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Abstract

To investigate major evolutionary trends and the importance of fossil data we
need to be confident that both phylogenetic trees and fossil dates are reliable. Indices
of stratigraphic congruence provide a way to quantify the fit between the fossil record
and phylogeny, but appear to be subject to a number of putative biases. | used both
simulated data and a large sample of empirical trees to determine the effect of these
biases on the most widely used indices of stratigraphic congruence to determine. The
GER* (the modified gap excess ratio) was the least sensitive and therefore
recommended for use. | found that stratigraphic congruence varied significantly across
higher taxa (for example, arthropods were less stratigraphically congruent than
tetrapods), and also throughout the Phanerozoic (the last 540 million years), closely

following the taxonomic composition of my sample.

| focussed on data quality and in particular taxon sampling, homoplasy and tree
support to investigate general trends across taxonomic groups. A novel script was
developed to automatically carry out continuous taxon jackknifing to investigate the
effect of taxon sampling on the stability of phylogenetic trees. While this is a
computationally intensive process, | found that measures of homoplasy and support
(which are much easier to calculate) could serve as partial indicators of whether a tree
was likely to be sensitive to taxon sampling. There was no major variation in taxon
sampling trends across higher taxa. A modified version of this script was then used to
look at particular cases of conflicting phylogenetic hypotheses to determine how easy
it would be to get a data set to generate a constraint topology with only small changes
to the taxon sample. In almost every case, it required maximal removal of taxa from
the data set in order to match the constraint topology, indicating that there were very
different phylogenetic signals in the different data sets.

The extent of trends across taxonomic groups and through time is variable.
Although stratigraphic congruence varies significantly between groups and throughout
the Phanerozoic, measures of homoplasy and support do not appear to be taxon
dependent. Taxon sampling is an important consideration when designing
phylogenetic analyses: denser taxon sampling can have a positive influence on
estimates of phylogenetic accuracy and perturbations of the taxon sample can result in

radically different evolutionary relationships.



Introduction

Phylogenetic trees provide a concise illustration of the inferred evolutionary
history of organisms. A sound understanding of phylogeny is vital for addressing
many of the most intriguing macroevolutionary questions. Among the most pressing
are attempts to understand the manner in which novel bodyplans evolved, as well as
the timing and rates of these transitions. The ongoing revolutions in sequencing
technology, computing power and algorithm development all mean that previously
recalcitrant, deep phylogenetic problems are increasingly being tackled with large
molecular and genomic databases (Delsuc et al., 2006; Savard et al., 2006; Hallstrom
et al., 2007; Struck and Fisse, 2008; von Reumont et al., 2012; Morgan et al., 2013;
Romiguier et al., 2013). Unfortunately, such approaches can only be applied to extinct
organisms in the most exceptional circumstances (Loreille et al., 2001; Germonpré et
al., 2009; Rohland et al., 2010; Orlando et al., 2013). For the estimated 98% of species
that are known exclusively from fossils, evolutionary relationships can only be
inferred with reference to morphological data. This means that fossils (and
morphology more generally) still have a vitally important role in resolving many large
branches of the Tree of Life. Moreover, the existence of dinosaurs and pterosaurs
could never be deduced from analyses of modern crocodiles and birds, nor are giant
myriapods and sea scorpions implied by the existence of millipedes and spiders
(Owen, 1842; Huxley, 1870; Ostrom, 1975; Briggs et al., 1979; Dunlop and Selden,
1997). For revelations of this kind, we must rely exclusively on the fossil record.

The fossil record is undeniably fragmentary, but knowing where the biggest gaps
are is not just a key requirement for all studies of macroevolution, but is also essential
for molecular clock studies that are dependent upon accurate fossil calibrations (Joyce
et al., 2013; Clarke et al., 2011). Although incompleteness can take many forms
(organismal, taxonomic, stratigraphic, palaeobiogeographical), stratigraphic gaps
implied by cladograms are among the most important for macroevolutionary studies
(Wills et al., 2008). For example, cats (Felidae) and canids (Canidae) share a common
ancestor, but whereas the oldest canid fossils are estimated to be 46 Myo, the oldest
cat fossils are less than 35 Myo (O’Leary et al., 2013). This is a cladistically-implied
gap or ghost range. Since there are two independent “accounts” of the history of Life —
the geological series of first fossil occurrences and trees inferred from character data —



it is tremendously informative to plot the former onto the latter to determine how
much they correspond. Stratigraphic congruence indices are used to quantify this fit
between the fossil record and phylogeny, with strong congruence indicating that both
most likely reflect the true, underlying evolution of the group in question
(Huelsenbeck, 1994; Wills, 1999; Pol and Norell, 2001; Wills et al., 2008).
Conversely, discordance indicates that one, or possibly both, of these are incorrect.
This is difficult to judge, as neither the accuracy of the tree nor the quality of the fossil
record is known with certainty. If we suspect the tree is problematic, it could be due to
poor levels of tree support or the existence of conflicting phylogenies for the same
group, whereas problems with the stratigraphic data could be due to a sparse fossil
record or uncertain dates of origination of taxa (Wills et al., 2008). To further
complicate the situation, there is no one measure of stratigraphic congruence that
appears to be unaffected by some form of bias. A number of these measures have been
tested both empirically and in simulations (Benton and Storrs, 1994; Siddall, 1996;
Hitchin and Benton, 1997; Wills, 1999; Pol et al., 2004; Lelievre et al., 2008; Wills et
al., 2008). Factors such as the number of taxa and the tree topology have been shown
to influence congruence values, meaning that they cannot be used to compare trees
obtained from different data sets (Wills, 1999). The combination of inferences from
phylogeny with fossil and stratigraphy data is required to be able to address questions
about whether groups of organisms become inexorably more complex with time, or
whether more advanced clades competitively replace their forebears. This implies
knowing that evolutionary trees and fossil dates are reliable. If biases exist we need to
recognise where are they, and how to control for them.

In order to use phylogenies to test evolutionary hypotheses it is important to
have confidence in their accuracy and support. Although we can never know the true
tree in empirical studies, a phylogenetic tree provides us with a hypothesis of the
evolutionary history of a group based on observed data. It is not unusual to find
conflicting trees for the same group of organisms and as more data become available
in the form of new taxa and new characters, support for new relationships can unfold
and tree topologies can further change (Nabhan and Sarkar, 2012). For some of the
most difficult phylogenetic problems, researchers need guidance on whether to sample
more characters or more taxa. Studies have shown that as the number of characters is

increased, trees tend to become better supported (Hillis et al., 1994; Graybeal, 1994;



Rannala et al., 1998). However, levels of character convergence and reversal are also
critical, such that large but homoplasious character sets can fail to resolve even
moderate numbers of taxa. While some researchers have advised that increasing the
number of characters alone is insufficient, there has been a long-standing debate
around the impact of taxon sampling (Nabhan and Sarkar, 2012). Phylogenetic
inference attempts to reconstruct patterns of character evolution based on a sample of
taxa and sampling at insufficient frequency is likely to be misleading (Zwickl and
Hillis, 2002). The degree of sensitivity to taxon sampling may vary within a data set,
I.e., removing two taxa may have a less dramatic effect than removing twenty taxa
(Poe, 1998a). While the effects of taxon sampling upon both the stability and apparent
relationships are unclear, we may expect that a well supported tree would be more
resistant to the effects of taxon sampling than a poorly supported tree (Hovencamp,
2006). A number of studies have used both empirical and simulated data to explore the
effects of taxon sampling, but results were contradictory (Pollock et al., 2002; Zwickl
and Hillis, 2002; Hillis et al., 2003; Heath et al., 2008; Wiens and Tiu, 2012).

Outline of Ph.D. project

My Ph.D. project was part of a programme funded by the Leverhulme Trust
entitled “Major evolutionary trends and the importance of fossil data”. The scope of
this programme was to investigate large-scale macroevolutionary trends through time,
gaps in the fossil record and the relationships between fossils and the Tree of Life.
There were two parts to my research. Firstly | examined factors affecting measures of
stratigraphic congruence and observed trends throughout the Phanerozoic and across
higher taxa. Previous research has shown some differences in congruence between
taxonomic groups, with arthropods having worse congruence than tetrapods, for
example. Additionally, differences have been observed through time. My second task
was to look at the effects of data quality and taxon sampling on phylogenetic trees,
again across higher taxa. As mentioned, the impact of taxon sampling, in particular,
has been the subject of much debate in the last two decades.

The first two chapters specifically targeted the concept of stratigraphic
congruence and ghost ranges, or gaps, in the fossil record. A large sample of
phylogenetic trees was required, in addition to the first and last fossil dates for every



taxon in each tree. | supplemented an existing data set with some under-represented
groups for this purpose (Benton et al., 2000). Chapter 1 focussed on the most
commonly used measure of stratigraphic congruence, the gap excess ratio (GER;
Wills, 1999). Statistical analyses were used to examine the various factors that were
thought to influence the GER and how it varied across taxonomic groups and through
time. Chapter 2 built on this work to further refine and extend the analysis to include
all of the frequently cited measures of stratigraphic congruence in use today, namely
the GER and its two derivatives the topological gap excess ratio (GERt) and the
modified gap excess ratio (GER*) (Wills et al., 2008), along with the stratigraphic
consistency index (SCI; Huelsenbeck, 1994) and the Manhattan stratigraphic measure
(MSM*; Pol and Norell, 2001). This is the largest and only study to date that has
attempted to do this. Both of these chapters examined whether congruence, as
measured by each of the different indices, varied across major taxonomic groups and
throughout the Phanerozoic.

The focus of the thesis moved to the area of data quality for Chapters 3 and 4. A
number of factors, including homoplasy, can affect the accuracy and stability of a
phylogenetic tree. Various measures of homoplasy are frequently cited alongside
cladograms in publications, but as with measures of stratigraphic congruence, these
can be affected by factors such as the number of taxa in the tree (Sanderson and
Donoghue, 1989; Archie, 1996; Hoyal-Cuthill, 2010). Inadequate taxon sampling can
also lead to spurious phylogenies (Nabhan and Sarkar, 2012). As with the first two
chapters, Chapter 3 also required a large data sample, this time consisting of data
matrices from publications. | used a novel approach to test the effect of taxon
sampling — continuous taxon jackknifing (CTJ) — and we developed a TNT script to
automate this computationally intensive method. Measures of homoplasy (consistency
index (CI; Kluge and Farris, 1969), retention index (RI; Farris, 1989b) and homoplasy
excess ratio (HER; Archie, 1989)) and support (total support index (TSI; Bremer,
1994)) were evaluated to determine whether they could be used as indicators of the
sensitivity of a tree to taxon sampling effects. Chapter 4 focussed on specific case
studies rather than general trends. There are many instances of phylogenetic conflict
stemming from differences in taxon sampling and phylogenetic signal between
different data sets for the same group of organisms, but how different are these trees?
Using a modified version of the CTJ script to progressively remove taxa from a data



set, | investigated how easy it would be to generate a particular tree from a data set
that was not originally used to infer it. This chapter was an exploration of a novel
method for testing this. | addressed three different vertebrate groups; placental
mammals, squamates and plesiosaurs, each of which has some interesting alternative
phylogenetic hypotheses. The final chapter summarises the main findings overall and
provides suggestions for future work.
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Abstract

Many published cladograms report measures of stratigraphic congruence. Strong
congruence between cladistic branching order and the order of first fossil occurrences
is taken to support both the accuracy of cladograms and the fidelity of the record. Poor
congruence may reflect inaccurate trees, a misleading fossil record, or both. However,
it has been demonstrated that most congruence indices are logically or empirically
biased by parameters that are not uniformly distributed across taxa or through time.
These include tree size and balance, mean ghost range duration (gap size) and the
range and distribution of origination dates. This study used 650 published cladograms
to investigate the influence of these variables on the Gap Excess Ratio (GER). In a
range of multivariate models, factors other than congruence per se explained up to
73.4% of the observed variance in GER amongst trees. Arthropods typically have
poorer GER values than other groups, but the residual differences from our models are
much less striking. The models also show no clear residual trend in GER through the
Phanerozoic. Because the GER is strongly influenced by parameters related to
cladogram size, balance and duration, comparisons across trees should be made with

caution.



Introduction

It is estimated that only 2% of the species that have existed on Earth are alive
today. Fossils provide the only direct evidence of the remaining 98%, but their
particular utility may be in documenting transitional forms and sequences of character
acquisition within the deepest branches of the tree (Wills and Fortey, 2000).
Morphological data from fossils may therefore be vital for accurate cladistics
(Donoghue et al., 1989). In addition to preserving extinct combinations of character
states (Donoghue et al., 1989; Wagner, 1999; Grantham, 2004; Cobbett et al., 2007)
fossils also occur in rocks that can be dated in relative and absolute time (Springer et
al., 2001; Crane et al., 2004; Donoghue and Purnell, 2009). Classically, temporal data
do not contribute to phylogenetic inferences (but see Wagner 1995a and Fisher 2008),
and hence the order in which taxa branch within a cladogram can be compared
legitimately with the sequence in which they first appear through the fossil record.
Both should reflect the same underlying evolutionary history, but neither is logically
contingent on the other. Significant congruence is consistent with an accurate
phylogeny that is mapped onto a sequence of first fossil occurrences that document
reliably the order in which groups evolved. Poor congruence is amenable to a variety
of explanations, either singly or in concert. It might result from a spurious tree, the
misinterpretation of particular fossils, or from probabilities of preservation that are too
low or variable between lineages or through time to record the origination of groups in
the correct temporal sequence.

Stratigraphic congruence indices are now routinely reported for published trees
that include fossils. They are utilized in two ways: for refining/testing particular
phylogenies, and for the statistical treatment of large samples of cladograms in order
to find trends. The first application includes the use of stratigraphy as an ancillary
criterion for choosing between or filtering large numbers of otherwise equally
parsimonious trees. Stratigraphic data are not included in the original optimisations,
but merely utilized post-hoc. However, the use of s