates 25 
Maddin et al. 2006 vertebrates 15 
Maganuco et al. 2009 vertebrates 45 
Maisch et al. 2004 vertebrates 9 
Mannion 2011 vertebrates 30 
Martin & Averianov 2004 vertebrates 8 
Martinelli & Rougier 2007 vertebrates 22 
Maxwell 2010 vertebrates 11 
Mayr 2003 vertebrates 10 
Mayr 2005 vertebrates 19 
Mayr 2008 vertebrates 17 
Mayr 2010 vertebrates 10 
Mayr 2011 vertebrates 24 
Mayr et al. 2004 vertebrates 16 
Mayr et al.  2010 vertebrates 34 
Mazak  et al. 2011 vertebrates 12 
Mazierski & Reisz 2010 vertebrates 11 
McDonald  2011 vertebrates 18 
Mihlbachler et al. 2004 vertebrates 18 
Milner et al. 2009 vertebrates 13 
Modesto et al. 2010 vertebrates 24 
Montefeltro et al. 2011 vertebrates 10 
Motani  1999 vertebrates 32 
Muller & Reisz 2006 vertebrates 25 
Muller et al. 2005 vertebrates 7 
Muller et al.  2008 vertebrates 10 
Murray et al. 2010 vertebrates 30 
Murray & Wilson  2005 vertebrates 21 
Nesbitt et al.  2009 vertebrates 41 
Orliac et al.  2010 vertebrates 41 
Osi & Makadi 2009 vertebrates 18 
Palci & Caldwell  2010 vertebrates 22 
Parenti  2008 vertebrates 31 
Parker et al. 2010 vertebrates 19 
Parker et al. 2006 vertebrates 12 
Pereda-Superbiola et al. 2009 vertebrates 22 
Pineiro et al. 2007 vertebrates 13 
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Table A7. Continued. 

Author Year Group Number of taxa 
Polley & Reisz 2011 vertebrates 12 
Polly 1996 vertebrates 17 
Polly et al. 2006 vertebrates 41 
Poyato-Ariza & Wenz 2002 vertebrates 34 
Pradel et al. 2011 vertebrates 19 
Prideaux & Warburton 2010 vertebrates 35 
Prieto-Marquez 2011 vertebrates 48 
Prieto-Marquez 2010 vertebrates 53 
Prokofiev 2006 vertebrates 7 
Puertolas et al. 2011 vertebrates 51 
Pujos et al. 2007 vertebrates 18 
Riga et al. 2009 vertebrates 23 
Rowe et al. 2010 vertebrates 51 
Rucklin 2011 vertebrates 12 
Ryan & Russell 2005 vertebrates 9 
Rybczynski et al. 2009 vertebrates 26 
Rybczynski 2007 vertebrates 39 
Saila 2008 vertebrates 16 
Saila 2010 vertebrates 16 
Salas et al. 2006 vertebrates 9 
Sampson et al. 2010 vertebrates 25 
Sanchez-Villagra et al. 2006 vertebrates 21 
Sanchez et al. 2007 vertebrates 17 
Sander et al. 2011 vertebrates 35 
Sanger & McCune 2002 vertebrates 13 
Santini et al. 2007 vertebrates 14 
Santini & Tyler 2002 vertebrates 5 
Schoch 2008 vertebrates 19 
Schoch et al. 2010 vertebrates 23 
Sereno 2008 vertebrates 9 
Shinohara & Sakurai 2006 vertebrates 15 
Sidor et al. 2005 vertebrates 12 
Sigurdsen & Bolt 2010 vertebrates 20 
Simmons & Conway 2001 vertebrates 17 
Simmons et al. 2008 vertebrates 29 
Smith 2010 vertebrates 59 
Smith & Dyke 2008 vertebrates 40 
Snitting 2008 vertebrates 28 
Sparks  vertebrates 25 
Steyer et al. 2006 vertebrates 13 
Sues & Averianov 2009 vertebrates 34 
Sues et al. 2011 vertebrates 42 
Sues & Reisz 2008 vertebrates 12 
Sukhanov et al. 2008 vertebrates 12 
Sumida et al. 2010 vertebrates 12 
Tedford et al. 2009 vertebrates 39 
Townsend & Croft 2009 vertebrates 19 
Trinajstic & Dennis-Bryan 2009 vertebrates 29 
Trueb & Baez 2006 vertebrates 21 
Tsubamoto et al. 2004 vertebrates 8 
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Table A7. Continued. 

Author Year Group Number of taxa 
Turner & Burrow 2011 vertebrates 11 
Vallin & Laurin 2004 vertebrates 49 
Venczel 2008 vertebrates 15 
Vieira et al. 2005 vertebrates 13 
Vigliotta 2008 vertebrates 60 
Voss & Jansa 2003 vertebrates 35 
Wang & Carranza-Castaneda 2008 vertebrates 19 
Wang et al. 2005a vertebrates 22 
Wang et al. 2005b vertebrates 48 
Weisbecker & Archer 2008 vertebrates 34 
Weksler 2006 vertebrates 54 
Wesley-Hunt & Flynn 2005 vertebrates 42 
White et al. 2006 vertebrates 6 
Whitlock 2011 vertebrates 26 
Williamson & Carr 2007 vertebrates 34 
Williamson & Weil 2011 vertebrates 30 
Wilson & Marss. 2009 vertebrates 42 
Wilson & Murray 2008 vertebrates 29 
Woodburne 2007 vertebrates 13 
Wu et al. 2008 vertebrates 15 
Xu et al. 2011 vertebrates 14 
Xu & Wu 2012 vertebrates 15 
Yates & Warren 2000 vertebrates 38 
Zaher et al. 2011 vertebrates 33 
Zanno et al. 2009 vertebrates 11 
Zhang 2006 vertebrates 31 
Zhou & Zhang 2005 vertebrates 26 
Zhou et al. 2008 vertebrates 29 
Zhu & Gai 2007 vertebrates 39 
Zhu et al. 2009 vertebrates 23 

 

Table A8. Multivariate modeling summary with CTJ curve parameters as response variables 
(interactions excluded in initial models). No shading = significant parameter (P value < 0.05 shown); 
hatched shading = non-significant parameter (P value > 0.05 not shown; black shading implies 
parameter not included in final model.  
 

Independent variable Mean height Maximum height Scaled centre gravity 

Number of taxa < 2.0E-16 < 2.0E-16 1.2E-06 

Number of characters 9.3E-04 4.1E-03 2.1E-03 

Percentage of missing data   2.5E-05 

HER < 2.0E-16 < 2.0E-16 1.3E-04 

TSI 3.0E-08 2.5E-07 4.0E-06 
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Table A9. Random forest variable importance results summary with CTJ curve parameters as response 
variables.  
 

Parameter Mean height Maximum height Scaled centre gravity 

Number of taxa 3 2 4 

Number of characters 5 4 3 

Percentage of missing data 4 5 5 

HER 1 1 2 

TSI 2 3 1 

 
 
Table A10. Multivariate modeling summary with principle component parameters as response variables 
(interactions excluded in initial models). No shading = significant parameter (P value < 0.05 shown); 
hatched shading = non-significant parameter (P value > 0.05 not shown; black shading implies 
parameter not included in final model.  
 

Independent variable PC 1 PC 2 

Number of taxa 2.0E-16 2.0E-16 

Number of characters   

Percentage of missing data  2.0E-03 
 
 
Table A11. Random forest variable importance results summary with principle component parameters 
as response variables.  
 

Parameter PC 1 PC 2 

Number of taxa 1 1 

Number of characters 3 2 

Percentage of missing data 2 3 

 
 
Table A12. 2nd PCA loadings (eigenvectors) for PC 1 and PC 2.  
 

Parameter PC 1 PC 2 

TSI -5.9E-04 4.9E-04 

HER -3.4E-05 9.9E-04 

Number of taxa 9.7E-02 -9.9E-01 

Number of characters 9.9E-01 9.5E-02 

Percentage of missing data 7.0E-02 3.1E-02 

CI -9.2E-04 7.5E-03 
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Table A13. Placental mammals data (from Lee and Camens, 2009). 
 

 Taxon Superorder Order 
1 Didelphis Outgroup Didelphimorpha 
2 Amblysomus Afrotheria Afrosoricida 
3 Balaenopterid Laurasiatheria Cetacea 
4 Caniform Laurasiatheria Carnivora 
5 Cavia Euarchontoglires Rodentia 
6 Ceratotherium Laurasiatheria Perissodactyla 
7 Chaetophractus Xenarthra Cingulata 
8 Cynocephalus Euarchontoglires Dermoptera 
9 Delphinid Laurasiatheria Cetacea 
10 Echinops Afrotheria Afroscoricida 
11 Elephantulus Afrotheria Macroscelidea 
12 Equus Laurasiatheria Perissodactyla 
13 Erinaceus Laurasiatheria Erinaceomorpha 
14 Felis Laurasiatheria Carnivora 
15 Hippopotamus Laurasiatheria Artiodactyla 
16 Homo Euarchontoglires Primates 
17 Hystrix Euarchontoglires Rodentia 
18 Lama Laurasiatheria Artiodactyla 
19 Leporid Euarchontoglires Lagomorpha 
20 Loxodonta Afrotheria Proboscidea 
21 Macroscelides Afrotheria Macroscelidea 
22 Manis Laurasiatheria Pholidota 
23 Mus Euarchontoglires Rodentia 
24 Myrmecophagid Xenarthra Pilosa 
25 Ochotona Euarchontoglires Lagomorpha 
26 Orycteropus Afrotheria Tubulidentata 
27 Phyllostomid Laurasiatheria Chiroptera 
28 Procavia Afrotheria Hyracoidea 
29 Pteropus Laurasiatheria Chiroptera 
30 Rattus Euarchontoglires Rodentia 
31 Rousettus Laurasiatheria Chiroptera 
32 Ruminant Laurasiatheria Artiodactyla 
33 Solenodon Laurasiatheria Soricomorpha 
34 Sorex Laurasiatheria Soricomorpha 
35 Strepsirhine Euarchontoglires Primates 
36 Sus Laurasiatheria Artiodactyla 
37 Talpa Laurasiatheria Soricomorpha 
38 Tapirus Laurasiatheria Perissodactyla 
39 Trichechus Afrotheria Sirenia 
40 Tupaia Euarchontoglires Scandentia 
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Table A14. Squamate data (from Lee, 2005). ‘_f’ implies fossil taxon. 
 

 Taxon Group Sub-group 
1 Outgroup Outgroup Outgroup 
2 Iguanidae Iguania Iguania 
3 Leiolepidinae Iguania Iguania 
4 Agaminae Iguania Iguania 
5 Chamaeleonidae Iguania Iguania 
6 Polyglyphanodon_f Scleroglossa Unknown 
7 Macrocephalosaurus_f Scleroglossa Unknown 
8 Xantusiidae Scleroglossa Scincomorpha 
9 Eublepharinae Scleroglossa Gekkota 
10 Gekkonines_s.l. Scleroglossa Gekkota 
11 Diplodactylinae Scleroglossa Gekkota 
12 Pygopodidae Scleroglossa Gekkota 
13 Sineoamphisbaena_f Scleroglossa Unknown 
14 Dibamidae Scleroglossa Dibamidae 
15 Amphisbaenia Scleroglossa Amphisbaenia 
16 Lacertidae Scleroglossa Scincomorpha 
17 Teiidae Scleroglossa Scincomorpha 
18 Gymnophthalmidae Scleroglossa Scincomorpha 
19 Cordylidae Scleroglossa Scincomorpha 
20 Scincidae Scleroglossa Scincomorpha 
21 Anguidae Scleroglossa Anguimorpha 
22 Xenosaurus Scleroglossa Anguimorpha 
23 Shinisaurus Scleroglossa Anguimorpha 
24 Heloderma Scleroglossa Anguimorpha 
25 Lanthanotus Scleroglossa Anguimorpha 
26 Varanus Scleroglossa Anguimorpha 
27 Aigialosauridae_f Scleroglossa Anguimorpha? 
28 Mosasauridae_f Scleroglossa Anguimorpha? 
29 Dolichosauridae_f Scleroglossa Anguimorpha? 
30 Adriosaurus_f Scleroglossa Anguimorpha? 
31 Pachyrhachis_f Scleroglossa Anguimorpha? 
32 Haasiophis Scleroglossa Anguimorpha? 
33 Serpentes Scleroglossa Serpentes 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 219 

Table A15. Plesiosaur data 1 (from Druckenmiller and Russell, 2008). 
 

 Taxon Group Sub-group 
1 Simosaurus gaillardoti Outgroup Outgroup 
2 BMNH_49202 Plesiosauroidea Plesiosauroidea 
3 BMNH_R.1336 Plesiosauroidea Plesiosauroidea 
4 Callawayasaurus colombiensis comp Plesiosauroidea Plesiosauroidea 
5 Cryptoclidus eurymerus Plesiosauroidea Plesiosauroidea 
6 Dolichorhynchops osborni Pliosauridae Polycotylidae 
7 Edgarosaurus muddi Pliosauridae Polycotylidae 
8 Elasmosaurus platyurus Plesiosauroidea Plesiosauroidea 
9 Hydrotherosaurus alexandrae Plesiosauroidea Plesiosauroidea 
10 Kronosaurus queenslandicus Pliosauridae Pliosauridae 
11 Leptocleidus capensis Pliosauridae Leptocleididae 
12 Leptocleidus superstes Pliosauridae Leptocleididae 
13 Libonectes morgani Plesiosauroidea Plesiosauroidea 
14 Liopleurodon ferox Pliosauridae Pliosauridae 
15 Macroplata tenuiceps Pliosauridae Pliosauridae 
16 Muraenosaurus leedsii Plesiosauroidea Plesiosauroidea 
17 Peloneustes philarchus Pliosauridae Pliosauridae 
18 Plesiopterys wildi Plesiosauroidea Plesiosauroidea 
19 Plesiosaurus dolichodeirus Plesiosauroidea Plesiosauroidea 
20 Pliosaurus brachyspondylus Pliosauridae Pliosauridae 
21 Polycotylus latipinnis Pliosauridae Leptocleididae 
22 QM_F18041 Pliosauridae Pliosauridae 
23 Rhomaleosaurus megacephalus Pliosauridae Rhomaleosauridae 
24 Rhomaleosaurus victor Pliosauridae Rhomaleosauridae 
25 Simolestes vorax Pliosauridae Pliosauridae 
26 Terminonatator pontiexensis Plesiosauroidea Plesiosauroidea 
27 Thalassiodracon hawkinsi Plesiosauroidea Plesiosauroidea 
28 TMP_94.122.01 Pliosauridae Pliosauridae 
29 Umoonasaurus demoscyllus Pliosauridae Pliosauridae 
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Table A16. Plesiosaur data 2 (from Ketchum and Benson, 2010). 
 

 Taxon Sub-group Group 
1 Simosaurus gaillardoti Outgroup Outgroup 
2 Aristonectes parvidens Elasmosauridae Plesiosauroidea 
3 BEDFM_1999_201 Pliosauridae Pliosauridae 
4 BMNH_R2439 Pliosauridae Pliosauridae 
5 Brachauchenius lucasi Pliosauridae Pliosauridae 
6 Brancasaurus brancai Leptocleididae Plesiosauroidea 
7 Callawayasaurus colombiensis Elasmosauridae Plesiosauroidea 
8 Cryptoclidus eurymerus Plesiosauroidea Plesiosauroidea 
9 Dolichorhynchops herschelensis Polycotylidae Plesiosauroidea 
10 Dolichorhynchops osborni Polycotylidae Plesiosauroidea 
11 Edgarosaurus muddi Polycotylidae Plesiosauroidea 
12 Elasmosaurus platyurus Elasmosauridae Plesiosauroidea 
13 Eopolycotylus rankini Polycotylidae Plesiosauroidea 
14 Eromangasaurus australis Elasmosauridae Plesiosauroidea 
15 FHSM_VP321 Pliosauridae Pliosauridae 
16 Hauffiosaurus zanoni Plesiosauroidea Plesiosauroidea 
17 Hydrorion brachypterygius Plesiosauroidea Plesiosauroidea 
18 Hydrotherosaurus alexandrae Elasmosauridae Plesiosauroidea 
19 Kaiwhekea katiki Leptocleididae Plesiosauroidea 
20 Kimmerosaurus langhami Plesiosauroidea Plesiosauroidea 
21 Kronosaurus queenslandicus Pliosauridae Pliosauridae 
22 Leptocleidus capensis Leptocleididae Plesiosauroidea 
23 Leptocleidus superstes Leptocleididae Plesiosauroidea 
24 Libonectes morgani Elasmosauridae Plesiosauroidea 
25 Liopleurodon ferox Pliosauridae Pliosauridae 
26 Macroplata longirostris Plesiosauroidea Plesiosauroidea 
27 Manemergus anguirostris Polycotylidae Plesiosauroidea 
28 Maresaurus coccai Rhomaleosauridae   
29 Microcleidus homalospondylus Plesiosauroidea Plesiosauroidea 
30 MMUM_LL_8004 Plesiosauroidea Plesiosauroidea 
31 Muraenosaurus leedsii Plesiosauroidea Plesiosauroidea 
32 Nichollssaura borealis Leptocleididae Plesiosauroidea 
33 Occitanosaurus tournemirensis Plesiosauroidea Plesiosauroidea 
34 OUMNH_J.02247 Pliosauridae Pliosauridae 
35 OUMNH_J.10337 Plesiosauroidea Plesiosauroidea 
36 Palmulasaurus quadratus Polycotylidae Plesiosauroidea 
37 Peloneustes philarchus Pliosauridae Pliosauridae 
38 Plesiopleurodon wellesi Polycotylidae Plesiosauroidea 
39 Plesiosaurus dolichodeirus Plesiosauroidea Plesiosauroidea 
40 Plesiosaurus macrocephalus Plesiosauroidea Plesiosauroidea 
41 Pliosaurus brachydeirus Pliosauridae Pliosauridae 
42 Pliosaurus brachyspondylus Pliosauridae Pliosauridae 
43 QMF_18041 Polycotylidae Plesiosauroidea 
44 Rhomaleosaurus megacephalus Rhomaleosauridae   
45 Rhomaleosaurus victor Rhomaleosauridae   
46 Rhomaleosaurus zetlandicus Rhomaleosauridae   
47 Seeleyosaurus guilelmiimperatoris Plesiosauroidea Plesiosauroidea 
48 Simolestes vorax Pliosauridae Pliosauridae 
49 Styxosaurus snowii Elasmosauridae Plesiosauroidea 
50 Terminonatator pontiexensis Elasmosauridae Plesiosauroidea 
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Table A16. Continued. 
 

 Taxon Sub-group Group 
51 Thalassiodracon hawkinsi Plesiosauroidea Plesiosauroidea 
52 Thalassomedon haningtoni Elasmosauridae Plesiosauroidea 
53 Thililua longicollis Leptocleididae Plesiosauroidea 
54 Tricleidus seeleyi Plesiosauroidea Plesiosauroidea 
55 Trinacromerum bentonianum Polycotylidae Plesiosauroidea 
56 Umoonasaurus demoscyllus Leptocleididae Plesiosauroidea 

 
 
Table A17. Plesiosaur data 3 (from Benson et al., 2012). 
 

 Taxon Group 
1 Yunguisaurus Outgroup 
2 Stratesaurus Pliosauridae 
3 Macroplata Pliosauridae 
4 Avalonnectes Pliosauridae 
5 Eurycleidus Pliosauridae 
6 Meyerasaurus Pliosauridae 
7 Maresaurus Pliosauridae 
8 Rhomaleosaurus megacephalus Pliosauridae 
9 Archaeonectrus Pliosauridae 
10 Rhomaleosaurus cramptoni Pliosauridae 
11 Rhomaleosaurus zetlandicus Pliosauridae 
12 Rhomaleosaurus thorntoni Pliosauridae 
13 Thalassiodracon Pliosauridae 
14 Hauffiosaurus longirostris Pliosauridae 
15 Hauffiosaurus tomistomimus Pliosauridae 
16 Hauffiosaurus zanoni Pliosauridae 
17 Attenborosaurus Pliosauridae 
18 Peloneustes Pliosauridae 
19 Eoplesiosaurus Plesiosauroidea 
20 Plesiosaurus Plesiosauroidea 
21 Eretmosaurus Plesiosauroidea 
22 Westphaliasaurus Plesiosauroidea 
23 Seelyosaurus Plesiosauroidea 
24 Microcleidus tournemirensis Plesiosauroidea 
25 Microcleidus brachypterygius Plesiosauroidea 
26 Microcleidus homalospondylus Plesiosauroidea 
27 Plesiospterys Plesiosauroidea 
28 Cryptoclidus Plesiosauroidea 
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Supplementary figures 

 

 
Figure A1. Smoothed fits of the continuous predictor variables using generalised additive modeling. 
The y-axis represents the smoothed functions, tick marks on the x-axis represent the number of 
observations and dashed lines indicate the 95% confidence intervals. The plots show that the predictors 
are linear (or close to linear) meaning that we can proceed with linear modeling. 
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Figure A2. Model diagnostic plots for the GER. (a) Residuals against fitted values showing no 
evidence of heteroscedasticity (obvious trend in the data due to variables having difference variances). 
(b) Normal quantile-quantile plot showing a broadly linear pattern, meaning that the model is a 
relatively good fit to the data. 
 

Figure A3. Pairwise correlations of all variables. Kendall’s tau τ coefficients and P values are shown in 
panels below the diagonal. 
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Figure A4. Variation in the median values of the CTJ curve parameters and their residuals values across 
taxonomic groups. For each box, the median value is indicated by a black horizontal bar, the shaded 
area represents upper and lower quartiles and the dashed lines connect to the most eccentric points 
within 1.5 interquartile ranges of the median. Outliers are shown as circles.  
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Figure A5. Comparison of invertebrate and vertebrate data sets. For each box, the median value is 
indicated by a black horizontal bar, the shaded area represents upper and lower quartiles and the dashed 
lines connect to the most eccentric points within 1.5 interquartile ranges of the median. Outliers are 
shown as circles.  
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Figure A6. 1st PCA of invertebrate and vertebrate data sets. (a) Vertebrates and invertebrates. (b) 
Vertebrates and invertebrates broken down by taxonomic group. (c) Invertebrates broken down by 
taxonomic group. (d) Vertebrates broken down by taxonomic group. All plots are to the same scale. 
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Figure A7. Pairwise correlations of PC 1 with all variables. Kendall’s tau τ coefficients and P values 
are shown in panels below the diagonal. 
 
 

Figure A8. Pairwise correlations of PC 2 with all variables. Kendall’s tau τ coefficients and P values 
are shown in panels below the diagonal. 
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Figure A9. Variation in the median values of the 1st and 2nd PCs (from the 1st PCA) and their residuals 
values across taxonomic groups. For each box, the median value is indicated by a black horizontal bar, 
the shaded area represents upper and lower quartiles and the dashed lines connect to the most eccentric 
points within 1.5 interquartile ranges of the median. Outliers are shown as circles.  
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Figure A10. 2nd PCA of invertebrate and vertebrate data sets. (a) Vertebrates and invertebrates. (b) 
Vertebrates and invertebrates broken down by taxonomic group. (c) Invertebrates broken down by 
taxonomic group. (d) Vertebrates broken down by taxonomic group. All plots are to the same scale. 
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Figure A11. (a) Procrustes superimposition of invertebrate and vertebrate data sets (circles correspond 
to the target data points, i.e., the ancillary data points). (b) Distribution of residuals between data sets 
(median value = 0.036).  
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Data set references for Chapters 1 and 2 
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