Chapter 8

Use of Paleontological and Phylogenetic Data
in Comparative and Paleobiological Analyses:
A Few Recent Developments

Michel Laurin

Abstract Comparative biology has progressed tremendously but unevenly in the
last decades, through incorporation of methodological progress in phylogenetics
and in statistical methods that incorporate phylogenetic data into statistical analyses
of character correlation or evolution. This review presents a few methods of general
interest to comparative biologists, such as phylogenetic independent contrasts (PIC)
and variance partition with phylogenetic eigenvector regression. In evo-devo,
heterochrony detection has usually been done using event pairing, in the last
decade. That method uses a topology, but does not exploit branch length informa-
tion. A recently proposed method based on squared-change parsimony and PIC
exploits both topology and branch lengths, and it outperforms event pairing.
Molecular evolution can also benefit from a phylogenetic perspective, as shown
in recent studies on genome size evolution. In paleobiology, phylogenies are still
rarely and often incompletely incorporated in analyses. Recent developments
facilitate time-tree compilations and the combination of paleontological and molec-
ular age data, and new branch length transformation methods can help to standard-
ize PIC, to determine if the characters evolved according to a Brownian motion
model, and to deal with clades about which no age information is available.

8.1 Introduction

Comparative biology has roots extending at least into the early nineteenth century,
through the works of Lamarck (1809), one of the very first evolutionists, and it could
probably even be argued that some pre-evolutionary biologists did comparative
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biology, although in a different theoretical framework (Mayr 1982). The related
field of paleobiology can be considered, to an extent, as a special form of compara-
tive biology because one of the most reliable methods of paleobiological inference
consists in demonstrating, in extant relatives of extinct taxa, a correlation between
an attribute that usually fossilizes (e.g., skeletal characters in vertebrates) and
another that is usually not observed in fossils but for which we need to infer the
presence or value (such as a behavior or basal metabolic rate). Demonstrating such a
correlation is a typical comparative biology problem, and paleobiologists rely
extensively on work on extant taxa to draw their inferences (e.g., de Buffrénil and
Rage 1993; Canoville and Laurin 2010).

Comparative biology has changed over time, as it incorporated new techniques
and conceptual developments. The advent of cladistics (Hennig 1965) and later, of
molecular phylogenetics and dating (Zuckerkandl and Pauling 1965) have greatly
improved our knowledge of the tree of life, thus greatly facilitating the work of
comparative biologists, to the extent that closely related taxa have to be compared
to study transformation series. By now, most (but not all; see below) comparative
biologists have integrated phylogenetics in their routine work.

Another very important development in comparative biology was the develop-
ment of statistical methods that accounted for the statistical nonindependence of
comparative data. Indeed, standard statistical methods assume that data about each
point (terminal taxa, in the context of comparative analyses) are independent of
each other. The very existence of the tree of life indicates that for many datasets,
this assumption is violated; whether or not this happens depends mainly on the
taxonomic sampling and the evolutionary rate of the characters, but empirical work
(e.g., Freckleton et al. 2002; Laurin 2004; Cubo et al. 2005) and simulations (e.g.,
Martins et al. 2002; Laurin 2010a) show that this problem is pervasive. The first
statistical method developed to solve this problem was the phylogenetic indepen-
dent contrasts (Felsenstein 1985; abbreviated as PIC below), a method that has
inspired most (Grafen 1989; Martins and Hansen 1997; Pagel 1997) but not all
subsequent comparative methods (Gittleman and Kot 1990; Desdevises et al. 2003;
Cubo et al. 2008).

This brief review shows that progress in comparative biology depends rather
critically (but not exclusively) on the incorporation of phylogenetic data into
the analysis, and on the use of comparative methods that adequately use these
phylogenetic data. Below, I will first discuss briefly problems that may arise when
this is not done. I will then present briefly some recent comparative methods, and
show that most of them require phylogenies with estimated branch lengths. Getting
these lengths remains difficult, despite recent progress in molecular and paleonto-
logical dating, and many authors still do not bother getting these. Thus, this topic
deserves a discussion, which will lead into a short digression in a chronic problem
in recent molecular dating studies, namely, the underuse of paleontological
literature.

Throughout this discussion, I try to emphasize the most important points, but this
review nevertheless emphasizes, to an extent, my own modest contributions to
these fields, for the simple reasons that this is where my expertise lies, and that my
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recent work on these topics is scattered in various journals and book chapters. Thus,
a review summarizing these recent developments may be useful.

8.2 The Traditional Approach and Why It Is Being Abandoned

The most basic task of comparative biology, namely, showing a correlation between
two features (e.g., body size and basal metabolic rate) used to be done using standard
statistical methods, such as least-squares linear regressions. The problem with this
approach is mostly that the statistical significance of the relationship is not assessed
properly because the number of degrees of freedom is overestimated. Indeed,
closely related species tend to resemble each other in most characters, so in a data
matrix with n taxa, we do not have n independent data points. For instance, a
standard simple linear regression is represented by equation (8.1):

y=ax—+b 8.1

Two constants are estimated (a and b), and we should consequently expect
to have n-2 degrees of freedom. In comparative biology, this is not true, but
the number of degrees of freedom is difficult to estimate, and most compara-
tive methods modify the data before performing regressions (see below). These
problems are expected on the basis of theoretical considerations (Felsenstein 1985),
and have been shown to occur in various situations represented by simulation
parameters (Purvis et al. 1994; Martins et al. 2002; Laurin 2010a).

The importance of this problem in comparative biology cannot be
overemphasized, especially because several studies are still conducted with inade-
quate comparative methods. Let us consider the classical problem of assessing the
presence of evolutionary trends concerning some of the most basic questions about
the history of life. For instance, did complexity of organisms increase over time
(McShea 1996)? Did body size increase over time, a trend known as the Cope-
Depéret rule (Laurin 2004)? Such studies are still being conducted with a great
variety of methods, which hampers meaningful comparisons of results and of the
reliability of analyses because the same data analyzed by different methods can yield
contradictory results, for instance about the presence (Hone et al. 2008) or absence
(Butler and Goswami 2008) of a trend of increasing body size in Mesozoic birds. In a
recent simulation study attempting to remedy this situation (Laurin 2010a), I have
shown that a simple, non-phylogenetic linear regression of body size vs. geological
age of origin of terminal taxa, still used recently to assess evolutionary trends (e.g.
Hone et al. 2008), has greatly inflated type I error rate, ranging from 0.12 to 0.18, at
the 0.05 threshold. However, simple linear regression had good power, and yielded
correct regression coefficient (slope) estimates (Laurin 2010a).

Similar problems pervade comparative biology and extend to the assessment of
evolution of qualitative (discrete) characters. This applies also, for instance, to the
field of evo-devo, in which a rigorous comparative phylogenetic framework is
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unfortunately still often lacking. A good example of this is provided by the classical
work on Hox gene expression patterns in developing vertebrate appendage buds.
Sordino et al. (1995) showed that the teleost Danio rerio lacked the discrete third
phase of Hox D-10 to D-13 gene expression pattern (Fig. 8.1d, ) that characterizes
the tetrapod limb bud (Fig. 8.1c, e), then documented at least in the mouse, but since
then demonstrated in other tetrapod taxa, such as in the chick. The territory where
that third expression phase is located (Fig. 8.1e) corresponds more or less with the
autopod (hand and foot). Furthermore, Hox A-11 is expressed at the apex of the fin
in D. rerio (Fig. 8.1h), but in a territory proximal to the future autopod in tetrapod
limb buds (Fig. 8.1g). Therefore, Sordino et al. (1995) concluded that the presence
of a third phase of Hox gene expression pattern in tetrapod limbs supports the
conclusion that the autopod is a neomorph. The problem with this interpretation is
that with data only on one actinopterygian (the teleost Danio rerio), few tetrapods,
and no other taxa, the polarity of the change in Hox gene expression patterns could
not be established (the condition in the ancestral osteichthyan could not be deter-
mined unambiguously). Furthermore, the teleost Danio rerio has a diminutive
paired fin endoskeleton lacking a metapterygial axis (usually considered to be
homologous with the main axis of tetrapod limbs) that is probably reduced from
that of the earliest actinopterygians, judging by the more developed fin endoskele-
ton (with a metapterygial axis) found in more basal actinopterygians, and this raises
the possibility that D. rerio lost the third Hox gene expression phase when its paired

mouse Danio rerio
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Fig. 8.1 Hox gene expression pattern in actinopterygian and tetrapod appendages. Hox gene
expression pattern in mouse limb buds (leff) and in fin buds of the teleost Danio rerio (right).
Proximal is below, and cranial is to the left, in all figure parts. The zones of various Hox gene
expressions are shaded dark gray; the apical ectodermal ridge, in which fin rays (dermal skeleton)
develop, is in light gray. Note that in Danio, the third expression phase (f) is not distinct from the
second one (d; the same expression pattern prevails), contrary to the pattern displayed by the
mouse. (Redrawn from Sordino et al. 1995; modified version from Laurin 2010b)
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fin endoskeleton was simplified. I pointed out this problem (Laurin et al. 2000) in a
review paper, and raised doubts about these conclusions, but my concerns were
ignored. Nevertheless, the subsequent discovery of a tetrapod-like third phase of
Hox gene expression pattern in the basal actinopterygian Polyodon spathula (Davis
et al. 2007) that retains a metapterygial axis in its paired fins confirmed my
alternative interpretation.

The few examples mentioned above illustrate the need for a rigorous analytical
method in comparative or evolutionary biology, if attributes of taxa are compared.
Although this contribution focuses on quantitative characters, similar conclusions
apply to all kinds of data, from nucleotides to ecology and behavior.

8.3 Modern Comparative Methods

8.3.1 Phylogenetic Independent Contrasts

Felsenstein (1985) laid the foundation for statistical analysis of comparative data by
proposing the method of phylogenetic independent contrasts (PIC), a method that
will feature prominently in this paper because of its widespread use. Its popularity
is shown by the fact that on August 8, 2007, the ISI reported 2,382 citations for
the paper that presented it (Felsenstein 1985). This method works by making
comparisons between sister-groups (the most closely related taxa on a tree, terminal
taxa, or higher taxa, represented by nodes). Thus, for n terminal taxa, if the tree is
fully resolved (dichotomous), n-1 contrasts can be taken (Fig. 8.2). These contrasts
are based on the difference in character value between taxa because despite the
phylogenetic relationships of taxa, differences in character value should be statisti-
cally independent, if measured between taxa, and if no path linking contrasted taxa
overlaps another such path. Thus, the raw (unstandardized) contrast between taxa 1
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and 2 (C6) is 1.5 — 1.2 = 0.3. However, contrasts should be standardized because
they are expected to be greater between distantly related taxa (e.g., C8, between
taxon 3 and T7) than between closely related ones (e.g., C7, between taxa 4 and 5),
and PIC is based on parametric linear regressions. If characters evolve according to
a Brownian motion model (the basic assumption of PIC), variance in the characters
is expected to increase linearly with time. Thus, standardization is performed
by dividing the raw contrasts by the square root of the path length involved in the
contrast. This path length is the sum of lengths of branches connecting the
contrasted taxa. For contrasts between terminal taxa, this length is easy to calculate;
for instance, for C6, given that the contrasted taxa (1 and 2) are contemporary
(extant) and that their last common ancestor dates from 1 Ma, each branch measures
1 Ma, and the path length is 2 Ma. Thus, the standardized contrasts C6 would be 0.3/
293 For contrasts involving higher taxa (e.g., C8, C9), the branches have to be
lengthened because the nodal values (of higher taxa) are estimated, not measured;
therefore, this introduces error and the variance is expected to be greater. We need
not dwell further on how to compute the PIC; the above explanation should suffice
for our purpose. Nevertheless, the adequacy of the standardization can be verified
using various statistical tests, four of which are available in the PDAP module of
Mesquite (Midford et al. 2008). It is important to check that the contrasts are
adequately standardized, because otherwise, results will not be reliable. Inadequate
standardization may have several causes: the characters may not have evolved
according to a Brownian motion model (rather frequent), or errors may be present
in the topology, branch lengths (both of which are rather common, if not the rule), or
character value measurement. When character data are reliable (fairly common) and
the when the phylogeny is considered also reliable (much less common), such tests
yield information about the evolutionary model because they can suggest that the
characters did not evolve according to a Brownian model. Some methods, such as
phylogenetic regression (Grafen 1989) or PGLS (Martins and Hansen 1997; Pagel
1997), can actually yield more detailed data about the probable model of character
evolution, if we assume no errors in data measurements and in the phylogeny.

8.3.2 Variance Partition with Phylogenetic Eigenvector
Regression (PVR)

Another comparative method, variance partition with PVR, is based on an entirely
different principle. It works on values of terminal taxa (not contrasts), but tries to
control for phylogenetic effects by using a phylogenetic distance matrix (Fig. 8.3).
That matrix simply shows the phylogenetic distances (sum of branch lengths on the
path linking the compared taxa). It cannot be used directly; instead, a principal
coordinate analysis (a technique related to principal component analysis) is
performed to extract coordinates that reflect the distances between taxa. Given
the structure of the tree, for n terminal taxa, n-1 axes are necessary to represent the
position of all taxa without distortion, but not all these axes can be used because no
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degrees of freedom would be left to compute the statistical significance of regres-
sion coefficients. Thus, axes are selected, either using a broken stick model (Diniz-
Filho et al. 1998), that selects the first few axes that explain more phylogenetic
variance than expected by chance alone, or by regressing the coordinates of these
axes against the dependent character, to determine which axes have a significant
effect (Desdevises et al. 2003). After that, regressions allow determining the portion
of the variance in the dependent character reflecting the independent characters, the
phylogenetic signal, and the covariance between both (and some variance remains
unexplained). The statistical significance of the effect of the independent characters
and of the phylogenetic effects can also be tested.

Regressing the dependent character on the independent characters and on the
selected principal coordinate axes representing the phylogeny allows estimating the
total explained variance. Partial regressions are then used to establish the portion of
variance explained only by the independent characters, only by the phylogeny (the
statistical significance of both of these can be established), the portion explained by
covariance between the independent characters and the phylogeny (whose statisti-
cal significance cannot be assessed), and the residual variance.

There is no need to delve further into the mathematics involved in variance
partition with PVR because the purpose of this brief review is to show how all
recent comparative methods for continuous (quantitative) characters require a
phylogeny with estimated branch lengths.

8.3.3 The Use of Phylogenies in Evo-Devo

Phylogenies can also be useful to analyze other types of data (such as discrete data) or
to assess other types of problems, such as heterochrony, rather than character
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correlation. For instance, several recent studies have dealt with how to analyze
developmental sequence data (typically based on relative or absolute time data on
the position of various events in ontogeny of several species) to detect heterochronies.
This problem is complex because there is no universal developmental time metric,
and ontogenies can differ drastically between species, by the number of events that
they include, by rather extensive differences in sequences, etc. (Jeffery et al. 2002,
2005). Thus, Smith (1997) developed a method called “event pairing” perfected in
subsequent studies (e.g., Jeffery et al. 2002, 2005) to circumvent these problems and
analyze developmental data on several species simultaneously. The method, initially
developed to compare the craniofacial development of marsupials and placentals
(Smith 1997), relies on coding the relative time (before, simultaneous, or after)
between two events. All events are inserted into a C by C table (where C represents
the individual events) and the table gives the relative order between the events listed
in the various rows and those listed in the columns. A separate table is made for
each taxon, and the data are subsequently treated to see the relative timing (the
heterochronies). A full explanation of the method would require considerable
developments that are beyond the scope of this chapter (see Smith 1997; Jeffery
et al. 2002, 2005), but the point to remember is that analyzing developmental data to
detect heterochronies using this method requires a topology (but no branch lengths).

An alternative method using both topology and branch lengths was recently
proposed. That method, called the “continuous analysis,” relies on squared-change
parsimony to infer ancestral (nodal) values and PIC to calculate 95% confidence
intervals (CIs) for these ancestral (nodal) values (Germain and Laurin 2009). The
method consists in estimating the sequence position (or standardized time, if such
data are available) of an event in a given ancestor along with the 95% CI on this
value. Then, the observed or inferred sequence position (or standardized time) of
the same event in the descendant is compared; if it lies outside the 95% CI of the
ancestor, the heterochrony is statistically significant. This method was used to infer
the ancestral cranial ossification sequence for urodeles with that of a potential
sister-group (the Permo-Carboniferous branchiosaur Apateon). This method
showed that contrary to previous claims (Schoch and Carroll 2003), Apateon was
significantly different from the reconstructed ancestral urodele sequence (Germain
and Laurin 2009). In any case, the shared similarities turn out to be mostly
primitive, as shown by an event pairing analysis (Schoch 2006).

The relevance of the continuous analysis to this contribution is that like PIC and
PVR, it uses branch length information whenever it is available, contrary to event-
pairing analyses. It is thus not surprising that simulations show that the continuous
analysis has a lower Type I error rate, and that it is more powerful (Germain and
Laurin 2009).

8.3.4 Phylogenies and Paleontological Data in Paleogenomics

Given the increasing popularity of molecular biology, a brief illustration of how
branch length data can contribute to genomics may be relevant. In addition to their
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widespread use in studies on the evolution of gene expression patterns and of the
genes themselves, phylogenies can be used to study genome size (and any other
quantitative molecular character) evolution. Thus, Organ et al. (2011) recently took
advantage of a correlation between genome size and osteocytic lacuna size to infer
the size of genomes of early tetrapods and thus better constrain scenarios on
genome size evolution. It has long been known that among extant tetrapods,
urodeles have the largest genomes, and that birds have the smallest genomes.
However, the polarity of change was difficult to assess from extant taxa alone
and at least three main scenarios could explain the observed distribution: (1) the
ancestral tetrapod genome was large, as in urodeles, and shrank to various extents in
all taxa except for urodeles; (2) the ancestral tetrapod genome had a moderate
size, as found in extant placental mammals, and it expanded in amphibians and
shrank in birds; or (3) the ancestral tetrapod genome was small, as in birds, and it
increased in all other taxa to various extents. Discriminating between the three
scenarios with data from extant taxa alone is very difficult because evolutionary
trends usually require temporally spread data, as shown by simulations (Laurin
2010a). Thus, the finding that all studied early tetrapods (some amphibians and
amniotes) had mid-sized genomes like extant mammals shows that the second
scenario is the correct one (Fig. 8.4). This study incorporated a time-calibrated
tree at various steps of the analysis, namely, in the assessment of the correlation
between genome size and osteocyte lacuna size in extant taxa in which both are
known, and in the inference on the evolution of genome size in extant and extinct
taxa, using a Bayesian method (Organ et al. 2011).
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Fig. 8.4 Evolution of genome size in tetrapods based on observed values in extant taxa, and
inferred values for extinct taxa based on osteocyte lacuna size. (Reproduced from Organ et al. 2011)
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This survey illustrates the usefulness of time-calibrated trees and paleontological
data in a wide array of fields in comparative biology. Similar examples could have
been taken from evolutionary physiology (Careau et al. 2007), functional morphol-
ogy (Pouydebat et al. 2008), ecology (Canoville and Laurin 2010), or conservation
biology (Faith 1992).

8.3.5 Phylogenies in Paleobiology

Most paleobiological studies have exploited phylogenetic data little, if at all, until
recently. This is the case of most studies based on an observed correlation between
bone microanatomy and lifestyle (aquatic to terrestrial) to infer the lifestyle of
various extinct tetrapods, as was done on extant and extinct snakes (de Buffrénil
and Rage 1993). Even the latest studies in this field (e.g., Canoville and Laurin
2010) use the phylogeny only to assess the relationship between bone microanat-
omy and lifestyle and to build general paleobiological inference models. Thus, the
linear discriminant models used by Canoville and Laurin (2010) assess the proba-
bility that an extinct taxon was aquatic, amphibious, or terrestrial by using the
distribution of quantitative long bone microanatomical characters of taxa of known
lifestyle. A graphical representation can also be obtained and shows the relative
position of taxa of known lifestyles (along with polygons that encompass all taxa of
each given lifestyle) and of the extinct taxa of unknown lifestyle (Fig. 8.5). Ironi-
cally, in this particular case, all extinct taxa of unknown lifestyle fit outside the
polygons representing the distribution of extant taxa, so the inferences must be
viewed with caution, but they can nevertheless be made based on the distance to the
centroid and the variance. Thus, the early Permian amniote Mesosaurus and
Triassic diapsid Neusticosaurus were certainly aquatic.

More inference methods are available for quantitative characters, and some of
these use classical, well-known statistical methods. Thus, Pouydebat et al. (2008)
used multiple linear regression models to infer the grasping behavior of three
extinct primate taxa (the Pliocene hominid Australopithecus afarensis and the
Miocene hominoids Oreopithecus bambolii and Proconsul africanus) based on
the hand proportion, which is itself correlated with frequency of use of various
such behaviors. Again, these inferences did not take into consideration the system-
atic position of these taxa. However, it is possible to incorporate the phylogeny into
such inferences, either using the Bayesian method used, among others, by Organ
etal. (2011), namely, the program BayesTraits (Pagel and Meade 2006), or by using
a program (PhyloPars) originally designed to estimate missing values in compara-
tive datasets (Bruggeman et al. 2009). Both of these methods use character correla-
tion and the systematic position of extinct taxa to make their inferences, which
should result in more reliable estimates. Unfortunately, the interface of BayesTraits
is not very user-friendly, and PhyloPars works only with quantitative characters.

The phylogeny is often used in paleobiology to infer character history, often
based on extant and/or extinct taxa. When extinct taxa are included, the character
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Fig. 8.5 Distribution of taxa of known (in the polygons) and of unknown lifestyle, according to
their bone microanatomical and body size characters. (Reproduced from Canoville and Laurin 2010)

states of terminal taxa are often inferred before the optimization is carried out.
Thus, Canoville and Laurin (2010) used parsimony optimization of the inferred or
observed lifestyle of 28 terminal taxa to reconstruct the history of the conquest of
land by vertebrates. However, as expected, some parts of the tree are ambiguous.
Thus, parsimony indicates that the first amniote was probably amphibious or
terrestrial (Fig. 8.6), a conclusion that gives some support to Romer’s (1958)
suggestion that the first amniotes retained the amphibious lifestyle of their distant
ancestors. However, it is easy to use the phylogeny to better investigate this
question. Canoville and Laurin (2010) suggested that in this case, the value of the
quantitative characters that are used in the linear discriminant inference models can
be inferred on the node of interest (here Amniota) and that these inferences could be
used to infer the lifestyle. Confidence intervals on all the quantitative characters can
also be computed using PIC, allowing a sensitivity analysis of the lifestyle infer-
ence. This analysis suggests that the first amniote was amphibious (Canoville and
Laurin 2010: supplementary online material 9). Of course, Bayesian methods
would allow for a more complete and more rigorous incorporation of various
sources of uncertainty into this analysis, but remain impractical because of the
software limitations evoked above. Nevertheless, the various phylogeny-informed
methods recently developed open exciting perspectives in paleobiology.



132 M. Laurin

MAMMALIA
TESTUDINES
LEPIDOSAURIA
ARCHOSAURIA
LISSAMPHIBIA

145.5
E § ” Upper Jurassic 161.2
8 @ g Middle Jurassic

175.6

. : 199.6
X Upper Triassic
K 228
S s Middle Triassit
) le Triassic 245
251

gl = 8 =] NI | Lopingian | 564
S $) Guadalupian |,/ o

299

— .
. Pennsylvanian

leserpeton

Do

391.8
[] Aquatic

[ Amphibious

Il Terrestrial

Fig. 8.6 Optimization of the lifestyle (considered as an ordered character) on a phylogeny
including extinct taxa whose lifestyle was inferred using microanatomical data and various
inference models (especially, linear discriminant models). (Reproduced from Canoville and
Laurin 2010)

8.4 Branch Lengths in Comparative Methods

As mentioned above, a frequent problem when applying PIC is that contrasts are not
adequately standardized. Data transformation may solve this problem, but when it
does not, transforming the branch lengths is the next logical step. Unfortunately,
many methods of branch length transformations are not particularly biologically
meaningful, and obscure (or discard) the relationship between branch lengths and
time. For instance, an exponential or natural log transformation makes subsequent
calculation of evolutionary rates difficult. Setting all branches of equal lengths,
often done to save time (actually used mostly when no attempt was made to collect
branch length data), precludes any meaningful calculation of evolutionary rate.
Other methods are more useful and sophisticated, such as Grafen’s (1989) rho
transform, which consists in a power transformation of branch lengths that distorts
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the tree to change the relative lengths of terminal and more basal branches. This is
useful to adjust the analysis to reflect the amount of phylogenetic signal present in
the data; if it is large, the internal branches are rather long; if it is small, internal
branches are short, and terminal branches are long. However, when the rho trans-
form needs to be used, the investigator will normally conclude that the analyzed
characters did not evolve according to a Brownian motion model. This may, in
some cases, represent overinterpretation of the results (see below), especially
considering that when Grafen (1989) proposed his method, branch length data
were usually unavailable, so he proposed his method to adapt “artificial” branch
lengths to better fit the data.

All branch length transformation methods discussed above assume that if diver-
gence time data were used to build the tree, the resulting branch lengths were more
or less correct. This may not be so, and it is conceivable that in at least some cases,
it is precisely branch lengths that cause the lack of adequate standardization of
contrasts because they are wrong (and the characters really evolved according to a
Brownian motion model). Two new simple branch length transformation methods
were developed by Josse et al. (2006) to facilitate paleontological tree construction
(Marjanovi¢ and Laurin 2007), and they can be used to check if slight modifications
of the initial lengths yield adequate standardization. A few empirical tests on
bone microanatomical data demonstrate that in many cases, adequate PIC
standardization can be obtained by thus manipulating initial branch lengths (Laurin
et al. 2009; Canoville and Laurin 2010). The resulting lengths may remain plausible
estimates of evolutionary time (because the exact length of each branch is usually
only moderately well-constrained), which allows determination of absolute evolu-
tionary rates of characters. This is essential if evolutionary rates of characters need
to be compared between studies in which the taxonomic sample overlaps partly, if
at all. This method can test, to an extent, the hypothesis that the characters have
evolved according to a Brownian motion model, even if the initial branch lengths
were slightly inaccurate. Given that the Brownian model is the simplest model of
character evolution (Martins et al. 2002), it should not be discarded in favor of more
complex models needlessly.

8.5 Getting Branch Length Data

The last section assumes that branch length data reflecting evolutionary time can be
obtained. This is becoming increasingly frequent, but only a minority of compara-
tive studies incorporates such lengths because they are time-consuming to collect,
as my recent experience as an editorial board member of the Journal of Evolution-
ary Biology (2008—current) has made me realize. Paleontological data can be used
to estimate minimal and (with less precision) maximal divergence dates, but such
data are typically scattered in the literature, although a few recent compilations
(Benton 1993; Benton and Donoghue 2007; Marjanovi¢ and Laurin 2007) ease this
process. Molecular divergence dates are becoming increasingly common and their
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reliability is improving as more taxa and genes are being sequenced, and as the
analytical methods become more sophisticated (Sanderson 1997, 2002; Thorne and
Kishino 2002). Contrary to the earliest attempts at molecular dating that assumed a
single evolutionary rate over the whole tree (Zuckerkandl and Pauling 1965), all
modern molecular dating methods rely on a “relaxed molecular clock” that allows
for each branch to have its own rate. Recent compilations of molecular timetrees
(Hedges and Kumar 2009) should prove invaluable for comparative biologists,
especially for taxa in which the fossil record is patchy or inexistent (as in taxa
that lack mineralized body parts, such as nematodes, or those in which the mor-
phology is not very informative, as in many eubacteria).

However, combining paleontological and molecular ages is not straightforward.
The fossil record provides mostly minimal divergence dates that usually underesti-
mate the actual divergence dates by an unknown amount, whereas molecular ages
represent attempts at dating the actual divergences. For reasons explained below,
molecular ages are usually older (sometimes much older) than paleontological dates
and may often tend to be overestimated, for at least two reasons. First, a methodo-
logical factor tends to inflate such ages because molecular divergence age is an
“asymetrically bounded random variate” (Rodriguez-Trelles et al. 2002), and
random variations around the actual age scale divisively forward (to the present)
but multiplicatively backward (to the past). Therefore, the arithmetic means of such
age estimates (which are used by molecular dating software to estimate the actual
divergence date from several genes and/or portions of the evolutionary tree) are
upwardly biased. Second, most molecular phylogeneticists tend to enforce a single
(or very few) maximal age constraint in a tree, but several minimal age constraints
(e.g., Roelants et al. 2007). This also creates an upward bias, as recently shown
empirically (Marjanovi¢ and Laurin 2007). This second factor is especially impor-
tant because the greatest part in the variance in molecular age estimates appears to
result from calibration choice, rather than the algorithm used to analyze the
molecular sequence data (Marjanovi¢ and Laurin 2007).

Thus, it may not be appropriate to simply mix paleontological and molecular
divergence dates into a timetree because they appear often fundamentally different.
For this reason, Laurin et al. (2009) suggested to use the lower bound (minimal age)
of the 95% CI of molecular ages along with paleontological ages to compile an
initial timetree. These ages are entered as real (paleontological data) or virtual
(molecular age data) taxa into the tree. In most cases, this timetree will underesti-
mate true ages, but if it fails to adequately standardize PICs, the stratigraphic tools
(Josse et al. 2006) can be used to lengthen the branches while keeping all time
constraints at their minimal age. The result is to push back in time some or all
nodes. This procedure can be repeated a few times to check if such transformations
adequately standardize PICs while retaining plausible branch lengths. Given that
the uncertainty on actual divergence dates is substantial (the 95% CI often
represents the data + 10-50%), there is usually ample room to perform such
branch-length manipulations. Thus, in the case of lissamphibians, the initial time-
calibrated tree compiled by Laurin et al. (2009) implied a divergence data between
urodeles and anurans near the Permo/Triassic boundary (251 Ma), which is barely
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older than Triadobatrachus, the oldest known lissamphibian (Fig. 8.7a). This tree
failed to adequately standardize most PICs, but a transformed tree (Fig. 8.7b)
implying a divergence between anurans and urodeles in the Carboniferous
(325 Ma) adequately standardized most PICs. This tree thus implies much greater
ages of most nodes, but it remains biologically plausible (branch lengths may reflect
evolutionary time) to the extent that most molecular dating studies propose a
Carboniferous (or even Devonian) age for this divergence (e.g., San Mauro et al.
2005; Zhang et al. 2005).

The method outlined above eases somewhat the burden of compiling divergence
time data because it allows paleontological and molecular data to be combined in a
coherent way. Furthermore, given the branch manipulation methods implemented
in the stratigraphic tools (Josse et al. 2006), if no data are available for some nodes,
some minimal branch lengths can be inserted and lengthened (along with all other
branches in the tree) to achieve adequate PIC standardization, thus minimizing the
problem created by missing data (when neither molecular ages nor fossil data can
be used to date a node, a common situation).

This method could clearly be pushed further. Developing an automated method
to adjust minimal branch lengths using the algorithms implemented in the strati-
graphic tools to obtain the shortest tree that adequately standardizes the PICs of a
given dataset would be very useful, as the procedure of testing various settings and
the resulting standardization on all characters of a dataset can be time-consuming.
This has not been performed so far because of lack of time, but it could have
widespread applications in comparative biology. Soon, most comparative biologists
may be able to use time-calibrated trees in their analyses, rather than using trees
with arbitrary branch lengths. This change will be facilitated by the growing
number of molecular dating studies (e.g., San Mauro et al. 2005; Zhang et al.
2005; Hedges and Kumar 2009), although the meager level of funding of paleonto-
logical research, required for these fields to progress (especially, molecular dating),
will be the limiting factor.
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