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The fossil record yields information on macroevolutionary patterns that remains inacces-
sible from the study of extant organisms alone, presenting a natural laboratory for us to
test hypotheses about the long-term drivers and processes of evolution. Fossil data are
therefore increasingly incorporated into evolutionary analyses, both on their own and in
combination with neontological data. Phylogeny (an explicit hypothesis of the evolution-
ary relationships between taxa) can be used as a framework to enable direct compari-
son of results of comparative methods across many different timescales and taxa, and is
now commonly used in investigations of fossil data. This represents an important step
towards a unified approach, however, it is not yet fully understood what the effect of us-
ing fossil data is on the results of downstream phylogenetic comparative methods, which
were originally developed with only living taxa in mind. In this thesis I explore the va-
lidity of phylogenetic interpretations of fossil record data. I begin with only taxonomic
classification and show that this can in some cases substitute for a cladistically inferred
phylogeny in phylogenetic comparative methods, without biasing results. Moving on to
scenarios where a timescaled phylogeny is available I investigate the relationship between
phylogeny and extinction in the geological past, show that phylogenetic clustering of ex-
tinction was common in tetrapods, and present a summary of the ways in which fossil data
biases this measurement. Finally, with timescaled phylogenies and a detailed continuous
trait dataset available, I interrogate the fossil record of Sauropterygia to uncover the pro-
cesses of evolutionary change in this highly labile clade. By comparing the results of a
suite of phylogenetic comparative methods I demonstrate that neck length evolved through
changing vertebral counts rather than somite growth; that the clade experienced a release
in evolutionary constraint at the Triassic-Jurassic boundary; and that evidence does not
support evolution towards a stationary adaptive peak as a suitable model for phenotypic
change in the clade.
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Extended Abstract

Phylogenetic comparative methods are a powerful tool for dissecting macroevolutionary

patterns on many different timescales and across the tree of life. Their use in evolutionary

biology is now extremely widespread. Palaeobiologists are following suit and there are

now a wide range of these methods that can be used to critically interrogate a variety of

fossil records. However, there are important differences between phylogenies of living

and fossil taxa. Although some of the hurdles (such as incomplete sampling, presence of

ancestor-descendent pairs, topological uncertainty and error in estimation of divergence

dates) are all relevant to modern datasets, these issues are particularly acute when dealing

with fossil data. In this thesis, I examine some of the current possibilities provided by

phylogenetic comparative methods to quantitatively assess macroevolutionary patterns in

completely extinct clades. Fossil records vary significantly in their quality of preservation

and resolution through time and across clades. There is therefore no ‘one size fits all’

approach for palaeobiologists, but with careful preparation of datasets phylogeny can pro-

vide a way in which the problem of incomplete sampling can be statistically overcome, to

facilitate detection of macroevolutionary patterns in the fossil record.

Taxonomy and phylogeny

Many extinct taxa with an extensive fossil record and a mature taxonomic classifi-

cation have not yet been the subject of formal phylogenetic analysis. I test whether

the taxonomies available for such groups represent useful (i.e., non-misleading) substi-

tutes for trees derived from matrix-based phylogenetic analyses. I collected data for

52 animal clades that include fossil representatives, and for which a recent cladogram

and pre-cladistic taxonomy were available. I quantified the difference between the time-

scaled phylogenies implied by taxonomies and cladograms using the matching cluster

distance metric. I simulated phenotypic trait values and used them to estimate a series
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of commonly used, phylogenetically explicit measures (phylogenetic signal [Blomberg’s

K], phylogenetic generalised least squares [PGLS], mode of evolution [Brownian versus

Ornstein-Uhlenbeck] and phylogenetic clustering of extinction [Fritz and Purvis’ D]) in

order to determine the degree to which they co-varied on taxonomic and cladistic trees.

With respect to topology and branch length, taxonomies are good approximations of

the underlying evolutionary relationships as recorded in inferred cladograms. Detection

of phylogenetic structuring of extinction could not be properly assessed. For all other evo-

lutionary analyses, results from taxonomy-based phylogenies co-varied with those from

cladogram-based phylogenies, but individual comparisons could be misleading. The rela-

tive length of terminal branches (influenced by sampling rate) is a key control on the shared

information between, and therefore the relative performance of, taxonomy and cladogram-

based phylogenies. Collectively these results suggest that under particular circumstances

and after careful consideration, some taxonomies could be used in place of a formal an-

alytical solution, but users must be cautious. This opens parts of a large and previously

inaccessible section of the fossil record to interrogation within an explicit comparative

framework, which will help to test many classical macroevolutionary hypotheses formu-

lated for groups that currently lack formal phylogenetic estimates.

Phylogenetic clustering of extinction

Biological correlates of extinction risk are of great interest to evolutionary biologists

as they attempt to develop predictive models of species extinction and risk. It is possible

to analyse the relationship between extinction risk and various traits in groups of extant

species, but the fossil record presents an opportunity to measure actual extinctions and

investigate the effects of environmental scenarios which have only previously occurred on

geological (rather than human) timescales. Unfortunately, many of the traits that have been

shown to be good predictors of extinction risk frequently covary, and may not fossilise

(e.g. narrow ecological tolerance, limited dispersal ability). One way around this issue is

to measure the phylogenetic structure of extinction itself, by treating it as a binary trait.
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Extinction is not an evolving trait but can be modelled as such based on the assumption

that it depends upon a series of underlying continuously evolving traits.

I use two methods of measuring the phylogenetic clustering of extinction (Moran’s I

and Fritz and Purvis’ D) to investigate the relationship between phylogeny and extinction

in three large clades of tetrapods across the Permo-Triassic mass extinction boundary. I

vary tree topology, timeslice length and method of timescaling trees to test the robustness

of results to variations in the input trees.

For part of the period of time under investigation extinctions in each of the three clades

were phylogenetically clustered, but not consistently so. This result is largely robust to

variation in input trees, but the method of timescaling can have important effects on re-

sults. Other aspects of the evolutionary history of the clades such as variation in species

richness through time, and the ecological impact of extinction, seem to be decoupled from

phylogenetic selectivity. These results support the idea that future extinctions will be

non-random with respect to phylogeny and therefore cause a higher than expected loss in

biodiversity.

Simulating phylogenetic patterns in extinction

Some characteristics of phylogenies violate the assumptions of phylogenetic compara-

tive methods, for example the inclusion of ancestor-descendant pairs as sister taxa in a tree,

or incomplete or non-random sampling. Although these problems are present in almost

any phylogeny, they are more acute in phylogenies of fossil taxa where long timescales

amplify the effect. Many phylogenetic comparative methods are model based, and as

such strong macroevolutionary trends should be detectable even from incomplete data.

Macroevolutionary patterns in extinction however, are perhaps more vulnerable to bias

caused by factors such as topological misspecification or poor phylogenetic resolution.

Correcting the data for these issues before analyses is not possible, and so it is important

to understand the effect they are likely to have on results.

With this in mind, I use a process-based birth-death model to simulate evolutionary
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histories of clades, including mass extinction events. I use these simulated histories to con-

struct ’true’ phylogenies and measure the phylogenetic clustering of extinction on these

true trees. I then sample the evolutionary histories at different rates to represent fossil

occurrences and use these to reconstruct palaeontological phylogenies or ‘fossil’ trees. I

measure the phylogenetic clustering of extinction on the fossil trees and make a compar-

ison with the results from the true tree to infer the presence or direction of bias under

different evolutionary and analytical scenarios.

I show that the nature of input data, as well as subsequent data treatment, have im-

portant effects on the outcome of extinction clustering analyses and that the sampling rate

of the clade is the most important factor. At low sampling rates the Hedman method

of timescaling is the most effective for making accurate estimates of measures of phylo-

genetic structure in extinction, but at higher rates the cal3 method is preferable. At low

sampling rates the analyses is biased towards underestimating the strength of clustering,

but the opposite is true at high sampling rates. These biases are likely caused by a combi-

nation of branch length extensions back in time across boundaries (‘pseudosurvivals’) and

pseudoextinctions. In some cases these effects balance one another out, in other scenarios

one dominates, leading to the bias in estimation.

Macroevolution in Sauropterygians

Sauropterygia was a highly successful clade of marine reptiles that survived throughout

the whole of the Mesozoic. They exhibit a broad range of body plans, including a large

variation in vertebral counts, neck to trunk and skull proportions, and body size varying

from small semi-aquatic taxa with a hard carapace to the enormous elasmosaurids with

three meter long necks. The generating processes of such variety are of great interest,

and there have been many qualitative theories about constraints or drivers of evolution

in the clade. As such they represent an ideal opportunity to explore the possibilities of

using modern phylogenetic comparative methods to rigorously assess macroevolutionary

patterns and mechanisms.
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I present a dataset of axial body plan, vertebral count and limb length measurements

from 120 taxa representing all the major divisions within the clade. I use this dataset to

test a series of explicit hypotheses about sauropterygian evolution: 1) Neck length evolved

via somitogenetic (change in vertebral number) and homeotic (change in axial regionalisa-

tion) rather than by post-embryonic differential somitic growth. 2) Somitogenetic effects

were more important as a generating mechanism of axial body plan change than homeotic

effects. 3) Somitogenetic and homeotic effects were decoupled during sauropterygian

evolution. 4) Sauropterygians underwent a release in evolutionary constraint on body pro-

portions after the Triassic-Jurassic boundary, coinciding with a transition to open water

habits. 5) The pliosauromorph body plan (long skull, short neck, long and large body)

was an adaptive peak in the evolutionary landscape towards which members of different

clades converged through time. To do this, I first compare the rates of evolution of pre-

sacral vertebral count to rates of evolution in the ratio of cervical to dorsal vertebrae using

a Bayesian approach appropriate for incompletely sampled non-ultrametric trees. I then

apply a maximum likelihood modelling approach that requires a priori specification of

regimes for tip taxa, and estimates model support for a variety of evolutionary models.

These include Brownian motion and Ornstein-Uhlenbeck models with one or no shifts in

evolutionary regime. Finally, I apply a further modelling approach, which can be used to

test for convergence to assess whether the pliosauromorph body plan represents an evolu-

tionary peak.

My results indicate that rates of change in presacral vertebral count were high across

most of the group, but slowed down in particular nested clades. Overall, homeotic effects

dominated the change in sauropterygian axial body plan through time. Somitic growth

was not an important factor and somitogenesis seemed mainly to be involved in gener-

ating trait change at the extremes of trait space (e.g. the extremely long necks in derived

elasmosaurids), although this occurred over long timescales. I show that a model including

a change in functional constraint on limb proportions at the Jr-Tr boundary is consistent
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with the data. In addition, results suggest that neck length ratios were under low selective

constraint throughout the evolutionary history of Sauropterygia, but the transition to open

water increased the area of morphospace available for this trait. Results from analysis of

trait optima suggest that some taxa with a pliosauromorph body plan did converge upon

a similar area of morphospace, but do not provide strong evidence for an adaptive peak

towards which all pliosauromorph taxa were converging.
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Chapter 1

Phylogenetic comparative methods and

palaeontological data

“Three billion years the Tree has grown

From replicators’ first seed sown

To branches rich with progeny

The wonder of phylogeny”

- David R. Maddison The Tree of Life

The fossil record yields information on macroevolutionary patterns that remains inac-

cessible from the study of extant organisms alone (Smith and Turner, 2005; Waller, 2006;

Flynn et al., 2010). Palaeontological data expand our understanding of evolution beyond

the ‘snapshot’ of the present day to encompass long-term trends and processes that have

acted over the history of life on Earth (Sepkoski et al., 1981; Raup and Sepkoski, 1984;

Jablonski, 2007; Slater and Harmon, 2013; Wagner and Marcot, 2013). Early observations

of patterns and apparent trends in the fossil record (Cope, 1887; Osborn, 1917; Simpson,

1944) inspired development of many of the phylogenetic comparative methods presently

used to quantitatively assess evolutionary hypotheses. However, the degree to which some

of these methods are applicable to palaeontological data has not yet been rigorously as-

sessed.

Here I present an overview of what estimated phylogeny (that might be used in an
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1.1 Phylogenies of fossil taxa

analysis) means in the context of the fossil record. I discuss the comparative methods

available to investigate patterns in evolution and extinction under a phylogenetic frame-

work, and specifically outline the methods available to timescale cladograms of fossil taxa,

as these are integral to the rest of the thesis.

1.1 Phylogenies of fossil taxa

1.1.1 Definition of a palaeontological phylogeny

It has long been noted that the fossil record is incomplete (Darwin, 1859; Raup, 1972).

More recently it has been demonstrated that it is not “hopelessly so” (Gauthier et al., 1988;

Benton and Storrs, 1994) in terms of using it to understand evolutionary patterns, but it

is clear that fossil records will be missing a large amount of information, and sampling

intensity will be non-random due to the special sets of circumstances required for fossil

preservation. Figure 1.1 shows a hypothetical evolutionary history of a clade, and what

we might expect to have sampled for a good record; many records would be less complete

even than this (Foote and Raup, 1996).
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Figure 1
(a) The ideal data set for testing hypotheses about extinction, with all speciations (diamonds), extinctions (crosses), and character states
(x axis) recorded. Species’ attributes can be correlated against fates. (b) The information that might more typically be available in the
fossil record. (c) The best information obtainable from the phylogeny of extant species. Modified after Purvis et al. (2008).

that went extinct. However, paleontological phylogenies hardly ever approach this ideal. A lineage
phylogeny of Paleocene and Eocene planktonic foraminifera (Pearson 1993) provides perhaps the
closest approximation; it yields μ = 0.058 MY−1.

In practice, paleontological data usually look more like those in Figure 1b. Some time intervals
and lineages have left no record at all, and what is present is not a representative or random sample.
Additionally, there is usually no direct information on how sampling effort has varied, and ages of
specimens are imprecisely known. The partial information makes speciation and extinction events
much harder to infer correctly. The incompleteness and bias complicate answering even basic
questions about diversity and extinction from fossil data (Alroy 2008, Foote 2000, Smith 2007b).

The incompleteness has prompted two, at present mainly separate, responses from analytical
paleobiologists (Wagner 2000c). One is to reconstruct the phylogenetic history as far as possible
and analyze the result. The other focuses on numbers of taxa sampled at different times and tries to
correct for incompleteness, essentially ignoring phylogeny. I refer to these as the phylogenetic and
taxic approaches, respectively. Although the taxic approach ignores relationships, it nonetheless
often invokes two simple phylogenetic concepts. The first is continuity: If a taxon is found at times
A and C but not at time B, it is presumed that the lineage must have existed at B but not sampled
(Fisher 1991). Second, most quantitative studies analyze the rates of speciation and extinction not
of species, whose records are too sparse, but of genera or families. This practice assumes species
within the same genus, or genera within the same family, to be close relatives, in that the total
length of the branches linking them in the complete unknown species phylogeny is presumed to
be relatively small.

The use of higher taxa raises many difficulties for both taxic and phylogenetic approaches.
Although delimiting species in the fossil record is problematic (Forey et al. 2004), at least most bi-
ologists and paleontologists probably have broadly similar notions about what species are (Benton
& Pearson 2001, Erwin & Anstey 1995). Higher taxa have much less basis for comparability (Fisher
1991, Forey et al. 2004): There is no widespread genus concept, for instance, and it is far from clear
what any such concept should reflect. Age? Diversity? Distinctness? Taxa are generally erected
on some unknown function of at least these three, and vary greatly in all of them (Avise & Johns
1999, Forey et al. 2004, Purvis 1996, Scotland & Sanderson 2004). Scaling extinction rates from
the genus or family level to the species level is therefore problematic, involving extra assumptions
(Foote 1988, Jablonski 1994). Higher-level rates can still be compared if higher taxa are equivalent
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Figure 1.1: A clade evolving through time. a) shows the true evolutionary history of the clade, complete
with speciation and extinction ages and full knowledge of phenotype and relationships. b) shows the rather
degraded picture of what we might be able to sample for a good record. Figure adapted from Purvis (2008).

Historically there have been two main schools of thought on how to accommodate

sampling problems to make evolutionary inferences. One is to use numbers of taxa and
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CHAPTER 1

geological information to try and correct for incompleteness, the other is to reconstruct

phylogenetic relationships of the taxa that are available (Wagner, 2000b). Due to the

increasingly pervasive use of phylogenetic comparative methods in evolutionary biology,

and a move towards unified approaches across biological and paleobiological disciplines,

phylogenetic approaches to analysing fossil data are beginning to dominate over taxic

approaches. Phylogeny is an important tool in correcting for the evolutionary history of

taxa when modelling trait data (Felsenstein, 1985; Revell, 2010; Freckleton et al., 2011),

but can also be used in its own right as positive information to test hypotheses about trait

evolution (Mooers et al., 1999; Pennell and Harmon, 2013). By inferring the evolutionary

relationships between taxa, unsampled lineages can also be hypothesised (Lane et al.,

2005), and model based evolutionary inference can be performed on incomplete trees

(Eastman et al., 2011).

As used in this thesis, the term phylogeny refers to an explicit hypothesis of the evo-

lutionary relationships between a set of taxonomic units, represented by a branching net-

work. The terminations of branches represent instantaneous populations of different taxa

(for fossil data these are usually at genera or family level), and the lengths of edges are

scaled to correspond to some measure of evolutionary distance. The edge length between

a pair of tips represents their evolutionary divergence, and the last node which subtends

the two can be considered to be a hypothetical taxonomic unit representing their last com-

mon ancestor. They are therefore a description of the amount of shared and unshared

evolutionary history between the included taxa.

If the phylogeny is rooted this root node defines the branching order of taxa; when

the edge lengths are then scaled to time it represents the timing of the origin of the clade.

The branch length between the root node and a tip is proportional to the evolutionary

variance of the taxon at that tip; the branch length shared between two taxa is proportional

to the evolutionary covariance of those taxa. In phylogenies of living taxa all the tips

are contemporaneous, ending at the present day, forming an ultrametric tree. Phylogenies

3



1.1 Phylogenies of fossil taxa

which include extinct taxa as tips are non-ultrametric: the branches terminate at different

times. This means that in a phylogeny of extant taxa the covariance of taxon A with its

sister taxon B, is equal to the covariance of B with A. Conversely in a non-ultrametic

tree the covariance of A with B can be different to that of B with A because they may

have different branch lengths between the speciation event that separated them, and their

tips. This has important implications for the way that some phylogenetic comparative

methods (particularly those involving branch length transformations) are performed on

non-ultrametric trees (Slater, 2014).

The phylogenetic variance-covariance structure is integral to many phylogenetic com-

parative methods (PCMs). These methods therefore require a tree with robust branch

lengths, as these are a key control on this structure. This has previously been a major

hurdle in the use of palaeontological phylogenies in PCMs because their topologies are

constructed using morphology based cladistic inference, and so have to be scaled to time

following the estimation of relationships. Often there is a relatively poor constraint on the

ages of fossil specimens, in some cases they are only known to stage or epoch level (e.g.

Chapter 3). Developing methods of estimating robust branch lengths for trees of fossil

taxa has therefore been a recent focus of palaeobiology. Fortunately several have now

been developed (outlined in section 1.4), unfortunately their comparative merits remain

relatively unexplored.

1.1.2 Ancestors in samples of fossil taxa

Phylogenies are meant to represent the branching order of monophyletic clades of sister

taxa. This is not possible for phylogenies of fossil taxa as many extinct species will not

have been sampled and there is a high probability that sampled taxa are ancestral to one

another (Foote, 1996b). Although sampling of ancestral populations occurs in phylogenies

of living taxa (Funk and Omland, 2003; Ross, 2014), the longer timescales in clades of

fossil taxa make this a particular problem, especially when estimating divergence dates
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Figure 1.2: Inferred phylogenetic trees are ambiguous with respect to the issue of sampled ancestors. Mor-
photaxa x and y are based on fossil samples. C shows how the relationship between these two taxa would
be reconstructed by a cladistic analysis and scaled to time. A ghost range is inferred between the first ap-
pearance of the younger morphotaxon and the first appearance of the older. They are reconstructed as sister
clades based on their close, but not identical, morphology. A and B show two possible ‘real’ scenarios that
would both lead to the phylogenetic reconstruction shown in C. In A morphotaxon y undergoes a shift in
phenotype in the lineage through time to become morphotaxon x. In scenario B there is a speciation event
giving rise to taxon x and both taxa undergo a shift in phenotype. These are indistinguishable when all we
have is the information in C.

and patterns in extinction.

Figure 1.2 shows the classic scenario in which sampling of an ancestor-descendant pair

confounds estimation of evolutionary relationships. Part C shows the inferred sister-clade

relationship, including an unsampled ghost range for taxon x, that would be reconstructed

from either of the real evolutionary histories A and B. It is not possible to distinguish

between A and B if all we have available is C. This is clearly a problem for PCMs. Even if

scenario A were true, current approaches to phylogenies in the fossil record would assume

scenario B. This inaccurate scenario brings with it two principle features at odds with

genuine evolutionary history: extinction of taxon y, and a more extensive ghost range
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1.1 Phylogenies of fossil taxa

between this taxon and x. If this were common across a whole phylogeny of fossil taxa

it is easy to see that by distorting branch lengths and speciation and extinction times this

could bias, or at least introduce noise to, the results of PCMs.

Figure 1.3: A stratocladistic phylogeny from Polly (1997). This was constructed by initially performing a
normal cladistic analysis of a character dataset for these three taxa. The relationships inferred in this analysis
are then combined with stratigraphic data and through this possible lineages are inferred. The x-axis shows
measurements of a trait associated with the first molar and the y-axis is stratigraphic position - a proxy
for time. Successive rows of data points within a white band belong to the same species and are thought
to be from populations ancestral to one another. There was a speciation event near the beginning of the
Sandcouleean. Stratophenetic methods follow a similar process but use clustering techniques on trait data to
establish relationships, rather than cladistic inference.
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Methods via which this problem could be resolved have been proposed by several

authors (Dayrat, 2005). These use stratigraphic information to reconstruct the ancestor-

descendant relationships. Either through stratocladistics (e.g. Polly, 1997; Fisher et al.,

2002, Fig. 1.3) or stratophenetics (e.g. Roopnarine, 2005). Such trees have been con-

structed and used to make inferences about speciation and evolutionary rates (e.g. Aze

et al., 2011) for some high-resolution records. A further method that can be used on

cladistically inferred trees relies on the assumption that a polytomy in a cladistically in-

ferred tree of fossil taxa indicates an ancestor, and selects this from the polytomy using

stratigraphic information (Wagner, 2000a; Bapst, 2013). Still newer methods allow an-

cestral relationships during estimation of topology and branching order during Bayesian

inference of cladistic character datasets (Gavryushkina et al., 2014).

Although these methods are a step in the right direction, and could be effective with

high-resolution records, they are not problem free. This is most obvious for methods that

treat polytomies in inferred trees as the ‘ghosts’ of ancestor-descendant pairs. The way in

which morphology based cladistics of fossil specimens is performed means that there are a

wide variety of reasons, other than a sampled ancestor, that unresolved relationships could

be found. For example cladistic character datasets usually include many more synapomor-

phies than apomorphies as these are what are used for inference. This stems from the fact

that autapomorphies - features present in only a single terminal taxon - are uninformative

in parsimony-based phylogenetic inference, the dominant means of estimating trees using

morphology. As such, these characters tend to be excluded from matrices of anatomical

traits. Unfortunately, apomorphies are what would distinguish a descendant taxa from a

genuine sister taxon in a polytomy.

For many fossil datasets reconstruction of all ancestor-descendant relationships will

always remain infeasible. For records where it might be possible, continued development

of methods both to infer the relationships, and to analyse the resulting phylogenies will be

important (Dayrat, 2005). In the meantime, two alternative approaches are possible: first
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1.2 Phylogenetic comparative methods in the fossil record

to run analyses over large sets of trees to ascertain how robust results are to variation in

tree structure (Pol and Norell, 2006; Bapst, 2013), and second to use simulations to model

the possible effects of these problems on downstream analyses (Bapst, 2014a). Both of

these approaches are incorporated into this thesis.

1.2 Phylogenetic comparative methods in the fossil record

Phylogenetic comparative methods have become commonplace in the past few decades.

This followed from the realisation that phylogeny is required for valid macroevolutionary

inferences (Felsenstein, 1985) and was brought to the fore by the publication of Harvey

and Pagel’s landmark text The Comparative Method in Evolutionary Biology (Harvey and

Pagel, 1991). Evolutionary palaeobiology took longer to catch up - in large part due to

a relative lack of timescaled phylogenies - but also due to a resistance to formal cladistic

inference approaches to establishing species interrelationships, which remains difficult for

some marine invertebrate clades. However, palaeobiology now regularly co-opts these

methods for analysis of the evolution of extinct clades (Smith, 1994).

This set of methods uses independent estimates of the evolutionary history of a clade in

order to make inferences about a wide variety of micro- and macroevolutionary patterns.

Most commonly these include methods to correct for the shared evolutionary history of

taxa when looking at patterns of trait correlation (Felsenstein, 1985; Garland and Ives,

2000, Fig. 1.4); to model the pattern in evolution of phenotypic traits (Hansen, 1997; Hunt,

2012; Fitzjohn, 2010); to infer speciation and extinction rates (Rabosky et al., 2013; Hagen

et al., 2015) and to detect trends in trait evolution through time (Hunt, 2007; Benson et al.,

2014a), among a huge variety of other potential uses. Some models of trait evolution

such as the ‘early-burst’ and directional trends, were inspired by patterns observed in

the fossil record and reported by palaeontologists (Cope, 1887; Osborn, 1917; Simpson,

1944). There is a growing literature on these kinds of macroevolutionary patterns, based
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on analyses of palaeontological data.

Trait 1

Tr
ai

t 2

A 9

B 7

C 2

X 8 Contrast Value S.D.
Standardised

contrast

A-B 2 2 1

X-C 6 3 2

a) b)

c)

Figure 1.4: The classic scenario where phylogenetic correction is necessary when performing a comparative
analysis of trait data. a) A regression of trait data for two traits, the regression line shows the slope if the data
points are treated as independent. However the colours of the points show their phylogenetic relationship
according to the hypothetical phylogeny in b). The data are not independent, violating a key assumption
of the regression analysis and leading to a false result of a statistically significant correlation between the
two traits. c) shows the procedure for phylogenetic independent contrasts, a method via which trait data
are corrected for the evolutionary history of the taxa being analysed. S.D. is the square root of the sum of
corrected branch lengths, standardised contrast is the contrast value divided by S.D. and corrected branch
lengths are calculated as (daughter branch 1 x daughter branch 2)/(daughter branch 1 + daughter branch 2).
Figures are adapted from Felsenstein (1985) and a figure made available online by Theodore Garland Jr.

The range of questions that are being addressed is broad but some examples have

included: how does shape correlate with ecology? (Pierce et al., 2009); how do rates of

evolution relate to the success of a clade? (Benson et al., 2014a); how have constraint and

adaptation controlled the evolutionary trajectories of clades? (Friedman, 2012; Hopkins

and Lidgard, 2012); and how has extinction shaped the evolutionary history of clades?

(Roy et al., 2009; Hardy et al., 2012). It has also been demonstrated using comparative
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1.3 Phylogeny and extinction in the fossil record

methods that some patterns cannot be detected without the use of fossil data (Finarelli and

Flynn, 2006; Slater and Harmon, 2013). These analyses represent only a small sample of

the work that has already been done.

The basic principle of PCMs is that patterns within species in a clade (i.e. along a

lineage or branch of a phylogeny) can be related to variation across species in that clade

(Pennell et al., 2014, Fig. 1.4). This means that these methods are highly versatile in

terms of application to different fields and have the potential to provide results that are

comparable across disparate datasets, from quantitative genetics to community ecology.

Each type of data has a set of special considerations that should be dealt with in order to

achieve such comparability.

Evolutionary biologists increasingly use information from fossils to inform their mod-

els. There are moves towards using fossils not just as node age priors in molecular phylo-

genies, but as ancestral state priors and to a truly integrated approach of joint estimation

of macroevolutionary parameters (Slater et al., 2012; Slater and Harmon, 2013; Simpson

et al., 2011). However, these methods are in their infancy (Pennell and Harmon, 2013).

The main path which is open to palaeobiologists is therefore to continue to apply PCMs

to trees of fossil taxa, and to gain a better understanding on the relationship between char-

acteristics of input phylogenies and data, and the outcome of those PCMs.

1.3 Phylogeny and extinction in the fossil record

Extinction and origination are the two major factors that sculpt biodiversity throughout

time (Jablonski, 2008a). In the face of the Earth’s current biodiversity crisis an under-

standing of macroevolutionary patterns in extinction will be important to inform strategies

for conservation and maintenance of biodiversity (Finnegan et al., 2008; Barnosky et al.,

2011; Harnik et al., 2012b). The fossil record is an obvious place to turn to for data and

insight into the processes that govern extinction. It provides a natural laboratory in which
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we can test hypotheses of how organisms might respond to projected shifts in climate, and

an opportunity to study actual large scale extinctions, rather than extinction risk.

There is a long history of palaeontologists investigating patterns and causes of extinc-

tion in the geological past; they were in fact responsible for the idea of extinction (Cuvier,

1818). The palaeontological record of extinction is certainly interesting in its own right,

but in order to inform current questions about biodiversity loss palaeontologists must pro-

vide results that can inform or be combined with present day analyses of extinctions and

extinction risk. Analytic approaches to extinction, particularly those incorporating phy-

logeny, are a potential avenue through which this can be achieved. Early quantitative

approaches to understanding extinction began with a series of papers from Raup and col-

leagues, investigating what simulation modelling of macroevolutioanry processes could

tell us about the nature of mass extinctions, and whether or not random species loss could

explain the patterns seen in the fossil record (Raup, 1982; Raup and Sepkoski, 1984; Raup,

1991). Since then many authors have attempted to assess extinction patterns in a quanti-

tative way, in many cases by finding methods of measuring extinction rates through time

and for different clades.

There are many studies of modern taxa which attempt to untangle the biological corre-

lates of extinction risk (Balmford, 1996; Bennett and Owens, 1997; Cardillo et al., 2005,

2008). Particularly there has been a focus on the phylogenetic or taxonomic correlates

of risk, because both extinction rates and correlates have been shown to vary with evolu-

tionary relationships (Russell et al., 1998; Bielby et al., 2006; Cooper et al., 2008; Davies

et al., 2008; Harnik et al., 2012a). Ideally we would be able to measure these correlates

in fossil species and unite them with analysis of which taxa actually became extinct, par-

ticularly in times of high extinction intensity. Unfortunately these traits (e.g. geographic

range, abundance, ecological specialism) are not often preserved in the record. There have

been some successful quantitative attempts to find traits in fossil taxa that may have lead

to extinction resilience or vulnerability, although these have often focussed on marine in-
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vertebrates due to their comparatively high-resolution fossil record (Fig. 1.5, Jablonski,

2008b; Kiessling and Aberhan, 2007; Jablonski, 2005; Hopkins, 2011).

a) b)

Ti
m
e

Phenotype

Figure 1.5: This shows the difference between a high resolution fossil record, that would be more likely to
be found for marine invertebrate taxa, and a poor resolution or poorly sampled fossil record that is more
likely for terrestrial vertebrates. In a) there are many known taxa and the ranges of these taxa (shown by
solid black lines) have well constrained start and end dates. In b) there are not very many sampled taxa
and the actual samples (shown as red circles) are just of one or a few specimens and their age would not be
well known so could only be resolved to the point where it was known the sample came from somewhere
along each black dashed line. The species attributes of the taxa in a) are very similar so it may be hard to
find differences between them that could help in estimating the phylogenetic relationships between them.
In b) on the other hand there are fewer taxa and they are more phenotypically distinct, making cladistic
analysis comparatively more straight forward. Therefore for a high resolution fossil record you are likely
to have good stratigraphic but poor phylogenetic control, and vice versa for a low resolution record. This is
the case except for some (rare) extremely high resolution records where the integrading of phenotype from
one morphospecies to another can be observed, leading to good control on both ranges and phylogenetic
relationships.

Phylogenetic non-randomness in the pattern of extinction itself (i.e. treating extinction

as a binary trait) offers an alternative that could help to understand extinction selectivity

in the geological past. Recent papers by Roy et al. (2009), Harnik (2011) and Hardy et al.

(2012) indicate that analyses of phylogenetic clustering of extinction could be a powerful

tool in understanding extinction dynamics in the fossil record. This is discussed in detail

in Chapters 3 and 4 of this thesis.
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1.4 Age data and timescaling trees of fossil taxa

1.4.1 Range data and times of observation

For some fossil clades we have excellent resolution on the ages of fossil specimens and

very complete records (Fig. 1.5 e.g. stickleback fish, Cenozoic planktonic foraminifera and

Ordovician brachiopods; Bell et al., 2006; Aze et al., 2011; Tyler and Leighton, 2011). For

others we have poor resolution on ages and most taxa within the clade comprise one spec-

imen (a ‘point occurrence’, e.g. plesiosaurian reptiles Benson et al., 2014a). In fact there

are a large variety of types of fossil record, the varying information from which should

lead to different methods of data preparation (Bapst, 2014b). The subsequent chapters of

this thesis focus largely on fossil tetrapods, which for the most part have poor age con-

straints on fossil occurrences and few representative specimens per taxon, but have well

resolved and robust cladistically inferred phylogenetic trees. The following discussion on

timescaling methods is therefore from the perspective of analyses of this kind of data.

An important point to note is that a phylogeny is meant only to represent the amount

of evolutionary divergence between taxa. Once a cladogram of fossil taxa has been scaled

to time, one possibility is to assume that the lengths of terminal branches represent real

ranges of stable morphotaxa through time (i.e. anything sampled along this branch would

have the same morphology and be classified within the same taxon). This corresponds

to a punctuated equilibrium model of diversification where all trait change happens at

speciation events (Eldredge and Gould, 1972; Hunt, 2007). For some methods (including

that in Chapters 3 and 4 of this thesis) this assumption is integral to the analysis. This

means that phylogenetic frameworks for these analyses must be timescaled using the first

appearance dates of taxa, and the terminal branch lengths extended to the last appearance

dates, which are used as a proxy for the time of extinction.

Whether or not punctuated equilibrium is in fact a good model for macroevolution

has been highly debated since Eldredge and Gould’s seminal publication (Eldredge and
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Gould, 1972). On very short timescales (i.e. that we can observe in modern taxa) it

seems clear that evolutionary change occurs gradually and accumulates (Simpson, 1944).

However, on geological timescales, based on palaeontological evidence, the establishment

of new body plans and the origin of major clades - macroevolutionary change - appears

to happen in a short period of time compared to how long that clade subsequently persists

for in the record (Stanley, 1998). In reality, generation of new body plans may have taken

hundreds of thousands of years, it is unlikely that it was in any sense instantaneous on

human timescales. Viewed on long-term geological timescales however, the timescale

to which models used in this thesis are applied, punctuated equilibrium may well be an

appropriate model, as it captures the nature of the speciation and extinction that can be

seen in real palaeontological data.

In the normal usage of phylogenies to represent the divergence between instantaneous

populations, trees should be timescaled using the time of occurrence of the observed spec-

imen from which the trait data were measured. Obviously for a specimen whose age of

occurrence can only be constrained to a geologic stage this is not possible. In these cir-

cumstances the best way forward is to run analyses on stochastically timescaled sets of

trees, which gives an estimate of the error around results caused by variation in tree struc-

ture. This is done by randomly selecting an age for each taxon from the period of time

to which it can be constrained and timescaling the cladogram topology using these dates,

then repeating these two steps.

With a cladogram topology and an age dataset in hand (either actual ages or the best

constraint available on the age), each of the following methods can be used to scale the

branch lengths of a tree to generate a phylogenetic hypothesis that can then be used as the

framework for a PCM.
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LAD
FADmbl Hedman

basic equal

Figure 1.6: Possible effects of different timescaling methods on the lengths of branches in a tree. Basic
shows a tree which includes zero length branches (no vertical length), equal, mbl and Hedman show three
methods which can be used to add length to zlbs and estimate divergence dates. The other method mentioned
in the text - cal3 - produces branch lengths similar to the Hedman method.

1.4.2 Basic

The basic method (Fig. 1.6) is the simplest way in which a cladogram can be scaled to

time, involving the fewest assumptions. It relies upon only one - that the origin of a

taxon must be at least as old as the origin of its sister group. In practice this means that

branch lengths are extended back in time so that the start of a taxon’s range matches that

of its sister, and the date of divergence between the two taxa is assumed to be at the first

appearance date of whichever of the pair appeared earlier in the record. This method

often leads to zero-length internal branches (zlbs), when a taxon is sister to a clade with

two or more taxa that appear earlier in the record. This is a problem analytically; many

phylogenetic comparative methods cannot be implemented on a phylogeny that includes

zlbs because this implies no evolution along the branch. There are two possible ways

around these analytically intractable phylogenies, one is to collapse all zlbs to polytomies

(perhaps undesirable as this discards positive information about the order of divergences),

or somehow give a positive length to the zlbs, which leads on to the following two methods.

15



1.4 Age data and timescaling trees of fossil taxa

1.4.3 Equal and mbl

The equal (Brusatte et al., 2008) and mbl methods (Fig. 1.6) are similar in their aim, but

different in implementation. They are both (somewhat arbitrary) ways to extend zlbs so

that analyses can be run. These extensions are not based on any knowledge of how much

time might have passed (or how much evolutionary change might have occurred) along

the branch. In the equal method an additional length is chosen by the user, this length

is divided equally among all the zlbs in the phylogeny. For mbl the user chooses some

minimum branch length and every branch that is shorter (including those that already

have some length) are extended to match this value. Generally in publications the mbl

method has been preferred above equal, largely because its outcomes are more predictable.

Although these methods are very easy to implement, their lack of sophistication calls into

question the likelihood of either of them producing accurate divergence dates. However,

Bapst (2014a) showed that for particular types of phylogenetic comparative analyses they

can lead to the least bias in results.

1.4.4 Hedman

The Hedman method (Fig. 1.6, Hedman, 2010) is a Bayesian method used to estimate the

age of a node based upon the ages of its closest outgroups. It requires that each successive

outgroup moving away from the node of interest be at least as old as the one before. When

implemented in this thesis it is incorporated into a larger algorithm that adjusts the time

of all nodes in the cladogram, whether or not their position can be directly estimated with

the Hedman algorithm. This method is most useful for fully extinct, or poorly sampled

clades.

The algorithm aims to obtain posterior probabilities of the possible positions of nodes

based on known values of earliest sister clade appearances. The probability distribution

functions for nodes cannot be effectively modelled; they are therefore discretised and es-

timated based on the known fossil outgroup ages. The estimated node date is the mode of
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the posterior probability distribution.

The overarching function used in this thesis searches the tree for nodes which have

successive fossil outgroups and dates them using the Hedman algorithm. There will usu-

ally be many nodes within the cladogram with outgroups that are not stratigraphically

consistent. These nodes are selected in a random order and a date drawn from a uniform

distribution between the ages of the bounding Hedman-scaled nodes.

1.4.5 cal3

This is a stochastic rate-based method proposed in Bapst (2013) and available in the pack-

age paleotree (Bapst, 2012). Due its dependence on rates of extinction, origination, and

sampling, this method is best suited to groups with well-sampled records and consistently

good preservation. These three input rates are used to produce a constrained distribution

of possible divergence dates for each node, beginning at the base of the tree, and the dates

are randomly selected from these distributions on each pass. The process is repeated to

produce distributions about each node, which are effectively confidence intervals for the

divergence dates. The original publication demonstrates with simulations that the distri-

butions bracket true divergence dates (Bapst, 2013).

1.4.6 Other methods

There are additional methods that can be used when a character dataset is also available

(e.g. Ruta et al., 2006; Laurin, 2004), which deal with zlbs by sharing branch lengths be-

tween branches according to the number of character changes on each branch. There are

also more complex character data based approaches, generally referred to as ‘tip-dating’.

These are ways in which divergence dates and topology can be simultaneously estimated

using a Bayesian modelling technique. These methods are therefore useful in situations

where the topology is as yet unknown and a character matrix is available. Some morphol-

ogy based tip dating approaches can be used to date trees of completely extinct clades, but
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1.5 Outline of the thesis

it is also possible to use fossil and extant taxa and a combination of morphological and

molecular data in a ‘total-evidence’ approach, a technique that has been enthusiastically

adopted (Pyron, 2011; Ronquist et al., 2012; Near et al., 2014; Dornburg et al., 2015). This

is a major advantage of this method, as the methods outlined above can have odd effects

when extant taxa are included (see Chapter 2 of this thesis and Bapst, 2014a). The down-

sides are that it cannot be used in the absence of a detailed character dataset and there are

uncertainties about how realistic the divergence dates that they estimate are (Arcila et al.,

2015).

1.5 Outline of the thesis

Chapter 1 - I introduce concepts and methods relevant to the rest of the thesis, and

outline the themes and questions to be addressed.

Chapter 2 - (Data available: taxonomic or phylogenetic relationships) I make a com-

parison between recent cladistically inferred topologies, and historical (pre-cladistic) tax-

onomies for the same clade, for a set of 52 clades. I provide results of several commonly

used phylogenetic comparative methods using the cladistic and taxonomic topologies as

frameworks and assess whether the two topologies yield similar results. Finally I present

guidelines for when and how it might be acceptable to substitute taxonomy for a formally

inferred cladogram in phylogenetic comparative methods.

Chapter 3 - (Data available: phylogenetic relationships and age of taxon occurrences)

I measure the phylogenetic clustering of the timings of extinctions in three major tetra-

pod clades (synapsids, sauropsids and temnospondyls) for a timespan encompassing the

Permo-Triassic boundary. I discuss these results in the context of changes in species rich-

ness in each clade at the time.

Chapter 4 - (Data available: phylogenetic relationships and age of taxon occurrences)

I test the degree to which palaeontological phylogenies produce results comparable to
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simulated ‘real’ phylogenies in analyses of the phylogenetic clustering of extinction. I ex-

plore the ways in which various features unique to phylogenies of fossil taxa (particularly

inclusion of ancestor-descendant pairs) affect the results of the analyses.

Chapter 5 - (Data available: phylogenetic relationships and continuous univariate trait

data) I present an analysis of a large dataset of Sauropterygian body plan and functionally

relevant traits. I use a phylogeny of the clade and the continuous trait data to measure

the comparative rates of evolution of aspects of the body plan to explore the influence

of phylogenetic and environmental constraint on body plan evolution in the clade. These

analyses are used to answer three key questions: 1) What mechanisms controlled the evo-

lution of body plan in the clade? 2) Did the transition to open water habits at the end of the

Triassic correspond to a shift in evolutionary constraint on body plan? 3) Do plesiosaurian

morphotypes represent adaptive peaks in the evolutionary landscape?
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Chapter 2

Taxonomy and phylogeny can yield

comparable results in palaeontological

comparative analyses

“We should not allow ourselves to be deluded by the hope of finding ab-

solute standards, but it should be our object to arrange what is really known,

so that it can be easiliy grasped and utilized”

- W.G.Farlow (1898)

In this chapter I make a comparison between recent cladistically inferred tree topolo-

gies, and historical (pre-cladistic) taxonomies for the same clade, for a set of 52 clades. I

provide results of several commonly used phylogenetic comparative methods using these

cladistic and taxonomic topologies as frameworks, and assess whether the two topologies

yield similar results. Finally I present guidelines for when and how it might be acceptable

to substitute taxonomy for a formally inferred cladogram in phylogenetic comparative

methods. Content from this chapter was published in Systematic Biology with Matt Fried-

man as co-author. Matt Friedman conceived the initial idea, I designed the study, collected

the data, performed the analyses and wrote the chapter.
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2.1 Taxonomy and comparative analyses

2.1 Taxonomy and comparative analyses

Current approaches to assessing macroevolution incorporate a temporally scaled, explicit

hypothesis of relationships among taxa (an inferred phylogeny) in order to correctly esti-

mate relationships between traits (Felsenstein, 1985; Grafen, 1989; Martins and Hansen,

1997), investigate the phylogenetic signal of traits (Fritz and Purvis, 2010; Münkemüller

et al., 2012) and compare models of evolutionary mode (Harmon et al., 2003, 2010).

These comparative methods were originally developed for Recent datasets, where de-

tailed morphological and molecular data can be obtained and used for explicit, character-

based phylogenetic inference. Many clades have few or no extant species and yet are di-

verse and highly abundant in the fossil record, and have the potential to reveal a great deal

about long-term evolutionary change and mechanisms (Jablonski, 2007, 2008a). Unfor-

tunately these same clades have often not been subjected to formal phylogenetic analysis

for a variety of reasons, the most acute of which are limited morphological data (Sansom

and Wills, 2013) and the time-consuming nature of morphological phylogenetic system-

atics relative to molecular approaches. Consequently, such clades have not been a major

focus of comparative evolutionary analysis despite the unique deep-time perspective that

they provide. An increasing number of workers circumvent the problems raised by the

lack of a formal phylogeny by executing analyses using phylogenetic comparative meth-

ods (PCMs) that incorporate taxonomy (the traditional method of classification, under the

Linnaean hierarchy) as at least a partial substitute for an analytically inferred cladogram

(Bininda-Emonds et al., 2007; Slater and Van Valkenburgh, 2008; Roy et al., 2009; Fusco

et al., 2012; Hardy et al., 2012; Benson et al., 2014a) on the basis that morphologically de-

fined taxonomic classifications closely match trees inferred from molecular data (Jablonski

and Finarelli, 2009). Conversion of taxonomy to a phylogeny and use in a PCM is now

easily achievable using various software packages (e.g. ape and geiger in R (Paradis et al.,

2004; R Core Team, 2015; Pennell et al., 2014) each provide functions for this task), which

further facilitates and encourages this practice.
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The response of PCMs to various factors has largely been characterised for ultrametric

trees of extant groups (Housworth and Martins, 2001; Davies et al., 2012). Phylogenetic

independent contrasts (Felsenstein, 1985) and phylogenetic generalised least squares (Grafen,

1989; Martins and Hansen, 1997) in particular have been shown to be robust to inaccu-

racies in branch lengths (Garland and Diaz-Uriarte, 1998), and inaccuracies in topology

(Symonds, 2002; Stone, 2011). Phylogenetic generalised least squares is especially robust

in cases where branch lengths are known (Purvis et al., 1994). Use of taxonomy for extant

datasets has previously been rejected in favour of performing PCMs on large sets of ‘ran-

dom’ possible trees (Losos, 1994; Martins, 1996), but other workers have suggested that

this approach is at best equivalent to using the raw data without a phylogenetic correction

(Abouheif, 1998; Symonds, 2002). Taxonomy therefore potentially represents a viable

middle ground that contains useful information on evolutionary relationships and, in the

case of fossil data, information on branch lengths based on the stratigraphic distribution

of fossils.

However, taxonomies could represent inaccurate topologies relative to formal solu-

tions, and are often more poorly resolved (Harvey and Pagel, 1991; Kroh and Smith,

2010). The effects of these issues on downstream PCMs are not well understood and have

not been directly tested in the context of palaeontological datasets, where the application

of taxonomies in place of phylogenies is most likely to occur. It is therefore important

to understand the adequacy of these topologies when they are used in this context, to as-

sess the validity of work that has already been done, and define guidelines for the limits

of acceptable use in the future. I seek to constrain this problem through a series of ex-

periments using taxonomies and more recently published cladograms for various animal

clades. My approach assumes that the results of formal phylogenetic analysis—the ‘gold

standard’ for the application of PCMs to palaeontological data—capture the true topology

and, after time-scaling, the true branch length of the underlying phylogeny. I make these

assumptions because they match those made when a PCM is applied using a cladistically
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2.2 Experimental design

inferred phylogeny of fossil taxa. I simulate continuous characters on the cladistically in-

ferred phylogeny, then estimate relevant values using both this phylogeny and a phylogeny

derived from taxonomy.

The question of whether cladistically inferred phylogenies of fossil taxa are in fact

suitable for use in these kinds of analyses in the first instance is not one that I address

here, and is under investigation by other workers (Bapst, 2014a). Comparative studies in

the fossil record are performed under the widely accepted assumption that a correction us-

ing an analytically inferred phylogeny of fossil taxa produces more reliable results than an

analysis with no phylogenetic correction (Felsenstein, 1985; Laurin, 2004; Brusatte et al.,

2011). Increasing numbers of studies also assume that taxonomy is a suitable (at least par-

tial) substitute for an analytically inferred phylogeny (Slater and Van Valkenburgh, 2008;

Roy et al., 2009; Turvey and Fritz, 2011; Fusco et al., 2012; Hardy et al., 2012; Benson

et al., 2014a) and it is this second assumption I aim to test. I use a comparison between

results from these two alternative phylogenetic frameworks to develop and present prac-

tical guidelines for incorporating taxonomy into PCMs when a formal cladistic solution

is not yet available, and discuss the degree to which this approach can be applied in a

palaeontological framework.

2.2 Experimental design

2.2.1 Taxonomies and formal phylogenetic solutions

I examined 52 datasets from 44 animal clades for which both a recently published explicit

phylogenetic hypothesis and a traditional taxonomy that pre-dated the most recent clado-

gram were available. The taxonomies used here can be considered a worst-case scenario,

as they are pre-cladistic, and were the (historically) earliest classification I could find that

included a sufficient sample of taxa. More recent taxonomies - many based on formal

cladistic solutions - are now available for these clades, so my estimate of the success of
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a taxonomy relative to a cladogram is a conservative one. The dataset comprised 5 inver-

tebrate clades and 39 vertebrate clades, including 27 tetrapod groups and 12 non-tetrapod

vertebrate groups; these are listed in Table 2.1.

Some cladograms were sourced from the same clade, but contained different non-

overlapping selections of taxa from those clades and so were used as separate datasets

(e.g. I included three different bivalve datasets). These studies are the total set of clades for

which I could find an appropriate taxonomy and cladogram that contained enough match-

ing taxa for a PCM to be run on the tree, after taxa not present in both were removed.

There were taxonomies and phylogenies available for some additional clades, however

they did not include enough overlapping taxa for analysis. I attempted to get as broad

a taxonomic coverage as possible but the dataset is vertebrate-heavy, because vertebrates

are the overwhelming focus of formal phylogenetic inference in the fossil record. Inverte-

brates (e.g. bivalves or marine arthropods) are comparatively under-represented in formal

phylogenetic analyses and so make up a smaller component of the dataset than vertebrates,

despite having a more extensive fossil record. Many of the taxonomies were taken from

the same publication (Romer, 1945) as this was the most comprehensive (and for many

clades the only) pre-cladistic taxonomy available. I included other sources where possible

to provide a comparison to ensure there was no systematic bias in results produced using

taxonomies from Romer.

All but one of the classifications are at the generic level, thereby reducing the poten-

tial influence of different authors’ tendency to lump or split fossil species, as we expect

that given the greater morphological distinction between taxonomic units as you move up

the hierarchy the controversy over groupings reduces with each rung. However, whether

authors had a tendency to lump or split should not make a difference to the outcome of

this analysis. It might effect the number of taxa or the ranges of taxa in an analysis but

the focus here is a comparison between results from taxonomy and phylogeny using an

identical set of taxa with the same range data used for both. Theoretically however, the
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results produced here can be considered to apply to any level of taxonomic unit. The dif-

ferences between classifications and phylogenetic hypothesis of taxa at different ranks are

that lower ranks tend to have more taxa, and those taxa will tend to have shorter ranges.

The effect of the number of taxa in the analysis, the longevity of taxa and the sampling

of taxa are all factors that are considered in subsequent analyses. Therefore any worker

wishing to use a taxonomic classification should think about the likely effect of the rank

of this classification on all these factors, based on the general conclusions of this study

pertaining to questions about the effect of dataset size and the stratigraphic longevity and

resolution of taxa.

For each example, I investigated the degree to which evolutionary inferences drawn

from taxonomy-based phylogenies (TBPs) matched those derived from cladogram-based

phylogenies (CBPs). I took this approach based on the following assumption: a compar-

ison between out-of-date taxonomies and current phylogenetic solutions is equivalent to

a comparison between current taxonomies and the hypothetical phylogenetic solutions of

the future for groups that do not currently have them. For the purposes of these analyses, I

assume that the branching structure provided by a CBP matches that of the true phylogeny.

As such, the assessment of the success of CBPs in capturing evolutionary processes and

patterns should be viewed as maximally optimistic and my results should not be taken as

evidence for or against the capacity of these methods to capture real patterns. In particular,

because the trait data are simulated, none of the analyses provide any information on real

patterns in these groups.

2.2.2 Tree construction and timescaling

All tree manipulation and analyses were performed in the R software environment (ver-

sion 3.0.2; R Core Team, 2015). Topologies derived from cladograms and taxonomies

were time-scaled in order to produce phylogenies (method outlined below). References

and details for the source topologies are shown in Table 2.1. Taxonomic classifications,
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cladograms and range data are all included on the data appendix disk for this thesis. All

datasets are at the generic level except that for tetraodontiform fishes, where species-level

classifications and range data were available. When selecting cladograms I used whichever

tree topology the original authors had applied for phylogenetic comparative analyses (if

included), or the topology preferred by the original authors in the absence of further anal-

yses within the publication. This was to ensure that the dataset included topologies that

would be the most likely to be accepted for use with PCMs incorporating palaeontologi-

cal data. It therefore included solutions arising from Bayesian, maximum likelihood and

maximum parsimony inference. The literature used to obtain taxonomies only contained

one classification scheme for each clade, and this was converted in to a tree structure as a

series of nested polytomies corresponding to each taxonomic rank (Fig. 2.1).

Taxonomies by nature contain many polytomies when directly plotted as trees (e.g. if

there are 5 genera contained within one family, these genera would be depicted as a sin-

gle multichotomy, unless sub-familial relationships had been proposed). These were left

as hard polytomies to represent the maximum amount of resolution based upon available

information, except where the PCM required a fully resolved tree (mode of evolution). In

preliminary analyses, executing simulations where (i) taxonomies were randomly resolved

before time-scaling, or (ii) random trees used for comparison were collapsed to have the

same number of internal nodes as the TBP, did not make a notable or systematic difference

to the outcome. Adding polytomies to the cladograms to match the resolution of the tax-

onomies ought to have the same result, as this indicates that resolution itself does not have

an important influence on the outcome. This is consistent with previous work showing that

the inclusion of polytomies in a phylogeny for a PCM does not bias the result and has a

negligible effect on the rate of type I error (Garland and Diaz-Uriarte, 1999; Stone, 2011).

Housworth and Martins (2001) provide a method by which error caused by uncertainty in

relationships within a polytomy can be incorporated into estimates of error bounds for the

test statistic in a PCM.
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öb

is
ch

et
al

.(
20

12
)

B
ay

es
ia

n
PB

D
B

N
o

St
eg

oc
ep

ha
lia

ns
R

om
er

(1
94

5)
Py

ro
n

(2
01

1)
B

ay
es

ia
n

PB
D

B
Y

es
M

am
m

al
s

R
om

er
(1

94
5)

L
lo

yd
et

al
.(

20
12

a)
Su

pe
rt

re
e

L
lo

yd
et

al
.(

20
12

a)
Y

es
M

es
oz

oi
c

bi
rd

s
W

ei
sc

ha
m

pe
le

ta
l.

(2
00

4)
O

’C
on

no
ra

nd
Z

ho
u

(2
01

2)
Pa

rs
im

on
y

PB
D

B
N

o
N

eo
pt

er
yg

ia
ns

R
om

er
(1

94
5)

C
lo

ut
ie

ra
nd

A
hl

be
rg

(1
99

6a
)

Pa
rs

im
on

y
PB

D
B

Y
es

O
ct

od
on

tid
s

R
om

er
(1

94
5)

V
er

zi
et

al
.(

20
14

)
Pa

rs
im

on
y

PB
D

B
Y

es
O

rn
ith

is
ci

an
s

W
ei

sc
ha

m
pe

le
ta

l.
(2

00
4)

C
or

ia
et

al
.(

20
13

)
Pa

rs
im

on
y

PB
D

B
N

o
O

st
eo

st
ra

ci
an

s
R

om
er

(1
94

5)
Sa

ns
om

(2
00

8)
Pa

rs
im

on
y

PB
D

B
Y

es
Sp

he
ni

sc
if

or
m

es
R

om
er

(1
94

5)
K

se
pk

a
et

al
.(

20
06

)
C

om
bi

ne
d

pa
rs

im
on

y
PB

D
B

Y
es

Pr
im

at
es

R
om

er
(1

94
5)

Se
iff

er
te

ta
l.

(2
01

0)
Pa

rs
im

on
y

PB
D

B
Y

es
Pt

er
os

au
rs

R
om

er
(1

94
5)

L
ü
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Solemya
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Adulomya
Buchiola
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Figure 2.1: Method for converting a taxonomic classification to a cladogram that can then be time-scaled
with fossil range data to make a phylogeny. Taxa that are in the same group at a particular rank are combined
in a polytomy, starting at the genus level and moving towards the root of the tree. a) shows the original
classification as published, b) shows the resulting cladogram after conversion, before time-scaling.

Cladograms of extinct taxa can be scaled according to the first appearance date (FAD)

of each taxon to generate phylogenies with branch lengths representing the amount of time

since sister taxa diverged (Chapter 1, Lloyd et al., 2012b; Bapst, 2013, 2014a). The branch

lengths are estimated based on the FAD of each taxon in the fossil record, and the assump-

tion that the divergence between two lineages must have occurred, at the latest, at the FAD

of the older taxon. Some analyses also require an estimate of the last appearance date

of a taxon (e.g. measuring the phylogenetic clustering of extinction) to estimate a taxon

duration. First and last possible appearance dates for all taxa were principally obtained

from the Paleobiology Database (at the time www.paleodb.org, now www.paleobiodb.org

and www.fossilworks.org). These data were modified where the taxon was known to be

extant, and where investigation of outliers showed an incorrect assignment. Where these

data were not included in the PaleoBioDB, they were taken from literature detailed in ta-

ble 2.1. These first and last occurrences are unlikely to correspond precisely to the real
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origin and extinction times, because the fossil record is not continuous. Several methods

have been developed to estimate divergence dates and lineage durations that are a closer

approximation to real divergences than the raw first and last occurrence dates of fossil taxa

(e.g. Lloyd et al., 2012b; Bapst, 2013; Lee et al., 2014). A further complication with many

of the taxa that I used is that they are point occurrences, meaning that only one specimen,

or a few specimens from the same bed, have been found. In this case the date is often only

known to stage-level precision. For these taxa the ages in Ma for the FADs were drawn

randomly from a uniform distribution specified by the beginning and end date of the stage

in which they were found. In reality, speciation events may have been more clustered than

the assumption of a random distribution, however, the timescaling process compensates

for overdispersal of FADs by inferring simultaneous origins of sister clades. In addition,

to a certain extent the accuracy of these dates was unimportant as the important factor was

that the same dates were used to timescale both the CBP and TBP.

I timescaled all the trees using the ‘mbl’ (minimum branch length; Section 1.4.3)

method as originally implemented in R by Lloyd et al. (2012b) and incorporated into

the paleotree package (Bapst, 2012). This is a commonly used time-scaling method in

palaeontological analysis, which avoids the problem of analytically intractable phyloge-

nies caused by zero-length branches (ZLBs). Having zero length internal branches ef-

fectively creates a polytomy. Analyses are possible if these ZLBs are treated as hard

polytomies, however, I have positive information that a bifurcation occurred and that these

branch lengths were not in fact zero, and therefore should not be expressed as a poly-

tomy. Divergences are dated according to the first appearance date of the sister group to

the clade, and then any branch that is shorter than a specified length of time (for this study

I used 1 Myr) is extended to this length. Significantly more complex approaches to cali-

brating palaeontological trees are available but the information needed to perform them is

not readily available for the majority of these datasets, and would be unavailable for many

of the clades for which authors may want to include taxonomic information. For example
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some methods require the clade to include extant taxa (Pyron, 2011; Ronquist et al., 2012;

Nowak et al., 2013). The latest total evidence dating, or fossil tip-dating methods based

on so-called morphological clocks require a character matrix to simultaneously estimate

phylogenetic topology and branch lengths (Lee et al., 2014), which is by definition un-

available for taxonomies without formal phylogenetic solutions. Other methods require

estimation of branching, extinction and sampling rates (Bapst, 2013), which is not possi-

ble with the point occurrence data that I had for many of the clades in my dataset. For

some well-sampled clades it may be possible to use a more sophisticated method than mbl

(particularly cal3 (Bapst, 2013)), and I would encourage workers to use the most suitable

time-scaling method available, as improvement in accuracy of branch length can lead to

improvement of performance in analyses (Bapst, 2014a).

2.2.3 Tree similarity

I used the matching cluster (MC) distance metric (Bogdanowicz and Giaro, 2013) to mea-

sure the similarity of each TBP to its equivalent CBP based on differences in branching

pattern, implemented using TreeCmp in Java (Bogdanowicz et al., 2012). The method

divides the tree into clusters such that all the branches of the tree are included; a single

cluster contains all the tips that descend from a particular internal node. Each cluster is

matched with one from the other tree for a pairwise comparison. For each pairwise com-

parison the symmetric difference is calculated. This is the total number of differences

in taxon positions between one cluster and the other, weighted by the proximity of each

taxon to the root of the tree. This difference is summed across all matched pairs to ob-

tain a total value. The method searches across all possible permutations of clusters and

matchings to find the minimum total value possible, this is the ‘minimum-weight perfect

matching’ or the matching cluster distance (Bogdanowicz and Giaro, 2013). I found the

significance of this value by: 1st simulating random trees with the same number of taxa;

2nd time-scaling these random topologies using the same data with which I time-scaled
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the cladogram and taxonomy; and 3rd calculating their MC distance in order to generate a

distribution against which to compare our empirical values. This method shares its basis

with the commonly used Robinson-Foulds (RF) distance (Robinson and Foulds, 1981).

However, the null distribution generated for MC is unimodal and close to Gaussian, as

opposed to the null distribution for the RF distance which is often bimodal. Furthermore,

the metric itself is more robust; RF distance can respond drastically to small changes in

the position of terminal nodes (e.g. moving one terminal branch to a different position

can generate the maximum RF distance (Xin and Li, 2014)), whereas MC distance does

not suffer from this problem (Münkemüller et al., 2012). I also tested the correlation be-

tween the CBP and TBP variance-covariance matrices using Pearson’s product moment

correlation coefficient.

2.2.4 Relative Performance of Cladogram and Taxonomy-Based Trees

in Phylogenetic Comparative Methods

I estimated four phylogenetically explicit measures, using a variety of packages from the

statistics environment R (Table 2.2). The details of all the steps used for investigation of

each method are shown in Figure 2.2.

Table 2.2: Downstream analyses tested, and the R package and function implemented

Measurement Metric R package - Function

Phylogenetic signal Blomberg’s K picante - Kcalc (Kembel et al., 2010)

Clustering of extinction Fritz and Purvis’ D caper - phylo.d (Orme et al., 2012)

Mode of evolution Model and Akaike weights OUwie - OUwie and OUwie.sim (Beaulieu et al., 2012)

Phylogenetic generalised least squares PGLS slope caper - pgls (Orme et al., 2012)

2.2.4.1 Phylogenetic signal

I simulated trait data on the CBP under a Brownian motion model with σ2 = 1 (step

variance) and µ = 0 (mean) then followed the steps in Figure 2.2. After simulation I
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controlled the strength of signal using equation 2.1 as proposed in (Münkemüller et al.,

2012) to make three sets of simulations with weak, medium and strong signal

trait = w.traitBM +(1−w)traitrand (2.1)

traitBM is a set of trait values simulated under pure Brownian motion with µ = 0 and

σ2 = 1. traitrand is these values randomly shuffled over the tips of the phylogeny to

produce a set of random trait values. The weighting factor w is then used to control which

component has the larger influence, on a spectrum from completely Brownian (strong

signal, w = 1) to white noise (weak signal, w = 0), with a medium signal using w = 0.5. I

then z-transformed all values in order to standardise results.

2.2.4.2 Phylogenetic generalised least squares

I simulated sets of coevolving traits with a phylogenetic regression slope of 0.3, and used

the TBP and CBT to estimate a value for the slope of each set of simulated traits, according

to the steps in Figure 2.2.

2.2.4.3 Mode of evolution

I simulated data using either a Brownian or Ornstein-Uhlenbeck (OU) model of gradual

change. OU models are similar to Brownian motion models of evolution, except they

include an additional parameter α - the strength of selective constraint, which increases

the probability that the direction of trait change will be towards an evolutionary optimum

value (Hansen, 1997). I then used likelihood analysis and the Akaike information crite-

rion with a correction for small sample sizes (AICc) (Burnham and Anderson, 2002) on

the TBP and CBP with the same simulated trait data to identify which model (Brownian or

OU) had greater support, and whether this corresponded to the model originally used, via

the steps in Figure 2.2. For all simulations σ2 (step variance) was set to 1, θ (the optimum

trait value) was set to 0, and was the same as the ancestral trait value, α (strength of the
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Scale the branch lengths of the cladogram and taxonomy tree for each clade to time, using fossil range 
data, to generate the cladogram based phylogeny (CBP) and the taxonomy based phylogeny (TBP)

Simulate a continuous 
trait on the CBP under 
Brownian motion with 

µ = 0 and σ = 1

Measure Blomberg’s K
for the trait on the 

CBP (Kc)

Measure K for the trait 
using  the TBP as the

framwork (Kt)

Calculate the absolute
di�erence between Kc

and Kt 

Timeslice the TBP
 in the same place

Timescale the simulated tree with the same 
range data as for the CBP and TBP 

Measure K on the 
simulated tree (Ks)

Calculate the 
absolute di�erence 
between Kc and Ks

Measure D on the 
TBP (Dt)

Calculate the absolute
di�erence between 

Dc and Dt

Calculate the
absolute di�erence
between Sc and Ss

Blomberg’s K PGLS slope Model selection
of mode

Fritz and Purvis’ D

x 
10

0

Simulate three traits  
on the CBP. One 

with pure 
Brownian Motion 
and two under an 

Ornstien-Uhlenbeck 
model with 
attractors 

of α=0.1 and α=0.05

Perform PGLS using 
the CBP as the 

framework, record the 
slope (Sc) 

Perform PGLS using 
the TBP as the 

framework, record the 
slope (St) 

Calculate the 
di�erence between Sc 

and St 

Scale values for the 
trait with equation (1) 
to w=0 or 0.5 or 1 to 
control phylogenetic 

signal

Simulate a random birth-death tree with the 
same number of tips as the CBP

Assign the trait data to the tips of the 
simulated tree

Perform PGLS using 
the simulated tree as 

the framework, 
record the slope (Ss)

Use the repeats of the di�erence between the 
statistic on the CBP and the statistic on the 

simulated tree to form an empirical distibution. 
Find the position within this distribution of the 
di�erence between the statistic on the CBP and 

TBP to give a p-value for the result

Simulate two 
coevolving traits on 

the CBP with a 
regression slope of 0.3 

Timeslice the CBP in to 
a 20Ma time bin of 

focus

Measure Fritz and 
Purvis’  D on the CBP 

(Dc) 

Check whether the 
CBP and TBP give 

similar values of D in 
instances when either 

shows a signi�cant 
result

Calculate 
log-liklihoods for 

BM and OU for each 
trait on the CBP

Calculate 
log-liklihoods for 

BM and OU for each 
trait on the TBP 

Use the Akaike 
Index Criterion to 

calculate AICc 
weights and model 

support

Use a liklihood ratio 
test to �nd whether 
the model used to 

simulate the data is 
the preferred model 

Compare AICcs and 
liklihood ratio test 

results from the CBP 
and the TBP

x 
10

0

Figure 2.2: Flow chart of steps used for testing each method. The four methods are shown in four different
colours, some of the steps apply to more than one method and the outline box for each shows this. Begin
at the top of the chart and move down, where there is a black bar with x100 this indicates that the steps
adjacent to this bar should be repeated 100 times.
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selective constraint in an OU model) was set at 0.1 and 0.05 respectively for two different

sets of simulations. I chose these α values to be biologically realistic for consistent com-

parisons between TBPs and CBPs. However, the ability to detect an OU model scales with

tree height, so in order to make a comparison of TBP suitability across trees of different

heights I also provide results of an analysis where α for each simulation corresponded to

a phylogenetic half-life of 1
4 of total tree height for each tree. In addition, I selected clades

where the model used for simulation was consistently the model with greater support on

both the CBP and TBP and recorded the parameter estimates for σ and α . This was to

test not only whether the original model could be identified on the TBP, but that the values

estimated for these parameters were representative of the parameter values estimated on

the CBP. I chose to present AICc weights as this is the most commonly used procedure

in palaeobiological studies, where often several models are being compared (Fusco et al.,

2012; Sallan and Friedman, 2012; Lloyd and Friedman, 2013; Soul et al., 2013; Bapst,

2014a).

2.2.4.4 Phylogenetic clustering of extinction

Phylogenetic clustering of extinction is a measure of the strength of phylogenetic signal

present in the timings of extinction of taxa. A time bin of interest is chosen and extinction

is treated as a binary trait (i.e., the taxon goes extinct within the bin, or the taxon does not

go extinct within the bin). I used the metric D, which was originally developed by Fritz

and Purvis (2010) to measure phylogenetic signal strength of extinction risk in extant taxa,

but it can be used to measure clustering of any binary trait (Hardy et al., 2012). This met-

ric has been shown to be more informative and more robust to tree size and balance than

other methods available to measure the phylogenetic structure of extinction. When a full

timescaled phylogenetic hypothesis is available for the analysis D is the most powerful

and consistent metric available (Hardy et al., 2012). The analysis is powerful for trees

with at least 25 terminals (preferably more than 50) and if trait prevalence is not extreme.
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In addition, performance is consistent only when phylogenetic resolution is greater than

70% (Fritz and Purvis, 2010). This analysis was performed with only the range data used

to time-scale the trees, rather than simulated data. D assumes lower values when phylo-

genetic clustering is strong. A phylogenetically random trait distribution is expected to

result in D=1, and D=0 is the trait distribution expected under Brownian motion. For each

clade I chose the 20 Myr time interval with the most even trait distribution and measured

D in that window.

2.2.4.5 Vital statistics

I collected a set of vital statistics for each clade in order to examine the degree to which

these might co-vary with similarity between CBPs and TBPs: number of taxa, taxonomic

resolution, taxonomic stratigraphic consistency index (Huelsenbeck, 1994), the number

of ranks included in the taxonomic classification, the overall length of the tree and the

average number of co-occurring lineages. Taxonomic resolution is a measure of the pro-

portion of internal nodes that are bifurcating. Number of ranks is a count of the number

of Linnaean ranks including any informal ranks the author had used (e.g. tribe, infraclass)

encompassed by the taxonomy (e.g. a taxonomy that includes genus, tribe, family and or-

der groupings has a score of 4). Stratigraphic consistency is a measure of how well the

appearance and disappearance of taxa in the record matches their position in the tree. I

performed regression analyses using these characteristics as independent variables to pre-

dict the values of summary statistics for the MC distance and PCM results. This provided

a measure of which features of a taxonomy can be used to give an indication of whether it

is likely to be suitable for use in analyses incorporating a PCM.

2.2.4.6 Extended range analysis

This analysis assessed the effect of using fossil data that includes singletons (taxa known

from a single sampling horizon), versus taxa that have many occurrences through time and
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potentially better constrained first appearance dates. There are two possible causes of sin-

gletons: 1) the extinction rate of the lineage was high (i.e., its evolutionary duration was

genuinely short), or 2) the lineage is poorly sampled. Many of the clades in our dataset

are composed of singletons, and this is often the case with fossil vertebrate clades (e.g.

Brusatte et al., 2008; Benson and Druckenmiller, 2014). For this reason there are few reli-

able estimates of sampling rates for vertebrate groups, as these estimates require some of

the taxa to have more than one occurrence (although see Foote and Raup, 1996; Foote and

Sepkoski, 1999; Friedman and Brazeau, 2011). However, if a clade was widely distributed,

abundant, or lived in a place where preservation potential was high (e.g. shallow marine

settings with a high sediment influx) higher sampling rates might be expected, leading to

fewer or no singletons and better constrained divergence dates. This scenario is more in

line with much of the invertebrate fossil record (Foote and Raup, 1996; Foote and Sep-

koski, 1999). Many of the taxa in our datasets are singletons; to represent the alternative

situation with a higher sampling rate including few or no singletons, I set the FAD of each

taxon to the beginning of the stage in which it occurred, and set the sampled ‘population’

(the tip of each branch, at which trait values are measured) the end of the stage in which

it occurred. This introduces more shared branch length between the CBP and TBP and is

intended to represent a scenario in which there is good stratigraphic constraint on FADs

and later occurrences. After simulating new trait data on these extended range CBPs, I

performed the phylogenetic signal and phylogenetic generalised least squares analyses on

them.

2.3 Results

Due to the publication of this work in a peer-reviewed journal, results from all sim-

ulations and analyses - including preliminary analyses and the data and R code used

- were deposited in and are available to download from the Dryad data repository at
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http://dx.doi.org/10.5061/dryad.pt3qm. They are also contained in this thesis on the data

appendix disk.

2.3.1 Tree Similarity

Taxonomy-based phylogenies (TBPs) are a good match for the most recent cladogram-

based phylogenies (CBPs). The majority of matching cluster (MC) distances between the

TBP and CBP are significantly (α = 0.05) smaller than random with larger trees (more than

20 tips) showing a better-than-random match more consistently than smaller trees (Fig.

2.3). In addition there are strong significant correlations between the variance-covariance

matrices of the TBP and CBP for each clade. 35 out of 52 clades have correlation coeffi-

cient (r) estimates of greater than 0.9, and the lowest value of r is 0.6937 for turtles. This

shows that, as would be expected, taxonomies are good approximations of the underlying

evolutionary relationships as recorded in inferred phylogenies.
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Figure 2.3: Matching cluster distance for overall tree similarity. Histogram of significance values for the
matching cluster distance between the taxonomy-based phylogeny (TBP) and cladogram-based phylogeny
(CBP). Values at less than p=0.05 show clades for which the TBP is significantly more similar to the CBP
than random trees that have been time-scaled with the same fossil range data.
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2.3.2 Phylogeny-based analyses

When considered together, the results in the following sections indicate that in some cases

the variation in topology between the CBP and TBP is sufficiently small that the results of

downstream analyses on a TBP are unlikely to be misleading, but can be highly misleading

in others. There are some indicators of whether a taxonomy will be suitable for use in a

PCM, which lead to some general heuristics, but it is not possible to propose definitive

a priori criteria for isolating which taxonomies will be sufficient. The incorporation of

taxonomies into phylogenetic comparative methods (PCMs) should be approached with

caution, and assessed on a case-by-case basis.

2.3.2.1 Phylogenetic signal

Values for K obtained using TBPs (KT ) are significant (p << 0.0001, null hypothesis is

a regression slope of 0) predictors of values for K obtained using CBPs (KC) (major-axis

R2=0.6141, Fig. 2.4).

K using the TBP

K
 u

si
ng

 th
e 

C
B

P

0.
0

0.
5

1.
0

1.
5

2.
0

0.0 0.5 1.0 1.5 2.0

y=x

Figure 2.4: Results of the test of measuring phylogenetic signal on the TBP and CBP. This shows the results
from all the iterations (tests on separate simulated datasets for each clade) for all the clades collectively. The
line is where results lie if estimates of K made using the TBP match estimates of K made using the CBP.

When phylogenetic signal is strong, values of KT are generally an underestimate of
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values of KC (slope=1.3246), whereas when phylogenetic signal is weak, values of KT

are generally a small overestimate of values of KC (slope=0.9000). p-values show that in

most cases KT is not significantly closer to KC than K measured on random timescaled

topologies of the same taxa (KR) is to KC (Fig. 2.5). This is true for all strengths of

phylogenetic signal in the originally simulated data, although for data that is strongly

phylogenetically structured the test statistic is significant more frequently, particularly for

large trees. These high p-values are seen when KR is also a good predictor of KC. This

issue is explained fully in the discussion but can occur because all topologies have been

timescaled using the same range data.

2.3.2.2 Phylogenetic generalised least squares

Phylogenetic regression slope estimates can be obtained from phylogenetic generalised

least squares analysis of trait data on the CBP and TBP. When CBP and TBP PGLS slope

estimates are plotted against one another points lying along the line y=x would indicate

that results from the TBP are not misleading compared to results from the CBP (Fig. 2.6a).

Points generally lie close to the y=x line but the major axis regression slope is 0.7796,

meaning that TBPs tend to produce phylogenetic regression slope estimates that are larger

in magnitude than estimates from CBPs (Fig. 2.6a). Practically this indicates that on

average, taxonomy-based analyses overestimate the amount of co-variation between traits,

as would be expected given their comparatively poor resolution (Felsenstein, 1985). There

is a significant coefficient of determination between the two estimates (R2=0.6949, p <<

0.0001). Phylogenetic regression slope estimates using TBPs are not always significantly

better than regression slope estimates using time-scaled random topologies (Fig. 2.6b).

2.3.2.3 Mode of evolution

An Akaike weight of greater than 0.5 implies relatively greater support for that model.

The weight for a particular model can be considered an estimate of the probability of that
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Figure 2.5: Heatmap of significance values for the difference between Blomberg’s K measured on the TBP
and measured on the CBP. Each row represents 100 simulations, the darker the square the more of those
simulations had p-values (quantile of the test statistic, within the empirical distribution generated using
timescaled random topologies) that fell within the range shown. The main feature to note is that when there
is a strong signal, particularly for larger clades, there are low p-values, shown by the darkest area on the left
hand side of the heatmap, particularly at the top.
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PGLS p−value
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Figure 2.6: Phylogenetic generalised least
squares. a) Correlation between estimated
values of slope for PGLS on the TBP and
CBP showing the major axis regression line
(MA). b) p-values for the difference between
the slope estimate using the TBP and using
the CBP. These are collective results for all
iterations of the test for each clade.

model being the best model for the data, out of the range of models tested (Burnham and

Anderson, 2002; Bapst, 2014a). There was a broader range of model support values using

the TBP than on the CBP for many data sets when the trait data were simulated under

Brownian motion (BM) (Fig. 2.7). When trait data were simulated under an Ornstein-

Uhlenbeck (OU) model, the range in model support values was generally the same as

or smaller on the TBP than for the CBP (Figs. 2.8 and 2.9). When BM was simulated,

analyses on the TBP had a tendency to incorrectly support an OU model whereas the CBP
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did not; this was common for larger clades and a reason for it is outlined in section 2.4.1

of the discussion (Silvestro et al., 2015). Note that as the models are nested there is a

maximum possible Akaike weight for BM which depends on the number of taxa; this is

clear from Figure 2.7. There were some clades where the result was directly misleading

and the model used to simulate the trait data was the best supported model on the CBP but

not the TBP. Examples, however, were rare (Fig. 2.7).

When OU had been used to simulate the data, number of taxa in the dataset was an im-

portant indicator of correct model identification, with OU consistently correctly identified

on the CBP and TBP for clades including large numbers of taxa, but not for small clades

where OU was rarely correctly identified on either tree (Figs. 2.8 and 2.9). There was a

minor increase in the range of AICc weights estimated for the OU model with a smaller

value of α = 0.05, but it made no difference to the comparative performance of the TBP

and CBP. In the analysis where α varied according to tree height, results were similar to

OU results in the main analysis. However, there were some large clades where the TBP

performed poorly compared to the CBP (Fig. 2.10). These clades were those that included

many extant taxa (e.g. bivalves and modern birds); an explanation of this effect is provided

in the discussion. Estimates of parameters for fitted models on the TBP were similar to –

but usually slightly less accurate to original simulation parameter values – than estimates

on the CBP, falling just below the line y=x. In many cases however, both trees gave pa-

rameter estimates that were not close to parameter values that were input to models when

I simulated the trait data (Fig. 2.11). This was particularly a problem for estimates of α

when fitting OU models (these are the points to the right side of Figure 2.11). A reason

for this is outlined in the discussion.

2.3.2.4 Phylogenetic clustering of extinction

When all results are reviewed, only one of the datasets that I used falls within the accept-

able range of tree size and trait prevalence outlined by Fritz and Purvis (2010) (> 25 taxa in
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Figure 2.10: Results of analysis to fit a model of evolution where trait data were simulated using an OU
model with a value of α that varied proportionally with tree height. Results from the CBP are shown as
white bars, next to the results using the TBP for the same clade shown as grey bars. Size of each clade is
plotted as thin black line and indicated on the right hand y-axis. Bars show the model support (measured as
Akaike weight) for an OU model compared with that for a BM model for 100 sets of simulated data on the
CBP. The pink boxes show large clades where the TBP performed poorly compared to the CBP.
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Figure 2.11: Estimated parameter values when fitting an OU or BM model for three of the largest completely
extinct clades in the dataset (Large crosses: theropods; medium crosses: temnospondyls; small crosses:
eurypterids). Estimates of α are shown in grey and estimates of σ are shown in black.

the timeslice and non-extreme trait prevalence between 0.2 and 0.8). Many of my datasets

contain a low number of tips the following removal of taxa that are not shared between

the cladogram and taxonomy. Timeslicing also reduces the number of taxa included in the
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Table 2.3: Summary of regressions of vital statistics against analysis results

Summary result Number Resolution SCI Ranks Length Lineages

MC distance 0.0488 -0.0091 0.0513 0.2721 0.0215 0.0378

PGLS R2 0.1223 0.3091 0.0326 -0.0095 -0.005 0.0564

PGLS p-value 0.0198 -0.0115 -0.02 0.0828 -0.0101 0.0201

K weak R2 0.1350 0.1946 -0.0199 -0.0192 -0.0029 0.0708

K weak p-value 0.0249 0.0425 0.1221 0.1461 0.0617 0.0107

K medium R2 -0.0196 0.0188 0.0589 0.1249 0.1001 -0.0195

K medium p-value -0.0194 0.0295 0.1090 0.0601 0.0355 -0.0200

K strong R2 0.0117 0.0252 0.1241 0.2439 0.134 -0.0087

K strong p-value 0.1607 0.1192 0.0992 0.1601 -0.0194 0.1360

BM Akaike weight 0.1095 0.0677 -0.0188 0.0223 0.0157 0.0694

OU1 Akaike weight 0.0584 0.0385 0.2303 0.1773 0.0145 0.0276

OU2 Akaike weight 0.0412 0.0767 0.1712 0.1492 0.0147 0.0114

BM σ value R2 0.1350 0.1946 -0.0199 -0.0192 -0.0029 0.0708

OU1 α value R2 -0.0200 0.001 0.0077 -0.0199 0.0404 0.0129

OU1 σ value R2 -0.0197 0.0062 -0.0045 -0.0200 0.0484 0.0160

OU2 α value R2 0.0164 0.0524 -0.0194 -0.0172 0.0441 0.0245

OU2 σ value R2 0.0201 0.1170 -0.0177 -0.0199 0.0523 0.0269

R2 values from regressions of summary results for each analysis against vital statistics of trees. The vital
statistics are outlined in section 2.2. Summary results are for each analysis I performed, outlined in section

2.3. Abbreviations and symbols are MC = matching cluster; PGLS = phylogenetic generalised least
squares; R2 = adjusted coefficient of determination; K = Blomberg’s K estimate of strength of phylogenetic

signal; weak, medium and strong indicate the originally simulated phylogenetic signal strength; BM =
Brownian motion model; OU1 = Ornstein-Uhlenbeck model with α=0.1; OU2 = Ornstein-Uhlenbeck

model with α=0.05; α = strength of the selective constraint in an OU model; σ = step variance.

measurement, because only those lineages occurring within a given stratigraphic window

are considered. There is good agreement between the result on the TBP and CBP for the

one clade that is suitable for analysis (mammals), but further large datasets would need to

be found in order to confirm the utility of taxonomy for such analyses.

2.3.2.5 Vital statistics

Some of the vital statistics of sampled phylogenies showed a small (up to R2 = 0.3480) but

significant correlation with the degree to which TBPs and CBPs matched for the various

analyses. However, the best indicators varied between analyses, and no one statistic was

consistently good for all the analyses. Table 2.3 shows which vital statistics are the best
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2.3 Results

Figure 2.12: Estimated values of phylogenetic
signal (K) with CBP and TBP timescaled using
extended ranges that include the whole of the
stage in which the taxon occurred.
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Figure 2.13: Estimated values of PGLS slope
with CBP and TBP timescaled using extended
ranges as in previous figure.

−2 −1 0 1 2

−2
−1

0
1

2

Slope estimate using TBP

 S
lo

pe
 e

st
im

at
e 

us
in

g 
C

B
P

y=x
Major axis regression

explanatory variables for each analysis, although in many cases there is little difference

between them. All the characteristics I tested can be easily obtained from a TBP. Where

there is a good correlation between a summary result and a vital statistic, larger values

for vital statistics are associated with a better match between the two tree types. No one

vital statistic, or indeed particular combinations of them, can be considered a definitive

indicator of how well a taxonomy is likely to perform due to the low R2 values, but if a

taxonomy has high values for several of them it is more likely to produce a phylogenetic

hypothesis that closely matches that derived from a formal cladogram, and thus produce

similar results in an analysis.
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2.3.2.6 Extended range analyses

When the ranges used were extended to include the whole of each stage in which a taxon

occurred, the CBP and TBP yielded comparable results (Figs. 2.12 and 2.13). Results

were a close match between the TBP and CBP more often than in the main analyses

where occurrence times were selected randomly from within the stage range of each taxon.

Variation in KT explained much of the variation in KC (R2=0.7065). For PGLS I found a

major axis regression slope of 0.9497 (R2=0.9330) in a plot of phylogenetic regression

slope estimates from the CBP, against slope estimates for the same data on the TBP. This

means that TBPs tend to produce phylogenetic regression slope estimates that are slightly

larger than estimates from CBPs, but are close to them.

2.4 Discussion and guidelines for incorporating taxonomy

Some of the taxonomies tested in this study can be used as a substitute for an explicit

phylogenetic hypothesis, to make phylogenetically informed measurements without mis-

leading results being produced, relative to the cladogram-based phylogeny (CBP). Others

consistently performed poorly compared with the CBP, and produced results which were

misleading when compared to known parameters used to simulate the data. In some cases

retrieval of originally simulated values was as poor as or worse on the CBP than on the

taxonomy-based phylogeny (TBP). Generally, the larger the tree the more consistent (al-

though not always accurate) the results were, but the number of taxa included in the phylo-

genetic framework did not correlate with any measure of the adequacy of performance of

a TBP, nor did any other characteristic of the trees. This result makes it difficult to es-

tablish or suggest general circumstances under which taxonomy might be used in PCMs.

The same rigorous standards that should be used when deciding whether it is appropriate

to incorporate a cladogram produced using formal phylogenetic inference into an analysis

must be applied here too, and each case must be assessed on an individual basis.
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2.4.1 Supertrees

A context in which taxonomic information is commonly used in the current literature

is for supertrees where taxonomy is used as the ‘seed’ or ‘backbone’ for the supertree

analysis (Fusco et al., 2012; Benson et al., 2014a). The majority of supertrees in the

palaeontological literature are composed exclusively of cladistically inferred phylogenies

and any taxonomic relationships that are incorporated are well established relationships

between higher level groups. These results therefore do not suggest that using supertrees

in PCMs is any more problematic than using a fully cladistically inferred tree.

Small trees generate misleading estimates using both the CBP and TBP for many of

these analyses, suggesting that they require large sample sizes to be effective (Münkemüller

et al., 2012). Supertrees are often used to increase taxonomic coverage of phylogeny to

include more taxa. The largest taxonomy-based phylogenies performed well in analyses,

again suggesting that supertrees that incorporate some taxonomic information should not

be especially problematic compared to cladistically inferred trees. However, a possible ex-

ception relates to estimation of evolutionary mode. Ability to detect an OU model scales

with tree height, larger trees are on average longer in this dataset, providing greater power

to detect an OU model. This contributes to the higher success of correctly identifying

OU evolution on larger trees. However, my results indicate that large taxonomy-based

phylogenies are biased toward supporting an OU model when BM is used to simulate

trait data. This makes intuitive sense as inaccuracies in TBP topology compared to the

CBP could lead to tips that are sister taxa with similar trait values on the CBP having a

greater phylogenetic distance between them on the TBP. Taxa with similar trait values but

a larger phylogenetic distance match an OU model, where pull towards an attractor causes

this pattern. In this study, bias towards an OU model is associated with topological and

branch length error, but the same principle has been demonstrated by other workers for

measurement error generally (Thomas et al., 2014; Silvestro et al., 2015).

This result may also have been amplified by the poorer resolution of the taxonomies.
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Although the method required a fully bifurcating tree with no ZLBs, only a short length

was added to the internal branches introduced within each TBP. Traits simulated under

Brownian motion on the CBP would therefore have a greater co-variance than the expec-

tation under Brownian motion evolution on the TBPs, where short internal branches lead

to low co-variance. In an OU model, change in traits towards an attractor value removes

co-variance over time, which matches the expectation for a Brownian motion model on a

topology with short internal branches. The analysis has less power to detect OU on smaller

trees, so this effect occurred less often for the clades with a low sample size.

2.4.2 Biases in individual analyses

In the mode of evolution analysis where α varied proportionally to tree height I found

that when clades contained many extant taxa, analyses on the TBP were less likely to

correctly support an OU model than analyses on the CBP. Taxonomies contain additional

polytomies, which in these datasets may contain several extant taxa as well as older extinct

taxa, causing the divergence of extant taxa within the polytomy to be dragged back in

time. This causes a very ‘tippy’ tree shape where internal branches are short and terminal

branches are long. If trait data are simulated via OU then they have comparatively little

covariance structure. Trait data with little covariance structure also fits a Brownian motion

model of evolution on the tippy topology described above, meaning that an OU model

does not have additional explanatory power compared to a Brownian motion model on

these trees.

Some of my results (PGLS slope and estimates of Blomberg’s K) are not statistically

significant when compared to an empirical distribution of results from random topologies

(Figs. 2.6 and 2.5). These statistics are based on change in continuously evolving traits,

the values of which are directly related to branch lengths of the phylogeny on which they

are simulated. This branch length information (derived from occurrence data) is inherent

in every topology I subjected to analysis, making it a key factor in the estimates using
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both TBPs and random trees. p-values for K and PGLS slope using TBPs were calculated

by comparison with an empirical distribution of estimates made using time-scaled random

trees. Therefore when there were good estimates from random trees, TBP p-values could

be high and spanned the full range of 0-1 (Fig. 2.6b). As the phylogenetic signal becomes

greater, and the tree larger, the difference in topology between the TBP and random trees

becomes more important and the TBP is more frequently a significant match for the CBP

(Fig. 2.5).

2.4.3 Stratigraphy

These results, in combination with the results of the extended range analysis, highlight

that stratigraphic control on the shared branch length between a CBP and a TBP is an

important factor in their relative performance. With this sample of datasets, for analyses

when ranges were constrained to begin and end at stage boundaries (resulting in ‘time-

stretched’ terminal branches), the influence of differences in tree topology on the variance-

covariance structure was small. In this scenario the majority of trait change occurred on the

large shared portions of the trees, which were controlled by the stratigraphy. In the main

analyses, differences in tree topology had a larger influence on the variance-covariance

structure and so results from the CBP and TBP showed greater difference. In practise it is

possible that a high sampling rate (resulting in better constraint on taxon durations) could

lead to incorrect branch length extensions when topology is misspecified. However, my

results indicate that the advantage of good stratigraphic control on first appearance dates

and the ages of sampled populations overrides the influence of this problem on results.

This observation is highlighted by the datasets for which more than one cladistic hy-

pothesis was compared to a particular taxonomy (Acanthodians, Actinopterygians, Bi-

valves, Coelocanths and Sarcopterygians). For these multiple comparisons, the cladistic

hypotheses varied in age of publication (and therefore presumably accuracy) and yet there

was not a systematic difference in how well results from the TBP matched results from
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the CBPs for these clades. Taxonomies were not necessarily a better match for older

cladograms. Essentially, when the stratigraphic control on branch lengths was good, small

variations in topology between successive cladistic analyses were not important.

Many of the clades I tested have a sparse record, and the TBP did not yield comparable

results to the CBP. However, many of the clades for which there are not yet cladistically in-

ferred phylogenies available have higher sampling rates with better stratigraphic constraint

on occurrences and divergence dates (e.g. brachiopods and crinoids (Foote and Sepkoski,

1999)). They should therefore be expected to provide results less influenced by inaccuracy

in topology.

2.4.4 Guidelines

Bearing all these factors in mind, workers wishing to incorporate taxonomy into a frame-

work for making phylogenetically informed measurements should carefully consider whether

the clade in question is in fact suitable for this use. If many new fossils in the clade are

still being discovered and are leading to changes in classification, then the taxonomy is

unlikely to give results that would match results from a cladistically inferred phylogeny

of the group. Stable taxonomies too may be problematic if they have remained stable due

to lack of recent rigorous study, rather than because extensive systematic work has led to

a high level of confidence in the proposed evolutionary relationships. In addition to con-

sideration of the vital statistics of the taxonomy, consultation with a systematist familiar

with the group who can indicate the maturity of the taxonomy would aid in ascertaining

its suitability. If the evolutionary relationships proposed within the group are well estab-

lished and supported by continued study, the ranges are accurately known, and the dataset

is large, well resolved and stratigraphically consistent then use of a taxonomy can be con-

sidered. This supports some of the previous studies where a taxonomic classification has

been applied (e.g. Roy et al. (2009); Hardy et al. (2012)), since the biological groups in

question—ammonites and bivalves—appear to be ideal candidates for such an approach.
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Here I used pre-cladistic taxonomies to test a ‘worst case scenario’. Modern taxonomies

are often phylogenetically informed, at least in part, and in theory should therefore give

a result even closer to the ‘correct’ one. Taxonomies which include phylogenetically in-

formed relationships should therefore be preferentially used if available.

Each taxonomy should be assessed on a case-by-case basis as it is clear that they are

not always suitable for incorporation into a PCM. The following checklist of criteria for

candidate classifications can be used as a guide to appropriate use of taxonomies in PCMs:

1. It is large (no less than 20 tips, usually more depending on the method), preferably

in combination with a high number of taxonomic ranks, high resolution and good

stratigraphic consistency.

2. It contains long established taxa that have been stable for a significant period of time

and are supported by continued study.

3. The fossil taxa are from a range of time intervals, not a small number of key sam-

pling horizons.

If the most recent estimate of phylogeny is closer to the true course of evolution than a

taxonomy, it should produce results that are more reliable. Palaeobiologists work under

the assumption that cladistically inferred palaeontological phylogenies provide estimates

of phylogenetically informed measurements that reliably represent reality. If this is the

case, my results demonstrate that in some cases taxonomic information can also provide

suitable estimates of these measurements.

Although use of taxonomy must be carefully considered, these results open up certain

previously inaccessible sections of the fossil record to interrogation within an explicit com-

parative framework, which will help to test many classical macroevolutionary hypotheses

that have been based on groups for which formal phylogenetic hypotheses remain lacking.
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Phylogenetic clustering of extinction in

tetrapods across the Permo-Triassic

boundary

“We have experienced, so far, only 0.0001 percent of the history of life.

In fact, it is rather arrogant to think that our 0.0001 percent of life’s history

should yield a complete sample of nature’s processes. Perhaps the past is

actually key to the present (and future).”

- David M. Raup Bad Genes or Bad Luck?

In this chapter I measure the phylogenetic clustering of the timings of extinctions in

three major tetrapod clades (synapsids, sauropsids and temnospondyls) for a timespan

encompassing the Permo-Triassic boundary. I do so in order to test phylogenetic methods

for understanding extinction in the hope that such methods can provide a means by which

a variety of types of data can be compared. I test how robust the results are to variation

in factors such as cladogram timescaling methods and the metric used to measure the

clustering of extinction. Finally I discuss these results in the context of changes in species

richness in each clade at the time, and the response of fauna to mass extinction events.
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3.1 Phylogeny and extinction

Palaeontological and modern data on extinction are difficult to combine due to differences

in timescale, the volume and quality of available data, approaches to analysis, and the

intensity with which different fossil and living groups have been studied (Jablonski, 2008a;

Fritz et al., 2013; Slater and Harmon, 2013; De Vos et al., 2014). These problems are

especially acute for vertebrate groups, which are of considerable interest to neontologists

but often have a poorly sampled palaeontological record (Foote and Raup, 1996; Foote

and Sepkoski, 1999). Despite these problems the fossil record offers a natural laboratory

for testing our hypotheses about how extinction dynamics might change or be maintained

in times of extreme ecological stress (Jablonski, 1994, 2005). This deep-time perspective

is becoming increasingly important as extinction rates increase and biodiversity declines

(McKinney, 1997; Erwin, 2009; Barnosky et al., 2011).

Phylogeny (a hypothesis of the precise evolutionary relationships between taxa) pro-

vides a framework that permits assessment of macroevolutionary patterns in extinction

in the geological past. This approach avoids many of the biases introduced by imperfect

sampling, while simultaneously providing results that can be directly compared to those

from analyses of living and recently extinct taxa (Purvis, 2008; Fritz et al., 2013; Harnik

et al., 2014). Few previous studies of extinction in the fossil record have considered phy-

logeny (but see Smith and Roy, 2006; Friedman, 2009); the majority have targeted marine

invertebrate clades for which formal cladistic solutions are as yet unavailable. However,

it is now recognised that incorporating an estimate of phylogeny into analyses of the fos-

sil record is often vital in obtaining meaningful results (Felsenstein, 1985; Grafen, 1989;

Norell, 1992; Rabosky, 2010).

Intuitively, we would expect that extinction is selective with respect to the relation-

ships between taxa, based on the idea that some traits may make taxa vulnerable or re-

sistant to extinction, and these traits might be phylogenetically conserved. Early authors

speculated on the possibility of taxonomically selective extinction, mainly based on ob-
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servations of the complete disappearance of clades (e.g. non-avian dinosaurs, non-lingulid

brachiopods). In a review of the then current literature Raup (1981) began analytical dis-

cussion of the problem, coining the term ‘field of bullets extinction’ for extinction that is

truly taxonomically random. In a series of simulation studies he investigated whether vari-

ous non-selective models (for example random birth-death or biogeographic) were consis-

tent with the observed proportion and taxonomic impact of extinction in the fossil record

(Raup, 1982, 1991). These studies indicated that at particular taxonomic levels none of

these models produced simulation outcomes consistent with the proportion of higher taxa

actually lost during mass extinction events.

Since then it has been shown that extinction risk in the modern biota is selective with

respect to several different biological, life history or emergent traits (e.g. geographic range

size) (Bielby et al., 2006; Cardillo et al., 2008; Turvey and Fritz, 2011; Harnik et al.,

2012b). Ideally it would be possible to use the deep-time fossil record to identify traits

which may confer extinction resistance, or leave taxa vulnerable (Jackson and Erwin,

2006; Purvis, 2008; Fritz et al., 2013). Some high-resolution fossil records have been

used to investigate selection against a particular trait or vulnerability to a particular threat.

Previous studies have shown extinction selectivity related to body size (Harnik, 2011;

Tomiya, 2013), feeding strategy (Jeffery, 2001), geographic range (Kiessling et al., 2007;

Payne and Finnegan, 2007; Jablonski, 2008b), morphology (Liow, 2007; Friedman, 2009)

or clade richness (Smith and Roy, 2006), among others. However, the majority of these

studies lack a phylogenetic context (although see Smith and Roy, 2006; Friedman, 2009).

In addition these traits frequently co-vary, making untangling the various factors difficult,

and analyses of modern taxa have shown that many non-fossilising traits can also be im-

portant in extinction selectivity (Purvis, 2000; Purvis et al., 2005; Cardillo et al., 2008;

Harnik et al., 2012b).

Assessment of the phylogenetic clustering of extinction itself represents a potential so-

lution to these issues (Purvis, 2008; Roy et al., 2009; Hardy et al., 2012). This is a measure
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of the phylogenetic signal in the timings of extinctions among taxa. It is based upon the

assumption that although extinction itself is not an evolving trait, it does depend upon a

series of underlying continuously evolving traits (Fritz and Purvis, 2010). If taxa that are

closely related are more likely to become extinct at the same time across the phylogeny,

this results in a strong signal of phylogenetic clustering (Fig. 3.1). Different extinction

Extinction
Survival

Clustered Random

Figure 3.1: Hypothetical phylogenies as examples of phylogenetically clustered (left) extinction, and phy-
logenetically random (right) extinction. A measurement is made for each timeslices, which are shown by
dashed lines. An extinction is any that occurs during or at the end of the timeslice, a survival is any taxon
which survives through the end of the timeslice.

drivers, or types of environmental stress, are likely to cause selective extinction of taxa

with phenotypic traits that render them vulnerable to that specific threat. If these traits are

conserved over a phylogeny then clustering will be high. This measurement can provide

a more nuanced picture of extinction, beyond rate increase or decrease through time, and

can act as a proxy for non-fossilising extinction-linked traits, particularly if those traits co-

vary strongly (Lockwood et al., 2002; Jablonski, 2005; Roy et al., 2009; Fritz and Purvis,

2010; Hardy et al., 2012). It can be measured for any phylogeny in both the Recent and the
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geological past. It has the advantage of explicitly correcting for the shared evolutionary

history between taxa, preventing false interpretations of data. Variation in clustering has

begun to be explored in some fossil clades (e.g. bivalves and ammonites: Roy et al., 2009;

Krug et al., 2010; Hardy et al., 2012), but not in any vertebrate or terrestrial groups.

3.2 Extinction at the Permo-Triassic

As the Earth’s largest mass extinction, the Permo-Triassic event (P/Tr) has received a

great deal of research attention. There have been numerous studies measuring changes in

richness, and diversification rates, in the periods leading up to and following the boundary

(Ruta and Benton, 2008; Lucas, 2009; Ruta et al., 2011). A great deal of previous work

focussed on marine invertebrates (Alroy et al., 2001; Benton and Twitchett, 2003), but

more recent studies have included terrestrial tetrapods, particularly those from the Karoo

of South Africa (Retallack et al., 2003; Rubidge, 2005; Ruta et al., 2011; Fröbisch, 2013).

This work provides a more detailed picture of the ways in which different groups were

affected during this time period, with a key aim of understanding the mechanisms – not

just the patterns – of macroevolutionary change (McGhee et al., 2004; Fröbisch, 2008).

There have been varying interpretations of the data that have been collected to elucidate

the effect of the P/Tr on tetrapods. Several workers have suggested a huge drop in richness

of terrestrial tetrapods at the boundary, with almost complete loss of tetrapod fauna in

some areas, and complete ecosystem collapse (Benton et al., 2004; Ruta and Benton, 2008;

Bernard et al., 2010; Fröbisch, 2013). At the other extreme is a complex story of prolonged

replacement of some tetrapod clades with others; the rising dominance of archosaurs, long-

term declines in richness before the boundary itself and several smaller scale extinctions

in various clades (Lucas, 2009; Ruta et al., 2011).

New robust phylogenetic hypotheses and comprehensive fossil occurrence data are

available for many tetrapod groups during this interval (e.g. Ruta et al., 2007; Nesbitt,
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2011; Brocklehurst et al., 2013). Therefore the tetrapod fossil record in the period up

to, during, and following the P/Tr mass extinction represents a unique opportunity to test

hypotheses relating to extinction selectivity in a quantitatively rigorous way. These data

permit analyses on fully time-scaled phylogenies, rather than on taxonomies or ultrametric

trees as has been the case in previous studies (Roy et al., 2009; Hardy et al., 2012).

Although a great deal of work has been done, many questions relating to responses in

diversity of taxa and the nature of extinction selectivity during mass extinctions remain

(Harnik et al., 2014). In order to begin to address them I measured the phylogenetic clus-

tering of extinction in three fossil tetrapod clades (non-mammalian synapsids, sauropsids

and temnospondyls) that are the extinct relatives of major extant clades (mammals, reptiles

and amphibians respectively). The analysis spans a period from the late Carboniferous to

the Late Triassic, which includes a time of extreme ecological stress as well as times of

comparative stability. I present sensitivity tests to demonstrate whether the results are

robust to various factors, including the method used to measure clustering of extinction,

and the method used to scale the branch lengths to time. I assess whether my results are

consistent with, or contradictory to the statements outlined below. Here I also provide an

explanation of the way in which my results contribute to the assessment of these state-

ments.

• The phylogenetic clustering of extinction is a general rule across time and clades.

These measurements have not previously been investigated in vertebrates, or for

the end Permian. My results provide a dataset which can be compared to previous

research on invertebrate taxa in different time periods.

• Mass extinctions represent a fundamentally different extinction regime to back-

ground times. My analysis includes the largest mass extinction as well as low ex-

tinction intensity periods, facilitating comparison of the two.

• Phylogenetic patterns in extinction can be maintained over the long term. My dataset

62



CHAPTER 3

has a long timespan, providing a comparison with the variation in extinction clus-

tering seen on shorter time scales which have previously been investigated using

invertebrate taxa.

• A measurement of phylogenetic clustering of extinction can be made using compar-

atively poor resolution data from terrestrial vertebrate taxa and these measurements

are robust to variation in the method used to obtain them. By running sensitivity

tests for my results I establish whether or not performing this analysis on the quality

of data available for terrestrial vertebrate groups is valid and assess how robust the

results are to various input parameters.

3.3 Methods

I quantified the phylogenetic clustering of extinctions in the fossil record of three ma-

jor tetrapod clades (sauropsids, temnospondyls and non-mammalian synapsids) using two

different metrics: Fritz and Purvis’ D (Fritz and Purvis, 2010) and Moran’s I (Moran,

1950; Gittleman and Kot, 1990). The period of time over which I measured these metrics

ran from the Late Carboniferous to the Late Triassic, divided into ten timeslices of simi-

lar length comprising one or two stages. I performed sensitivity analyses by varying the

length of timeslices and the method of scaling phylogenetic branch length to time. All

analyses were performed in R (R Core Team, 2015).

3.3.1 Data

I selected the most recently published phylogenetic hypotheses for each clade. The topol-

ogy for temnospondyls is a supertree taken directly from Ruta et al. (Ruta et al., 2007).

The topologies for sauropsids and synapsids are composite trees constructed by combin-

ing higher-level topologies for each clade, with the most recently available species-level

topologies from various other studies. Source phylogenies are detailed in Table 3.1 and
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example scaled topologies are shown in figures 3.3, 3.4 and 3.5. The full set of 100 trees

used for the analysis is included on the data appendix disk. Occurrence data for each

taxon were taken primarily from the Paleobiology Database (PaleoBioDB.org), except

where these data were available from the author of the published topology (Ruta et al.,

2011, - Parareptiles).

Table 3.1: Clades used for composite trees

Clade Source Publication

Temnospondylii Ruta et al. (2007)

Sauropsida
Parareptilia Ruta et al. (2011)

Captorhinidae Reisz et al. (2011a)

Basal Diapsida Reisz et al. (2011b)

Archosauramorpha Nesbitt (2011)

Lepidosauramorpha Jones et al. (2013)

Basal Sauropterygia Rieppel (2000)

Pistosauria Benson and Druckenmiller (2014)

Synapsida
Basal Synapsida Brocklehurst et al. (2013)

Basal Therapsida, Therocephalia Huttenlocker (2009)

Cynodontia Liu and Olsen (2010)

Separate clades incorporated into each phylogenetic topology used and the publication from which each
was obtained.

3.3.2 Time-scaling

The dates of occurrences of fossil taxa in tetrapod groups during the Paleozoic and Meso-

zoic are usually only known to stage level resolution. To account for uncertainly in the

actual times of appearance and disappearance of taxa in the record, a set of 50 stochas-

tically generated fossil ranges was made for each taxon. First and last appearances were

selected from a uniform distribution between the beginning and end of the stages from

which each taxon is known. The analysis required phylogenies with branch lengths scaled
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LAD
FAD

Scaled using mbl

Scaled using Hedman

Figure 3.2: The effect on a phylogeny and the extinction clustering measurement of using different timescal-
ing methods. The first and last appearances of taxa are shown by yellow and blue circles respectively (i.e. the
first and last recorded instances of fossils that have been collected and assigned to the taxon). Hypothetical
branch lengths corresponding to common features of phylogenies scaled using the mbl (top) and Hedman
(bottom) methods are shown. Note that the Hedman method tends to extend branches further back in time,
pushing back divergences and increasing the number of taxa crossing timeslice boundaries, in other words
it means there are more survivals in each timeslice than there are when the mbl method is used.

to time, based on each set of fossil ranges. This was done using the Hedman algorithm

(Hedman, 2010), which provides a distribution of estimates for the position of each in-

ternal node in the tree, based on the ages of the earliest representatives of the next taxa

toward the root of the tree. This is a new method which I performed in R using code writ-

ten by Graeme Lloyd and provided online. Through simulation it has been shown that this
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method produces results largely in line with results from other recently developed methods

for time-scaling trees of fossil taxa such as cal3 (Bapst, 2013), and that the longer internal

branches generated by this method are a more appropriate model of the evolution of clades

than those provided by the older and widely used ‘mbl’ and ‘equal’ methods (G.T. Lloyd,

pers comm). By completing extinction clustering analyses on these sets of 50 stochasti-

cally generated phylogenies for each clade, results have a distribution which represents the

uncertainty introduced by occurrence and divergence dates that are not known precisely.

To establish whether the Hedman time-scaling method was systematically biasing re-

sults I conducted the analyses on two additional sets of 50 phylogenies for each clade. One

set was time-scaled using the equal method of Brusatte et al. (2008) as originally imple-

mented in R by Lloyd et al. (2012b) and incorporated into the paleotree package (Bapst,

2012). In the equal method divergences are dated according to the first appearance date of

the sister group to the clade, and then data from the next most basal branch with a positive

duration is shared equally between branches joined to the associated internal node. The

second additional set of 50 trees was time-scaled using the minimum branch length (’mbl’)

method, also originally implemented in R by Lloyd et al. (2012b), and incorporated into

paleotree. Divergences are dated according to the first appearance date of the sister group

to the clade, and then any branch that is shorter than a specified length of time (I used 1

Myr) is extended to this length. The time-scaling method may have an important effect on

the results as it controls how far back in time each internal node is placed and therefore

the amount of ghost range included in the phylogeny. It therefore controls which taxa are

included in each timeslice (see next section), as well as the phylogenetic distance between

taxa (Fig. 3.2).

3.3.3 Time-slicing

To translate extinction to a binary trait the time-scaled phylogeny of interest is divided into

successive timeslices of approximately the same length. If a taxon’s last appearance falls
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Figure 3.3: An example of one of the 100 timescaled (using the Hedman method) phylogenies of the clade
Sauropsida which was used in the extinction clustering analyses. The last time bin in the analyses was the
end of the Triassic, dashed tips indicate where the lineage continued past this point. Some taxon names were
removed for legibility. The full taxon list is available on the data appendix disk.
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Figure 3.4: An example of one of the 100 timescaled (using the Hedman method) phylogenies of the clade
Synapsida which was used in the extinction clustering analyses. The last time bin in the analyses was the
end of the Triassic, dashed tips indicate where the lineage continued past this point. Some taxon names were
removed for legibility. The full taxon list is available on the data appendix disk.
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Figure 3.5: An example of one of the 100 timescaled (using the Hedman method) phylogenies of the clade
Temnosponylii which was used in the extinction clustering analyses. The last time bin in the analyses was
the end of the Triassic, dashed tips indicate where the lineage continued past this point. Some taxon names
were removed for legibility. The full taxon list is available on the data appendix disk.
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within any one timeslice this is classified as an extinction; if the taxon’s range includes

the end of the timeslice this is a survival because the taxon is present within the slice but

survives into at least the next one. For the main analysis I used timeslices that began and

ended at the start and end of geological stages, but combined some consecutive stages

into one bin to generate bins of a more even length. These combined stages are shown

in Fig. 3.7. This allowed investigation of the signal at key times in the geological record,

particularly times that have been suggested as extinction events, which are usually at the

end of stages. It has been demonstrated previously that the intensity of the signal can be

sensitive to temporal resolution of the timeslices (Hardy et al., 2012). Therefore, to test

the effect of the length and timing of the timeslices I also ran analyses using timeslices of

an exactly equal duration of 10 Myr and of 15 Myr. The start and end dates for each of

these sets of timeslices is provided in Appendix B.

3.3.4 Phylogenetic clustering of extinction

To compare the strength of phylogenetic clustering of extinction in different periods of

time, the timings of extinctions of taxa can be treated as a binary trait. This binary trait is

then compared to the phylogenetic distance between taxa. There are three main methods

available: the Pearson correlation coefficient, ]Moran’s I (Moran, 1950) and Fritz and

Purvis’ D (Fritz and Purvis, 2010). Here I focus on D (Fritz and Purvis, 2010). This

metric is scaled to random and Brownian motion expectations of trait distribution. Because

of this scaling, for trees containing more than 50 tips the metric is robust to tree shape,

tree size and trait prevalence, unlike the two alternative metrics. It can therefore be used to

reliably compare values through time, and between clades, and for this reason provides an

advantage over alternative methods. I also repeated all analyses using Moran’s I (a test for

spatial autocorrelation (Moran, 1950), which was adapted for use to measure phylogenetic

signal by Gittleman and Kot (1990)) to establish whether the same signal could be detected

via this alternative method.
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Phylogenetic pattern
extremely clustered         clustered (Brownian)                            random                   overdispersed

Phylogeny

dobs 85.651
D − 9.10.10.04.2

Figure 3.6: Adapted from Table 1 in Fritz and Purvis (2010). Hypothetical phylogenies showing the calcu-
lation of the metric D. The far left and far right phylogenies show a strongly clustered and an overdispersed
distribution of extinctions across the tips of the tree. The two central phylogenies show examples of the trait
distributions for the expectations used to scale the metric. ∑ dobs is the sum of sister clades, and D is the
resulting value after scaling.

The basis for calculating D is the sum of sister clade differences (Fig. 3.6). The first

step in the method is comparable to the well-known method for deriving phylogenetically

independent contrasts (Felsenstein, 1985; Harvey and Pagel, 1991): a nodal trait value

is calculated as the average trait value between sister taxa descending from that node,

weighted inversely by the length of the branches leading to those taxa. This is continued

across the whole tree and summed to obtain the observed sum of sister clade differences.

This value obviously depends heavily on the overall size and shape of the tree, not just

the trait distribution, and this must be corrected for so that the resulting value can be

meaningfully compared between trees. The next step involves calculation of the Brownian

expectation of trait distribution for the tree. This is done by simulating a continuous trait

over the tree, then selecting a threshold value to transform it to a binary trait with the same

trait prevalence as the observed data. The sum of sister clade differences is calculated for

this new simulated trait, the simulation is repeated (I used 1000 iterations) and the mean

found. The random expectation is more straightforward to calculate: the observed binary

trait is shuffled randomly over the tips of the tree and the sum of sister clade differences

found. As with the Brownian expectation, this is repeated 1000 times and the mean is
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calculated. The observed value is then scaled to the Brownian and random values by the

following equation:

D =
∑ dobs −mean(∑ db)

mean(∑ dr)−mean(∑ db)
(3.1)

where dobs, is the observed value of D and db and dr are the Brownian and random

values of D for each iteration. Once the value has been scaled, D = 1 corresponds to a

random trait distribution, and D = 0 corresponds to a Brownian, or clustered, trait distri-

bution. It is also possible to find a p-value for D, by comparing it to the distributions of

values generated during the iterations to find mean(∑ db) and mean(∑ dr).

If D falls outside the upper 95% of the random iteration values, it can be considered

significantly different from the random expectation. In reality, the final value of D can

fall between the random and Brownian distributions, so interpretation of the value in the

context of these distributions is important.

Moran’s I is a metric for spatial autocorrelation that was developed to measure the de-

gree to which similar objects cluster together in space (Moran, 1950). It can be adapted for

purpose here to measure the degree to which a binary trait (extinction) clusters in phylo-

genetic space (phylogenetic distance between taxa) (Gittleman and Kot, 1990; Lockwood

et al., 2002). It is calculated with the following equation:

I =
n∑i ∑ j ziz jwi j

∑i ∑ j wi j ∑i z2
i

(3.2)

where n is the number of observations, wi j is a weighting which is calculated as 1 divided

by the cophenetic distance between two species i and j, and zi is the normalised value

of the trait for the species i (Lockwood et al., 2002). In many previous studies Moran’s

I correlograms have been used, which is possible when the taxonomic or phylogenetic

distance is also a binary trait (e.g. species belonging to the same genus, or taxa within a

particular phylogenetic distance threshold of one another). I chose to maintain the phylo-

genetic distance as a continuous trait because my phylogenies have branch lengths scaled
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with respect to time and so contain additional information about the evolutionary distances

between taxa. This information is removed when threshold values are used. In addition

the choice of the value for the threshold is arbitrary. The generalised method for Moran’s

I also has the advantage of providing one value for the whole tree (Hardy et al., 2012).

3.4 Results

The raw results and all code used for the analyses is included on the data appendix disk.

Extinction was phylogenetically clustered in all three clades during the majority of the

time periods investigated (Fig. 3.7), and fell within the distribution for the Brownian ex-

pectation. There tends to be a greater spread in D values for a bin where the phylogenetic

patterning is weak or random, showing that in these cases variation in both the topology

and branch lengths of the tree has more of an effect on the result. All three clades show

relatively random extinction in their early history, although it is not clear whether this is

a genuine signal, or bias caused by proximity to the root of the tree or a small sample

size. Extinctions are then consistently clustered in the last three timeslices of the Permian.

Following the P/Tr boundary, sauropsids transition to a period of more phylogenetically

random extinction, particularly in the Carnian. Temnospondyls also show a decrease in

clustering, but to a lesser degree. Synapsids maintain a highly clustered signal into the

Mesozoic (Fig. 3.7). There does not seem to be an overall trend in changes in extinc-

tion clustering. In addition it is not more likely for a decrease in signal strength between

timeslices to follow an increase, or vice versa.

Extinction intensity does not correlate with strength of phylogenetic clustering for any

of the clades (Pearson product moment correlation: sauropsids r=-0.6936 p=0.08; synap-

sids r=-0.5596 p=0.1915, temnospondyls r=0.2281 p=0.6228).

73



3.4 Results

�

�

�

�

�� �

�

�

−1
0

1
2

��

�

�

�

� ��

�

−1
0

1
2

Carboniferous Permian Triassic

P
/T B

oundary

Fr
itz

 a
nd

 P
ur

vi
s’

 D
Fr

itz
 a

nd
 P

ur
vi

s’
 D

Fr
itz

 a
nd

 P
ur

vi
s’

 D
Sauropsids

Synapsids

Temnospondyls

-1
0

1
2

Random

Brownian

Random

Brownian

Random

Brownian

Bashkirian/M
oscovian

Kasim
ovian/Gzhelian

Asselian/Sakm
arian

Artinskian/Kungurian
Guadalupian
Lopingian

Low
er Triassic

M
iddle Triassic

Carnian

Norian

Figure 3.7: Measurement of D through time on a set of 100 phylogenies timescaled using the Hedman
method. Boxes correspond to the first and third quantile, the line in each box is the median. Red shading
indicates the values are within the distribution of the random expectation. Yellow shading indicates the
values fall within both the random and normal expectations and blue that the values fall only within the
Brownian expectation (i.e. the results indicates extinction was phylogenetically clustered in the timeslices
shaded blue). Where there is a blank space for a particular timeslice rather than a box this means that the
measurement for that timeslice did not fulfil the requirements of the method for D to provide a robust result,
so less than 25 tips, trait prevalence of less than 20% or more than 80%, or poor resolution.
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3.4.1 Moran’s I

When the phylogenetic autocorrelation of extinctions was measured using Moran’s I, for

Sauropsids and Synapsids the results were very similar to the results obtained using D

(Fig. 3.8). Sauropsids show the highest clustering of extinction by this measure in the late

Permian timeslice, and the lowest in the Carnian. The clustering signal is significantly dif-

ferent from random in the final three timeslices of the Permian, the Early Triassic and the

Norian. Synapsids show clustered extinction in the final three timeslices of the Permian

and the first two timeslices of the Triassic. For D, there was less clustering during the

Middle Triassic than during the preceding timeslice, however, for Moran’s I the Middle

Triassic shows the most clustered signal. This may be a consequence of the large pro-

portion of extinctions in that bin (0.72). Values of Moran’s I for temnospondyls show a

different pattern from results of D in some timeslices. The end Permian timeslice does not

have a significantly clustered signal, and the two first timeslices of the Triassic show the

most clustered signal. Again this can most likely be attributed to the relative proportions

of extinction in these timeslices. For temnospondyls only 12% of taxa become extinct

during the Lopingian, in the two timeslices following the P/Tr this figure was 70% and

63%. In fact, the extinction intensity in temnospondyls correlates with the test statistic for

I (r = 0.8295, p=0.02). Extinction intensity is more even across timeslices for sauropsids

and synapsids and does not correlate significantly with results for I.

3.4.2 Timeslice length

The length of timeslices does not correlate with phylogenetic clustering (Pearson’s r:

sauropsids r=-0.1518 p=0.774; synapsids r=0.2469 p=0.5935, temnospondyls r=0.1034

p=0.8254) indicating that length of timeslice is not biasing the results. D measured for

timeslices of 15 Myr and 10 Myr in length is broadly similar to D obtained using com-

binations of stages as timeslices, although fewer results could be obtained because many

timeslices did not include enough taxa (Fig. 3.9). Many have a wider spread of results than
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the results from timeslices corresponding to stages in the main analysis, a reason for this

is outlined in the discussion. Collectively these results demonstrate that whichever length

timeslices are chosen, they largely capture the overall change in signal through time.

For sauropsids both the 10 and 15 Myr timeslice results showed more dispersed ex-

tinction in the early to mid-Permian than the main analyses showed. The same strongly

clustered signal is present at the P/Tr boundary, followed by more phylogenetically ran-

dom extinctions in the Triassic, particularly in the timeslice encompassing the Carnian,

when extinction clustering was significantly less than the Brownian expectation.

Synapsids show an increasingly clustered signal towards the P/Tr, followed by a slightly

less clustered period in the first part of the Triassic for the 15 Myr timeslices. The 10 Myr

timeslices show a similar result to the main analyses except that the timeslice that includes

the Guadalupian has a higher value of D, this is likely caused by the extinctions in the last

3 Myr of the Guadalupian being included in the timeslice with the Lopingian extinctions.

In the Carnian only one taxon makes its last appearance so none of the sets of timeslices

could provide a robust result for this stage. In the Late Triassic there were not enough taxa

in each bin to get a value for D.

Temnospondyls show a consistent signal across all alternative sets of timeslices. There

is phylogenetically clustered extinction during the latter half of the Permian, followed by

a less clustered value in the early Triassic, and not enough taxa to get a measurement for

the subsequent timeslices.

3.4.3 Time-scaling method

Results are broadly similar when a different method is used to assign branch durations

to the trees (Fig. 3.10). If there is a difference in values of D between trees, equal and

mbl scaled trees show a less clustered signal more frequently than a more clustered signal,

relative to the Hedman scaled trees, but the difference is always small. A reason for this

is outlined in the discussion. However, there is no consistent bias towards more or less
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clustering from any one method. The overall signal of variation in clustering is maintained,

as is the strongly clustered extinction at the P/Tr boundary. There is a greater variation

of results within each time bin when the trees have been scaled using the equal or mbl

methods, than when the Hedman method was used.

Table 3.2: Summary of average results across the set of trees for each clade

Sauropsids

Timebin 1 2 3 4 5 6 7 8 9 10 11
D NA NA NA NA -0.34 -0.19 -0.52 0.20 0.12 1.17 0.05
D std NA NA NA NA 0.14 0.09 0.08 0.13 0.03 0.26 0.16
Intensity NA NA NA NA 0.29 0.36 0.39 0.28 0.41 0.19 0.37
Taxa NA NA NA NA 61.94 73.34 70.42 69.90 80.94 62.42 67.94
R p-value NA NA NA NA 0.0000 0.0000 0.0000 0.0003 0.0000 0.6642 0.0010
B p-value NA NA NA NA 0.7952 0.7089 0.9491 0.3102 0.3793 0.0115 0.4762
I NA NA NA NA 0.0920 0.1106 0.2913 0.0898 0.1009 -0.0085 0.0618
I p-value NA NA NA NA 0.0044 0.0009 0.0000 0.0007 0.0000 0.7031 0.0072

Synapsids

Timebin 1 2 3 4 5 6 7 8 9 10 11
D NA NA 1.40 0.85 -0.48 -0.46 -0.49 -0.53 -0.33 NA NA
D std NA NA 0.34 0.30 0.08 0.07 0.06 0.08 0.13 NA NA
Intensity NA NA 0.25 0.29 0.36 0.53 0.62 0.29 0.72 NA NA
Taxa NA NA 35.56 35.28 58.76 110.44 80.74 45.06 44.28 NA NA
R p-value NA NA 0.7708 0.3624 0.0000 0.0000 0.0000 0.0000 0.0008 NA NA
B p-value NA NA 0.0303 0.0969 0.8752 0.9061 0.8979 0.8930 0.7501 NA NA
I NA NA -0.0270 0.0276 0.1482 0.0970 0.1354 0.1427 0.2246 NA NA
I p-value NA NA 0.6912 0.1763 0.0000 0.0000 0.0000 0.0009 0.0027 NA NA

Temnospondyls

Timebin 1 2 3 4 5 6 7 8 9 10 11
D NA 0.69 NA -0.12 -0.56 -0.50 -0.40 -0.06 -0.07 NA NA
D std NA 0.08 NA 0.07 0.08 0.06 0.05 0.04 0.05 NA NA
Intensity NA 0.20 NA 0.45 0.12 0.18 0.12 0.70 0.63 NA NA
Taxa NA 54.68 NA 62.78 57.84 72.18 84.58 91.58 33.34 NA NA
R p-value NA 0.1590 NA 0.0001 0.0002 0.0000 0.0000 0.0000 0.0003 NA NA
B p-value NA 0.0673 NA 0.6436 0.8272 0.8809 0.8402 0.6022 0.5542 NA NA
I NA 0.0268 NA 0.0686 0.0302 0.1177 0.0338 0.1762 0.2348 NA NA
I p-value NA 0.2280 NA 0.0030 0.1376 0.0021 0.1444 0.0000 0.0000 NA NA

These tables show mean values across the set of 100 trees for each clade. The numbered timebins correspond
to the combinations of stages shown across the x-axis in Fig. 3.7. Where there is a column of NAs this
indicates that there were not enough taxa or a good enough trait distribution to get a robust result, these
correspond to the gaps in the results graphs. D = strength of clustering using Fritz and Purivs’ metric, D
std = standard deviation of D, Intensity = the proportion of extinctions, Taxa = the number of taxa in the
timeslice, R p-value = position of D within the distribution for the random expectation, B p-value = position
of D within the distribution for the Brownian expectation, I = alternative strength of clustering using Moran’s
metric, I p-value = p-value for the test statistic for I.

77



3.4 Results

������ ��

���� ��

������

��

��

�

���
�

��

��

�

�

�

�
� ��

��
� � �

�

S
auropsids

S
ynapsids

Tem
nospondyls

10-1

10-1

10-1

Moran’s I

Carboniferous
Perm

ian
Triassic

P/T Boundary

Carboniferous
Perm

ian
Triassic

P/T Boundary

Carboniferous
Perm

ian
Triassic

P/T Boundary

Fritz and Purvis’ D10-1 2

10-1 2

10-1 2

Figure
3.8:

M
easurem

entof
D

through
tim

e
w

hen
an

alternative
m

etric
of

clustering
is

used
-

M
oran’s

I
-

w
ith

the
results

from
the

m
ain

analysis
plotted

again
for

com
parison.R

ed
shading

indicates
the

values
are

w
ithin

the
distribution

ofthe
random

expectation.Y
ellow

shading
indicates

the
values

fallw
ithin

both
the

random
and

norm
alexpectations

and
blue

thatthe
values

fallonly
w

ithin
the

B
row

nian
expectation

(i.e.the
results

indicates
extinction

w
as

phylogenetically
clustered

in
the

tim
eslices

shaded
blue).A

s
w

ith
Fig.3.7

a
blank

space
indicates

the
requirem

ents
ofthe

data
fora

robustm
easurem

entofD
in

thattim
eslice

w
ere

notm
et.

78



CHAPTER 3

2 1 0 -1

�� �

�

� � �

� � ��

� � �� ��� �

� � ��

�

Sau
rop

sid
s

10
M

yr
 ti

m
e 

sl
ic

es
15

M
yr

 ti
m

e 
sl

ic
es

Syn
ap

sid
s

Te
mno

sp
on

dy
ls

2 1 0 -1

2 1 0 -1

2 1 0 -1 2 1 0 -1

2 1 0 -1

Ca
rbo

nif
ero

us
Pe

rm
ia

n
Tr

ia
ss

ic

P/T Boundary

Ca
rbo

nif
ero

us
Pe

rm
ia

n
Tr

ia
ss

ic

P/T Boundary

D D D

Fi
gu

re
3.

9:
M

ea
su

re
m

en
to

f
D

th
ro

ug
h

tim
e

w
ith

in
di

ff
er

en
tl

en
gt

hs
of

tim
es

lic
e,

10
M

a
an

d
15

M
a,

w
ith

th
e

m
ai

n
re

su
lts

pr
ov

id
ed

fo
r

co
m

pa
ri

so
n.

R
ed

sh
ad

in
g

in
di

ca
te

s
th

e
va

lu
es

ar
e

w
ith

in
th

e
di

st
ri

bu
tio

n
of

th
e

ra
nd

om
ex

pe
ct

at
io

n.
Y

el
lo

w
sh

ad
in

g
in

di
ca

te
s

th
e

va
lu

es
fa

ll
w

ith
in

bo
th

th
e

ra
nd

om
an

d
no

rm
al

ex
pe

ct
at

io
ns

an
d

bl
ue

th
at

th
e

va
lu

es
fa

ll
on

ly
w

ith
in

th
e

B
ro

w
ni

an
ex

pe
ct

at
io

n
(i

.e
.t

he
re

su
lts

in
di

ca
te

s
ex

tin
ct

io
n

w
as

ph
yl

og
en

et
ic

al
ly

cl
us

te
re

d
in

th
e

tim
es

lic
es

sh
ad

ed
bl

ue
).

A
s

w
ith

Fi
g.

3.
7

a
bl

an
k

sp
ac

e
in

di
ca

te
s

th
e

re
qu

ir
em

en
ts

of
th

e
da

ta
fo

ra
ro

bu
st

m
ea

su
re

m
en

to
fD

in
th

at
tim

es
lic

e
w

er
e

no
tm

et
.

79



3.4 Results
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CHAPTER 3

3.5 Discussion and implications

These results demonstrate that tetrapod extinctions were phylogenetically clustered dur-

ing the majority of the early evolution of the clade. This corroborates previous research

on shorter timescales, and on extinction risk in modern taxa, which indicates that phylo-

genetic signal is a common feature of extinctions regardless of timescale, and can be con-

sidered a general rule (McKinney, 1997; Janevski and Baumiller, 2009; Roy et al., 2009).

All three clades show a highly clustered signal during the final timeslice of the Permian

(Lopingian), which includes the losses of the P/Tr mass extinction event. However, there

are many other timeslices that also show phylogenetically clustered extinctions indicating

that the P/Tr was not unique by this measure. The strength of clustering varies through time

and the variation in the signal cannot be explained solely by extinction intensity (Hardy

et al., 2012), or by mass extinctions having a regime that is fundamentally different to the

processes driving extinction in background times (Jablonski and Raup, 1995; Jablonski,

2005).

Over the long time-scales and global range of this study, there would have been ge-

ographically linked variation in the intensity of threat, and type of threat. It is probable

that this variation would have correlated to some extent with phylogenetic distance be-

tween taxa. This is because closely related taxa may be more likely to occupy ranges in

close proximity, meaning that palaeogeography is a possible conflating factor (Lieberman,

2003). This phylogenetic signal in geographic distribution may not occur in all taxa, par-

ticularly not in generalists with good dispersal ability. However, many taxa are restricted

to particular habitats or temperate zones, to which close relatives with whom they share a

recent evolutionary history are more likely to also be restricted, as they will share similar

traits. In addition, without key adaptations such as flight, dispersal takes a long time and

may be blocked by physical barriers. These factors all combine to suggest that although

geographic and phylogenetic distance may not always be linked, there are periods of time,

particularly in the early history of a taxon, where this is likely to be the case. Whether
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3.5 Discussion and implications

or not closely related taxa were in geographic proximity in any particular clade could be

tested by finding if there is a positive correlation between geographic and phylogenetic

distance of sampled taxa within the clade.

On smaller scales where variation in threat intensity is not a conflating factor, ex-

tinction (or extinction risk) is still strongly phylogenetically structured (Roy et al., 2009;

Hardy et al., 2012). Thus the two factors which have control over a species’ vulnerability

to extinction on the timescales in this study – its phenotype and the threat it experiences

– are both expected to be phylogenetically conserved to some degree. Consequently, ex-

tinction itself should be phylogenetically conserved, and the evidence presented here is

consistent with this expectation. This conclusion indicates that correction for phylogenetic

signal in extinction will be important when trying to identify individual traits that might

confer extinction vulnerability (Harnik et al., 2014). In addition it indicates that future

extinctions should be expected to erase a disproportionately large amount of evolution-

ary history in comparison to the number of taxa becoming extinct (Fig. 3.5, Davies and

Yessoufou, 2013).

In the publication proposing D, the authors offer suggestions on how different sig-

nals should be interpreted (Fritz and Purvis, 2010). They suggest that a clustered sig-

nal implies susceptibility to extinction based upon biological traits of the taxa, which are

strongly phylogenetically conserved, and that extrinsic factors such as variation in threat

intensity in different geographic regions would lead to a random signal. The signals ob-

tained in this study should be interpreted differently, or at least cautiously, due to the

much longer timescale involved. When considering the snapshot of the modern day, or

higher-resolution fossil records, it is reasonable to expect that the same mechanism was

driving extinction of a group of related taxa that became extinct (or are at a high risk of

extinction). This is because an individual mechanism could be sustained over a geologi-

cally short period of time. This is unlikely to be the case for the duration of the 5-20 Myr

timeslices in this study. This indicates therefore that there are particular phylogenetically
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a)

b)

Figure 3.11: Schematic of the way in which clustered extinction causes a disproportionately large loss
of evolutionary history. The ‘lost’ evolutionary history of a clade can be considered to be the internal
branches of the phylogeny that are not represented by a living taxon. Red circles represent an extinction
and red branches represent parts of the phylogeny that are not represented by any of the surviving taxa. In
a) extinction is random with respect to phylogeny, leading to the loss of terminal lineages but few internal
branches of the tree. In b) extinction is clustered with respect to phylogeny and the proportion of internal
branch length lost is greater.

conserved traits which render a species vulnerable to extinction independently of the type

of threat it experiences. This result is consistent with previous studies that show that traits

such as large body size, ecological specialism, or low fecundity always confer vulnerabil-

ity (Cardillo et al., 2005; Purvis et al., 2005), and demonstrates that this remains the case

even with variation in threat type and intensity in the long-term.

Previously some workers have suggested that the P/Tr represented a severe extinction

and period of complete ecosystem restructuring for terrestrial tetrapods (Benton et al.,

2004; Fröbisch, 2013). Highly phylogenetically clustered extinction has a disproportion-

ately large effect on biodiversity compared to random extinction (Davies and Yessoufou,

2013), perhaps allowing for or requiring major ecosystem change. However, in the results
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presented here extinction is not more clustered at the end-Permian than it is in many other

timeslices, indicating that phylogenetic selectivity may be decoupled from both extinction

intensity and ecological change (Droser et al., 2000).

Additionally there is a large body of work showing that the nature and degree of extinc-

tions during the P/Tr event itself was different in each clade in measures such as diversity.

As mentioned above all three clades show clustered extinction throughout most of the time

period studied here, and this includes very similar values in all three clades for the strength

of signal at the end Permian itself, despite these previous studies indicating a difference

in clade dynamics between them at this time in particular. For sauropsids, other work has

suggested that there was not a large drop in any measure of diversity at the P/Tr boundary

(Ruta et al., 2011). Conversely, temnospondyls increased in species diversity through the

Permian then experienced a large drop at the boundary itself (Ruta and Benton, 2008).

For synapsids, prior to the end of the early Permian pelycosaurs were relatively successful

and experienced comparatively few extinctions. At the end of the Early Permian many

pelycosaur taxa became extinct, followed by periodic extinctions of other synapsid clades

throughout the rest of the Permian, including at the P/Tr (Fröbisch, 2008; Lucas, 2009).

This observation for synapsids, of a continuing pattern of periodic extinctions of other

clades could explain why a strong clustering signal can be seen in the early Triassic for

this clade, unlike the other two clades. In combination with my results this information

indicates that variation in phylogenetic selectivity and variation in extinction intensity are

not directly related, but may share a common driver of extreme values.

3.5.1 Sensitivity tests

The sensitivity tests indicated that in some cases the method employed to perform the var-

ious steps required to obtain a result had an important influence on the observed signal,

but these effects were small. Changing the algorithm used to time-scale the trees was

important because different time-scaling methods extend lineages back in time, and add
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duration to internal branch lengths, to varying degrees (Fig. 3.2). The equal method adds

very little duration to any branch, which leads to very ‘tippy’ trees where the terminal

branches are on average much longer than internal branches. The mbl method also gener-

ates this kind of tree, although by setting the minimum branch length to a comparatively

large number the internal branches can be extended further. Both these methods assign

an arbitrary additional branch length, and when used this is often set to be quite small so

as not to assume unsampled lineage history for which there is no evidence. The Hedman

method assigns branch durations in a less ad-hoc manner and so tends to extend internal

branches proportionally more than the other methods. This has the effect of drawing a

greater number of lineages back into the timeslice prior to the slice in which fossil occur-

rences of the lineage are found. This increases the number of survivals in each timeslice.

It also has the effect of increasing the trait co-variance between taxa in a Brownian motion

simulation. Whether an increased number of survivals increases or decreases the value

measured for clustering depends on which lineages are extended. For the datasets anal-

ysed here it causes a more clustered signal to occur more frequently than a less clustered

signal, when compared to the signal measured on differently time-scaled trees. The equal

and mbl methods can be considered conservative approaches as they minimise the amount

of ‘made-up’ evolutionary history for which evidence is lacking. However, the branch

durations in the trees time-scaled this way are unlikely to represent the true timings of

lineage divergences accurately. First, because in a poorly sampled record first appearance

dates are unlikely to be close to actual divergence dates. Second, these tree shapes im-

ply an extreme version of the early burst model, where the large majority of speciation

events occur early in the clade’s history, which has been shown consistently to be a poorly

supported model of evolution (Harmon et al., 2010).

Implementing an alternative method to measure clustering also gave a slightly dif-

ferent result, particularly for temnospondyls. However, the strong link between extreme

values of trait prevalence and extreme values of I indicates that the method is not partic-
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ularly robust to variation in trait prevalence, unlike Fritz and Purvis’ D, which can give

results comparable across timeslices even when they have a very high or low proportion

of extinctions.

The length of timeslices has an effect because of the stage level resolution of the data.

This means that when the timeslices correspond to combinations of stages (as they do

in the main analysis), a taxon will always go extinct in the same timeslice, even if its

divergence date is in different stages for different iterations of the time-scaling algorithm.

This is not the case when 10 and 15 Myr timeslices are used (except for the Lopingian

because this boundary is used in all the alternative sets of timeslices). An occurrence date

within a stage could fall either side of the end of a timeslice if it does not correspond to a

stage boundary. This leads to variation in which extinctions occur in which timeslice.

3.5.2 Ancestor-descendant relationships

One problem that cannot be tested using the dataset analysed here is that of ancestor-

descendant pairs. Over such long timescales the likelihood of taxa included in the analysis

being ancestral to others is greatly increased (Foote and Raup, 1996). At the very least

the likelihood of additional ‘pseudoextinctions’ being measured as actual extinctions is

high. Pseudoextinctions are where a taxon appears to have gone extinct at a particular

time because it is not seen in the fossil record of later stages, but in fact a speciation event

(or several) could have occurred meaning that in reality the lineage continued.

A method of time-scaling trees of fossil taxa has been developed that allows for estima-

tion of ancestor-descendant pairs within the reconstructed topology (Section 1.4.5 Bapst,

2013), however this method requires estimation of speciation and sampling rates, which

is not possible with the taxa I analysed here because the majority of them occur only in

one stage, or are point occurrences. In order to jointly test how influential the lack of good

estimation of the position of ancestors and the effect of unsampled taxa is, I provide a

simulation study in the next chapter.
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3.6 Summary

The time-scales considered here are very different to those under investigation when mod-

ern extinction risk or recent extinctions are measured, but these results demonstrate that

phylogenetic clustering of extinctions is common on all scales, and that affects in the short-

term scale up over time to result in similar patterns in the long-term. I have demonstrated

that it is possible, using a non-ultrametric tree of fossil taxa scaled to time, to measure

values for a metric that can also be measured in phylogenies of recent and modern taxa to

obtain results that are unbiased by the time over which they are measured.

In the modern biota it is possible to identify the increased risk associated with various

different phenotypic or life history traits, but the influence of these must be untangled. In

the absence of adequate data to do this in the geological record, phylogeny can act as a

proxy for the effect of selection (or lack thereof) against the combination of these traits

in a species. My results suggest that in the long term extinctions in the modern will not

be fundamentally different to extinctions in the deep-time record, and that we can expect

extinctions to continue to show phylogenetic signal into the future. In the past extinction

has not been consistent with a field of bullets model, and there is no reason to expect it to

be so in the future.

The phylogenetic signal in extinction provides important additional information on the

patterns of tetrapod extinctions in deep time, complementing what can be understood from

extinction rate alone. Extinction was phylogenetically clustered in the geological past, but

not consistently so, and measuring this signal can tell us about what kind of environmental

stress taxa may have been under. It will be informative to combine phylogenies of these

three clades, as well as extending them further by adding clades such as mammals and

non-avian dinosaurs to ascertain how patterns varied across the entire tetrapod tree of life,

as well as within clades into the Mesozoic including two further mass extinctions: the End

Triassic and the End Cretaceous.
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Chapter 4

Bias in quantitative analyses of

extinction in the fossil record

“For such a model there is no need to ask the question ‘Is the model true?’.

If ‘truth’ is to be the ‘whole truth’ the answer must be ‘No’. The only question

of interest is ‘Is the model illuminating and useful?’.”

- George E. P. Box Robustness in the strategy of scientific model building (1979)

In this chapter I test the degree to which palaeontological phylogenies produce results

comparable to real phylogenies in analyses of the phylogenetic clustering of extinction.

As we do not know the real phylogeny for any clade I test this using simulated evolution-

ary relationships and a simulated sampling and cladogram reconstruction process. I then

explore the ways in which various features unique to phylogenies of fossil taxa (particu-

larly inclusion of ancestor-descendant pairs) affect the results of the analyses. I provide

recommendations for the methods that should be used to do this analysis, depending on

the type of data available, and what biases to expect in results.

4.1 Bias and simulation

Fossil data are important in making accurate phylogenetic interpretations of macroevolu-

tionary patterns (Finarelli and Flynn, 2006; Slater et al., 2012; Pennell and Harmon, 2013).
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In return, phylogeny is important for valid interpretations of macroevolutionary signals in

palaeontological data (Felsenstein, 1985; Martins and Hansen, 1997), and can overcome

some of the biases introduced by analysing taxonomic data only (Harnik et al., 2014).

Phylogenetic comparative methods (PCMs) are therefore now commonly used in palaeo-

biological studies (Hunt, 2012; Slater and Harmon, 2013; Soul et al., 2013; Bapst, 2014a),

with an aim to provide results that can be compared across time and taxa (e.g. Chapter 3).

A challenge to palaeobiology has been that the majority of PCMs were originally formu-

lated by biologists to be used with living taxa (Harvey and Pagel, 1991; O’Meara, 2012).

There have been studies on the effect on downstream analyses of several of the features

that are more acute in phylogenies of fossil taxa than those of extant groups (e.g. uncer-

tain divergence dates (Bapst, 2014b), missing character data causing tree misspecifica-

tion (Stone, 2011), and a higher proportion of soft polytomies (Garland and Diaz-Uriarte,

1999; Housworth and Martins, 2001; Davies et al., 2012)). However, the effect on partic-

ular analyses of the overall ‘degraded’ nature of a palaeontological phylogeny has not yet

been fully investigated. Phylogeny can be used to avoid bias introduced by the shared evo-

lutionary history of taxa, but is not without its own bias (e.g. models or divergence dates

(Uyeda et al., 2015; Bapst, 2014b)), which must be understood in order for the results of

PCMs using fossil data to be meaningfully interpreted. The following issues are not ex-

clusive to trees of extinct taxa, but are likely to be more prevalent in them, and potentially

highly problematic in macroevolutionary analyses:

1. Imperfectly known relationships (polytomies and topology misspecification)

2. Imprecise occurrence data (age data are often coarsely binned)

3. Missing taxa (highly incomplete sampling)

4. Incorrect, or no, assignment of ancestor-descendant pairs

If any of these factors, or a combination of them, cause a systematic bias in the results

of phylogenetic comparative analyses, any macroevolutionary interpretations based upon
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a) b)

c) d)

Unresolved relationships/polytomies Poor age resolution

Poor sampling/missing taxa No ancestral reconstruction

Figure 4.1: Four common problems when reconstructing phylogenetic relationships which could have an
effect on the results of downstream analyses. Each example has a ‘real’ set of evolutionary relationships or
taxon ranges on the left hand side and a reconstructed set, showing a particular problem on the right hand
side, sampling events are shown as red circles. In a) one of the sets of relationships between three internal
branches cannot be resolved so this becomes a polytomy. In b) the ranges of the taxa are not continuously
sampled and the resolution possible on the ages of samples is only to the level of the length of the time bins
shown, so it is only known that the taxon existed for at least some of the duration of the dashed ranges, but
not how long or which part of that range. In c) many of the taxa have not been sampled so the reconstructed
tree is quite different to the original. In d) taxa which are ancestor descendent pairs have been sampled,
and in a cladistic analysis these will get reconstructed as sister taxa, again resulting a tree topology quite
different to the original.

them would at best be incompatible with results from analyses of extant taxa, and at worst

completely incorrect.

Perhaps the most immediately obvious issue with palaeontological phylogenies is that

of missing taxa (Fig. 4.1c). When performing analyses on living taxa it is assumed that the

sample is a monophyletic clade including all the descendants of the last common ancestor,

or with some more recent methods that the taxa are sampled randomly with respect to

phylogeny (Fitzjohn, 2010). Although this assumption often does not hold (new living

species are regularly discovered, recently extinct species may remain unknown, many
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species are paraphyletic (Funk and Omland, 2003; Ross, 2014)), for fossil taxa this is

clearly never true. The proportion of lineages sampled for the majority of fossil clades is

less than 5% (Foote and Sepkoski, 1999). There are therefore large numbers of taxa of

which we have no knowledge. Many will be recovered through future field excavations

and re-interpretation of collected material, but even so, most species are unlikely to have

been preserved in the rock record in the first place.

In a worst case scenario, control on sampling or preservation of extinct taxa might

have been biologically related to a macroevolutionary measurement. In this case a bias in

the results of the measurement should be expected. For example, if an analysis focuses on

measuring rates of speciation and extinction and includes a clade containing many short-

lived species, it is likely that due to their short ranges many of these species will not be

preserved, leading to an underestimate of turnover rates.

The issue of polytomies and topological misspecification (Fig. 4.1a) is one from which

analyses of extant taxa also suffer (although probably to a lesser degree) and is therefore

the most fully investigated of the above problems in the existing literature (e.g. Garland

and Diaz-Uriarte, 1999). The effects of various treatments of polytomies is quite well

characterised (Housworth and Martins, 2001; Stone, 2011). Some of the likely effects of

polytomies and incorrect estimations of evolutionary relationships were explored in Chap-

ter 2 of this thesis, particularly for model estimation. Likewise the positioning of nodes in

phylogenies of fossil taxa is one which has been assessed in previous literature, including

a simulation study (Bapst, 2014a). The effects of these two problems are therefore not

explicitly assessed via simulation in the current chapter.

A fundamental problem in palaeontology is the difficulty of identifying ancestor de-

scendant pairs (section 1.1.2, Fig. 4.1d). In phylogenies of extant metazoan taxa, much of

the time it can be assumed that none of the taxa sampled in the analysis are the ancestor of

any of the others, due to the comparatively short timescales involved (although see Funk

and Omland, 2003; Ross, 2014). This is not the case with fossils, where long gaps in time
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between occurrences of taxa mean that it is probable that one taxon in the analysis could

have descended from another (Foote, 1996b; Aldous and Popovic, 2005; Wagner, 2000a).

This is problematic in part because it distorts speciation and extinction rates by introducing

pseudoextinctions (section 1.1.2). Methods to estimate ancestral relationships accurately

and consistently have not yet matured (although see Gavryushkina et al., 2014); charac-

terising the downstream effects of these relationships in analyses is one way to understand

their effect without explicitly identifying where they occur in a dataset.

Simulations have long been used as a method in palaeobiology to explore the effect of

different variations in data on comparisons with a hypothetical modelled ‘true’ evolution-

ary history (Raup et al., 1973; Raup, 1982; Foote, 1996a; Alroy, 2010). By simulating a

phylogeny of taxa using a birth-death model under controlled conditions, then degrading

it to the kind of phylogeny we might expect to be able to construct from fossil occurrence

data, the outcome of an analysis can be compared when conducted on the true tree, and

when conducted on the degraded fossil tree (e.g. Bapst, 2014a).

The focus in Chapter 3 of this thesis was on the phylogenetic structure of extinction

in the deep-time fossil record. Analyses relating to extinction are likely to be particularly

vulnerable to bias because incorrectly estimating the presence or timings of extinctions

(caused by pseudoextinctions or imprecise time constraints on fossil data) directly affect

the results of this measurement. Here I focus on characterising the bias in extinction met-

rics under a variety of evolutionary and analytical conditions. This is in order to directly

assess the probable validity of the results obtained in Chapter 3 of this thesis, as well as to

provide a more general guide for anyone wishing to use extinction clustering metrics on

fossil data.
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4.2 Simulation set-up

Several packages are available in R (R Core Team, 2015) which include functions designed

to simulate phylogenetic trees via different methods (e.g. sim.bdtree in geiger; Pennell

et al. (2014)). The majority of these are discrete time birth-death simulators. An algorithm

keeps track of a set of taxa and increments in time. During each time step there is a prob-

ability of a birth (meant to represent a speciation event, resulting in a new taxon/branch

of the phylogeny) and of a death (meant to represent an extinction, resulting in the branch

terminating). These probabilities can be set at different values depending on the required

tree structure, and can be varied through time, or for different sections of the tree. The

majority of existing studies including a phylogenetic simulation use this kind of function

(Raup, 1981).

A more recent alternative (but still a birth-death model) is available in the package

paleotree (Bapst, 2012), as the function simFossilTaxa. Rather than moving through the

simulation one step at a time and assessing whether a birth or death has occurred for each

taxon, the paleotree simulation functions draw a waiting time to the next event from a Pois-

son distribution in continuous time based upon instantaneous per-lineage speciation and

extinction rates. It also incorporates explicit models of morphological differentiation. Taxa

in the fossil record are defined by their morphology, the taxon units in simFossilTaxa

are designed to represent this, and speciation can be set to a model corresponding to bud-

ding cladogenesis, bifurcating cladogenesis, anagenesis or a combination of these. This

method of simulation is advantageous for the purposes of the analysis in this chapter as

it can be used to faithfully represent the way in which we interpret relationships between

morphotaxa in the fossil record.

The speciation models (Fig. 4.2) can be defined as follows: budding cladogenesis leads

to the origination of one new taxon, while its parent taxon continues. Under this model of

speciation, the end of a taxon’s range represents a real extinction. Bifurcating cladogen-

esis leads to the origination of two new taxa at one event, and the discontinuation of the
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Anagenesis
Budding

Bifurcating

Morphotaxon

Ti
m
e

Figure 4.2: Schematic
of types of morphotaxon
differentiation, represent-
ing speciation, which can
be accommodated in the
simulation function that
was used in this chapter
to generate morphotaxa -
simFossilTaxa from the
paleotree package in R.
Arbitrary x axis. Adapted
from Bapst (2013)

parent taxon. In this model the end of a taxon’s range does not necessarily represent a true

extinction. Anagenesis represents a scenario where one new morphotaxon appears and

the parent taxon discontinues. Again, range terminations do not necessarily represent real

extinctions under this model. All these models effectively simulate a punctuated equilib-

rium model of evolution where all phenotypic change is concentrated at speciation events,

rather than along branches. The validity of using such a model in this kind of analysis is

outlined in Chapter 1, section 1.4.1.

I used simFossilTaxa with a variety of input parameters based on one simulation time

unit representing 1Myr, but in addition introduced ’mass extinction’ events at periodic in-

tervals. These extinctions were either phylogenetically clustered or phylogenetically ran-

dom. This was achieved by allowing a regular simulation to run for a set period of time

(50Myrs to begin then several 20Myr intervals), then pausing it. The morphotaxa were

converted to a phylogeny and a continuous trait was simulated over this phylogeny with

a Brownian motion model. A threshold value was chosen which allowed for the desired

proportion of extinction at this boundary. When clustered extinction was required a low

proportion of lineages with a trait value below the threshold were terminated, and a high

proportion of those taxa with a trait value above the threshold were terminated. For phy-
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Figure 4.3: Schematic of the two options for ex-
tinction. On the left hand side all extinction
occurs at periodic mass extinction events (this
makes it easier to control the strength of clus-
tering in the simulated extinctions) and on the
right hand side there is also randomly timed ex-
tinction throughout the simulation, not just at
mass extinctions. Mass extinction

only
Extinction at other

times

logenetically random extinction the same overall proportion of lineages were terminated

but terminations were selected randomly across the tree.

Following this, simulations of morphotaxa were restarted from those that had survived

at the mass extinction boundary. This process was repeated until 110 simulation time units

had elapsed, including a mass extinction event every 20 time units. In some simulations ex-

tinctions only occurred at these period events but in others they were also allowed to occur

at other times (Fig. 4.3). A final ‘true’ phylogeny of evolutionary relationships between

all the morphotaxa was estimated using the function taxa2phylo (Bapst, 2012). The

morphotaxa were also sampled (at a specified preservation rate in per-lineage time units

(ltu-1)) to represent the process of preservation in the rock record and sampling/discovery.

These sets of sampling events were translated to ranges of fossil morphotaxa, from which

a cladogram can be reconstructed. This cladogram was then timescaled using one of three

methods that were outlined in Chapter 1 (Hedman section 1.4.4, cal3 section 1.4.5, mbl

section 1.4.3). The method that was used for timescaling in each case was dictated by the

set of parameters under investigation, and is outlined in Table 4.1.

The parameters for the baseline simulation set (simulation set 1) were a budding model

of cladogenesis with clustered extinction and extinction concentrated at mass extinction

events. This baseline was chosen to most closely represent the data and method used in

the previous chapter for real data.

Variations on the baseline simulation set were also tested, and these are shown in Table
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4.1. Seven variations on the input simulation parameters were used to simulate the true

phylogenies. These are shown as 1 to 7 in the ‘Simulation’ column of Table 4.1. Each of

these seven simulation sets contained five ‘true’ phylogenies. Some of them are repeated

in the table because for some tests the same simulation set was used but it were then treated

differently to get results (e.g. different subsequent timescaling methods were used).

Each of the five true phylogenies in each simulation set (i.e. each row in the table)

was then sampled 50 times at three different rates each, 0.01, 0.1 and 0.5 per-lineage time

units (ltu-1). The baseline output method of reconstruction was to use the Hedman method

without reconstructing ancestors. Again this was to represent the previous treatment of

real data in this thesis. Variations were tested by reconstructing phylogeny based on the

sampled trees in different ways, yielding 13 sets of results with varying parameters. Over-

all there were 35 simulated true phylogenies and 1950 simulated phylogenies of sampled

fossil taxa; processing was done in parallel on 16 cores. This was equivalent to approx-

imately 22 months single processor computing time. These variations were chosen from

the huge number of possible combinations in order to directly address questions of interest,

the way in which they do so is outlined in Table 4.1 and subsequent text.

Following the reconstruction of the phylogeny based on fossil occurrences I measured

Fritz and Purvis’ D (Fritz and Purvis, 2010) for the same timeslice in both the true phy-

logeny and the reconstructed fossil phylogeny. I then varied different parameters in the

original simulation of the true phylogeny, as well as sampling rate and the method of

cladogram timescaling.The strength and significance of the phylogenetic clustering of ex-

tinction measured on each fossil phylogeny was then compared to the same measurement

on the true phylogeny from which it had been sampled. This allowed assessment of which

parameters were the most important controls on the ability of palaeobiological studies of

this metric to recover the true signal.

Each of the combinations of parameters shown in Table 4.1 was chosen to address the

effect of a particular potential bias or data treatment method on the ability to recover the
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4.2 Simulation set-up

Table 4.1: Parameters used in simulating true phylogenies and in reconstructing them after sampling

Output Simulation Branching Extinction Clustered Timescaling Ancestors
1 1 Budding No Yes Hedman No
2 1 Budding No Yes mbl No
3 1 Budding No Yes cal3 No
4 2 Budding No No Hedman No
5 3 Budding Yes Yes Hedman No
6 4 Bifurcating No Yes Hedman No
7 4 Bifurcating No Yes cal3 No
8 4 Bifurcating No Yes cal3 Half
9 4 Bifurcating No Yes cal3 Yes
10 4 Bifurcating No Yes mbl No
11 5 Bifurcating Yes Yes mbl No
12 6 Bifurcating No No mbl No
13 7 Both No Yes Hedman No

The baseline parameters are in output 1, for each of the other configurations the differences from the
baseline parameters are highlighted in bold. Additional detail on why each parameter set was chosen is
provided in the main text below. The first column shows which set up was used to simulate the true data.
The column titled Branching shows the model used to simulate the way in which morphotaxa diverge. The
column titled Extinction shows No when extinctions were restricted to mass extinction events and Yes
when extinction also occurred randomly via the birth-death process at times other than mass extinction
events. The column titled Clustered shows whether or not extinction at events was constrained to be
phylogenetically clustered. The column titled Timescaling shows the method use to scale the branch
lengths of the reconstructed fossil cladograms to time. The column titled Ancestors shows whether or not
ancestor-descendant relationships were estimated and included in the reconstructed timescaled cladogram.

‘true’ clustering signal. Output sets 1-3 were to investigate the effect of using a different

method to timescale the reconstructed phylogeny after sampling. Output sets 4-6 were to

test whether the pattern of the simulated ‘true’ speciation and extinction affected recovery

of the correct result. Sets 7-9 were to test whether the cal3 method of timescaling the phy-

logeny and allowing for ancestral reconstruction lead to a more accurate result. Sets 10-12

were to test whether the pattern of ‘true’ extinction affected the result when a bifurcat-

ing model of speciation was used (the mbl method was used to timescale these three sets

because the processing time using Hedman for these bifurcating trees was prohibitively

long.) Set 13 was to test what affect using different models of speciation to simulate the

‘true’ phylogenies had.

The method used here can be viewed as optimistic as only two factors (missing taxa

and sampled ancestors) are being investigated. It is assumed in the reconstruction of clado-

gram topologies that the ideal evolutionary relationships are recovered, which is unlikely

to be the case with real data. It is also assumed that there is no uncertainty in the ages of
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the fossil specimens, when in reality these are often only known to stage level precision

(see previous chapters for examples). This analysis is designed to test for likely bias, and

the cause of that bias, in analyses of extinction clustering. The results are not a perfect

representation of how accurately clustering signals can be obtained, but an indication of

where problems are likely to arise, and should be read as such. The code for all simula-

tions and analyses can be found on the data appendix disk, with this the experiment can

be fully repeated as there are no real data used.

4.3 Results

With the exception of the first results figure (Fig. 4.4) all of the boxplots in this section

show the difference between the value of D estimated on the ‘real’ simulated tree and

the values of D estimated on each of the 50 ‘fossil’ trees that were reconstructed from

sampling that one real tree. This was repeated 5 times and the results combined so each

box in a boxplot represents 250 differences, i.e. how wrong the estimate from each of those

fossil trees was, compared to the estimate made on the real tree that each was sampled on.

4.3.1 Sampling rate

The baseline simulation demonstrates clearly that accurate recovery of the degree of phylo-

genetic clustering of extinction is not guaranteed, whether or not extinction is clustered in

(simulated) reality (Figs. 4.4a and b). At low sampling rates the value of D is on aver-

age higher (less clustered) than, or close to, the originally simulated value, and at high and

medium sampling rates the value of D is consistently lower than the simulated value. In the

case where extinction was not significantly clustered in the simulation, this corresponds to

a high type I error rate. Only sets of results which provided interesting information above

that which was found from the baseline simulation are presented.

Correct recovery of the strength of phylogenetic clustering of extinction depends heav-
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Figure 4.4: Results of simulation set 1 and 4. Five simulated phylogenies were sampled at three different
sampling rates (0.01, 0.1 and 0.5 indicated at the bottom of the plot), red rectangles are the true values for
D for each phylogeny. Box and whisker plots show the range of values of D measured on 50 timescaled
cladograms for each box. Part a) shows results for when extinction in the simulation was phylogenetically
clustered, and b) shows results for extinction that was phylogenetically random.

ily on sampling rate (Fig. 4.5a). For results when the sampling rate was 0.01 ltu-1, on

average the strength of the phylogenetic signal in extinction (D) was underestimated. A

sampling rate of 0.1 ltu-1 usually resulted in overestimates of D, and a sampling rate of 0.5

ltu-1 always lead to overestimates of the strength of clustering of extinction.
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Figure 4.5: Results of simulation sets 1, 2 and 3. Part a) shows the median and interquartile ranges of the
difference in estimated value of D from the true value of D for three different sampling rates from left to
right, using three different methods to timescale the cladogram. They are plotted to highlight the influence
of sampling rate. Part b) shows the same data but arranged to highlight the influence of timescaling method.
The methods increase in complexity and amount of input data required from left to right. Values close to
the dashed line at 0 on the plots indicate that good estimates were made on the timescaled cladograms, with
reference to the simulated true phylogeny. The narrower a box is, the more consistent results across the
many iterations of cladograms were.

4.3.2 Timescaling method

The method used to timescale the trees of fossil taxa also had an important influence on re-

covery of accurate estimates of D (Fig. 4.5b). At 0.01 ltu-1, when the trees were timescaled

using mbl and cal3 this lead to large underestimates of clustering. When the trees were

timescaled using Hedman, estimates at 0.01 ltu-1 were close to estimates of D from the

real tree but showed a large variance across measurements from different topologies, with

a median slightly underestimating the strength of clustering. At higher sampling rates

Hedman timescaled trees gave D values which implied a far greater degree of clustering

than the original simulated phylogeny. When the trees were timescaled using cal3, es-

timates were more accurate overall, although low and high sampling rates did lead to a

slight underestimate and overestimate of clustering respectively. Trees scaled using mbl
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Figure 4.6: Results of simulation
sets 1 and 4. The accuracy of esti-
mates of D on the fossil trees com-
pared to D on the true trees, at
three different sampling rates when
the simulated mass extinction events
were, or were not, phylogenetically
clustered when measured on the true
tree.
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did not give the most accurate estimates at any sampling rate, but were better than Hedman

at the two higher sampling rates.

4.3.3 Strength of clustering and model

A factor that made a small difference in how effective the method was at producing accu-

rate estimates of D, was whether or not extinction in the simulation was phylogenetically

clustered (Fig. 4.6). When extinctions were phylogenetically clustered there was a larger

variance in estimates from fossil trees than when extinction in the simulation was phy-

logenetically random. Medians of estimates for clustered and non-clustered extinctions

showed approximately the same difference from the true value of D.

The model used to simulate the phylogeny in the first place had a small effect (Fig.

4.7). At 0.01 ltu-1 the most accurate results were obtained when morphotaxon differ-

entiation occurred by budding cladogenesis, with a median inaccuracy close to 0, but a

large variance in results across the tree set. Bifurcating and combination models lead to

a slightly more negative median difference. At 0.1 ltu-1 the most accurate results were

obtained when differentiation had occurred by bifurcating cladogenesis, the median was
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almost equal to real estimates of clustering and there was much lower variation in results

from different trees. The effect of sampling rate was consistent with all the models, where

low rates lead to more variation in results. The implications of this particular result are

complex because the variable that was changed is one that would have to be independently

estimated. This is discussed in section 4.4.2.

-2 -1 0 1 -2 -1 0 1 2

Budding

Bifurcating

Both

0.01 0.1

Di�erence in D

Figure 4.7: Results of sets 1, 6 and 13. A comparison between results when the models used to simulate
the phylogenies used budding, bifurcating and a combination of both types of cladogenesis for simulating
morphotaxon differentiation. A sampling rate of 0.5 is not included here because the processing time for the
analysis was prohibitively long.
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Figure 4.8: Results of sets 7, 8 and 9. A comparison between sets of simulations where the true phylogenies
were the same but with an increasingly high probability of inferring ancestors from left to right, when the
timescaled cladograms were estimated.

4.3.4 Ancestors

The cal3 timescaling algorithm includes the possibility of inferring which sampled taxa

might be ancestral to others and incorporates this into the resulting phylogeny. It does this
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by examining the stratigraphic position of taxa within polytomies. As ancestral relation-

ships were hypothesised to be a potential cause of bias I ran simulations allowing full and

partial ancestral inference. There is very little difference between the three sets of results

(Fig. 4.8). This indicates either that ancestor descendant relationships are not an important

bias in this analysis, or that the manner in which cal3 reconstructs ancestral relationships

fails to resolve problems associated with measurements of extinction clustering.

4.4 Discussion

These results indicate that there are several important factors that need to be considered

when interpreting the outcomes of an analysis of phylogenetic clustering of extinction.

Different methods of treating and analysing the data are effective depending on the type

of data being used for the analysis. The way in which taxa in the clade under investigation

evolved and became extinct also has an effect on the accuracy and precision of results,

so caution must be taken when drawing conclusions from any one analysis. The results

provided above can be used as a reference to find out what the likely biases are in a dataset

once an analysis has been done (see section 4.4.2). Although many factors have an in-

fluence on the bias in simulation outcomes, the sampling rate has the largest effect. In

addition once the sampling rate is known, the biases introduced by other factors can be

avoided, or at least anticipated.

4.4.1 Causes of bias

Results suggest that the main bias at high sampling rates - towards overestimation of the

strength of phylogenetic clustering - is a result of reconstruction of ancestors as sister

taxa to their descendants, in combination with missing taxa, as these are the two problems

that were introduced in the analyses. However, this bias does not seem to be due to the

pseudoextinctions that the reconstruction causes, but instead to lineage extensions causing
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pseudosurvivals. The lineage extensions result in an increased number of survivals at the

end of each timeslice. False survivals have the potential to bias measurements of D in

either direction, but results indicate that overall they lead to clumps of closely related

taxa surviving the end of timeslices; the way in which this could occur is shown in figure

4.9. Extinctions and survivals are symmetrical in the calculation of D, so an increase

in survivals, where those survivals are in closely related taxa, has the same effect as an

increase of extinctions in closely related taxa.

LAD
FAD

True tree

Reconstructed tree

Sample

Pseudoextinction Pseudosurvival

Figure 4.9: The effect of ancestors and descendants on the reconstruction of a cladogram and consequently
when extinctions and survivals are inferred. In the top schematic black lines show the true history of lineage
diversification of the clade and purple circles indicate hypothetical sampling events. In the bottom schematic
black lines represent lineage durations and relationships based upon the sampled taxa. Yellow and blue cir-
cles indicate the ranges of morphotaxa, and red and green circles indicate inferred extinctions and survivals
respectively, that did not actually occur.

This effect is seen for the higher sampling rates as these have an increased probability

of sampling ancestors. At low sampling rates the signal is rarely measured as significantly
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clustered. At lower sampling rates pseudoextinctions are the more important cause of bias.

Fewer samples means a lower incidence of sampling ancestor-descendant pairs (Foote and

Raup, 1996), reducing the frequency of pseudosurvivals. The lineage extension effect

is also present at low sampling rates, but because sampling is relatively even across the

tree the signal of very closely related taxa surviving or becoming extinct at the same time

is lost. For a poorly sampled tree the most closely related taxa that have actually been

sampled will not necessarily have been closely related in absolute terms.

In order to confirm this interpretation of the cause of the biases I completed additional

simulations based on set 10, but with a modification. In the simulations based on bifur-

cating cladogenesis it was possible to delete ancestral taxa that had been sampled from

the tree, both before or after timescaling. When these were removed after timescaling

(which removed pseudoextinctions but not pseudosurvivals) the signal measured actually

shifted to a larger overestimate; when they were removed before timescaling (removing

both pseudoextinctions and pseudosurvivals) the signal at high sampling rates shifted from

an overestimate of the strength of clustering to a small underestimate (Fig. 4.10). This con-

firms my interpretation of the causes of signal bias, and in addition indicates that to a small

degree pseudoextinctions act to bias the results in the opposite direction to the strong bias

caused by pseudosurvivals, somewhat correcting for it. In general, pseudoextinctions bias

the signal towards an underestimate of the strength of clustering, whereas lineage exten-

sions bias it towards overestimation of the strength of clustering.

There is some ambiguity in the interpretations of models based on budding cladogen-

esis as it is not clear what the best way to accurately represent taxa which are related via

budding might be. It is also not possible to remove ancestral taxa from the data because

under a budding model an ancestral taxon survives the origin of its descendant and so its

extinction is a real extinction. Measurements made using simulation sets based on bud-

ding cladogenesis showed more bias than those based on bifurcating cladogenesis, this is

potentially due to the same effect described in the previous paragraph, and shown in figure
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Figure 4.10: Results of simulation set 10 and two additional simulations where ancestors were removed
from the phylogenies at different points in the analysis. Removing sampled ancestors after timescaling the
cladogram results in removal of pseudoextinctions (centre), removing sampled ancestors before timescaling
results in removal of pseudoextinctions and lineage extensions (right).

4.9. There is no a priori reason to expect that budding models would experience lineage

extensions less frequently than bifurcating models. They should have less frequent pseu-

doextinctions however, because ancestors continue after speciation of their descendants

under a budding model, so when they become extinct it is a real extinction. Perhaps the

presence of pseudosurvivals and a reduced number of pseudoextinctions means one bias

does not compensate for the other in the same way that they do under the bifurcating

model. Unfortunately this cannot be tested in the same way.

4.4.2 Methodological recommendations

The correct way to implement and interpret measurements of the phylogenetic clustering

of extinction is evidently a complex question. The nature of the data used for the analysis

is important, as well as the way the data are subsequently treated. At high sampling rates

the analysis is consistently prone to overestimation of the strength of clustering, which

means that a significantly clustered signal could be found that is in fact an artefact of the

analysis. What does seem clear is that sampling rate can often be estimated (to the correct

order of magnitude), a timescaling method can be selected, but all other factors are either

not possible to control, or difficult to estimate. With this in mind the most appropriate

procedure is to estimate sampling rate, choose an appropriate timescaling method, and
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then interpret results in the context of the other biases that are likely to have occurred.

For example if data are found to have a low sampling rate and significantly clustered

extinction, then this result can be expected to have a large error. If the data shows random

extinction at a low sampling rate it can be considered more reliable (Fig. 4.6).

At very low sampling rates, cladograms should be timescaled using the Hedman method

to reduce bias, whereas at higher rates the cal3 method should be used. Conveniently cal3

is a method more suited to clades with higher sampling rates as it requires additional infor-

mation (speciation, extinction and sampling rates) that can be more accurately measured

for clades with a high sampling rate. Conversely the Hedman method has been shown

to be more effective when sampling is low and the additional information on rates is not

available.

In reality it is likely that models of budding and bifurcating cladogenesis do not ad-

equately represent the complexity of real speciation processes, but given this complexity

it is probably closer to some kind of combination of the two rather than one or the other.

Although the model of speciation used does have an effect on the bias in the results, the

direction of the bias is consistent for each sampling rate. In addition, inferring an appropri-

ate model for speciation of a clade is not currently possible. What is important is the way

in which speciation relates to sampled ancestors (section 4.4.1), which is in turn related to

where pseudoextinctions and survivals are inferred. There is not a methodology available

by which these issues can be avoided, but their likely effect must be considered a caveat

of any extinction clustering analysis.

Ideally, to obtain an unbiased estimate of D, the phylogeny would be reconstructed

using a method by which ancestors can be reliably inferred. cal3 can in theory do this,

but its ancestor reconstruction algorithm had little effect on recovery of simulated values

of D (Fig. 4.8). Very new methods (e.g. Gavryushkina et al., 2014) which use Bayesian

MCMC algorithms to model and allow for sampled taxa to be directly ancestral to others

in the estimated phylogeny hold possibilities for ancestral estimation. These could be
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implemented to be used for phylogenetic comparative methods in the future, but the data

required for this kind of inference are unavailable for the clades studied in Chapter 3, and

for many other clades of fossil taxa. Although the response of downstream analyses has

not been quantified for phylogenies inferred in this way, there is great potential for PCMs

that are particularly vulnerable to bias caused by sampled ancestors, such as the method

used here.

4.4.3 Implications for Chapter 3

Due to the large proportion of point occurrences in the datasets the sampling rate could

not be directly estimated for the clades investigated in Chapter 3. It is likely though, given

this information, that the sampling rate for all three clades was very low. The literature

indicates that sampling rates which translate to the region of 0.1 lmy-1 can be expected for

marine invertebrate taxa, for Neogene mammals and well preserved marine invertebrate

records a rate of 0.5 lmy-1 might be possible (Foote and Sepkoski, 1999; Alba et al.,

2001). For the majority of terrestrial vertebrate clades, particularly those which include

many point occurrences, the sampling rate is likely to be on the order of 0.01 lmy-1, or

lower. Consequently the simulation results at 0.01 lmy-1 are the most representative of the

bias that can be expected in my results in the previous chapter.

Results at 0.01 ltu-1 are on average biased towards underestimating the strength of

clustering. However, there is a large variation from results that were measured on different

samples of the record, which includes estimates of strong clustering. Although given the

number of timeslices that show clustered extinction suggests it is unlikely, it is possible

that each of these estimates represents the ‘whisker’ in the variation and that extinction

was not in fact phylogenetically clustered.

More uncertain than the results for the many clustered timeslices is the estimate for the

stage that showed random extinction for sauropsids (the Carnian). This simulation analysis

suggests that there should be a bias towards a signal of dispersed extinction. In addition
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there is only one timeslice that is random, and given the number of tests performed we

would expect at least one of the bins to show phylogenetically random extinction. It is

therefore unclear whether or not this estimate is a good one or is an artefact.

4.5 Further work

An area for further investigation relates to the comparison between simulations and real

results. In the original simulations of true phylogenies, extinction that was significantly

phylogenetically clustered could only be achieved by setting the proportion of taxa ‘killed

off’, with a trait value above the chosen threshold, to close to 1. This strict of a cut off

is probably biologically unrealistic because inherited traits confer extinction vulnerabil-

ity, not certainty. Even so it was not possible to simulate very low (highly significantly

clustered) values of D. These values were only produced when fossil trees derived from

records with high sampling rate were tested. At low sampling rates significant clustering

was rarely observed. This calls into question how, at the low sampling rates seen for ter-

restrial vertebrate clades, significant clustering was so commonly found. One possibility

might be that there is a taphonomic bias; for example during a period of relatively localised

high ecological stress there might be high extinction intensity across unrelated taxa, but a

bias in preservation potential towards those with a particular habitat (e.g. aquatic). With

a sparse record these preserved aquatic taxa might only be sampled at this point in time,

and their less closely related terrestrial contemporaries never sampled at all. This would

mean our measurement would be based on a biased sample of a set of closely related taxa

that went extinct at the time, and missing the more distantly related taxa that also became

extinct. A further possibility is that the birth-death model used to simulate the true phy-

logenies is not a good model for the evolutionary process (Hagen et al., 2015). This is

discussed in more detail in the conclusions section of the thesis, in the context of future

work in combination with other chapters.
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Chapter 5

Phylogenetic interpretations of fossil

trait data: a case study of Sauropterygia

“...but herein a palaeontologist’s mode of work is like that of antiquaries

of another order, who read inscriptions on roman buildings by the nail-marks

when the letters themselves have been wrenched off...”

- Richard Owen A History of British Fossil Reptiles

In this chapter I present an analysis of a large dataset of Sauropterygian body plan and

functionally relevant traits. I use a phylogeny of the clade and the continuous trait data to

measure the comparative rates of evolution of aspects of the body plan to explore the in-

fluence of phylogenetic and environmental constraint on body plan evolution in the clade.

I also use various modelling techniques to map shifts in evolutionary regime through time

which affected sauropterygians. I use these analyses to answer three key questions: 1)

What mechanisms controlled the evolution of body plan in the clade? 2) Did the transi-

tion to open water habits at the end of the Triassic correspond to a shift in evolutionary

constraint on body plan? 3) Do plesiosaurian morphotypes represent adaptive peaks in the

evolutionary landscape?

The majority of work for this chapter was completed by me. An additional contrib-

utor - Roger Benson - provided a set of MPTs for Plesiosauria + pistosaurs based on an

unpublished matrix of 102 taxa (275 characters), extending the taxon list of Benson and
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Druckenmiller (2014), details of the algorithm and method used for the cladistic analy-

sis of this matrix, and photographs of 27 of the specimens used. Character data for the

additional taxa are included in the data appendix disk.

Terminology: For convenience, unless explicitly stated I use ‘basal’ to refer to the

paraphyletic group of all sauropterygians outside Plesiosauria. All other clade names cor-

respond to the monophyletic groups defined in Benson and Druckenmiller (2014).

5.1 Background and data collection

5.1.1 Phenotypic evolution

In this chapter I explore the possibilities of phylogeny-based analysis of continuous mor-

phological trait data from fossils. Phylogenetic frameworks both enable researchers to

correct for the evolutionary relationships between taxa, and allow us to make positive

evolutionary inferences, thereby offering a means by which fossil data can be rigorously

analysed (Pennell and Harmon, 2013). There are now a wide range of phylogenetic com-

parative methods available that can be implemented on non-ultrametric trees. Assessment

of whether or not these are suitable for such trees has revealed where incorrect or biased

results may occur and will continue to be important as new methods are developed (Slater

(2014), Chapters 2 and 4 of this thesis). These methods open the door to quantitatively

testing some of our many qualitative theories on the presence or drivers of macroevolution-

ary patterns, that may have been based on fossil or geological data but not yet statistically

assessed (Kemp, 1999). The fossil record provides an opportunity to study the evolution

of phenotypes over long timescales and through major environmental and evolutionary

transitions (Hunt and Rabosky, 2014).

The period of time over which new advantageous phenotypic traits spread through-

out populations has been shown to be orders of magnitude shorter than the time between

samples in the majority of fossil time-series (Bell et al., 2006; Hunt, 2007; Tyler and

112



CHAPTER 5

Leighton, 2011; Azzurro et al., 2014). However, long-term trends across large clades, and

relative rates of trait evolution within such clades, have the potential to shed light on many

unresolved questions in macroevolutionary theory (e.g. niche filling (Rabosky and Hurl-

bert, 2015); biological versatility (Vermeij, 1973); morphological complexity (Adamowicz

et al., 2008); ecological innovation (Benson et al., 2014a)).

Sauropterygia represents a classic example of a clade about which there are many qual-

itative theories on how phenotype evolved (Andrews, 1922; Bakker, 1993) as these were

some of the first articulated fossil reptiles found and described, during the 1800’s (Cony-

beare, 1824; Owen, 1840; Hector, 1874). Since then the enormous variety in body pro-

portions within Sauropterygia and observations of apparent morphological convergence

(Storrs, 1993) has also inspired quantitative analysis of the evolution of their body plan

(Caldwell, 2002; O’Keefe, 2002; O’Keefe and Carrano, 2005). The clade survived the

Triassic-Jurassic boundary, where low sea level may have reduced richness to as few as

one boundary-crossing lineage, then underwent successive radiations in an open water

habit (Benson and Druckenmiller, 2014). Sauropterygia therefore provides an opportunity

to test interesting macroevolutionary hypotheses relating to development, constraint and

ecology, and convergence.

This chapter comprises three main sections. In this section, the first, I provide an

overview of the history of Sauropterygia and patterns of extinction in the clade as well as

outlining the type of data used in the subsequent analyses and how it was collected. In

the second section I use comparisons of the rate of evolution of traits associated with axial

body plan to assess the effects of developmental processes modulating vertebral counts

and body region patterning in macroevolution of body shape. This includes testing three

hypotheses:

1. Sauropterygian axial body plan changed through somitogenesis and homeotic ef-

fects rather than differential somitic growth

2. Somitogenetic and homeotic effects were decoupled in Sauropterygia
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3. Extreme body plans (e.g. very long necks in elasmosaurids) evolved via high rates

of pleomerism

In the third section I use a variety of analytical methods to establish the effects of major

environmental transitions, such as to pelagic life at the the Jurassic-Triassic boundary, on

rates and constraints of phenotypic evolution. This includes testing two hypotheses

1. There was a change in evolutionary regime (best fitting model of evolution) at the

Tr/Jr boundary

2. The pliosauromorph body plan represents a temporally extensive adaptive peak avail-

able in open water habitats after the Tr/Jr boundary

I finish the chapter by summarising the results obtained as a whole.

5.1.2 Sauropterygia

Sauropterygians were a highly abundant and long-lived monophyletic clade of marine rep-

tiles, spanning a period of around 180 Myr during the Mesozoic (Motani, 2009). The group

originated in the Early Triassic with several near-shore radiations including placodonts,

nothosaurs, pachypleurosaurs, cymatosaurs and pistosaurs (Rieppel, 2000; Neenan et al.,

2013). Diversity of these early groups peaked around the early Ladinian before eustatic

sea-level fall during the Late Triassic coinciding with extinction of all but a minimum

of one lineage within Pistosauria (Rieppel, 2000; Benson and Butler, 2011; Kelley et al.,

2012). These subsequently diversified during the Jurassic and Cretaceous to form Ple-

siosauria (Benson and Druckenmiller, 2014). Sporadic minor extinctions occurred through-

out the rest of the Mesozoic, including a protracted period of high turnover at the Jurassic-

Cretaceous boundary (Bakker, 1993; Benson and Druckenmiller, 2014), until all remain-

ing representatives went extinct during the Cretaceous-Paleogene mass extinction event

(Mulder et al., 2000; Vincent et al., 2011).
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Figure 5.1: Examples of the variety of form within Sauropterygia. In a) Placodus and in b) Lariosaurus
general body plan of some basal taxa living in the Triassic are shown. In c) and d) Meyerasaurus and
Liopleurodon represent the two major ’morphs’ of Jurassic and Cretaceous taxa that evolved in several
lineages. In these two taxa the characteristics outlined in Table 5.1 can be seen. Meyerasaurus has a long
neck, small skull, a short ischium (the front flat bone in the pelvis area, immediately posterior to the ribcage)
and the front limbs are slightly longer than the back limbs. The opposite characteristics can be seen in
Liopleurodon, particularly a much longer ischium relative to the length of the trunk.

Due to what is thought to be convergent evolution of overall body plan (plesiosauro-

morph and pliosauromorph: Table 5.1, Figure 5.1) the taxonomy of Plesiosauria remained

ambiguous into the 1990s (O’Keefe, 2002; O’Keefe and Carrano, 2005). With the in-

creasing availability of large character datasets, cladistic analyses are now in agreement

that these morphotypes evolved multiple times within different lineages, and large inter-

species variation in many traits (e.g. cervical count, neck length, skull size) suggests that
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the clade was highly evolutionary labile (O’Keefe, 2002; O’Keefe and Wahl, 2003).

The evolutionary history of Sauropterygia includes a major ecological transition. Tri-

assic non-plesiosaurian taxa inhabited near-shore environments and a marine regression

prior to the end of the Triassic may have caused the extinction of these taxa (Benson and

Butler, 2011; Kelley et al., 2012). An expansion of fossil occurrences of Pistosauria to

deep-water facies (Rieppel and Hagdorn, 1997) and the modification of limbs to form flip-

pers (Storrs, 1993; Caldwell, 2002) suggests either that lineages that had already made

the transition to open water environments were the only survivors, or that the regression

forced surviving lineages into these habitats. It has been proposed that combinations of

feeding and locomotion strategies – inferred from axial, skull and limb configurations –

that evolved following this transition in Jurassic and Cretaceous Plesiosauria corresponded

to adaptive peaks in the macroevolutionary landscape (O’Keefe, 2002). The ‘plesiosauro-

morph’ and ‘pliosauromorph’ body plans (Table 5.1, Figure 5.1) are character combina-

tions which represent these peaks (O’Keefe, 2002). However, body plans within these two

‘morphs’ show variation and whether an adaptive peak model adequately describes this

has not yet been rigorously assessed.

Table 5.1: Key contrasting features of plesiosauromorph and pliosauromorph body plan

Pliosauromorph Plesiosauromorph
Short neck Long neck
Large skull Small skull
Long ischium Short ischium
Femur longer than humerus Femur shorter than humerus

Traits of the neck (cervical vertebral count and neck length compared to body size)

show the largest variation across taxa (Rieppel, 2000; O’Keefe, 2002). Early groups such

as the armoured placodonts have comparatively short necks and low vertebral counts (e.g.

six cervicals and neck one seventh of trunk length in Placodus gigas: Rieppel (1995)), later

radiations like the elasmosaurids had necks much longer than the body and high cervical

counts (e.g. 60 cervicals and a neck nearly three times body length in Hydrotherosaurus

alexandrae Sato (2002)). Due to this high variation in axial body plan ratios and verte-
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plotting software c 2002-2009 J. Alroyo

Figure 5.2: Map downloaded from fossilworks (www.fossilworks.org) showing as red points every recorded
occurrence of a Sauropterygian fossil in deposits of any age. This shows the distribution of rocks bearing
these taxa.

bral counts, sauropterygians represent a unique opportunity to study in detail the possible

mechanisms of body plan evolution and its relationship with functional and developmen-

tal constraint. It has been suggested that adaptations to extreme habitats such as marine

life can impose constraints on axial body plan evolution, leading to homogeneity across

lineages, especially in taxa with ‘fish-like’ body plans such as ichthyosaurs and cetaceans

(Müller et al., 2010). Deviation from fish-like morphologies in sauropterygians, and the

apparent high plasticity in sauropterygian body plan indicates that this may not always be

the case. An assessment of the underlying mechanisms of these patterns will help to elu-

cidate whether they were due to different adaptive optima in the evolutionary landscape,

inherent plasticity in development, or to release from functional constraint.

Fossils of sauropterygians are globally distributed in shoreline and marine facies (Fig.

5.2), but several key horizons have yielded significant numbers of specimens. Areas in

western continental Europe provided many early discoveries of non-plesiosaurian (basal)

taxa from the Triassic Muschelkalk units (Haas, 1980; Rieppel and Kebang, 1995; Klein,
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2009; Klein and Scheyer, 2013). The Oxford Clay Formation, Kimmeridge Clay Forma-

tion and Lias Group exposed across the UK contain many well preserved Jurassic Ple-

siosaurian specimens (Owen, 1861, 1865; Seeley, 1865; Andrews, 1910a, 1913; Vincent

and Benson, 2013; Benson and Bowdler, 2014). A wide age range of taxa have been found

in the basins of the USA (Sander et al., 1997; McKean, 2012; Albright et al., 2007). Two

relatively recent developments are discovery of many basal species from China, where

many new taxa are being described (Rieppel, 1999; Chun and Rieppel, 2002; Zhao et al.,

2008), and excavation of Jurassic and Cretaceous plesiosauroids from permafrost areas in

Svalbard (Knutsen et al., 2012; Hurum et al., 2012). Differences in faunal composition

through time are thought to be real, rather than a facies bias, supporting the hypothesis

that disappearance of genera and families from the fossil record represents actual extinc-

tion rather than taphonomic bias (Rieppel, 2000). Some recent cladistic analyses find the

clade to be the sister group to lepidosauromorphs or at the base of Lepidosauramorpha

(e.g. Laurin and Reisz, 1995; Rieppel, 1998), others find them nested within other marine

reptile taxa as the sister group to Sauria (archosaurs and lepidosaurs) (Neenan et al., 2013).

In either case they fall well within Diapsida.

5.1.3 Dataset

Phenotypic data were collected from a range of mostly complete specimens, which I either

measured directly, or from photographs using the software ImageJ when direct measure-

ment was not possible (Abràmoff et al., 2004). I collected a series of body plan and skull

measurements (Fig. 5.3). Body plan measurements were vertebral counts in the major

axial regions (cervical, dorsal, sacral and caudal); lengths of the whole body (snout to

distal caudals), neck, trunk, tail, the proximal three segments of each limb (humerus, ra-

dius, ulna, femur, tibia and fibula); and lengths of some girdle elements (ischium, pubis,

corocoid, scapula). Skull measurements were length of the cranium, mandible, mandibu-

lar symphysis, retroarticular process, pre and post orbit, jaw depth and cranial height. I
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measured 102 specimens in total, accurate to an error of 5 mm. The majority of taxa were

missing some of the measurements, the most frequently available measurement was cer-

vical vertebral count and this lead to a total dataset of 81 taxa that could also be reliably

phylogenetically placed.

For the vertebral counts, cervicals were defined as those vertebrae functionally be-

longing to the neck, when the position of the pectoral girdle and ribs allowed this to be

determined. The atlas-axis complex was counted as two elements. When the pectoral gir-

dle was not present or had moved from life position, the first dorsal was counted as the first

element where the rib formed a contact with both the centrum and the neural arch (i.e. the

first pectoral vertebra). The sacrals were those which connected to short, sturdy ribs that

would have formed attachement to the pelvic girdle, and the caudal vertebrae as all those

more posterior to the sacrals, bearing a rib facet on the centrum. This resulted in some

counts which differ from those previously reported in the literature (e.g. cervical vertebral

count for Yunguisaurus: Sato et al. (2010), cervical vertebral counts in O’Keefe (2002)).

It was possible to get a few more measurements by interpolating them from measure-

ments of other taxa. This was done for 5 individual measurements overall, which are

shown in bold in Appendix C. Where a species was represented by additional specimens

possessing the missing trait I calculated the ratio of the trait measurement to a closely as-

sociated trait present in both (e.g. ratio of radius to humerus), and then used this ratio to

estimate the missing trait measurement scaled from the trait measurement present in both.

If a conspecific was unavailable but there was a closely related congeneric which was mor-

phologically similar I used measurements from this to scale the estimated values. There

were not many species for which more than one specimen was available so although this

did increase taxa with complete trait data somewhat, the total number of taxa for which

all the traits of interest were available was 28 (matching the number of taxa for which a

measurement of the ischium was available).

Measurement data for all taxa that was used in the thesis is included in Appendix C
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A
B

C

D

Figure 5.3: Schematic of the body plan data collected from each specimen and then used in analysis of
evolutionary rates, evolutionary model fitting, and trait optimum identification. A) length of humerus B)
length of radius C) length of femur D length of cranium. Coloured shaded areas indicate vertebral counts:
blue=cervicals, red=dorsals, green=sacrals, pink=caudals.

and the full dataset including all the measurements made and metadata is included on the

data appendix disk.

5.1.4 Phylogeny

Initial attempts to assess relationships among sauropterygian taxa were confounded by

apparent convergent evolution of similar morphotypes (Andrews, 1910a, 1913; Owen,

1840; Persson, 1963). Despite this it was recognised relatively early on that the Trias-

sic nothosaurs and pachypleurosaurs were close relatives of the larger ‘plesiosaurus’ and

‘pliosaurus’ taxa of the Jurassic and Cretaceous (Lydekker, 1889). The placement of pla-

codonts within Sauropteryia, with their hard carapace, took longer to establish (Rieppel,

2000). Understanding of the phylogenetic relationships between taxa has advanced rapidly

in recent years, particularly for plesiosaurians. The branching order between basal taxa

still remains uncertain, due particularly to debate over whether they originated in the east-
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ern or western Tethys (Neenan et al., 2013), and awaits a large scale genus level cladistic

analysis. However, formal cladistic solutions to interclade relationships have been pro-

posed (Rieppel, 2000; Neenan et al., 2013).

To construct the phylogeny used in this chapter I took an updated, more inclusive,

version of the relationships proposed in the most recent cladistic analysis of plesiosaurian

taxa, using the same character list but an expanded taxon list as Benson and Druckenmiller

(2014). Tree searches were performed in PAUP* 4.0b10 for Macintosh. Initial exploration

for shortest-length tree islands was conducted using four independent randomisations of

the Parsimony Ratchet implemented by PAUPRat. The resulting subset of most parsimo-

nious trees (MPTs) was then used as the starting point for TBR (tree bisection and recon-

nection) branch swapping. ‘Wildcard’ taxa were identified by inspection of the Adams

consensus and pruned from the set of most parsimonious cladograms.

I randomly selected 100 of these most parsimonious cladograms and combined them

with the most recent comprehensive hypotheses of non-plesiosaurian relationships (Riep-

pel, 2000; Neenan et al., 2013) to generate a composite tree. The influence of topological

uncertainty on results was assessed by completing all the following analyses on this set of

100 trees containing 139 taxa. A representative topology is shown Fig. 5.4 and the tree set

and range data are included on the data appendix disk. I timescaled the set of trees using

the Hedman (2010) method outlined in Chapter 1 and implemented in Chapters 3 and 4,

the resolution of the range data for taxa was stage level.

5.1.5 Phylogenetic clustering of extinction

Extinction and diversification in Sauropterygia seems to show three major radiations, one

in each period of the Mesozoic. Basal taxa appear in the Early Triassic and almost all

become extinct at the Triassic-Jurassic boundary (Neenan et al., 2013). Plesiosauria make

their first appearance in the Jurassic, represented by rhomaleosaurids, pliosaurids, micro-

cleidids and cryptoclidids, which were then replaced by elasmosaurids and leptocleidians
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Figure 5.4: An example of one of the 100 timescaled phylogenies of the clade Sauropterygia which were
used in all the following analyses. Some taxon names were removed for legibility. The full taxon list is
available on the data appendix disk.
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(including leptocleidids and polycotylids) in the Cretaceous (Benson and Druckenmiller,

2014). Ecological selectivity against extreme morphologies (e.g. very short neck and long

head of derived pliosaurids) leading to a higher probability of extinction has been pro-

posed, tying in with the idea that the observed body morphologies appeared repeatedly to

fill in an adaptive peak when it had been vacated through an extinction event (O’Keefe,

2002). Following the method laid out in Chapter 3 I measured the phylogenetic clustering

of extinction in the clade using the metric D (Fritz and Purvis, 2010). This approach was

applied to a subsample of 100 trees of Sauropterygia.
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Figure 5.5: Values of Fritz and Purvis’ D for Mesozoic epochs (Middle and Upper Triassic, Lower, Middle
and Upper Jurassic and the Lower Cretaceous), with reference to the value for D expected for a Brownian
trait distribution (0) and a random trait distribution (1). Boxes represent results for each timeslice from
the set of 100 trees and numbers to left of each box are average sample size for the timeslice. All results
were within the distribution for the Brownian expectation and more clustered than the random expectation,
although did vary in the strength of clustering through time.

Results of this analysis indicate that, as might be expected given the loss of basal taxa,

extinction at the Tr/Jr boundary was highly selective, falling in the top 0.5% quantile of the

distribution for the Brownian expectation (Fig. 5.5). The measurement for every timeslice

is significantly different from random and placed high within the Brownian distribution.

Therefore, turnover within Sauropterygia was generally selective at a time resolution of
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around 30 Myr throughout their evolutionary history. In addition to the lowest value (great-

est clustering) at the Tr/Jr boundary, the value for the Jurassic-Cretaceous boundary is also

very low, supporting the three radiation model for the clade.

Although sample sizes in each timeslice are above the threshold for powerful analyses

suggested by the method’s authors (Fritz and Purvis, 2010) (particularly as resolution is

high at < 95% and trait prevalence is even, falling between 30− 80% in all time bins),

they do all contain a limited number of taxa so whilst it is likely that extinction was indeed

phylogenetically clustered (Chapter 4), the results should be interpreted cautiously.

5.2 Rates of axial body plan evolution

5.2.1 Background

Palaeontologists rarely have available a fossil record of sufficiently high resolution to mea-

sure driven trends in phenotypic change on microevolutionary timescales (although see;

Bell et al., 2006; Tyler and Leighton, 2011). However, observations of evolutionary transi-

tions in the fossil record, supported by knowledge of the ages of taxa provided by stratig-

raphy, mean that comparative rates of macroevolutionary change in morphology have long

been of great interest (Niklas, 1978; Hunt, 2012; Benson et al., 2014b). Many new meth-

ods have recently been developed to assess change in evolutionary rate through time and

among lineages (e.g. Butler and King, 2004; O’Meara et al., 2006). Comparisons between

relative rates across clades for different univariate traits may help to identify answers to

questions about evolutionary mechanisms.

An area of current interest to evolutionary biology is the process of formation of re-

peated elements during vertebrate embryonic development. Somitogenesis is the process

by which repeated axial segments are generated in the embryo, by budding from the an-

terior mesoderm layer. The process is controlled by a molecular oscillator that ‘ticks’,

periodically triggering budding of a new somite (Dequéant and Pourquié, 2008). If the
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clock is fast then a high number of relatively small somites will be produced, as opposed

to fewer large somites if the clock is slow (Gomez et al., 2008). These somites form the

presacral vertebral elements, but which type of element (dorsal or cervical) they become is

controlled in a separate process by the timing of activation of Hox genes (homeotic effects;

Iimura et al., 2009). Due to homeotic effects two taxa can have identical pre-sacral verte-

bral counts, but this count might comprise two thirds cervicals in one and only one fifth

in the other. The formation of caudal vertebral elements occurs at a different budding site

(Polly et al., 2001), therefore allowing cervical and dorsal ratios and number to be analysed

independently of them. Rates of change in total count is referred to as ‘somitogenetic’ and

change in ratios of one region to another as ‘homeotic’, herein. Increase in overall body

size through addition of vertebral elements is referred to as pleomerism. A further control

on lengths of axial elements is somatic growth, which occurs in the post-embryonic stage.

Differential growth of somites among body regions could result in evolutionary change in

body proportions in the absence of pleomerism.

A previous study of fossil and modern taxa indicated that somitogenetic and homeotic

effects were uncorrelated across Amniota (Müller et al., 2010), supported by the observa-

tion that somitogenesis and axial regionalisation occur at different times during develop-

ment and are induced through separate regions of the pre-somitic mesoderm. It has also

been suggested (based on the high vertebral count in some clades) that sauropterygians

evolved long necks through pleomerism, and changed their body proportions through

change in vertebral counts rather than the size of vertebrae. This is in contrast to some

other clades where constraint on vertebral numbers has lead to differential somitic growth

underpinning major change in body proportions. For example 7 cervical vertebrae are

conserved across mammals from short-necked echidnas to long-necked giraffes, with few

exceptions (Asher et al., 2011). In mammals the Hox genes also perform a function in the

proliferation of cell lines in the embryo, this is thought to be the cause of the observed

conservation as a Hox mutation increases the likelihood of embryonic cancer. In addition
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where a Hox mutation causes a cervical vertebra to have a thoracic rib this can result in

reduced functionality of the shoulder region and nerve problems. In mammalian species

where a deviation from seven cervicals is observed, it is accompanied by pleomerism

(Asher et al., 2011).

In this section I use two main methods - standardised phylogenetic independent con-

trasts and AUTEUR - to estimate and compare rates in traits associated with the neck and

vertebrae of sauropterygians: ratio of neck length to trunk length, number of presacrals,

and cervical to presacral count ratio. I used these methods to test three hypotheses as

outlined in section 5.1.1.

1. I tested whether Sauropterygian body plan evolved via somitogenetic and homeotic

effects rather than by differential somitic growth. This hypothesis would be sup-

ported if change in count ratio and change in length ratio were linked across the tree

(rather than relative lengths changing independently of count ratio).

2. I tested whether somitogenetic and homeotic effects were decoupled across Sauroptery-

gia. This hypothesis would be supported if rates of change in overall presacral count

and rates of change in the ratio of cervical to dorsal vertebral count were not corre-

lated and if shifts in the rate of presacral count evolution did not correspond to shifts

in the rate of count ratio evolution.

3. I tested whether extreme body morphologies were evolved via high rates of pleomerism.

This hypothesis would be supported if the taxa with proportionally extremely long

necks or long trunks showed higher than average rates of presacral count evolution

with normal rates of count ratio evolution.

5.2.2 Methods

To test the first two hypotheses I performed an ordinary least squares regression of stan-

dardised phylogenetic independent contrasts (hereafter ‘standardised contrasts’; Felsen-
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stein, 1985) of neck to trunk ratio against standardised contrasts of cervical to dorsal count

ratio (Fig. 1.4). Phylogenetic independent contrasts (PIC) is a fundamental method in

phylogenetic comparative analysis and is the basic way in which raw trait data can be cor-

rected for the influence of the shared evolutionary history of taxa. The method is outlined

in detail in section 1.2 of Chapter 1 of this thesis. In this section standardised PIC (where

the contrasts are weighted according to distance from the root of the tree) was performed

in R (R Core Team, 2015) using the function pic in the package ape (Paradis et al., 2004).

The results of PIC correspond to nodes of the tree, and each can be considered a point es-

timate of the evolutionary rate at that node, including a direction of the shift in trait value

which occurred.

To test the third hypothesis and as an additional test of the second I used a method via

which rates of continuous trait evolution can be measured as a parameter within a model

of evolution (Hunt, 2012). These models (Hansen models; Hansen, 1997) can include

additional parameters relating to trait mean and the strength of selection through time

(Section 5.3) but all have a basic rate parameter σ2 which is the step variance. In each

time-step of the model the magnitude and direction of trait change is randomly drawn

from a normal distribution with mean the same as the trait mean and variance σ2. A large

σ2 allows larger steps in trait change on average, and thus a faster rate of evolution of the

trait.

AUTEUR (Accommodating Uncertainty in Trait Evolution Using R) is a method orig-

inally presented by Eastman et al. (2011) and now incorporated into the geiger package

in R (Pennell et al., 2014). It is a Bayesian sampling approach, which estimates the gen-

erating process of trait evolution under Brownian motion across a phylogeny, without the

user having to specify the positions of rate changes on the tree in advance. By iteratively

splitting and merging rates on adjacent branches, and testing AIC (Akaike information

criterion, Burnham and Anderson (2002)), it optimises branch rates. The advantage of this

method for phylogenies of fossil taxa is that it does not require the tree to be fully sampled,

127



5.2 Rates of axial body plan evolution

or ultrametric. I assessed convergence of the mcmc chains using the CODA package in R

(Plummer et al., 2006) and adjusted input parameters until the chains reached stationarity.

5.2.3 Results

5.2.3.1 Hypothesis one

There was a good correlation between length ratio and count ratio (R2=0.4948, p<0.0001).

This indicates that somitogenetic or homeotic effects dominated the evolution of diversity

in sauropterygian axial body proportions, rather than differential somitic growth, although

some of the residual variation could be explained by this factor. Nothosaurs have the

largest average residuals (yellow circles in Fig. 5.6a), suggesting that this clade in partic-

ular experienced some differential somitic growth.

If variation in length ratios was controlled mainly by differential somitic growth the

contrast plot would show either consistent count ratio contrasts with variation in length

ratio contrasts, or no correlation between the two. Figures 5.6b and c show traitgrams -

plots of the change in each ratio through time on the phylogeny. If change in axial length

ratios was dominated by change in somitic growth rather than somitogenesis and homeotic

effects, a different pattern would be seen in each traitgram, with taxon branches going in

different directions for the same taxa, or no correspondence at all. In fact the patterns in

the traitgrams are broadly similar, with the direction of change matching for taxa, although

the contrast in rate of trait change (slope of lines) between Triassic and post-Triassic taxa

is larger for length ratios than count ratios (Fig. 5.6b and c).

5.2.3.2 Hypotheses two and three

Continuous body size data are usually log transformed before analysis, on the basis that

characters change in size proportionally to body size. Vertebral counts are more compli-

cated because they are a meristic trait and so whether or not the data should be transformed

depends on whether change in number of vertebrae is proportional to the number of ver-
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Figure 5.6: Raw data used for these plots was the ratio of neck length to trunk length (length ratio), and the
ratio of cervical to dorsal vertebral counts (count ratio). Part a) shows standardised phylogenetic independent
contrasts for each ratio and the ordinary least squares regression line of length ratio against count ratio.
Points are coloured and shaped according to clade membership. The numbers next to each point indicate the
node of the phylogeny that was used for the analysis, 1 is the root node, the lowest node number within each
subclade is the ‘root’ node of that group and other nodes are nested. Yellow circles represent nodes nested
within Nothosauria and this subclade has the largest average residuals (largest distance from the regression
line). b) and c) show traitgrams - the phylogeny plotted into a space defined by trait values of length ratio
and count ratio on the y axis, and time on the x axis.
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5.2 Rates of axial body plan evolution

tebrae itself. Before conducting the complete rates analysis I performed 20 preliminary

analyses on raw presacral count and extracted the terminal branch rates for each taxon.

I then performed a least-squares regression of presacral count against corresponding tip

rate. There were no significant correlations between these two values with an average R2

of -0.0056 and p-values all higher than 0.2 across the 20 trees. This indicates that ease of

gaining or losing vertebrae does not depend on the number of vertebrae a taxon has. In

addition, I plotted traitgrams with node values calculated using standardised contrasts for

raw and natural-log transformed counts (Fig. 5.7). These plots showed that the pattern

of trait change is robust in raw and log transformed data. I therefore proceeded with raw

vertebral counts.
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Figure 5.7: Traitgrams (phylogenies plotted in trait space) with node values reconstructed using phylogenetic
independent contrasts, of log transformed presacral counts (top) and raw presacral counts (bottom).

Rates of evolution of vertebral count ratio and presacral count are different in some

parts of the tree but similar in others (Fig. 5.8 and Table 5.2). Basal taxa show the largest

difference; rates for vertebral count ratio are low at the root of the tree and this is inherited
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Figure 5.8: Trees representative of results across all trees for estimation of evolutionary rates in vertebral
count ratio and presacral count. Colours of the branches correspond to relative rates of phenotypic change
scaled to the median. Red corresponds to a high rate and blue to a low. The darker the colour the more
extreme the rate value. a) Rates for vertebral count ratio. b) Rates for presacral count.
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5.2 Rates of axial body plan evolution

in internal branches down the whole tree with various nested clades showing high rates,

especially the basal groups (Fig. 5.8). Presacral count rates show almost the opposite

pattern with high rates at the root followed by a slowing down of rates in individual de-

scendant clades, although the internal branches also show a period of slightly decreased

rate at the base of Plesiosauria. Rates in both traits are low in pliosaurids and rhomale-

osaurids, although more derived rhomaleosaurids show increasing rates of ratio change.

In microcleidids and cryptoclidids vertebral count ratio rates are high, whereas presacral

count rates are around average. Within elasmosaurids evolutionary rates in ratio are very

low. Presacral count rates in elasmosaurids are high but slow down in the most highly

nested taxa.

Table 5.2: Differential rates of vertebral evolution for subclades

Clade Ratio Rate Count Rate

Placodonts High High
Pachypleurosaurs High Mixed/low
Nothosaurs High Low
Pistosaurs High High
Rhomaleosaurids Low, High in more nested taxa Low
Pliosaurids Low, lower in more nested taxa Low, lower in more nested taxa
Microcleidids High Mixed
Cryptoclidids High Low
Leptocleidians Low, high in more nested taxa High, low in more nested taxa
Elasmosaurids Low High, low in more nested taxa

A summary of the overall pattern of high and low rates for each subclade within Sauropterygia, comparing
the rate of change of vertebral count ratio to the rate of change in presacral count.

The pattern of opposite relative rates in vertebral count ratio and presacral count in

many parts of the tree indicates that homeotic and somitogenetic effects can be decoupled,

although there are some parts of the tree where this may not be the case (e.g. the most

highly nested pliosaurids and elasmosaurids). Following Müller et al. (2010) I used phylo-

genetic generalised least squares regression of presacral counts against the ratio of cervical

to presacral counts and found a weak but significant correlation (R2=0.2250, p <0.0001,

red line in 5.9), indicating that the two measurements are coupled across the tree to some

degree. Standardised contrasts can be considered to be a point estimate of rate at a node

(Freckleton and Harvey, 2006) and indicate where large or small shifts in rates occur.

When the contrasts are plotted according to clade membership it can be seen that the
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nodes that are not nested within clades, but are on the ‘spine’ of the tree (Fig. 5.9; brown

points) show a greater correspondence between the two contrasts. To investigate this fur-

ther I performed regressions on the nested and un-nested node contrast sets separately.

The un-nested nodes showed a strong significant correlation (R2=0.7838, p <0.0001, blue

line in figure 5.9) whereas for the remaining nodes that fall within a clade there was no

correlation (R2=-0.0256, p=0.869, green line in figure 5.9). Along the spine of the tree

rates of ratio change remain relatively low and rates of count change remain relatively

high, but both are stable. Where they deviate from this the change tends to be in the same

direction in both, for example the shift to higher rates at node 16 between Yunguisaurus

liae and plesiosaurians (brown point labelled 16 in top right part of graph in Fig. 5.9).

This suggests that vertebral count ratio and presacral count are not completely decoupled

across Sauropterygia, in contrast with the results of Müller et al. (2010), which found they

were decoupled across the whole tree of amniotes and for all subclades.
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Figure 5.9: Standardised phylogenetic independent contrasts of vertebral count ratio against presacral count.
Colours correspond to clade membership. Red line is the regression model for all the data, the green line is
for only taxa nested within clades and the blue line is for un-nested taxa.
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5.2 Rates of axial body plan evolution

5.2.4 Discussion

Rates of change in vertebral count ratio and presacral count were decoupled in some parts

of the tree, but not others. The root of the tree shows high branch rates for presacral count

but low rates in vertebral count ratio change. This means that vertebrae were gained or

lost rapidly, but the number of cervical vertebrae relative to the number of dorsal vertebrae

remained similar. This might be inherited across internal branches of the tree; although

presacral rates and count ratio rates slow after the transition to open water, presacral rates

pick up again at the base of Plesiosauroidea and remain high and stable all the way through

to the elasmosaurids. Other lineages show greater shifts to higher rates in count ratio and

lower rates of presacral count change. It is possible that this maintenance of higher rates

of presacral count change in the upper part of the tree (and consequently the capacity to

change axial body plan rapidly) facilitated the survival of these cryptic internal lineages

into the Cretaceous when other sister taxa whose rates had decreased became extinct.

However, this would need to be constrained further with tests of plausible ecological hy-

potheses of a causal link between body plan and survivorship. When there is very little

variation in rate (e.g. the nodes along the spine of the tree as outlined above) both count

and ratio remain stable and are thus also coupled.

The largest absolute contrast in both presacral count and count ratio is seen near the

base of the tree. Placodonts had very short necks compared to their bodies and these results

suggest they acquired this body plan by adding dorsal vertebrae; shifting the boundary be-

tween cervicals and dorsals to maintain short neck length. This implies that both homeotic

and somitogenetic effects were important in this part of the tree. Pistosaurs show a high

rate of change in both vertebral count ratios and presacral count on branches, indicating

that when there are large differences in count over a short phylogenetic distance both somi-

togenetic and homeotic effects are involved in order to generate this large change and are

therefore coupled. In other basal taxa there is a shift from low root and internal branch

rates to very high rates in vertebral count ratio for nothosaurs and pachypleurosaurs, and

134



CHAPTER 5

a slowing of rates in presacral count. This indicates their body plan evolved via change in

regionalisation.

Pliosaurids underwent a decrease in neck length across the clade. The rate of presacral

count change is low, and rate of change in vertebral count ratio becomes increasingly slow

in more derived taxa. This is suggestive of slow shortening of the neck via homeotic

effects and the decrease from an already low ancestral rate possibly represents a bound

caused by a functional limit to how short the neck could become.

Cryptoclidids and microcleidids each independently derived an increase in neck length.

In combination with the fast rates in vertebral count ratio change and lower rates of change

in the number of presacrals this suggests that homeotic effects were the driving mechanism

of relative elongation of the neck in these two groups.

Polycotylid leptocleidians derived a decrease in neck length. In combination with a

higher rate of vertebral count ratio change and low rate of presacral change this implies

that homeotic effects dominated their change in axial body plan and that cervical vertebrae

switched to dorsal vertebrae through shifting regionalisation. A similar pattern is seen in

the more highly nested rhomaleosaurids.

Elasmosaurids derived an increased relative neck length. This was accompanied by

high rates of change in presacral count and low rates in change of ratio, over long branches

on the tree. This suggests that pleomerism generated the high presacral counts (i.e. the ba-

sic material required for a long neck) but that slow change in regionalisation over a long

period of time lead to the eventual extreme vertebral count ratios. Thus both somitoge-

netic and homeotic effect were important in elasmosaurids. There is a decrease in presacral

evolutionary rate in the most derived elasmosaurids. These are the taxa with some of the

highest overall number of presacrals; there are other taxa which had slightly higher pre-

sacral counts that still show high rates (e.g. Elasmosaurus platyurus), but they have shorter

necks in terms of absolute length. It is possible therefore that this slowing represents ar-

rival at an upper bound in the trend of increased total body length based on functional
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5.2 Rates of axial body plan evolution

Table 5.3: Developmental processes controlling evolution of body plan in subclades

Clade Dominant effect

Spine taxa Both
Placodontia Both
Pachypleurosauridae Homeotic
Nothosauroidea Homeotic
Pistosauridae Both
Rhomaleosauridae Homeotic
Pliosauridae Homeotic
Microclididae Homeotic
Cryptocleididae Homeotic
Leptocleidia Hometotic
Elasmosauridae Somitogenetic

This shows the dominant developmental process that was changing within each subclade to produce the
resulting changes in body plan. Spine taxa indicates nodes which do not lead directly to tips and are not
nested within a subclade.

constraint, but this would have to be tested further.

Overall these results indicate that for more generalised body morphologies, changes in

axial vertebral proportions were achieved by homeotic effects, but in the parts of the tree

that show the greatest difference in neck compared to the body length (either a very short

neck or a very long neck; placodonts [e.g. 7 cervicals to 19 dorsals in Placodus gigas]

and elasmosaurids [e.g. 60 cervicals and 19 dorsals in Hydrotherosaurus alexandrae]),

somitogenetic effects also played a part or dominated.

The results are consistent with the hypothesis that change in relative axial body lengths

occurred mainly through embryonic processes, rather than post-embryonic differential

somite growth. Somitogenetic and homeotic effects were coupled on nodes along the spine

of the tree located between branches that showed stable rates over time. Where change in

body proportions did occur it involved changes in regionalisation, but for extreme body

morphologies somitogenetic effects also contributed to the pattern. This suggests that the

generation of body plans corresponding to higher level groups was generated by coupled

somitogenesis and homeotic effects. Modification from these basic body plans within

clades was mainly achieved through changes in regionalisation, and this was decoupled

from somitogenesis. High rates of shifting regionalisation could occur without a simulta-

neous high rate of change in vertebral count, but not vice versa. One possible explanation

for this could be that changes in Hox patterning have a subsequent effect on the somitoge-
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netic clock, as regions are established in the pre-somitic mesoderm before somitogenesis

begins, but the details of these biological mechanisms have not yet been fully uncovered.

5.3 Modelling macroevolution across the Triassic-Jurassic

boundary

5.3.1 Background

A key hypothesis that has been proposed is that sauropterygians experienced a change in

evolutionary constraint at the Triassic-Jurassic transition. This is based upon an expansion

of range of limb proportions, body size and axial proportions observed in Plesiosauria,

compared to Triassic taxa, and through time in the Jurassic (Benson et al., 2012). One

possible explanation for the observed increase in body plan disparity in Plesiosauria as

compared to basal taxa is that basal sauropterygians were under environmental functional

constraint imposed by terrestrial ability or retention of the features associated with it, and

that following the transition to open water this constraint was released. An alternative ex-

planation is that developmental constraints within the clade prevented rapid rates of evo-

lution, until this was overcome in the lineage leading to Plesiosauria, which then radiated

into the many niches available. In this scenario either the radiation was facilitated by high

rates of change in various aspects of body plan, or radiation into new niches facilitated

high rates.

Previous workers have shown that there were correlated trends in plesiosaurian body

size and locomotion, as well as a correlation between limb proportions and axial body

length ratios (O’Keefe and Carrano, 2005). The main trend shown was towards large body

size in tandem with increased constraint (i.e. a restriction on the variety of relative pro-

portions) on the ratio of segment lengths within each limb. These correlations resulted in

the ‘plesiosauromorph’ and ‘pliosauromorph’ morphotypes seen in the Plesiosauria (Ta-
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ble 5.1), as well as the original confusion in taxonomic classifications based on gross body

morphology (Andrews, 1910b, 1913; Persson, 1963). In addition it has been suggested that

limb proportions in basal sauropterygians were constrained by the requirements of terres-

trial locomotion imposed by a semi-aquatic habit, which were features such as jointedness

and relatively equal segment lengths that allowed for body mass support (Storrs, 1993).

Here I test whether change in rate of limb proportions (again using AUTEUR), repre-

sented by ratios of the humerus to the radius and humerus to the femur, is consistent with

the hypothesis that the evolutionary transition to open water during the end of the Triassic

and beginning of the Jurassic represented a change in constraint, facilitating evolution of

new limb configurations. I then use evolutionary model fitting to test the hypothesis that

there was a release in constraint during the Tr/Jr boundary and transition to open water,

and attempt to identify whether patterns are consistent with functional, developmental, or

a combination of both types of constraint.

An additional claim that has been made in relation to sauropterygian (and plesiosaurian

specifically) evolution is that the pliosauromorph body plan represents an adaptive peak

in the evolutionary landscape, towards which different lineages have repeatedly evolved

(O’Keefe and Carrano, 2005). This body plan appears separately in three lineages: poly-

cotylids within leptocleidians, rhomaleosaurids and pliosaurids. The key features of a

pliosauromorph body plan, implied as the optima for this adaptive peak, are outlined in

Table 5.1. Body plans of basal taxa can also be defined by these characteristics and it may

be interesting to investigate how basal body plans relate to more derived body plans based

upon ratios.

1. I tested whether there was a change in evolutionary regime for sauropterygians at

the Triassic-Jurassic boundary. This hypothesis would be supported if rates of evo-

lution showed a difference either side of the boundary, and if Hansen models that

incorporate a regime change at the boundary are a better fit to the data than single

regime models.
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2. I tested whether the pliosauromorph body plan represented an adaptive peak through-

out Sauropterygian evolutionary history. This hypothesis would be supported if re-

sults from the adaptive peak analysis showed that a model where taxa with this body

plan were convergent was the best fit to the data.

5.3.2 Methods

The first method I used to address this second set of hypotheses was the same as one used

in the previous section - AUTEUR - to estimate evolutionary rates of continuous traits

along branches of a phylogeny, as a parameter in a Hansen model. In addition to this I

used three other methods outlined below. The set of phylogenies used for this analysis

was the same as the set of 100 trees used for the analyses in the previous section, except

for when a particular measurement could not be made for a taxon, in which case this taxon

was dropped from the phylogeny and the analysis.

5.3.2.1 Phylomorphospace analysis

I plotted tip and node values through time on a phylogeny, to get an overview of change

in phylomorphospace occupation through time. To do this, initially I performed phylo-

genetic size correction on neck, cranium, humerus and radius lengths using phy.resid

in R package phytools (Revell, 2012). This requires calculating residuals of phylogenetic

generalised least squares regression of each variable against trunk length, as a proxy for

body size, these residuals are then used in subsequent analyses (Revell, 2009). I then esti-

mated ancestral states in neck-skull and humerus-radius traitspace under Brownian motion

using a maximum likelihood estimator. The relationships between these relative lengths

are a major defining characteristic of plesiosaurian taxa (O’Keefe, 2002) and also varied

within basal groups, so can provide a helpful indication of body plan variety.
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5.3.2.2 Regime change modelling

Following the phylomorphospace analysis I performed a more rigorous analysis to es-

tablish whether change in phenotypic traits of sauropterygians through time was consis-

tent with a change in evolutionary regime at the Triassic/Jurassic boundary. To do this I

fit seven different Hansen models to various individual traits and then compared Akaike

weights (calculated using the Akaike information criterion - AIC) to find the model with

the best fit to the data. A Hansen model is a model of evolutionary change with parame-

ters σ2 (step variance), θ (the optimum trait value) and α (strength of selective constraint)

(Hansen, 1997; Butler and King, 2004). Brownian motion is a special case of a Hansen

model where α is zero. Akaike weights are a method of model selection, where better

fitting models have a greater weight, but additional parameters within the model incur a

penalty (Burnham and Anderson, 2002). Akaike weights for a set of models fit to the same

data sum to unit and support for each model can therefore be expressed as a percentage

and considered an estimate of the probability of that model being the best model for the

data, out of the range of models tested (Burnham and Anderson, 2002; Bapst, 2014a).

I chose to fit models to univariate data so that patterns could be compared between

traits and potentially be brought to bear on the question of whether functional or develop-

mental constraint was more important. The four traits I modelled were the ratio of neck

length to trunk length, the ratio of the cervical to presacral count, the ratio of the humerus

to the femur and the ratio of the humerus to the radius. The first two traits contribute to

the question of how axial body plan of Sauropterygians evolved through the Mesozoic and

whether there was a change in constraint on the axis. The second two traits contribute

to the question of whether functional constraint was imposed by the shallow water habit

of Triassic sauropterygians, and then released when plesiosaurians made the evolutionary

transition to an open water habit after the start of the Jurassic.

I fit seven models to the data, these were 1) single rate Brownian motion (BM1), 2)

Brownian motion with one shift in rate (BMS), 3) a single rate Ornstein-Uhlenbeck model
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(OU1), 4) OU with one shift in trait mean (OUM) 5) OU with one shift in trait mean and

rate (OUMV) 6) OU with one shift in trait mean and strength of selection (OUMA) and 7)

OU with one shift in trait mean, rate and strength of selection (OUMVA) (Beaulieu et al.,

2012). These models were chosen because when compared they can be used to identify

whether a one or two regime model is a better fit to the data, and which parameter (step

variance, trait optima or strength of selective constraint) was most important in explaining

the shift in regime, if there was one.

This analysis, unlike the previous rates analysis, requires a priori specification of evo-

lutionary regimes of the tips. This means it can be used to test a specific hypothesis of

a regime change at a particular point in the phylogeny - in this case the Jurassic-Triassic

boundary and the division between plesiosaurians and all other sauropterygian taxa. If any

of the two regime models (models 2, 4, 5, 6 and 7) have the best support under AIC for a

trait, this would indicate that a model with a shift in evolutionary regime at the boundary

is better supported by the data than a model where there is no shift in evolutionary regime

at the boundary (models 1 and 3). This would therefore support the hypothesis of a shift

in regime at the Triassic-Jurassic boundary.

5.3.2.3 Adaptive peak modelling

To test whether the appearance of pliosauromorph body types is consistent with an adap-

tive peak model, rather than passive exploration of available trait space at different points

in time, I used an iterative Hansen modelling process available in the package surface in

R (Ingram and Mahler, 2013). The purpose of this function is to identify branches on the

phylogeny that share trait optima. There is no prior definition of expected lineages sharing

the same optimum; it can therefore be used to find lineages in different parts of a tree which

converge. The modelling process makes a forward and backward pass; during the forward

pass it iteratively tests fit of different OU models to the data by merging and splitting

branches’ trait optima and comparing AICs. Once it has converged on a low AIC solution
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it moves back down the tree collapsing branches with one trait optimum to share the same

as another and maintaining the change if it produces a lower AIC. Any taxa that have

converged upon the same adaptive peak would show as the same branch colour/optimum

after the final iteration, even if they are in different parts of the phylogeny. In this way the

function can detect evolutionary convergence of phenotype. If the pliosauromorph body

type does indeed represent an adaptive peak, taxa with this body type should share trait

optima.

I conducted the analysis on features of body plan that are classically associated with

the difference between pliosauromophs and plesiosauromorphs; neck to body length ratio,

skull to body length ratio, humerus to femur ratio, humerus to radius ratio and ischium to

trunk length ratio. I tested each trait individually and then combined them and tested the

multivariate dataset.

5.3.3 Results and discussion

5.3.3.1 Hypothesis one

For the neck-skull phylomorphospace basal taxa occupy a slightly smaller area in com-

parison with their younger relatives, but plesiosaurian taxa occupy a different part of the

space suggesting that they were able to explore areas unavailable to earlier taxa. This is

consistent with either a pattern of release in constraint or a shift to a new trait optimum, or

both (Fig. 5.10).

In humerus-radius phylomorphospace there is a pattern of restricted ratio between the

two traits in basal taxa, with points occupying quite a large area but along a narrow region

of traitspace. Later taxa diverge into this previously unoccupied space, suggesting a release

in constraint on these traits relative to one another.

The ratio of the humerus to the radius shows a marked change in rates between basal

clades and plesiosaurians (Fig. 5.11a). Rates are consistently low at the base of the tree,

in all non-plesiosaurian taxa, implying that the ancestral ratios were constrained; this is
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Figure 5.10: Different views of a) and b) phylomorphospace plot of phylogenetically size corrected neck
length and skull length on a phylogeny through time and c) and d) phylomorphospace plot of phylogeneti-
cally size corrected humerus and radius length on a phylogeny through time. Each plot has three axes - two
traits and time, where one is not labelled this axis is running directly into the page. Triassic taxa are the red
points and Jurassic and Cretaceous taxa are shown in black. The blue lines highlight the general are where
taxa from the Triassic lie in traitspace in plots b) c) and d).

consistent with the idea that strong functional constraint on limb proportions was present

for these taxa.

The transition to open water occurred on the phylogeny between Augustasaurus hag-

dorni and the plesiosaurian stem. This is the point in the tree where there is an initial

shift to fast rates of evolution in limb proportions. Although this decreases again in early

plesiosauroids, including Microcleididae, it is maintained across the rest of the clade. This

implies that the functional constraint that basal sauropterygians were under was released
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Figure 5.11: Representative trees showing rates of evolution of limb ratios. Colours represent the same as in
figure 5.8. a) Rate of change in ratio of humerus to radius. b) Rate of change in ratio of humerus to femur.
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and that plesiosaurian taxa evolved different limb configuration strategies corresponding

to different locomotive styles (Caldwell, 2002).

The rates of the ratio of humerus to femur show a slightly different pattern. Within

basal taxa the nothosaurs show very high rates. This could indicate that nothosaurs had

higher evolutionary plasticity in locomotory style, however, the functional aspects of their

limb configurations have yet to be investigated so this cannot be directly tested. A further

difference is that the rate remains low in the Jurassic within rhomaleosaur and pliosaur

taxa before shifting to higher rates in plesiosauroidea. Equal humerus and femur lengths

imply that both limbs are used for locomotion (either on land or for propulsion in the

water). Some plesiosauroids show an increase in the length of the hindlimb relative to the

forelimb and others a decrease. These patterns are associated with the evolution of the two

morphs, with some leptocleidians gaining longer hindlimbs and a pliosauromorph body

plan and elasmosaurids showing reduction in hindlimbs (O’Keefe and Carrano, 2005).

The fast rates seen in these analyses may have been driven by these two contrasting body

plan trends, but further tests are required to confirm this and can be found in the next

section (section 5.3.3.2).

Overall the results in Figures 5.8, 5.10 and 5.11 give a good indication that there was

a release in constraint at the Tr/Jr boundary. Figure 5.11a in particular shows results that

indicate release of constraint as there is a clear increase in average rate between basal and

plesiosaurian taxa in the ratio of the humerus to the radius. Other traits do not show as

distinct a rate increase but do show changes in the total area or position of morphospace

that taxa occupy.

Moving on to the results of fitting Hansen models to the data. Cervical to presacral

count has the best model support for model 6 (OUMA, Figure 5.12), this means that the

average value of the trait mean and the strength of selection shifted between the two pre-

defined regimes. In this case the trait mean increased and the strength of selection de-

creased (Table 5.4).
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Figure 5.12: Pie charts showing average percentage model support for seven different Hansen models across
a set of 100 phylogenies of Sauropterygia. Models included a shift in parameters (a regime change) at the
Triassic-Jurassic boundary. Model support was calculated using the Akaike information criterion. Details
of each model (identified in the text by the number to the left of the key) and Akaike weights are outlined
in section 5.3.2.2. Some of the seven models fit to each dataset did not receive any support (the single
regime models) and are therefore not included in the pie charts or the key. Acronyms in the key correspond
to which model parameters were allowed to change at the regime shift boundary. BM=Brownian motion,
OU=Ornstein-Uhlenbeck. For the BM model S=trait mean. For the OU models M=trait mean, V=rate,
A=strength of selection.

For the length of the neck compared to the trunk model 6 (OUMA) is by far the best

supported model (Fig. 5.12) as none of the other models were supported at all. The change

in parameters associated with this shift were a decrease in α from an already low value

to close to zero (i.e. almost no selection), and a large decrease in the trait mean. This

is consistent with availability and exploitation of new, previously restricted areas of mor-

phospace becoming available.

For humerus to radius ratio model 7 had the best support and 4 had some support. This

strongly suggests that there was a change in the strength of selection acting on this trait.
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Table 5.4: Results of the Hansen model analysis

Trait Best model Mean Sigma Alpha

Length ratio OUMA Decrease NA Decrease
Count ratio OUMA Increase NA Decrease
Forelimb ratio OUMVA Decrease Decrease Decrease
Forelimb to hindlimb OUMVA Slight increase Slight decrease Similar

This shows which model was the best supported across the 100 trees for each of the different traits, as well
as what direction of shift in each of the model parameters the best model represented.

Average α values across trees decrease from 0.18 to 0.15 and there was a shift to very low

values for σ2.

Humerus to femur ratio had approximately equal support from models 5,6 and 7, which

corresponded to a very small decrease in α and σ2 and an increase in trait mean, when

each of these was allowed to vary. Model 7 (OUMVA) was a bit better supported and in

this model although α changed between regimes, on average over all the trees it stayed

approximately the same but it had very high values for both regimes for this trait at 1.38

and 1.37 before and after the Triassic-Jurassic boundary.

This good support for two regime models (none of the single regime models had any

support for and of the traits) and a consistent reduction in α (selective strength) across

these traits strongly supports the hypothesis that there was a release in constraint on

sauropterygian morphology after the Tr/Jr boundary. However, what type of constraint

this corresponded to is more difficult to establish. Fast rates and some variety in axial

body proportions (e.g. short neck and long body with many vertebrae in Placodus) in

basal taxa demonstrate that earlier clades had the capacity to evolve disparate axial body

proportions, and did so under low constraint on this feature. Limb ratios, particularly the

humerus to femur ratio were highly constrained before the transition to open water, and

although α decreased after this transition it remained high when the trait mean shifted.

Overall this evidence is consistent with high functional constraint on humerus to femur

values but for different locomotory styles before and after the boundary, and a release in

environmental constraint in humerus to radius ratios. Axial body proportion results indi-

cate low selection on this trait through time, but potentially a small release in constraint
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associated with the transition to open water.

In summary, my results provide good evidence in support of hypothesis one, that there

was a release in constraint on Sauropterygian body proportions at the Tr/Jr boundary, but

what the nature of this constraint was is as yet unclear.

5.3.3.2 Hypothesis two

In Figure 5.10 it is possible to see that although many taxa do overlap in neck-head

traitspace through time, there does not at first pass appear to be evolution directed towards

a peak, but rather that various clades expanded into the trait space made available after

the Triassic/Jurassic transition. For the main adaptive peak analysis using surface none of

the analyses on single traits strongly supported the hypothesis that pliosauromorph taxa

were converging upon the same trait optimum. In most of the analyses the ancestral trait

optimum was conserved across the tree, or shifted early in the clade’s history and was

then maintained (Fig. 5.13). There are a few examples of convergence between basal taxa

within nothosaurs and pachypleurosaurs but none within plesiosaurian clades for univari-

ate traits (Fig. 5.13, femur, skull and ischium).

In the analysis for the ratio of neck length to body length the pliosauromorph con-

figuration is the ancestral optimum (red) and both microcleidids and elasmosaurids shift

away from this optimum (blue and purple respectively). Skull to body length ratio and

humerus to radius ratio both have a consistent trait optimum across most of the tree with a

few deviations. Ischium to trunk ratio showed almost no change across the tree indicating

that there may not have been enough data to parametrise the model effectively, particularly

as there are large differences in ischium to trunk ratios between sauropterygian subclades

(O’Keefe and Carrano, 2005).

When all five traits were modelled simultaneously in a multivariate analysis it resulted

in a convergence in trait optimum between D. osborni and the derived pliosaurids (red).

Although this is consistent with a pliosauromorph adaptive peak, this tree only contained
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Femur Radius

Neck Skull

Multivariate
Ischium

Figure 5.13: Results of the surface analysis which uses maximum likelihood to identify convergence. The
phylogenies have branches coloured according to matching trait optima. There are five trees corresponding
to five univariate traits, indicated next to each tree, and a multivariate analysis including all five of these
traits. The colours are arbitrary, but branches that have the same colour on one tree have been inferred to be
convergent for the trait(s) analysed for that tree. Where two lineages on the same tree have the same colour
this indicates they converged upon the same trait optimum. Colours do not correspond between different
trees, they only distinguish between optima on single trees. Each terminal branch represents one taxon but
taxon names have been removed for clarity, important features of the plots are explained in the text.
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one Polycotylid taxon and so although this provides evidence for convergence between this

taxon and the pliosaurids, it doesn’t provide evidence for a shared adaptive peak between

polycotylids and pliosaurids generally. Repeated runs did produce the same results, but

with few taxa the model has low power to detect convergence and results should therefore

be interpreted cautiously. If the pliosauromorph body plan really was an adaptive peak we

would expect to see convergence upon a set of trait optima in all taxa which are considered

to be exemplars of this morph, which would include some rhomaleosaurids.

Overall these results are consistent with a scenario where the pliosauromorph body

form does not represent an adaptive peak towards which there was a driven trend of evo-

lution. It may represent a region of traitspace that was explored repeatedly by different

taxa, and evolution may have been restricted to certain areas of traitspace due to the func-

tional problems of others (for example a large head on a long neck seems biologically

implausible). This would be in agreement with the pattens seen in analyses in section 5.3.

Given the vast timescales over which these morphs emerge it might be possible that

the deviation between groups that reach the pliosauromorph body plan through time could

represent shifts in a single adaptive peak in the evolutionary landscape (Hunt and Rabosky,

2014), leading to convergence in general form but different trait optima. However, this is

speculative as the lack of overall variation in optima in the surface analysis does suggest

that there may not have been enough data available in some traits for the algorithm to

effectively estimate convergence. These results should therefore not be taken as definite

evidence against an adaptive peak model of sauropterygian evolution.

5.4 Summary

These analytical methods represent a powerful set of tools for understanding the pattens

and mechanisms of long-term evolutionary change. By making comparisons between

traits, ratios of traits, and results of different methods it is possible to build a detailed
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picture of evolutionary change within a clade.

Results show that changes in axial length proportions were generated by homeotic

and somitogenetic effects, rather than by post-embryonic differential growth, although

some differential growth may have occurred to generate variation about the mean rela-

tionship. In addition they demonstrate that the mechanism of change in body proportions

in sauropterygians varied across time. Often it was controlled by homeotic effects but to

achieve the most extreme morphologies in the group somitogenetic effects were impor-

tant, even if these acted on long timescales. Change in total presacral count and change

in the ratio of cervical to presacral vertebrae was decoupled across nested clades of the

phylogeny with a few key outliers corresponding to high evolutionary rates. Change in

axial and limb ratios confirms that there was a shift in evolutionary regime at the Trias-

sic/Jurassic boundary, consistent with a relaxation of functional constraint, supported by

a two regime model of evolution. Available evidence on the presence of an adaptive peak

corresponding to the plesiosauromorph body plan suggests although there may have been

some convergence from different lineages towards similar trait configurations, for the most

part this body plan was acquired in multiple lineages by passive exploration of the avail-

able trait space, which was functionally restricted, rather than by driven evolution towards

an adaptive peak.

Many new sauropterygian taxa are currently being unearthed, being described, or wait-

ing to be described. This presents an exciting opportunity to greatly expand the size of the

dataset, particularly of Triassic taxa. This will be useful in many respects, not only will

it lead to more accurate timescaling of the phylogeny, but it will enable greater statistical

power in analyses, some of which are currently in the region of the lower limit of sample

size for a valid analysis.
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Conclusions

The potential to use palaeontological data to understand macroevolutionary patterns is

rapidly expanding with the development of new methods and the refinement of old. Palaeo-

biologists and neontologists are making genuine steps towards unified approaches that

capitalise on both the vast record of the history of life available from fossils, and the ex-

tensive detail available from examining modern taxa (Slater and Harmon, 2013; Pennell

and Harmon, 2013; Gavryushkina et al., 2014). However, these unified approaches are

not yet mature, and there are many clades of fossil taxa to which they cannot currently be

applied. These clades still hold interesting information about macroevolution and extinc-

tion on long time scales. In light of this it is important to assess the ways in which such

data can be quantitatively analysed in order to make meaningful inferences (Bapst, 2014a).

Phylogeny is a framework under which these inferences might be made, but is not without

its own challenges (Foote, 1996b; Symonds, 2002). In this thesis I have explored some of

the possibilities of analytical interrogation of palaeontological data in a phylogenetic con-

text, beginning with only taxonomic classification, continuing with cladistically inferred

phylogenies and finishing with phylogenies and continuous trait data. Here I outline and

discuss my conclusions.
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6.1 Taxonomy in phylogenetic comparative methods

Methods that incorporate the influence of shared ancestry, via a phylogenetic framework,

in an analysis of taxon data are now regularly used by palaeobiologists. There is a wide

variety in the perceived ‘quality’ of such phylogenies (for example good resolution and

strongly supported relationships are considered preferable), and there is a significant body

of research on the effects of defects such as polytomies or missing taxa on the results

of PCMs (e.g. Garland and Diaz-Uriarte, 1999; Housworth and Martins, 2001; Stone,

2011; Davies et al., 2012). Cladistic inference methods such as parsimony or Bayesian

estimation can sometimes prove difficult with palaeontological data (for example in very

speciose clades with few distinct characters). It would therefore be desirable to be able to

use the taxonomy of such clades as a substitute for a cladistically inferred phylogeny and

incorporate it into PCMs (Bapst, 2014b).

In the second chapter of this thesis I demonstrate that taxonomic information can in-

deed provide a useful substitute for cladistically inferred phylogenies as a framework for

phylogenetic comparative methods (PCMs), in certain circumstances. This conclusion

validates previous studies where taxonomy was used in this way, and provides an oppor-

tunity for the rich macroevolutionary information contained within some fossil clades to

be accessed. The taxonomy being used should be well studied, relatively stable, and de-

rived from a well sampled record. These conditions apply to phylogenetic frameworks

generally, and taxonomy should be held to the same rigorous standards as the phylogenies

that have previously been considered suitable. The most important thing to note is that

stratigraphic information (the comparative ages of taxa) provides an additional control on

the tree structure. This often reduces the influence of problematic features such as poor

resolution, which may be present in any phylogenetic hypothesis, but can be particularly

prevalent in hypotheses based on taxonomy.

My results showed that large clades produced more consistent outcomes between phy-

logeny and taxonomy. This suggests that it may be particularly advantageous to generate
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‘composite’ trees for use in PCMs, where cladistically inferred relationships or taxonomic

hypotheses within subclades are grafted onto an overall hypothesis of higher level rela-

tionships. In this way taxa for which relationships have been cladistically inferred can be

analysed in combination with taxa for which there is not currently a cladogram, by ‘fill-

ing in the gaps’ with taxonomic information. Taxonomy will be useful for expanding the

temporal and taxonomic breadth of phylogenetic comparative analyses.

6.2 Phylogenetic clustering of extinction

In Chapter 2 I investigated a possible solution to the problem of clades for which no

cladistically inferred phylogenetic hypothesis is available. This situation is most often the

case for invertebrate clades which are highly speciose, well sampled and may have good

stratigraphic constraint, but have a low number of identifiable morphological characters

compared to the number of taxa, making cladistic analysis difficult. In Chapters 3 and 4

I investigated a common alternative type of palaeontological data where taxa are poorly

sampled (often singletons) with poor stratigraphic constraint, but have many characters

and so have robust cladistically inferred phylogenetic hypotheses. This is most often the

case with clades of extinct vertebrates.

Using phylogenetic and range data for three extinct clades of tetrapods, I measured

phylogenetic clustering of extinction during the Permian and beginning of the Mesozoic. I

chose this analysis because the measurement can be made when a phylogeny is available,

but detailed data on potential individual extinction linked traits are lacking. My results

demonstrate that this measurement can provide a useful proxy for non-fossilising extinc-

tion linked traits, particularly for clades which have a robust phylogeny but a low sampling

rate.

The results of the analysis of real data showed that extinction during the Permian and

Early Triassic the three clades (synapsids, temnospondyls and sauropsids) was often phy-
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logenetically clustered but varied across time bins and between clades. The degree of

clustering was not correlated with extinction intensity. The outcomes of analyses of the

phylogenetic clustering of extinction were contingent on many different factors, including

the nature of the evolutionary relationships of the taxa, the sampling rate and the method

used to timescale cladograms. Despite this, when a strong signal was present this was

robust to variation in the input data and methods.

In addition to analysis of real data I performed a simulation study to establish the effect

of factors such as sampling rate, and degree of clustering, on the frequency with which an

accurate estimation of clustering was retrieved, with reference to a measurement made on

a simulated ‘true’ phylogeny. The most important result was that the inclusion of ancestor-

descendant pairs in phylogenies used to measure the phylogenetic clustering of extinction

biases results, due to the pseudoextinctions and pseudosurvivals that it produces. These

two biases can cancel each other out to a certain degree but pseudosurvivals dominate at

high sampling rates, causing an overestimation of how clustered the true extinctions were.

A particularly interesting outcome, when the results from the analysis of real and sim-

ulated data are considered together, is that the strongly clustered signal seen for most of

the evolutionary history of tetrapods should not be possible to detect given that the sam-

pling rate of the tetrapod fossil record is very low. At low sampling rates the measurement

is biased towards showing random or overdispersed extinction. This suggests there are ad-

ditional factors effecting the results from real data, two possibilities are that preservation

was phylogenetically linked, or that geographic distribution of extinctions was correlated

with phylogeny. These are possible areas for future investigation (see section 6.4).

6.3 Evolutionary analyses of Sauropterygia

Following on from the previously outlined analyses that are possible in the absence of trait

data, in Chapter 5 I went on to investigate macroevolutionary patterns relating to the body
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plan of sauropterygians, incorporating methodology from previous chapters with detailed

continuous trait data.

From these analyses I could conclude that continuous trait data and a phylogeny can

be used to test hypotheses about the processes, and perhaps the mechanisms, governing

evolutionary change in the body plan of a large clade over long timescales. This can be

done by making comparisons between results across different analyses and different traits.

From this analysis of evolutionary rates and constraints in Sauropterygia I made several

key findings. First, change in their axial body proportions was controlled by somitogenetic

and homeotic effects during embryonic development rather than differential post-somitic

growth. This stands in contrast to other clades (for example mammals) where a longer

or shorter neck with reference to body size is achieved by lengthening or shortening of

individual vertebrae, and not variation in the number or regionalisation of vertebrae. This

suggests that certain types of developmental constraint present in clades like mammals,

were absent in Sauropterygia.

Second, changing ratios in sauropterygian vertebral count occurred in nested clades

where vertebral count ratio and presacral count were decoupled, rather than on the stem

lineages. This suggests that the establishment of higher level body plans occurred via both

pleomerism and homeotic effects, but modifications from this within nested subclades oc-

curred mainly through changes in regionalisation. Where extreme morphologies occurred

within the subclades somitogenetic effects also contributed, for example during the slow

evolutionary acquisition of extremely long necks in elasmosaurids, and very long dorsal

regions in Triassic taxa.

Third, a change in evolutionary regime and a consequent release in functional con-

straint at the Triassic-Jurassic boundary allowed diversification in limb proportions which

had been restricted to a particular area of morphospace throughout the Triassic. A variety

of evolutionary models fit to the data strongly supported an evolutionary regime change

coincident with the extinction of a majority of early sauropterygians such as placodonts
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and nothosaurs, and a shift in habitat from shallow near shore environments to deeper open

water.

Finally, an analysis to identify adaptive peaks for sauropterygian body plan did not

strongly support continued attraction towards particular axial and limb configurations.

However, given the paucity of data available this did not necessarily rule out the possi-

bility of the presence of an adaptive peak representing a ‘pliosaurian’ body type, to which

multiple lineages converged.

6.4 Future Work

The work I present here hints at some interesting patterns which should be followed up in

future analyses. An important focus for future work, relevant to the whole thesis, will be

to develop more appropriate models for simulating evolutionary histories of fossil clades.

Although the birth-death process based models used in this thesis do provide a good ap-

proximation of the patterns seen in real data there are aspects of real palaeontological

phylogenies that they do not yet fully capture. This is evidenced by the results of Chapters

3 and 4 where real data often show a highly phylogenetically clustered signal at low sam-

pling rates, which is difficult to consistently produce via simulation. One way in which

this could be done is to develop a process-based birth-death model that controls speciation

and extinction events on lineages with input rates across the whole tree or per clade, rather

than per lineage as was used in this thesis. This would allow ‘real-time’ simulation of phy-

logenetically clustered extinction via either heterogeneous extinction rates across clades

and through time, or by controlling the extinction probability of a morphotaxon based on

its evolutionary proximity to other recently extinct morphotaxa.

Updated models such as these would also help to confirm and constrain results in the

analyses of taxonomic classification as a substitute for cladistically inferred phylogenies

(Chapter 2). It would be informative to develop a model approximation of how the real

158



CHAPTER 6

evolutionary relationships between taxa are represented in taxonomies and then, through

a similar method to that used in Chapter 4, compare the outcome of results conducted

on these simulated taxonomy trees and simulated phylogenies. Although as evidenced by

Chapter 2 taxonomy does contain phylogenetic information, the way in which it relates

to real evolutionary relationships is not straightforward and probably varies depending on

both the taxonomist and the original purpose of the classification. Appropriate models

would therefore have to be carefully considered, and may benefit from the incorporation

of simulated morphological trait data.

These developments in simulation method could help to uncover the cause of the dis-

parity between simulation study results and results from real data at low sampling rates,

found in Chapters 3 and 4. This could be achieved by updating the simulation models

of speciation and extinction, and adding in model parameters to create heterogeneity in

preservation through time. In addition to this, one interesting avenue to extend the work in

Chapter 3 would be to construct a larger, more inclusive dataset of tetrapod (or even ver-

tebrate) taxa that continues through the Mesozoic and into the Cenozoic, therefore includ-

ing additional extinction events and large range of climatic variability. This may provide

a means to access the relationship between the phylogenetic structure of extinction and

environmental volatility, or with the ecological impact of extinctions. A prediction based

on the evidence that phylogenetically selective extinctions disproportionately impact bio-

diversity, is that the ecological impact of highly clustered extinction in the fossil record

should be greater than for times of equal intensity but less clustered extinction. This hy-

pothesis is not currently supported by the results presented in this thesis but could be tested

by a comparison of clustering through time and across clades, by applying a quantitative

metric of ecological impact such as lifestyle disparity (Christie et al., 2013).

In Chapter 5 I made progress in the quantitative assessment of the patterns and pro-

cesses of sauropterygian macroevolution. With addition of more Sauropterygian taxa (par-

ticularly from the Triassic) there is an opportunity for further examination of the adaptive
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peak model in macroevolution. This could also be related to the phylogenetic structure

of extinction in the clade to rigorously assess a niche-refilling model, where selective ex-

tinctions against taxa with specialised body plans (e.g. the pliosauromorph body plan), in

times of high ecological stress vacates adaptive peaks that are then refilled in subsequent

radiations.

An extension to this work with the sauropterygian dataset could be comparisons of

vertebral count ratios and axial body proportions in a clade-by-clade analyses of many

other groups to map variation among amniote clades. A particularly interesting compari-

son would be with mammals as their cervical, but not dorsal, vertebral counts are highly

constrained. It may be that the relationship between count ratio and length ratio, and be-

tween count ratios and presacral count varies considerably across clades. A comparison

could be used to test hypotheses about the nature of constraints that control axial body

plans within each individual clade.

The first parts of this thesis provide the means by which previously inaccessible extinct

clades might be mined for knowledge on general patterns and mechanisms of macroevo-

lution, under a phylogenetic framework, and the latter parts provide examples of how

this might be done. Hopefully this will open up many avenues for future investigation of

macroevolutionary patterns by specialists in a wide variety of clades.
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Abstract.—Many extinct taxa with extensive fossil records and mature taxonomic classifications have not yet been the subject
of formal phylogenetic analysis. Here, we test whether the taxonomies available for such groups represent useful (i.e., non-
misleading) substitutes for trees derived from matrix-based phylogenetic analyses. We collected data for 52 animal clades
that included fossil representatives, and for which a recent cladogram and pre-cladistic taxonomy were available. We
quantified the difference between the time-scaled phylogenies implied by taxonomies and cladograms using the matching
cluster distance metric. We simulated phenotypic trait values and used them to estimate a series of commonly used,
phylogenetically explicit measures (phylogenetic signal [Blomberg’s K], phylogenetic generalized least squares [PGLS],
mode of evolution [Brownian vs. Ornstein–Uhlenbeck], and phylogenetic clustering of extinction [Fritz and Purvis’ D])
in order to determine the degree to which they co-varied on taxonomic and cladistic trees. With respect to topology
taxonomies are good approximations of the underlying evolutionary relationships as recorded in inferred cladograms.
Detection of phylogenetic clustering of extinction could not be properly assessed. For all other evolutionary analyses, results
from taxonomy-based phylogenies (TBPs) co-varied with those from cladogram-based phylogenies (CBPs), but individual
comparisons could be misleading. The relative length of terminal branches (influenced by stratigraphy and sampling rate) is
a key control on the shared information between, and therefore the relative performance of, TBP and CBP. Collectively these
results suggest that under particular circumstances and after careful consideration some taxonomies, or composite trees that
incorporate taxonomic information, could be used in place of a formal analytical solution, but workers must be cautious. This
opens certain parts of a previously inaccessible section of the fossil record to interrogation within an explicit comparative
framework, which will help to test many classical macroevolutionary hypotheses formulated for groups that currently lack
formal phylogenetic estimates. [Evolutionary mode; fossil record; PGLS; phylogenetic signal; phylogeny; taxonomy.]

The fossil record yields information on
macroevolutionary patterns that remains inaccessible
from the study of extant organisms alone (Smith
and Turner 2005; Waller 2006; Flynn et al. 2010).
Paleontological data expand our understanding of
evolution beyond the ‘snapshot’ of the present day to
encompass long-term trends and processes that have
acted over the history of life on Earth (Sepkoski et al.
1981; Raup and Sepkoski 1984; Jablonski 2007; Slater
and Harmon 2013; Wagner and Marcot 2013). Early
observations of patterns and apparent trends in the fossil
record (Cope 1887; Osborn 1917; Simpson 1944) inspired
development of many of the phylogenetic comparative
methods (PCMs) presently used to quantitatively
assess evolutionary hypotheses. Current approaches
incorporate a temporally scaled, explicit hypothesis of
relationships among taxa (an inferred phylogeny) in
order to correctly estimate relationships between traits
(Felsenstein 1985; Grafen 1989; Martins and Hansen
1997), investigate the phylogenetic signal of traits (Fritz
and Purvis 2010; Münkemüller et al. 2012), and compare
models of evolutionary mode (Harmon et al. 2003, 2010).

These comparative methods were originally
developed for recent data sets, where detailed
morphological and molecular data can be obtained
and used for explicit, character-based phylogenetic
inference. Many clades have few or no extant species
and yet are diverse and highly abundant in the fossil
record, and have the potential to reveal a great deal
about long-term evolutionary change and mechanisms

(Jablonski 2007, 2008). Unfortunately these same clades
have often not been subjected to formal phylogenetic
analysis for a variety of reasons, the most acute
of which are limited morphological data (Sansom
and Wills 2013) and the time-consuming nature of
morphological phylogenetic systematics relative to
molecular approaches. Consequently, such clades have
not been a major focus of comparative evolutionary
analysis despite the unique ‘deep-time’ perspective
that they provide. An increasing number of workers
circumvent the problems raised by the lack of a formal
phylogeny by executing analyses using PCMs that
incorporate taxonomy (the traditional method of
classification, under the Linnaean hierarchy) at least
as a partial substitute for an analytically inferred
cladogram (Slater and Van Valkenburgh 2008; Roy
et al. 2009; Fusco et al. 2012; Hardy et al. 2012; Benson
et al. 2014) on the basis that morphologically defined
taxonomic classifications closely match trees inferred
from molecular data (Jablonski and Finarelli 2009).
Conversion of taxonomy to a phylogeny and use in a
PCM is now easily achievable using various software
(e.g., the ape and geiger packages in R [Paradis et al.
2004; R Core Team 2013; Pennell et al. 2014] each provide
functions for this task), which further facilitates and
encourages this practice.

The response of PCMs to various factors has largely
been characterized for ultrametric trees of extant groups
(Housworth and Martins 2001; Davies et al. 2012).
Phylogenetic independent contrasts (Felsenstein 1985)

1
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and phylogenetic generalized least squares (PGLS)
(Grafen 1989; Martins and Hansen 1997) in particular
have been shown to be robust to inaccuracies in
branch lengths (Garland and Diaz-Uriarte 1998), and
inaccuracies in topology (Symonds 2002; Stone 2011)
especially in cases where branch lengths are known
(Purvis et al. 1994). Use of taxonomy for extant data
sets has previously been rejected in favor of performing
PCMs on large sets of random possible trees (Losos
1994; Martins 1996), but other workers have suggested
that this approach is at best equivalent to using the
raw data, without a phylogenetic correction (Abouheif
1998; Symonds 2002). Taxonomy therefore potentially
represents a viable middle ground that contains useful
information on evolutionary relationships and, in the
case of fossil data, information on branch lengths based
on the stratigraphic distribution of fossils.

However, taxonomies could represent inaccurate
topologies and are more poorly resolved relative to
formal solutions (Harvey and Pagel 1991; Kroh and
Smith 2010). The effects of these issues on downstream
PCMs are not well understood and have not been directly
tested in the context of paleontological data sets, where
the application of taxonomies in place of phylogenies
is most likely to occur. It is therefore important to
understand the adequacy of these topologies when they
are used in this context, to assess the validity of work
that has already been done, and define guidelines for the
limits of acceptable use in the future. We seek to constrain
this problem through a series of experiments using
taxonomies and more recently published cladograms
for various animal clades. Our approach assumes that
the results of formal phylogenetic analysis—the ‘gold
standard’ for the application of PCMs to paleontological
data—capture the true topology and, after time-scaling,
the true branch length of the underlying phylogeny. We
make these assumptions because they match those made
when a PCM is applied using a cladistically inferred
phylogeny of fossil taxa. We simulate continuous
characters on the cladistically inferred phylogeny, then
estimate relevant values using both this phylogeny and
a phylogeny derived from taxonomy.

The question of whether cladistically inferred
phylogenies of fossil taxa are in fact suitable for use
in these kinds of analyses in the first instance is not
one that we address here, and is under investigation by
other workers (Bapst 2014). Comparative studies in the
fossil record are performed under the widely accepted
assumption that a correction using an analytically
inferred phylogeny of fossil taxa produces more
reliable results than an analysis with no phylogenetic
correction (Felsenstein 1985; Laurin 2004; Brusatte et al.
2011). Increasing numbers of studies also assume that
taxonomy is a suitable (at least partial) substitute for
an analytically inferred phylogeny (Slater and Van
Valkenburgh 2008; Roy et al. 2009; Turvey and Fritz
2011; Fusco et al. 2012; Hardy et al. 2012; Benson et al.
2014) and it is this second assumption we aim to test.
We use a comparison between results from these two
alternative phylogenetic frameworks to develop and

present practical guidelines for incorporating taxonomy
into PCMs when a formal cladistic solution is not yet
available, and discuss the degree to which this approach
can be applied in a paleontological framework.

MATERIALS AND METHODS

Taxonomies and Formal Phylogenetic Solutions
We examined 52 animal groups for which both

a recently published explicit phylogenetic hypothesis
and a traditional taxonomy that predated the most
recent cladogram were available. The taxonomies
used here can be considered a ‘worst-case scenario’,
as they are precladistic, and were the (historically)
earliest classification we could find that included a
sufficient sample of taxa. More recent taxonomies—
many based on formal cladistic solutions—are now
available for these clades, so our estimate of the
success of a taxonomy relative to a cladogram is
a conservative one. The data set comprised seven
invertebrate clades and 45 vertebrate clades, including
28 tetrapod groups and 17 non-tetrapod vertebrate
groups; these are listed in online Appendix 1, available
on Dryad at http://dx.doi.org/10.5061/dryad.pt3qm.
Some cladograms were sourced from the same clade, but
contained different taxa and so were used as separate
data sets (e.g., we included three different bivalve data
sets). These studies are the total set of clades for which
we could find an appropriate taxonomy and cladogram
that contained enough matching taxa for a PCM to
be run on the tree, after taxa not present in both
were removed. This has led to a vertebrate-heavy data
set, as this clade is the overwhelming focus of formal
phylogenetic inference in the fossil record. Invertebrates
(e.g., bivalves or marine arthropods) are comparatively
underrepresented in formal phylogenetic analyses and
so make up a smaller component of our data set
than vertebrates, despite having a more extensive fossil
record. Many of the taxonomies were taken from the
same publication (Romer 1945) as this was the most
comprehensive (and for many clades the only) pre-
cladistic taxonomy available. We included other sources
where possible to provide a comparison to ensure
there was no systematic bias in results produced using
taxonomies from Romer. All but one of the classifications
are at the generic level, thereby reducing the potential
influence of different authors tendency to ‘lump or split’
fossil species.

For each example, we investigated the degree to
which evolutionary inferences drawn from taxonomy-
based phylogenies (TBPs) matched those derived
from cladogram-based phylogenies (CBPs). We took
this approach based on the following assumption:
a comparison between out-of-date taxonomies and
current phylogenetic solutions is equivalent to a
comparison between current taxonomies and the
hypothetical phylogenetic solutions of the future for
groups that do not currently have them. For the purposes
of our analyses, we assume that the branching structure
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provided by a CBP matches that of the true phylogeny. As
such, our assessment of the success of CBPs in capturing
evolutionary processes and patterns should be viewed
as maximally optimistic and our results should not be
taken as evidence for or against the capacity of these
methods to capture real patterns. In particular, because
our trait data are simulated, none of the analyses provide
any information on real patterns in these groups.

Conversion of Taxonomies and Cladograms into Phylogenies:
Tree Construction and Time-Scaling

All tree manipulation and analyses were performed
in the R software environment (3.0.2; R Core Team
2013). Topologies derived from cladograms and
taxonomies were time-scaled in order to produce
phylogenies (method outlined below). References
and details for the source topologies are shown
in online Appendix 1, available on Dryad at
http://dx.doi.org/10.5061/dryad.pt3qm. All data sets
are at the generic level except that for tetraodontiform
fishes, where species-level classifications and range
data were available. When selecting cladograms we
used whichever tree topology the original authors
had applied for phylogenetic comparative analyses (if
included), or the topology preferred by the original
authors in the absence of further analyses within
the publication. This was to ensure that our data set
included topologies that would be the most likely
to be accepted for use with PCMs incorporating
paleontological data. Our data set therefore included
solutions arising from Bayesian, maximum-likelihood
and maximum parsimony inference. The literature used
to obtain taxonomies only contained one classification
scheme for each clade, and this was converted in to a tree
structure as a series of nested polytomies corresponding
to each taxonomic rank (Fig. 1).

Taxonomies by nature contain many polytomies
when directly plotted as trees (e.g., if there are five
genera contained within one family, these genera would
be depicted as a single multichotomy, unless sub-
familial relationships had been proposed). These were
left as hard polytomies to represent the maximum
amount of resolution based on available information,
except where the PCM required a fully resolved
tree (mode of evolution). In preliminary analyses
(Supplementary Material: Results, available on Dryad
at http://dx.doi.org/10.5061/dryad.pt3qm), executing
simulations where (i) taxonomies were randomly
resolved before time-scaling or (ii) random trees used
for comparison were collapsed to have the same number
of internal nodes as the TBP did not make a notable or
systematic difference to the outcome. This is consistent
with previous work showing that the inclusion of
polytomies in a phylogeny for a PCM does not bias the
result and has a negligible effect on the rate of type I error
(Garland and Diaz-Uriarte 1999; Stone 2011). Housworth
and Martins (2001) provide a method by which error
caused by uncertainty in relationships within a polytomy
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Solemya
Acharax
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Buchiola
Eopteria
Necklania
Slava
Cardiola
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Opisthocoelus

Praecardiinae
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           Isoarcidae
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FIGURE 1. Method for converting a taxonomic classification to a
cladogram that can then be time-scaled with fossil range data to make
a phylogeny. Taxa that are in the same group at a particular rank are
combined in a polytomy, starting at the genus level and moving toward
the root of the tree. a) The original classification as published. b) The
resulting cladogram after conversion, before time-scaling.

can be incorporated into estimates of error bounds for the
test statistic in a PCM.

Cladograms of extinct taxa can be scaled according
to the first appearance date (FAD) of each taxon to
generate phylogenies with branch lengths representing
the amount of time since sister taxa diverged (Lloyd et al.
2012; Bapst 2013, 2014). The branch lengths are estimated
based on the FAD of each taxon in the fossil record,
and the assumption that the divergence between two
lineages must have occurred, at the latest, at the FAD of
the older taxon. Some analyses also require an estimate
of the last appearance date of a taxon (e.g., measuring
the phylogenetic clustering of extinction) to estimate a
taxon duration. First and last possible appearance dates
for all taxa derived principally from the Paleobiology
Database (PaleoBioDB; www.paleobiodb.org last
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accessed March 30, 2015). These data were modified
where the taxon was known to be extant, and
where investigation of outliers showed an incorrect
assignment. Where these data were not included in the
PaleoBioDB, they were taken from literature detailed
in online Appendix 1, available on Dryad at http://
dx.doi.org/10.5061/dryad.pt3qm. These first and last
occurrences are unlikely to correspond precisely to
the real origin and extinction times, because the fossil
record is not continuous. Therefore, several methods
have been developed to estimate divergence dates and
lineage durations that are a closer approximation to real
divergences than the raw first and last occurrence dates
of fossil taxa (e.g., Lloyd et al. 2012; Bapst 2013; Lee et al.
2014). A further complication with many of the taxa that
we used is that they are point occurrences, meaning
that only one specimen, or a few specimens from the
same bed, have been found. In this case the date is often
only known to stage-level precision. For these taxa the
ages in Ma for the FADs were drawn randomly from
a uniform distribution specified by the beginning and
end date of the stage in which they were found.

We time-scaled all the trees using the minimum
branch length (mbl) method as originally implemented
in R by Lloyd et al. (2012) and incorporated into the
paleotree package (Bapst 2012). This is a commonly
used time-scaling method in paleontological analysis
that avoids the problem of analytically intractable
phylogenies caused by zero-length branches (ZLBs).
Having zero length internal branches effectively creates
a polytomy. Analyses are possible if these ZLBs are
treated as hard polytomies, however, we have positive
information that a bifurcation occurred and that these
branch lengths were not in fact zero, and therefore
should not be expressed as a polytomy. Divergences are
dated according to the FAD of the sister group to the
clade, and then any branch that is shorter than a specified
length of time (for this study we used 1 myr) is extended
to this length. Significantly more complex approaches
to calibrating paleontological trees are available but
the information needed to perform them is not readily
available for the majority of our data sets, and would
be unavailable for many of the clades for which
authors may want to include taxonomic information.
For example, some methods require the clade to include
extant taxa (Pyron 2011; Ronquist et al. 2012; Nowak
et al. 2013). The latest total evidence dating, or fossil
tip dating methods based on so-called morphological
clocks require a character matrix to simultaneously
estimate phylogenetic topology and branch lengths
(Lee et al. 2014), which is by definition unavailable
for taxonomies without formal phylogenetic solutions.
Other methods require estimation of branching,
extinction, and sampling rates (Bapst 2013), which is
not possible with the point occurrence data that we
have for many of the clades in our data set. For some
well-sampled clades it may be possible to use a more
sophisticated method than mbl (particularly cal3 [Bapst
2013]), and we encourage workers to use the most
suitable time-scaling method available, as improvement

in accuracy of branch length can lead to improvement of
performance in analyses (Bapst 2014).

Tree Similarity
We used the matching cluster (MC) distance metric

(Bogdanowicz and Giaro 2013) to measure the similarity
of each TBP to its equivalent CBP based on differences
in branching pattern, implemented using TreeCmp in
Java (Bogdanowicz et al. 2012). The method divides
the tree into clusters such that all the branches of the
tree are included; a single cluster contains all the tips
that descend from a particular internal node. Each
cluster is matched with one from the other tree for a
pairwise comparison. For each pairwise comparison the
“symmetric difference” is calculated. This is the total
number of differences in taxon positions between one
cluster and the other, weighted by the proximity of
each taxon to the root of the tree. This difference is
summed across all matched pairs to obtain a total value.
The method searches across all possible permutations
of clusters and matchings to find the minimum total
value possible, this is the “minimum-weight perfect
matching” or the MC distance (Bogdanowicz and Giaro
2013). We found the significance of this value by: (i)
simulating random trees with the same number of taxa;
(ii) time-scaling these random topologies using the same
data with which we time-scaled the cladogram and
taxonomy; and (iii) calculating their MC distance in
order to generate a distribution against which to compare
our empirical values. This method shares some of its
basis with the commonly used Robinson–Foulds (RF)
distance (Robinson and Foulds 1981). However, the null
distribution generated for MC is unimodal and close to
Gaussian, as opposed to the null distribution for the
RF distance which is often bimodal. Furthermore, the
metric itself is more robust; RF distance can respond
drastically to small changes in the position of terminal
nodes (e.g., moving one terminal branch to a different
position can generate the maximum RF distance [Xin and
Li 2014]), MC distance does not suffer from this problem
(Münkemüller et al. 2012). We also tested the correlation
between the CBP and TBP variance–covariance matrices
using Pearson’s product moment correlation coefficient.

Relative Performance of Cladogram and Taxonomy-Based
Trees in PCMs

We estimated four phylogenetically explicit measures,
using a variety of packages from the statistics computing
environment R (Table 1). The details of all the
steps used for investigation of each method are
shown in online Appendix 2, available on Dryad at
http://dx.doi.org/10.5061/dryad.pt3qm.

Phylogenetic signal.—We simulated trait data on the
CBP under a Brownian motion (BM) model with
�2 =1 (step variance) and �=0 (mean) then followed
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TABLE 1. Downstream analyses tested, and the R package and function implemented

Measurement Metric R package—function

Phylogenetic signal Blomberg’s K picante—Kcalc (Kembel et al. 2010)
Clustering of extinction Fritz and Purvis’ D caper—phylo.d (Orme et al. 2012)
Mode of evolution Model and Akaike weights OUwie—OUwie and OUwie.sim (Beaulieu et al. 2014)
Phylogenetic generalized least squares PGLS slope caper—pgls (Orme et al. 2012)

the steps in online Appendix 2, available on Dryad
at http://dx.doi.org/10.5061/dryad.pt3qm. After
simulation we controlled the strength of signal using
equation (1) as proposed in Münkemüller et al. (2012)
to make three sets of simulations with weak, medium,
and strong signal:

trait=w ·traitBM +(1−w)traitrand (1)

where traitBM is a set of trait values simulated under
pure BM with � = 0 and � = 1. traitrand is the same
values randomly shuffled over the tips of the phylogeny
to produce a set of random trait values. The weighting
factor w is then used to control which component has
the larger influence, on a spectrum from completely
Brownian (strong signal, w = 1) to white noise (weak
signal, w = 0), with a medium signal using w= 0.5. We
then z-transformed all values in order to standardize
results.

Phylogenetic generalized least squares.—We simulated sets
of coevolving traits with a phylogenetic regression slope
of 0.3, and used the TBP and CBT to estimate a value
for the slope of each set of simulated traits, according
to the steps in online Appendix 2, available on Dryad at
http://dx.doi.org/10.5061/dryad.pt3qm.

Mode of evolution.—We simulated data using either
a Brownian or Ornstein–Uhlenbeck (OU) model of
gradual change. We then used likelihood analysis
and the Akaike information criterion (with a
correction for small sample sizes [AICc] [Burnham
and Anderson 2002]) on the TBP and CBP with the
same simulated trait data to identify which model
(Brownian or OU) had greater support, and whether
this corresponded to the model originally used, via
the steps in online Appendix 2, available on Dryad
at http://dx.doi.org/10.5061/dryad.pt3qm. For all
simulations �2 (step variance) was set to 1, � (the
optimum trait value) was set to 0, and was the same as
the ancestral value, � (strength of the selective constraint
in OU model) was set at 0.1 and 0.05, respectively, for two
different sets of simulations. We chose these � values
to be biologically realistic for consistent comparisons
between TBPs and CBPs. However, the ability to detect
an OU model scales with tree height, so in order to make
a comparison of TBP suitability across trees of different
heights we also provide results of an analysis where
� for each simulation corresponded to a phylogenetic
half-life of one-fourth of total tree height for each tree.
In addition, we selected clades where the model used

for simulation was consistently the model with greater
support on both the CBP and TBP and recorded the
parameter estimates for � and �. This was to test not only
whether the original model could be identified on the
TBP, but that the values estimated for these parameters
were representative of the parameter values estimated
on the CBP. We chose to present AICc weights as this is
the most commonly used procedure in paleobiological
studies, where often several models are being compared
(Fusco et al. 2012; Sallan and Friedman 2012; Lloyd and
Friedman 2013; Soul et al. 2013; Bapst 2014). However,
as we were only comparing two nested models, we
also performed likelihood ratio tests using the �2

distribution in line with some other studies (Finarelli
2010; Friedman and Brazeau 2011) and provided the
results in Supplementary Material, available on Dryad at
http://dx.doi.org/10.5061/dryad.pt3qm, for reference.

Phylogenetic clustering of extinction.—Detection of
phylogenetic clustering of extinction could not be
properly assessed. The method requires time-slicing
each phylogeny, thereby reducing the number of taxa
included. This rendered the majority of our data sets
too small to obtain a robust result. However, we have
included a full description of the method and our
results in online Appendix 3, available on Dryad at
http://dx.doi.org/10.5061/dryad.pt3qm.

Vital statistics.—We collected a set of vital statistics
for each clade in order to examine the degree to
which these might co-vary with similarity between
CBPs and TBPs: number of taxa, taxonomic resolution,
taxonomic stratigraphic consistency index (Huelsenbeck
1994), the number of ranks included in the taxonomic
classification, the overall length of the tree and the
average number of co-occurring lineages. Taxonomic
resolution is a measure of the proportion of internal
nodes that are bifurcating. Number of ranks is a count of
the number of Linnaean ranks including any informal
ranks the author had used (e.g., tribe, infraclass)
encompassed by the taxonomy (e.g., a taxonomy that
includes genus, tribe, family, and order groupings has
a score of 4). Stratigraphic consistency is a measure
of how well the appearance and disappearance of
taxa in the record matches their position in the
tree. We performed regression analyses using these
characteristics as independent variables to predict the
values of summary statistics for the MC distance and
PCM results. This provided a measure of which features
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of a taxonomy can be used to give an indication of
whether it is likely to be suitable for use in analyses
incorporating a PCM.

Extended range analysis.—This analysis assessed the effect
of using fossil data that includes ‘singletons’ (taxa known
from a single sampling horizon), versus taxa that have
many occurrences through time and potentially better
constrained FADs. There are two possible causes of
singletons: (i) the extinction rate of the lineage was high
(i.e., its evolutionary duration was genuinely short) or
(ii) the lineage is poorly sampled. Many of the clades
in our data set are composed of singletons, and this is
often the case with fossil vertebrate clades (e.g., Brusatte
et al. 2008; Benson and Druckenmiller 2013). For this
reason there are few reliable estimates of sampling
rates for vertebrate groups, as these estimates require
some of the taxa to have more than one occurrence
(although see Foote and Sepkoski 1999; Foote et al. 1999;
Friedman and Brazeau 2011). However, if a clade was
widely distributed, abundant, or lived in a place where
preservation potential was high (e.g., shallow marine
settings with a high sediment influx), we might expect
higher sampling rates leading to fewer or no singletons
and better constrained divergence dates. This scenario is
more in line with much of the invertebrate fossil record
(Foote and Raup 1996; Foote and Sepkoski 1999). Many
of the taxa in our data sets are singletons; to represent
the alternative situation with a higher sampling rate
including few or no singletons, we made the FAD of each
taxon the beginning of the stage in which it occurred, and
made the sampled population (the tip of each branch, at
which trait values are measured) the end of the stage in
which it occurred. This introduces more shared branch
length between the CBP and TBP and is intended to
represent a scenario in which we have good stratigraphic
constraint on FADs and later occurrences. We performed
the phylogenetic signal and PGLSs analyses on these
trees with greater shared branch length.

RESULTS

Results from all simulations and analyses, including
preliminary analyses and the data and R code used can
be found in the Supplementary Material, available on
Dryad at http://dx.doi.org/10.5061/dryad.pt3qm.

Tree Similarity
TBPs are a good match for the most recent CBPs.

The majority of MC distances between the TBP and
CBP are significantly (� = 0.05) smaller than random
with larger trees (more than ~20 tips) showing a better-
than-random match more consistently than smaller
trees (Fig. 2). In addition there are strong significant
correlations between the variance–covariance matrices
of the TBP and CBP for each clade; 35 out of 52
clades have correlation coefficient (r) estimates of
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FIGURE 2. MC distance for overall tree similarity. Histogram
of significance values for the MC distance between the TBP and
CBP. Values at less than p=0.05 show clades for which the TBP is
significantly more similar to the CBP than random trees that have been
time-scaled with the same fossil range data.

greater than 0.9, and the lowest value of r is 0.6937
for turtles (Supplementary Material: Results, available
on Dryad at http://dx.doi.org/10.5061/dryad.pt3qm).
This shows that, as would be expected, taxonomies are
good approximations of the underlying evolutionary
relationships as recorded in inferred phylogenies.

Phylogeny-Based Analyses
When considered together, the results in the following

sections indicate that in some cases the variation in
topology between the CBP and TBP is sufficiently
small that the results of downstream analyses on a
TBP are unlikely to be misleading, but can be highly
misleading in others. There are some indicators of
whether a taxonomy will be suitable for use in a PCM,
which lead to some general heuristics, but we cannot
propose definitive a priori criteria for isolating which
taxonomies will be sufficient. We therefore advise that
the incorporation of taxonomies into PCMs should be
approached with caution, and assessed on a case-by-case
basis.

Phylogenetic signal.—Values for K obtained using TBPs
(KT) are significant (P�0.0001, null hypothesis is a
regression slope of 0) predictors of values for K obtained
using CBPs (KC) (major-axis R2 = 0.6141, Fig. 3). When
phylogenetic signal is strong, values of KT are generally
an underestimate of values of KC (slope = 1.3246),
whereas when phylogenetic signal is weak, values of KT
are generally a small overestimate of values of KC (slope
= 0.9000). Pvalues show that in most cases KT is not
significantly closer to KC than K measured on random
time-scaled topologies of the same taxa (KR) is to KC
(Supplementary Material: additional figures available
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FIGURE 3. Phylogenetic signal. Correlation between estimated values
of strength of phylogenetic signal on CBP and TBP.

on Dryad at http://dx.doi.org/10.5061/dryad.pt3qm).
This is true for all strengths of phylogenetic signal in
the originally simulated data, although for data that are
strongly phylogenetically structured the test statistic is
significant more frequently, particularly for large trees.
These high p-values are seen when KR is also a good
predictor of KC. This issue is explained fully in the
discussion but can occur because all topologies have
been time-scaled using the same range data.

Phylogenetic generalized least squares.—Phylogenetic
regression slope estimates can be obtained from PGLSs
analysis of trait data on the CBP and on the TBP. When
CBP and TBP PGLS slope estimates are plotted against
one another points lying along the line y=x would
indicate that results from the TBP are not misleading
compared with results from the CBP (Fig. 4a). Points
generally lie close to the y=x line but the major axis
regression slope is 0.7796, meaning that TBPs tend to
produce phylogenetic regression slope estimates that
are larger in magnitude than estimates from CBPs
(Fig. 4a). Practically this indicates that on average,
taxonomy-based analyses overestimate the amount
of co-variation between traits, as would be expected
given their comparatively poor resolution (Felsenstein
1985). There is a significant coefficient of determination
between the two estimates (R2 = 0.6949, P�0.0001).
Phylogenetic regression slope estimates using TBPs are
not always significantly better than regression slope
estimates using time-scaled random topologies (Fig. 4b).

Mode of evolution.—An Akaike weight of greater than
0.5 implies relatively greater support for that model.
The weight for a particular model can be considered
an estimate of the probability of that model being the
best model for the data, out of the range of models
tested (Burnham and Anderson 2002; Bapst 2014). There
was a broader range of model support values using the
TBP than on the CBP for many data sets when the trait

a)

b)

FIGURE 4. Phylogenetic generalized least squares. a) Correlation
between estimated values of slope for PGLS on the TBP and CBP
showing the major axis regression line (MA). b) p-values for the
difference between the slope estimate using the TBP and using the
CBP. These are collective results for all iterations of the test for each
clade.

data were simulated under BM (Fig. 5a). When trait
data were simulated under an OU model, the range
in model support values was generally the same as
or smaller on the TBP than for the CBP (Fig. 5b,c).
When BM was simulated, analyses on the TBP had a
tendency to incorrectly support an OU model whereas
the CBP did not; this was common for larger clades and
a reason for it is outlined in the discussion (Silvestro
et al. Forthcoming 2015). Note that as the models are
nested there is a maximum possible Akaike weight for
BM which depends on the number of taxa; this is clear
from Figure 5a. There were some clades where the result
was directly misleading, and the model used to simulate
the trait data was the best supported model on the
CBP but not the TBP. Examples, however, were rare
(Fig. 5). When OU had been used to simulate the data,
number of taxa in the data set was an important indicator
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a)

b)

c)

FIGURE 5. Mode of evolution. Results from the CBP are shown as white bars, next to the results using the TBP for the same clade shown
as gray bars. Size of each clade is plotted as thin black line. a) Model support (measured as Akaike weight) for a BM model compared with an
OU model, when traits were simulated using BM with � = 1. b) Model support for an OU model compared with a BM model when traits were
simulated using OU with � = 0.05 and � = 1. c) Model support for an OU model compared with a BM model when traits were simulated using
OU with � = 0.1 and �=1.

of correct model identification, with OU consistently
correctly identified on the CBP and TBP for clades
including large numbers of taxa, but not for small clades
where OU was rarely correctly identified on either tree
(Fig. 5b,c). There was a minor increase in the range
of AICc weights estimated for the OU model with a
smaller value of � = 0.05, but it made no difference
to the comparative performance of the TBP and CBP.
Results from �2 tests do not differ qualitatively from the
AICc results (Supplementary Material: Results, available
on Dryad at http://dx.doi.org/10.5061/dryad.pt3qm).
In the analysis where � varied according to tree
height, results were similar to OU results in the main

analysis. However, there were some large clades where
the TBP performed poorly compared with the CBP
(Supplementary Material: additional figures, available
on Dryad at http://dx.doi.org/10.5061/dryad.pt3qm).
These clades were those that included many extant taxa
(e.g., bivalves and modern birds); an explanation of this
effect is provided in the discussion.

Estimates of parameters for fitted models on the TBP
were similar to—but usually slightly less accurate to
original simulation parameter values—than estimates
on the CBP, falling just below the line y=x. In many
cases however, both trees gave parameter estimates that
were not close to parameter values that were input to
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models when we simulated the trait data (Fig. 6). This
was particularly a problem for estimates of � when fitting
OU models (these are the points to the right side on
Fig. 6). A reason for this is outlined in the discussion.

Vital Statistics.—Some of the vital statistics of sampled
phylogenies showed a small (up to R2 = 0.3480) but
significant correlation with the degree to which TBPs
and CBPs matched for the various analyses (Table 2).
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FIGURE 6. Estimated parameter values when fitting an OU or BM
model for three of the largest completely extinct clades in the data
set (large crosses: theropods; medium crosses: temnospondyls; small
crosses: eurypterids). Estimates of � are shown in grey and estimates
of � are shown in black.

However, the best indicators varied between analyses,
and no one statistic was consistently good for all the
analyses (see Supplementary Material: Results, available
on Dryad at http://dx.doi.org/10.5061/dryad.pt3qm,
for which vital statistics are the best explanatory
variables for each analysis, although in many cases
there is little difference between them). The summary
results for each of the analyses can be found in
Supplementary Material: Results, available on Dryad
at http://dx.doi.org/10.5061/dryad.pt3qm (R2 values
for correlations and medians for p-values). All the
characteristics we tested can be easily obtained from
a TBP. Where there is a good correlation between a
summary result and a vital statistic, larger values for vital
statistics are associated with a better match between the
two tree types. No one vital statistic, or indeed particular
combinations of them, can be considered a definitive
indicator of how well a taxonomy is likely to perform due
to the low R2 values, but if a taxonomy has high values for
several of them it is more likely to produce a phylogenetic
hypothesis that closely matches that derived from a
formal cladogram, and thus produce similar results in
an analysis.

Extended range analyses.—When the ranges used
were extended to include the whole of each
stage in which a taxon occurred, the CBP and
TBP yielded comparable results (Supplementary
Material: additional figures, available on Dryad at
http://dx.doi.org/10.5061/dryad.pt3qm). Results were
a close match between the TBP and CBP more often
than in the main analyses where occurrence times
were selected randomly from within the stage range
of each taxon. Variation in KT explained much of the

TABLE 2. R2 values from regressions of summary results for each analysis against vital statistics of trees

Summary result Number Resolution SCI Ranks Length Lineages

MC distance 0.0488 −0.0091 0.0513 0.2721 0.0215 0.0378
PGLS R2 0.1223 0.3091 0.0326 −0.0095 −0.0050 0.0564
PGLS p-value 0.0198 −0.0115 −0.0200 0.0828 −0.0101 0.0201
K weak R2 0.1350 0.1946 −0.0199 −0.0192 −0.0029 0.0708
K weak p-value 0.0249 0.0425 0.1221 0.1461 0.0617 0.0107
K medium R2 −0.0196 0.0188 0.0589 0.1249 0.1001 −0.0195
K medium p-value −0.0194 0.0295 0.1090 0.0601 0.0355 −0.0200
K strong R2 0.0117 0.0252 0.1241 0.2439 0.1340 −0.0087
K strong p-value 0.1607 0.1192 0.0992 0.1601 −0.0194 0.1360
BM Akaike weight 0.1095 0.0677 −0.0188 0.0223 0.0157 0.0694
OU1 Akaike weight 0.0584 0.0385 0.2303 0.1773 0.0145 0.0276
OU2 Akaike weight 0.0412 0.0767 0.1712 0.1492 0.0147 0.0114
BM � value R2 0.1350 0.1946 −0.0199 −0.0192 −0.0029 0.0708
OU1 � value R2 −0.0200 0.0010 0.0077 −0.0199 0.0404 0.0129
OU1 � value R2 −0.0197 0.0062 −0.0045 −0.0200 0.0484 0.0160
OU2 � value R2 0.0164 0.0524 −0.0194 −0.0172 0.0441 0.0245
OU2 � value R2 0.0201 0.1170 −0.0177 −0.0199 0.0523 0.0269

Notes: The vital statistics are outlined in the Methods section. Summary results are summaries of the results for each analysis we performed,
outlined in the Results section. Abbreviations and symbols in the summary results are MC, matching cluster; PGLS, phylogenetic generalized
least squares; R2, adjusted coefficient of determination; K, Blomberg’s K estimate of strength of phylogenetic signal; weak, medium, and strong
indicate the originally simulated phylogenetic signal strength; BM, Brownian motion model; OU1, Ornstein–Uhlenbeck model with � = 0.1;
OU2, Ornstein–Uhlenbeck model with � = 0.05; �, strength of the selective constraint in an OU model; �, step variance.



[10:11 8/5/2015 Sysbio-wwwpaleobiodb.org] Page: 10 1–13

10 SYSTEMATIC BIOLOGY

variation in KC (R2 = 0.7065). For PGLS we found a
major axis regression slope of 0.9497 (R2 = 0.9330) in a
plot of phylogenetic regression slope estimates from the
CBP, against slope estimates for the same data on the
TBP. This means that TBPs tend to produce phylogenetic
regression slope estimates that are slightly larger than
estimates from CBPs, but are close to them.

DISCUSSION

Some of the taxonomies tested in this study can
be used as a substitute for an explicit phylogenetic
hypothesis, to make phylogenetically informed
measurements without misleading results being
produced, relative to the CBP. Others consistently
performed poorly compared with the CBP, and
produced results which were misleading when
compared with known parameters used to simulate the
data. In some cases retrieval of originally simulated
values was as poor as or worse on the CBP than on
the TBP. Generally speaking, the larger the tree the
more consistent (although not always accurate) the
results were, but the number of taxa included in the
phylogenetic framework did not correlate with any
measure of the adequacy of performance of a TBP,
nor did any other characteristic of the trees. This
result makes it difficult to establish or suggest general
circumstances under which taxonomy might be used in
PCMs. The same rigorous standards that should be used
when deciding whether it is appropriate to incorporate
a cladogram produced using formal phylogenetic
inference into an analysis must be applied here too, and
each case must be assessed on an individual basis.

A context in which taxonomic information is
commonly used in the current literature is for supertrees
where taxonomy is used as the ‘seed’ or ‘backbone’
for the supertree analysis (Bininda-Emonds et al. 2007;
Benson et al. 2014). The majority of supertrees in the
paleontological literature are composed exclusively of
cladistically inferred phylogenies and any taxonomic
relationships that are incorporated are well established
relationships between higher level groups. Our results
therefore do not suggest that using supertrees in PCMs
is any more problematic than using a fully cladistically
inferred tree.

Small trees generate misleading estimates using
both the CBP and TBP for many of our analyses,
suggesting that they require large sample sizes to be
effective (Münkemüller et al. 2012). Supertrees are often
used to increase taxonomic coverage of phylogeny to
include more taxa. The largest TBPs performed well in
our analyses, again suggesting that supertrees which
incorporate some taxonomic information should not
be especially problematic compared with cladistically
inferred trees. However, a possible exception relates to
estimation of evolutionary mode. Our results indicated
that large TBPs were biased toward supporting an OU
model when BM had been used to simulate trait data.
This makes intuitive sense as inaccuracies in TBP

topology compared with the CBP could lead to tips
that are sister taxa with similar trait values on the CBP
having a greater phylogenetic distance between them
on the TBP. Taxa with similar trait values but a larger
phylogenetic distance match an OU model, where pull
toward an attractor causes this pattern. In this study,
bias toward an OU model is associated with topological
and branch length error, but the same principle has
been demonstrated by other workers for measurement
error generally (Thomas et al. 2014; Silvestro et al. 2015).
This result may also have been amplified by the poorer
resolution of the taxonomies. Although the method
required a fully bifurcating tree with no ZLBs, only
a short length was added to the internal branches
introduced within each TBP. Traits simulated under BM
on the CBP would therefore have a greater co-variance
than the expectation under BM evolution on the TBPs,
where short internal branches lead to low co-variance.
In an OU model, change in traits toward an attractor
value removes co-variance over time, which matches the
expectation for a BM model on a topology with short
internal branches. The analysis has less power to detect
OU on smaller trees, so this effect occurred less often for
the clades with a low sample size.

In the mode of evolution analysis where � varied
proportionally to tree height we found that when clades
contained many extant taxa, analyses on the TBP were
less likely to correctly support an OU model than
analyses on the CBP. Taxonomies contain additional
polytomies, which in our data sets may contain several
extant taxa as well as older extinct taxa, causing the
divergence of extant taxa within the polytomy to be
dragged back in time. This causes a very ‘tippy’ tree
shape where internal branches are short and terminal
branches are long. If trait data are simulated via OU then
they have comparatively little covariance structure. Trait
data with little covariance structure also fits a BM model
of evolution on the tippy topology described above,
meaning that an OU model does not have additional
explanatory power compared with a BM model on these
trees.

Some of our results (PGLS slope and estimates of
Blomberg’s K) were not statistically significant when
compared with an empirical distribution of results
from random topologies (Fig. 4b and Supplementary
Material: additional figures, available on Dryad
at http://dx.doi.org/10.5061/dryad.pt3qm). These
statistics are based on change in continuously evolving
traits, the values of which are directly related to
branch lengths of the phylogeny on which they are
simulated. This branch length information (derived
from occurrence data) is inherent in every topology
we subjected to analysis, making it a key factor in the
estimates using both TBPs and random trees. p-values
for K and PGLS slope using TBPs were calculated by
comparison with an empirical distribution of estimates
made using time-scaled random trees. Therefore, when
there were good estimates from random trees, TBP
p-values could be high and spanned the full range of
0–1 (Fig. 4b). This stands in contrast to analyses
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conducted with all branch lengths in the random trees set
to 1, when the TBP always gave a significantly (P <0.05)
closer result to the CBP result than random expectation.
As the phylogenetic signal becomes greater, and the
tree larger, the difference in topology between the TBP
and random trees becomes more important and the
TBP is more frequently a significant match for the CBP
(Supplementary Material: additional figures, available
on Dryad at http://dx.doi.org/10.5061/dryad.pt3qm).

This result, in combination with the results of the
extended range analysis, highlights that stratigraphic
control on the shared branch length between a CBP
and a TBP is an important factor in their relative
performance. With our sample of data sets, for analyses
when ranges were constrained to begin and end at
stage boundaries (resulting in ‘time-stretched’ terminal
branches), the influence of differences in tree topology
on the variance–covariance structure was small. In this
scenario the majority of trait change occurred on the
large shared portions of the trees, which were controlled
by the stratigraphy. In the main analyses, differences in
tree topology had a larger influence on the variance–
covariance structure and so results from the CBP and
TBP showed greater difference. In practice it is possible
that a high sampling rate (resulting in better constraint
on taxon durations) could lead to incorrect branch length
extensions when topology is misspecified. However, our
results indicate that the advantage of good stratigraphic
control on FADs and the ages of sampled populations
override the influence of this problem on results.

Many of the clades we tested here have a sparse record,
and the TBP did not yield comparable results to the CBP.
However, many of the clades for which we do not have
cladistically inferred phylogenies have higher sampling
rates with better stratigraphic constraint on occurrences
and divergence dates (e.g., brachiopods and crinoids
[Foote and Sepkoski 1999]). They should therefore be
expected to provide results less influenced by inaccuracy
in topology.

Bearing all these factors in mind, workers wishing
to incorporate taxonomy into a framework for making
phylogenetically informed measurements should
carefully consider whether the clade in question is in
fact suitable for this use. If many new fossils in the clade
are still being discovered and are leading to changes
in classification, then the taxonomy is unlikely to give
results that would match results from a cladistically
inferred phylogeny of the group. Stable taxonomies too
may be problematic if they have remained stable due
to lack of recent rigorous study, rather than because
extensive systematic work has led to a high level of
confidence in the proposed evolutionary relationships.
In addition to consideration of the vital statistics of
the taxonomy, consultation with a systematist familiar
with the group who can indicate the maturity of the
taxonomy would aid in ascertaining its suitability. If the
evolutionary relationships proposed within the group
are well established and supported by continued study,
the ranges are accurately known, and the data set is large,
well resolved and stratigraphically consistent then use

of a taxonomy can be considered. This supports some
of the previous studies where a taxonomic classification
has been applied (e.g., Roy et al. 2009; Hardy et al. 2012),
since the biological groups in question—ammonites
and bivalves—appear to be ideal candidates for such
an approach. Here, we used pre-cladistic taxonomies to
test a worst-case scenario. Modern taxonomies are often
phylogenetically informed, at least in part, and in theory
should therefore give a result even closer to the ‘correct’
one. Taxonomies that include phylogenetically informed
relationships should therefore be preferentially used if
available.

Each taxonomy should be assessed on a case-by-case
basis as it is clear that they are not always suitable for
incorporation into a PCM. As a guide to appropriate
use of taxonomies in PCMs we provide the following
checklist of criteria for candidate classifications:

1. It is large (no less than 20 tips, usually
more depending on the method), preferably in
combination with a high number of taxonomic
ranks, high resolution, and good stratigraphic
consistency.

2. It contains long established taxa that have been
stable for a significant period of time and are
supported by continued study.

3. The fossil taxa are from a range of time intervals,
not a small number of key sampling horizons.

If our most recent estimate of phylogeny is closer
to the true course of evolution than a taxonomy, it
should produce results that are more reliable. We
are working under the assumption that cladistically
inferred paleontological phylogenies provide estimates
of phylogenetically informed measurements that
reliably represent reality. If this is the case, our
results demonstrate that in some cases taxonomic
information can too provide suitable estimates of these
measurements.

Although use of taxonomy must be carefully
considered, this study opens up certain previously
inaccessible sections of the fossil record to interrogation
within an explicit comparative framework, which
will help to test many classical macroevolutionary
hypotheses that have been based on groups for which
formal phylogenetic hypotheses remain lacking.
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Appendix B

Chapter 3 timeslices

Tables of dates for the beginning and end of timeslices used in the extinction clustering

analyses in Chapter 3. There are three tables, corresponding to the timeslices for the main

analysis which were combinations of stages, the 15Ma timeslices and the 10Ma timeslices.

All the dates are in million years before present.
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Corresponding to stages - main analysis

Timeslice Start End
1 Vis-Serp 346.7 323.2
2 Bash-Mosc 323.2 307
3 Kasi-Gzhe 307 298.9
4 Asse-Sakm 298.9 290.1
5 Arti-Kung 290.1 272.3
6 Guadalupian 272.3 259.8
7 Lopingian 259.8 252.17
8 Lower-Triassic 252.17 247.2
9 Middle-Triassic 247.2 237
10 Carnian 237 227
11 Norian 227 208.5
12 Rhaetian 208.5 201.3
13 Hett-Sine 201.3 190.8
14 Plie-Toar 190.8 174.1

15Ma timeslices

Timeslice Start End
slice1 327.17 312.17
slice2 312.17 297.17
slice3 297.17 282.17
slice4 282.17 267.17
slice5 267.17 252.17
slice6 252.17 237.17
slice7 237.17 222.17
slice8 222.17 207.17
slice9 207.17 192.17
slice10 192.17 177.17

10Ma timeslices

Timeslice Start End
slice1 322.17 312.17
slice2 312.17 302.17
slice3 302.17 292.17
slice4 292.17 282.17
slice5 282.17 272.17
slice6 272.17 262.17
slice7 262.17 252.17
slice8 252.17 242.17
slice9 242.17 232.17
slice10 232.17 222.17
slice11 222.17 212.17
slice12 212.17 202.17
slice13 202.17 192.17
slice14 192.17 182.17
slice15 182.17 172.17
slice16 172.17 162.17
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Appendix C

Chapter 5 data

Dataset of measurements of sauropterygian body plan and skull. The following data ta-

bles show the species names, museum location and specimen number for all the specimens

measured for these analyses and all of the measurements made. ‘Uncat’ means the speci-

men has not yet been catalogued. There are 5 trait values that were interpolated from mea-

surements from conspecific or congeneric specimens, these are shown in bold. Vertebral

counts are given in whole numbers, all other measurements are in cm. Neck and Trunk

are the overall lengths of these body parts. Cerv=cervical, Dors=dorsal, Pec=pectoral,

Sac=sacral all correspond to vertebral counts. Hum=humerus, Rad=radius, Fem=femur,

Tib=tibia, Skull=cranium and Isch=ischium. The full dataset including measurements that

were not used in these analyses and all the metadata for each taxon can be found on the

data appendix disk.
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Appendix D

Data appendix disk

Contents of the data appendix disk sorted by chapter, showing the file name and contents

of each file on the disk. With the files provided here, any one of the analyses within this

thesis can be repeated by anyone with access to R. The disk is located on the inside back

cover of the thesis.

Chapter 2

• Chapter2Code.txt - Script for all of the analyses performed in R.

• Datasets.zip - File containing newick files for each of the phylogenies and text tables

for each of the taxonomies. Includes a key to these files as a spreadsheet.

• tax2tree.txt - Script specifically for the function used to convert a table of taxonomic

classifications to a cladogram.

• Results.xls - Excel workbook containing the results of all of the analyses, prelimi-

nary analyses and extended range analyses

Chapter 3

• TreeSet3.RData - The set of trees used for the analysis, in ape format to be read into

R.
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• Chapter3Code.txt - Script for all of the analyses performed in R.

• Results.RData - All results for the different timeslices, metrics and clades in matrix

format to be read into R.

• Chapter3Ranges.txt - Range data used to timescale all the cladograms

Chapter 4

• Chapter4Code.txt - Script for all of the simulations and analyses performed in R.

Chapter 5

• Chapter5Code.txt - Script for all of the analyses performed in R.

• Plesiosauria.dat - Character matrix for plesiosaurian taxa.

• Data.xls - Full dataset of all the measurements made including metadata for each

taxon.

• TreeSet5.RData - The set of trees used for the analysis, in ape format to be read into

R.
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