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Rocking clocks and clocking rocks:
a critical look at divergence time
estimation in mammals

OLAF R. P. BININDA-EMONDS, ROBIN
M. D. BECK AND ROSS D. E. MACPHEE

Introduction

Much has been written about the molecular revolution in phylogenetics
and the ongoing conflict between molecules and morphology (Hillis 1987
Patterson 1987; Springer e al. 2004). With reference to therian mammals at
least, the supposed conflict has been largely overblown: there is in fact general
agreement between the two data sources, something unfortunately overshadowed
by a handful of persistent ‘problem children’. The taxonomic content of most
mammalian orders and other traditional higher-level taxa originally proposed
purely on the basis of morphology has remained unscathed by the application of
molecular sequence analysis. Even within these taxa, conflicts between molecular
and morphological hypotheses of relationships are comparatively rare and usually
relatively minor. For instance, a comparative study within Carnivora (Bininda-
Emonds, 2000) revealed that most data sources and methods of analysis pointed
at the same general solution, a few admittedly problematic taxa (e.g. Felidae)
notwithstanding. In the end, the frequency and nature of disagreements over
tree topology is arguably of the same order of magnitude within the separate
spheres of molecular and morphological systematics as it is between them
(Patterson ef al. 1993). In many ways, the situation in mammals parallels that in
vertebrates, where a fairly robust tree including gnathostomes, actinopterygians,
sarcopterygians, tetrapods, amniotes and diapsids (among many other groups)
has been supported by comparative anatomy since the 18oos (Asher and Miiller,
this volume).
Instead, many of the more celebrated conflicts in mammals tend to represent
a lack of information, especially on the morphological side. The evolutionary
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Divergence time estimation in mammals

tree of eutherian mammals presented by Novacek (1992), which exemplified the
state-of-the-art morphological opinion at the time, is conspicuous today not
for being very wrong (although some clades within it have been overturned by
molecular information), but for its lack of resolution. Insectivora was long
recognized to be a taxonomic wastebasket for any small brown mammal with
sharp teeth that wasn’t a rodent and couldn’t fly. With time, the application of
ever more detailed morphological data to the problem resulted in the exclusion
of Macroscelidea, Scandentia and a host of early Cenozoic clades better placed
elsewhere, but ultimately it just wasn’t possible to tease more out of the data.
Molecular data, however, revealed the non-monophyly of the remaining,
‘lipotyphlan’ insectivores, now allocated to two different mammalian super-
orders (see Springer e al. 2004).

In many cases, new information or improved analyses resolved apparent con-
flicts. For instance, Cetartiodactyla was first proposed based on molecular
data (Graur and Higgins, 1994), but subsequently received strong morphological
support with the discovery of fossils of early, terrestrial whales that preserved
features previously thought diagnostic of non-cetacean artiodactyls (e.g. Pakicetus,
Geisler and Uhen, 2003; Gingerich ez a/. 2001; Thewissen e a/. 2001). On the flip
side, the morphologically strongly supported grouping Glires, which unites
rodents and lagomorphs and was rejected by several early molecular analyses
(e.g. Graur et al. 1996; Misawa and Janke 2003), is now consistently recovered by
most molecular studies with sufficient taxon sampling (see Springer ez a/. 2004).
More recently, the morphological study of Wible ez al. (2007) recovered a mono-
phyletic Euarchontoglires (a placental superorder first recognized on the basis
of molecular data; Murphy ez a/. 2001) and clades that are similar (although not
identical) in taxonomic content to the molecularly supported placental superorders
Laurasiatheria (Waddell e a/. 1999) and Afrotheria (Stanhope e al. 1998).

At higher taxonomic levels at least, arguably the only major phylogenetic
conflict between molecules and morphology is the monophyly of Afrotheria,
which unites paenungulates, aardvark, elephant shrews and afrosoricidan
‘insectivores’. Despite extensive research (Asher 1999, 2001, 2007, Whidden
2002; Asher et al. 2003; Sanchez-Villagra ef al. 2007; Seiffert 2007b; Wible
et al. 2007; Asher and Lehmann, 2008; Seiffert, 2010), strong morphological
support (at least with afrosoricidans included) for this placental superorder is
still scarce. The failure of morphology to recognize the monophyly of Afrotheria
(and the non-monophyly of Lipotyphla) means that many of the groups that are
accepted today, like Laurasiatheria, were not strictly recovered in the past,
thereby giving the appearance of conflict. However, a more historically accurate
view reveals that the content of the higher-level taxa, albeit not identical, is often
very similar between morphological and molecular studies.
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Instead of conflict, therefore, the combination of molecules and morphology
is achieving a robust consensus with respect to mammalian higher-level rela-
tionships, with a recent study (Lee and Camens 2009) showing that hidden
support for relationships originally founded on molecular grounds exist within
morphological data sets. The same general lack of conflict, however, cannot
be said to be true for estimates of divergence times within Mammalia and for
the origin and initial radiations of the ordinal crown groups in particular.
Here the conflict is real and continuing, and plays in the expected direction:
molecular-based estimates are consistently older than fossil-based ones (although
not universally; see Douzery ez al. 2003; Kitazoe ez al. 2007). What makes this
conflict particularly interesting is both the scale of the difference and the implied
relative importance of the Cretaceous—Palacogene (K—Pg; traditionally known as
the Cretaceous—Tertiary or KT) mass extinction event for basal divergences
within Placentalia. Whereas fossil-based estimates (as exemplified by Wible
et al. 2007) typically place both the origins and the basal diversifications of
the crown groups close to the K-Pg boundary, most molecular-based estimates
(as exemplified by Bininda-Emonds ez a/. 2007, 2008) indicate that the crown
groups both originated as well as began radiating well within the Late Cretaceous.

In this review, our goal is not to find the answer to the problem of when
existing mammalian (primarily therian) crown groups evolved, but instead to
determine where the difficulties might lie in finding such an answer. The use of
fossil, molecular, or both kinds of data for estimating divergence times is
coupled with any number of crucial assumptions, many of which are hardly
ever mentioned explicitly. Very often, the ‘blame’ for any conflict is simply
passed to the other side, but it could equally be the case that both data sources
are wanting and providing flawed estimates. Here, with particular reference to
examples from the mammalian radiation, we elucidate some of the assumptions
and potential sources of error underlying each data type and describe their
respective strengths and weaknesses. The hope is that the increased awareness
of both sides of the discussion will help bring fossil- and molecular-based date
estimates closer together with time.

Of rocks: assumptions underlying fossil-based date estimates

The fossil record, whether directly in the form of fossil taxa or indirectly
through inferred palacobiogeographic or stratigraphic information, ultimately
represents the single (and only!) data source against which all our divergence
time estimates are calibrated. It is accepted that individual fossils can, at best, be
as old as their associated nodes on a phylogeny, and that they will often
moderately to severely underestimate nodal age. This discrepancy often derives
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simply from sampling issues, with fossils of the oldest members of particular
lineages not yet having been discovered (or possibly not even preserved in the
first place). Thus, whether any given fossil has any real relevance for dating
actual divergence times is often questionable when there is no basis for esti-
mating how well fossil members of the focal lineages have been sampled. Such
factors undoubtedly play a role in debates about the validity of molecular-based
versus fossil-based dates for the deeper mammalian divergences, including
those of the ordinal crown groups. Indeed, the incompleteness of the fossil
record arguably represents the default explanation in any cases of severe conflict.

In the case of placental mammals, it remains possible that the oldest members
of the extant superorders and orders might have been present in regions that are
as yet poorly sampled for particular intervals (e.g. some parts of Gondwana).
However, there are other, less appreciated factors involving the interpretation
of fossil data (e.g. our ability to recognize basal members of the mammalian
superorders and orders in the fossil record) that may be equally if not more
important and whose examination might lead to new insights concerning the
interpretation of morphological data in a phylogenetic context. In the following
sections we examine a wide range of issues associated with interpreting fossil
evidence, including the epistemological nature of characters and character def-
inition, the significance of gaps in the fossil record, how the phylogenetic
affinities of fossils are established, and the contingent relevance of biogeography
in interpreting evolutionary history.

Defining and using morphological characters in phylogenetics:
the funnel of induction and the ratchet

Even without limitations incurred by the incompleteness of the fossil
record, our interpretation of fossil material and its taxonomic affinities relies
on a fundamental aspect of modern systematics, the definition and analysis of
discrete morphological characters. Certainly, the process of character descrip-
tion has intensified greatly over the past 35—40 years, largely as a result of
the search for characters useful for making phylogenetic inferences. In the case
of mammalian systematics, this activity has produced a number of important
insights into morphological evolution, such as the likely primitive therian
premolar number (Giallombardo and AToL. Mammal Morphology Team
2010; Kielan-Jaworowska ef al. 2004) and mammalian cochlear form and
mechanics (Luo e# a4/. 20112).

In working with morphological characters, we need to be aware of the
distinction drawn by Hennig (1966), who recognized that semaphoronts — the
‘holders’ of characters, whether individuals or groups, adults or juveniles — are

41



42

Bininda-Emonds, Beck, MacPhee

empirically real; whereas character phylogenies are abstractions based on
characters detected on semaphoronts and interpreted in the context of a given
study. Within the fossil record, semaphoronts are often temporally clumped
and are separated (in the simplest case) by intervals in which nothing very
much like them may occur. Coeval semaphoronts can often be defined in terms
of characters apparently unique to them, as well as in terms of characters that
link them monophyletically with other groups up or down the tree. The end
result is, metaphorically, a series of beads on a string, each bead more or less
different from, but still related to, those above or below; what keeps them all
together in the mind of the systematist are the successively derived character
states of features they purportedly hold in common.

Several points concerning this procedure need to be examined. First, and
most obviously, is that the entire exercise, from drafting definitions of charac-
ters to interpreting a final tree, proceeds entirely inductively (Bryant 1989, 1991).
Semaphoronts do not advertise their diagnostic characters; these need to be
selected by an informed mind in which prior inductive knowledge plays
a substantial role. The teeth of fossil mammals are usually heavily sampled
for characters, both because they are among the most readily fossilized elements
of the mammalian skeleton and because the dentition is often a very good
(if imperfect) guide to relationships. Another issue concerns how morpho-
logical character states are defined, counted, or measured; these decisions
operate with few constraints, especially compared with the restricted state space
for molecular data (i.e. nucleotide bases or amino acids, or perceived gaps
between them). The choice of descriptor language used in character definition
may differ sharply between systematists, even when describing the same thing,
with consequences for how characters may be scored across taxa and, possibly,
the form of the final tree (Cartmill 1981; MacPhee 1994). This is not a minor
problem. The current drive toward comparatively large morphological chara-
cter sets and more control over descriptors arising from community efforts
like MorphoBank (www.morphobank.org; O’Leary 2011; also Novacek and
AToL. Mammal Morphology Team 2008; Vogt e# al. 2010) is welcome at one
level (e.g. access to information, ability to recognize poor-quality characters),
but because the characters are still generated in much the same way as before,
nothing has changed procedurally.

Another serious problem is the general tendency, in most real records, for the
quality of the information extractable from semaphoronts to decline as one goes
backward in time (Benton and Donoghue 2007; Donoghue and Purnell 20009;
Sansom e# al. 2010). This is not only because the fossils themselves may become
less complete or adequately preserved, as already noted, but because candidate
derived characters, based on prior experience and used to operationally define a



Divergence time estimation in mammals

given group of interest, are either not represented in the preserved anatomy or
are no longer interpretable as part of the same character-state complex. This
circumstance — the ‘character funnel’ — is commonly observed in many kinds
of inductive processes in which some set of initial propositions about a phe-
nomenon is serially depleted (in this case, across time) until the phenomenon
can no longer be stipulated on the basis of the propositions that remain,
reducing that its likelihood can be characterized as either true or false, or
perhaps present versus absent (Hacking 2001; Vickers 2010). Incidentally, the
possibility that morphological characters ever disappear in a formal sense need
not detain us; certainly, the recognition criteria for such characters do, which
ultimately terminates any chain of induction about character ‘states’.

A good example of the funnel in action is the result achieved when only
characters present in existing members of the crown group are utilized to
determine group membership for fossil candidates. If at some point character
states antecedent to the crown group’s defining synapomorphies cannot be
recognized, the funnel empties and the chain of induction terminates with
the last member in which the derived character(s) can be recognized. Of course,
in any real situation there will be more characters in play and very probably
considerable variation as to when individual characters drop out. However,
the end result is the same: analysis stops with the earliest definable member of
a group, and its age provides the (minimum) constraint on divergence time.

As we note later on, a danger when relying solely on diagnostic characters
for the placement of fossils is that the process can easily stray into the realm of
typology rather than phylogenetics. It is curious that, in securing ingroup
placement for a fossil, we often demand that the diagnostic features of the
clade be identifiable even when such features may not be universally present
in the extant members due to loss or additional character modification. For
example, the presence of limbs is diagnostic for (fossil) tetrapods, although they
are lost or highly modified in a variety of extant forms. By contrast, the use of a
phylogenetic perspective in combination with fossil evidence can often overturn
or amend hypotheses based on extant taxa only. If extant crown-group morph-
ology were the sole basis for investigating the systematics of mammals, our
understanding of their evolution would be meagre, if not flawed, indeed. For
example, careful study of fossils reveals that epipubic bones, which are diag-
nostic for extant marsupials, are actually plesiomorphous at a much higher level
(Mammaliaformes) and therefore of little cladistic utility for defining groups at
lower hierarchical levels (Novacek e# al. 1997).

In practice, fossils can play an important role in determining the content of
monophyletic groups, particularly for the purpose of defining stem member-
ship. Specifically, character evidence from fossils provides basic phylogenetic
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structure that would be impossible to induce merely from extant crown-group
morphology. It acts in much the same way that a ratchet provides control over
an object while work is performed on it, thus helping to ensure that the job will
be completed satisfactorily. Perhaps the most compelling example of the induc-
tion ratchet at work — in which something other than mere data reshuffling
occurred — is the paper by Luo e a/. (2001a) in which critical features of
tribosphenic mammals from the Mesozoic of northern and southern continents
were compared (cf. Rich ez al. 1997; Flynn ez al. 1999; Rauhut ez al. 2002;
Rougier e# al. 2007). Earlier, the fact that all such taxa had superficially similar
eutherian-style molars was taken as evidence that they had to be related as
eutherians (Rich e# a/. 1997). Luo e al. (2001a) instead argued that the southern
forms are better regarded as highly derived monotreme relatives, grouped as
australosphenidans, in which a descriptively tribosphenic cusp pattern was
independently evolved. As a result of this analysis, much more was learned
about the groups concerned and new phylogenetic relationships suggested. Our
point here is not whether the australosphenidan/boreosphenidan dichotomization
is correct — something that can only be justified with still more inductively based
propositions about molar evolution — but rather that palacontological evidence
should not be thought of as a source of evolutionary knowledge that is somehow
less privileged compared with neontological evidence. The two are, in fact,
properly conceived as reciprocally illuminating the understanding of system-
atists as they set about trying to interpret the fragments of evolutionary history
on which they work.

Of course, the implied promise here is that more description of more fossils
will always yield better phylogenies. Actual cases reveal that ‘better’ (that is,
more resolved or more compatible) phylogenies often do result when fossils
are included (Donoghue ef al. 1989), but such improvements to systematic
knowledge are not necessarily helpful for determining divergence dates. Thus,
the recent large increase in the number of named taxa of plesiadapiforms has
greatly improved our understanding of the morphology, adaptations and
within-group relationships of these stem primates (e.g. Bloch ez al. 2007).
However, perhaps because of the countervailing effect of the character funnel
(combined with the difficulty in scoring potentially diagnostic characters in
available fossils; see above), this effort has not, so far, resulted in any consensus
regarding how such taxa are related to the extant crown group beyond the mere
fact that they reside somewhere near it on the primate tree trunk.

If even the best-researched groups suffer from such uncertainties, definitive
statements about poorly known groups are clearly premature. The widely cited
Explosive Model of placental evolution (Archibald and Deutschmann 2001) in
its strictest form denies the existence of Cretaceous members of the extant
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modern orders, either because they had not evolved to that time point or,
less restrictively, because none are yet known. But how representative are
the 40-odd recognized genera of Cretaceous eutherians of the diversity that
existed on the planet as a whole 65 to 100 million years (Ma) ago? The
majority of these taxa are known solely from highly incomplete dentitions,
and all but three are from northern continents. If the loss of information
through the funnel were commonly offset by the information gained via the
ratchet, it is possible that the status of possible Cretaceous antecedents of
crown-group orders might need to be re-evaluated. It is relevant to note that
the problem is not unique to the placental/eutherian distinction, but instead
occurs at all higher-level positions along the hierarchy. A good example is the
paucity of characters that appear to distinguish reliably the molars of basal
eutherians and metatherians (Rougier ez al. 1998; Luo ez al. 2002, 2003;
Averianov et al., 2003; Wible ez al. 2005). On the whole, therefore, although
additional fossil evidence bearing on these problems would be very welcome,
it may never be sufficient to stipulate divergence dates with any greater
certainty than at present.

Gaps in the fossil record and their interpretation

Gaps in the fossil record can occur if the relevant taxa are restricted to
biogeographical regions that are poorly sampled (or completely unsampled) for
tossils, for which fossil-bearing strata of the appropriate age are unavailable, or
tfor which the original conditions for fossil preservation were poor. Recent
discoveries have partially ‘filled in’ some gaps in the fossil record of therian
mammals, but it is clear that major lacunae remain. How we interpret these
gaps can impinge greatly on our views of the likely time and place of origin of
the modern mammalian orders and superorders.

Based on the results of their comprehensive morphological analysis of
Cretaceous eutherian mammals and representatives from many placental
crown groups, Wible ¢# al. (2007) favoured a Laurasian origin for all placental
higher taxa at or near the K-Pg boundary, with explosive divergence and
extension of clade ranges onto southern terranes occurring thereafter. Certainly,
this Laurasia-first interpretation finds better support in the fossil record than
does any other interpretation: the oldest generally accepted stem and crown
members of the extant placental orders are almost exclusively from northern
continents. However, the overall accuracy of this view depends on the likeli-
hood that the evidentiary gaps are meaningful and accurate, and that true
placentals have not been missed due to insufficient prospecting or, possibly,
misinterpretation of existing fossils (see below).
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Of particular interest at the moment are the allegedly euarchontan-like
Deccanolestes and the possible ‘condylarth’ Kharmerungulatum, both from the
Maastrichtian of India. Regardless of the precise affinities of either fossil (which
are disputed), both minimally demonstrate the presence of eutherians during the
Late Cretaceous in this as yet relatively poorly sampled region. However,
if either or both taxa are indeed placentals (as has been argued for Deccanolestes;
cf. Boyer e# al. 2010; Prasad ef al. 2010; Seiffert 2010), at least some divergences
within Placentalia must have occurred before the K-Pg boundary, a possibility
in fact allowed by Wible ez al. (2007). In addition, accepting this conclusion
would require that one either reject exclusively Laurasian origins for the modern
placental orders (see below) or invoke palaecogeographically unlikely early con-
tacts between northward-moving India and either Africa or Asia (see Krause
1986; Rose e al., 2008, 2009; Boyer e al. 2010; Prasad ef al. 2010; Smith ez al.
2010). It would also support the hypothesis that India (and possibly other poorly
sampled southern landmasses such as Africa and Antarctica) may have played a
‘Garden of Eden’ role (sensu Foote et al. 1999) for placental mammals during the
Cretaceous (see also Krause and Maas 1990).

Even if both taxa are stem eutherians rather than placentals, their presence
in the Late Cretaceous of India is still biogeographically surprising given
that India was an island continent by about 80 Ma ago and experienced its
maximum degree of isolation during the latest Cretaceous (Ali and Aitchison
2008). This raises questions as to how and when eutherians reached India, and
whether eutherians were distributed more widely in southern continents during
the Late Cretaceous. Providing confident answers to these questions is prob-
ably impossible given the paucity of the Late Cretaceous and early Palacogene
tossil record for most southern continents. For example, the Cretaceous fossil
record for Africa lacks any verified, published examples of eutherians, but the
late Mesozoic terrestrial record for that continent is generally so poor that it
can be called into question whether the observed absence of evidence is likely to
be real evidence of absence. Similarly, there is no Late Cretaceous fossil record
whatsoever of mammals in Australasia: there is only a single site containing
mammals (the early Eocene Tingamarra Local Fauna; Godthelp e# 4. 1992) for
the time period spanning ~110 to 25 Ma ago. However, the presence of a
probable terrestrial eutherian at Tingamarra (7ingamarra porterorum; Godthelp
et al. 1992) hints at a wider distribution of Eutheria within Gondwana than is
perhaps generally assumed.

Even the South American fossil record, which is the best of all the major
southern landmasses, is puzzling in many ways. Pre- and post-K-Pg mammal
records for this continent are staggeringly different, implying that a major
biogeographical shift had to have occurred there at the close of the Mesozoic
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(Pascual and Ortiz-Jaureguizar 1992, 2007). The therian groups characteristic
of South America during the Cenozoic (metatherians, eutherian ‘condylarths’,
‘ungulates’ and xenarthrans) were seemingly absent during the Late Cretaceous,
with the continent populated instead by a variety of non-therian groups
(‘symmetrodonts’, dryolestoids, monotremes and gondwanatherians), most or
all of which had disappeared completely by the end of the Palacocene. At about
this time (i.e. middle to late Palacocene), therians make their first appearance
in the South American fossil record (de Muizon 1991; de Muizon e al. 1998;
de Muizon and Cifelli 2000; Marshall and de Muizon 1988). In the case of the
metatherians and ‘condylarths’, their arrival in South America was almost
certainly the result of dispersal from North America, possibly via a proto-
Antillean connector inferred to have existed for a brief period around the end
of the Cretaceous (Gayet 2001; Iturralde-Vinent 2006). The origins of xenar-
thrans are far more puzzling. The earliest record of Xenarthra is from the late
Palacocene or early Eocene Itaborai fauna in Brazil (Bergqvist e a/. 2004; Gelfo
et al. 2009). The Itaboraian xenarthrans are relatively derived and include
probable crown-group forms (cingulates; Bergqvist ez al. 2004), suggesting
a considerable period of unsampled prior evolution in South America or
elsewhere. However, fossils of Xenarthra, which should be easily identifiable
based on the presence of osteoderms (a distinctive xenarthran apomorphy rarely
found in any other therian clade), are as yet unknown from older sites in South
America or indeed from any other continent (MacPhee and Reguero 2010).
The same is true for putative xenarthran relatives, which are either lacking
entirely from Late Cretaceous (and later) fossil records of other Gondwanan
fragments (e.g. Africa and Australia) or do not display expected diagnostic
traits such as xenarthry (e.g. the Laurasian palaecanodonts).

The nature of gaps, however, is that they can be filled by new material,
and often substantially so. If correct, the suggestion of Seiffert ez al. (2007)
and Seiffert (2010) that Widanelfarasia bowni and Dilambdogale gheerbranti
from late Eocene localities in the Fayum area of northern Egypt are possible
stem members of a tenrec—golden mole clade, pushing the first split within
that clade to a minimum of 37 Ma ago. Previously, the oldest known fossils
relevant to this divergence were the tenrecoids Profenrec, Erythrozootes and
Parageogale and the chrysochlorid Prochrysochloris from the early Miocene
of East Africa (Butler 1984), some 17 Ma younger. Moreover, the latter fossils
are at least zalambdodont in aspect, a distinctive dental morphology of extant
tenrecs and golden moles, which the Fayum fossils are not. This new min-
imum is, in any case, still at least 25-30 Ma younger than the presumed
divergence predicted by most molecular studies (e.g. Douady and Douzery
2003; Poux ef al. 2008).
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Some first appearance records, already reasonably ancient, have been pushed
back even more, but only modestly. For example, recent discoveries have
pushed evidence for both Proboscidea (Eritherium azzouzorum from Morocco;
Gheerbrant 2009) and Cetartiodactyla (Ganungulatum xincunliense from the
Nongshanian of China; Ting ef al. 2007; Clyde ez al. 2010) into the middle
Palacocene (both ~60 Ma ago). (The cetartiodactylan affinities of Ganungu-
latum admittedly are not certain, however; see below.) Although only slightly
older, these two new discoveries require us to re-evaluate the evolutionary
scenarios attached to them given that both orders are well nested within
their respective superorders (Afrotheria and Laurasiatheria): their earlier,
middle Palaeocene appearance leaves only 5 Ma for the deeper, superordinal
splits to have occurred under an the Explosive Model of placental origins (see
Wible e# al. 2007).

Whether future finds will actually push the inferred origins of placental orders
over the K—Pg boundary, as predicted by most molecular studies, remains to be
seen. A recent discovery bearing on this issue is the recovery of a single upper
premolar referred to Protungulatum, an archaic ‘ungulate’ sometimes regarded as
an early placental (e.g. Spaulding e# al. 2009), in rocks of unquestionably latest
Cretaceous age in Montana (Archibald e# a/. 2011). This is perhaps not that
surprising because this taxon is already well known from the earliest Palacocene
and the new fossil is thought to be only a few hundred thousand years earlier
than the K-Pg boundary. Although Archibald ez a/. (2011; also Wible ez al. 2007)
discount a placental affinity for Profungulatum, this discovery remains important
because it raises two critical questions. First, what else is being missed and why?
Second, in addition to problems associated with apomorphy lag (see below) and
the character funnel, can we place the often highly fragmentary Cretaceous and
Palacocene mammal fossils within a phylogenetic framework robustly enough to
be confident of their relationships to the extant taxa? In short, can we ever hope
to recognize the earliest putative members of a group for what they are?

Establishing the phylogenetic affinities of fossils

Whether fossil data are used to infer divergence times in isolation or as
calibration points for molecular-based analyses, there are two crucial prerequis-
ites for their use: these data must be (1) associated accurately with particular
nodes on the phylogenetic tree for which we want to derive divergence time
information and (2) appropriate to act as estimators for the divergence date of
the node in question even if they are properly placed. These issues are inter-
twined, logically as well as empirically, and become increasingly important and
problematic the further back in time we go, when both character information
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and taxonomic sampling become increasingly limited and limiting. Using
current concepts and analyses, we shall concentrate on some of the associated
epistemological and empirical issues that complicate the search for evolutionary
origins and diversifications within mammals.

Associating a fossil taxon with a particular node on a phylogenetic tree
requires both that (1) the taxon possesses one or a combination of candidate
apomorphies enabling it to be plausibly referred to one of the lineages des-
cending from that node (preferably demonstrated via formal phylogenetic
analysis) and (2) its available fossil remains actually do preserve at least one
diagnostic apomorphy that can be recognized for what it is. The first condition
is largely definitional under a cladistic framework. Without the possession of
attendant apomorphies, no matter how weakly buttressed, we have no basis for
associating any taxon (fossil or extant) with a particular clade except at the most
uninformative level (e.g. ‘cf. Mammalia). Instead, the second condition is the
more problematic given that missing information can prevent the accurate
placement of fossil material when the first condition is fulfilled.

In this regard, data completeness for fossil material is frequently a problem.
In mammals, the majority of fossil taxa are known only from partial dental
remains (usually molars of adult individuals). Thus, information from the fossil
specimens alone is often insufficient to confidently resolve their phylogenetic
affinities. For example, Eomaia and Sinodelphys from the 125-Ma-old Yixian
Formation of China represent among the oldest known generally accepted
members of Eutheria and Metatheria, respectively, and therefore represent critical
data points for inferring the age of the placental-marsupial split. However, the
determination of their taxonomic affinities was based partly on morphological
features that are only identifiable because of the exceptional preservation of
the Yixian specimens (Ji e# al. 2002; Luo ef al. 2003). If both taxa were known
only from the more typical fragmentary dental remains, it is questionable whether
either could be confidently distinguished from tribosphenic stem therians
(e.g. both retain the plesiomorphic condition of eight upper post-canines, rather
than seven as in crown-group placentals and marsupials).

An example of the more typical difficulty associated with assigning mamma-
lian taxa known only from fragmentary dental remains is provided by the Middle
Jurassic (Bathonian) Malagasy fossil Ambondro mahabo (Flynn ez al. 1999), known
only from three lower teeth in a jaw fragment. On the basis of this relatively
meagre evidence, it has been serially associated with monotremes (Luo e al.
2001b), eutherians (Woodburne e# al. 2003) or therians as a whole (Rowe ez al.
2008) in robust cladistic analyses. Such differences in opinion are, in fact,
typically encountered in the interpretative history of many Mesozoic mammal
fossils. A comparison of phylogenies by Luo and co-workers (e.g. Ji e al. 2002;
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Luo ez al. 2002, 2003, 2007; Kielan-Jaworowska ez a/. 2004; Luo and Wible 2005)
with those of Woodburne e# al. (2003), Rougier e al. (2007) and Rowe ez al.
(2008) reveals major differences in how these authors portray the relationships of
key taxa such as monotremes, Mesozoic tribosphenic forms from Gondwana
(including Ambondro), allotherians (multituberculates, haramiyidans and gond-
wanatherians) and the various groups of triconodonts and symmetrodonts. In
turn, these differences in opinion will have a major impact on the choice of fossil
taxa suitable for dating the monotreme—therian split and thus the root of crown-
group Mammalia. For instance, the choice of Amébondro by Bininda-Emonds
et al. (2007) for this purpose might turn out to be unduly conservative, particu-
larly if the controversial hypothesis that haramiyidans, the first record of which is
from the Late Triassic, are indeed crown-group mammals (Luo ez a/. 2002, 2007;
Luo and Wible 2005; Rowe e# al. 2008). This would mean that the deepest
divergences within living mammals might be even older than estimated by
Bininda-Emonds ez al. (2007, 2008). The recent discovery of the putative
eutherian Juramaia sinensis (contemporaneous with Ambondro at ~160 Ma;
Luo ez al., 201b) would strongly hint that this is indeed the case.

More generally, the crucial structures needed to place a given fossil are often
not preserved in the fossil record. For instance, arguably the most distinctive
morphological apomorphy of Cetartiodactyla is their apparently uniquely
derived ‘double-pulleyed’ astragalus (Schaeffer 1947; Rose 1996; Luckett and
Hong 1998). However, determining the presence or absence of this feature
in fossil taxa requires the discovery of post-cranial material, which is compara-
tively much rarer than dental material. Thus, Ganungulatum xincunliense from
the middle Palacocene (Nongshanian) of China might be the oldest known
cetartiodactyl (as suggested by Ting ez al. 2007), but, in the absence of poten-
tially definitive post-cranial evidence, this identification rests on relatively
minor dental features. Instead, the oldest cetartiodactyl known to have a
double-pulleyed astragalus, the early Eocene Diacodexis, is at least 4 Ma
younger. Similarly, the early Eocene Australian marsupial Djarthia murgonensis
was originally described based on dental material that was insufficient to
determine its higher-level relationships (Godthelp ez al. 1999); it was only after
the subsequent referral of tarsal remains preserving diagnostic apomorphies
that Djarthia could be identified as the oldest unequivocal member of the
crown-group marsupial clade Australidelphia (Beck e# a/. 2008).

A similar problem arises when the potentially diagnostic morphological
apomorphies occur early in ontogeny. In such cases, adult material, even when
abundantly available, can be uninformative with regard to the question at hand.
Unfortunately, well-preserved fossils of juvenile mammals are comparatively
rare (but see Rougier ez al. 1998; Shoshani e al. 2006) because their hard parts
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are usually much less robust than those of adults. Thus, unequivocally docu-
menting the presence of a petrosal-derived bulla (a widely accepted diagnostic
apomorphy of crown-group primates; MacPhee 1981) in a given case requires
young specimens of the taxon to show that no suture ever intervenes between
the bulla and promontorium. When this criterion is applied to Plesiadapiformes,
none could currently qualify as crown-group primates simply because there are
no known taxa in which bullar composition can be fully resolved (Boyer 2009,
but for a contrary opinion regarding Ignacius graybullianus, see Kay et al. 2001).
Similarly, determining the presence or absence of the highly derived, potentially
diagnostic pattern of tooth replacement seen in living marsupials (in which
replacement is restricted to the last premolar; Luo e a/. 2004) in fossils requires
adequate juvenile material that is only rarely available (Cifelli and de Muizon 1998).

Finally, correctly placing fossils in a phylogeny can also prove difficult when
there are few or no genuinely diagnostic apomorphies for the group of interest.
The latter is the case for all placental superorders except for the morphologically
highly derived xenarthrans. For example, putative morphological synapo-
morphies of Afrotheria, such as an increased number of thoracolumbar vertebrae
(Sanchez-Villagra ef al. 2007) or delayed eruption of the permanent dentition
(Asher and Lehmann 2008), show considerable homoplasy both within
Afrotheria and between afrotherians and other placentals (see Asher and
Lehmann 2008: their fig. 3). Thus, confidently assigning fossils to Afrotheria
might be expected to be extremely difficult; indeed, the ‘pseudoextinction’
analyses of Springer e al. (2007) argue that morphological data alone are often
insufficient to correctly place extant placentals in their appropriate superorder
(but see Asher and Hofreiter 2006; Asher e# al. 2008; Lee and Camens 2009).

This situation raises the possibility that the earliest members of each
of the placental superorders were morphologically little different from stem
eutherians. Potential support for this hypothesis is provided by a series of recent
papers (Hooker 2001; Boyer e al. 2010; Prasad ez al. 2010; Seiffert 2010; Smith
et al. 2010) that highlight close dental and post-cranial similarities between
Deccanolestes, the adapisoriculids Adapisoriculus, Bustylus and Remiculus from the
Palacocene of Europe, and Afrodon, a taxon originally known from dental
specimens from the latest Palacocene and earliest Eocene of North Africa but
subsequently also identified in the early Palacocene of Europe. Adapisoriculids
have been identified as plesiadapiforms (Storch 2008; Smith e# a/. 2010) and
hence members of the placental supraordinal clade Euarchonta. Deccanolestes
may be a euarchontan (Hooker 2001; Boyer e# al. 2010; Smith e# al. 2010), an
afrotherian (Goswami ef al. 2010a), or a stem eutherian (Wible e a/. 2007).
Finally, Afrodon may be an adapisoriculid (and hence a possible euarchontan;
Smith e# al. 2010) or an afrotherian (Seiffert 2010). It seems probable that at
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least one of these taxa is indeed a crown-group placental, yet lacks diagnostic
apomorphies that would unequivocally identify it as such; the position of
Purgatorius (widely thought to be a euarchontan) outside Placentalia in the
analysis of Wible ez a/. (2007) may represent another example of this (see Boyer
et al. 2010). If Deccanolestes is a stem eutherian (Wible e# al. 2007), adapisor-
iculids are euarchontans (Boyer e a/. 2010; Smith e# al. 2010) and Afrodon is an
afrotherian (Seiffert 2010), then their close morphological similarities are
presumably plesiomorphic retentions. This, in turn, raises the possibility that
the earliest members of the four superorders may have been ‘adapisoriculid-like’
in dental, and possibly also post-cranial, morphology (Goswami ez al. 2010b;
Seiffert 2010).

Fossils as divergence date estimators

A traditional palacontological view is that a lineage begins with the
‘first’ or earliest taxon that can be assigned to that lineage on the basis of shared
derived characters. In deference to evolutionary theory, an indeterminate
(but usually small) amount of time is often allowed for ‘prior evolution’ to take
care of the problem that a fossil taxon that already possesses the earmark
apomorphies of a monophyletic group must itself descend from an ancestor
that lacked those apomorphies (or expressed them differently), yet nevertheless
also belonged to that group. Looked at in this way, the independent history of
the modern placental orders has usually been assumed by palacontologists to
begin within a few million years of the K-Pg boundary for most groups because
this is as far back as the ‘first taxa + prior evolution’ estimate allows one to push
the available data without interpolating the lengthy ghost lineages (e.g. of up to
20—30 Ma, if not more) many molecular-based results would require.
However, the true period of time between a lineage’s origin and the acquisi-
tion of its first diagnostic apomorphies is probably unknowable, and there
seems no a-priori reason why it could not be quite lengthy. In the absence of
compelling evidence for a ‘morphological clock’ (see Larsson ez al., this
volume), it seems probable that it varies considerably both between different
clades and between lineages within the same clade. If this period is long, then
even a perfect fossil record will considerably underestimate the time of origin
because the oldest fossil taxon with diagnostic apomorphies will be (much)
younger than its parent node. Verifying the existence of such ‘apomorphy lag’ is
difficult, because its most obvious manifestation will be a large discrepancy
between (older) molecular and (younger) fossil estimates of the age of the node
in question, for which several other explanations are possible (as discussed
elsewhere in this chapter), and because, by definition, it cannot be identified
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by phylogenetic analyses of morphological data. As such, it represents a con-
venient, but possibly inherently untestable, ad hoc explanation that can be
invoked whenever molecular and fossil divergence dates are incongruent.

Reconciliation with palacobiogeography

Phylogenetic trees that include information on nodal divergence dates —
such as the ones discussed in this chapter — have implications. Palacobiogeo-
graphical interpretations of the distributional history of Late Cretaceous and
earliest Cenozoic eutherians, for example, can be strongly influenced by one’s
preferred reconstruction of their phylogeny. Thus, a clear implication of the
Explosive Model (like that favoured by Wible ez al. 2007) is that post-divergence
distributions must have been largely accomplished by over-water transport of
propagules rather than dispersal across terrestrial portals (e.g. pre-rift conjugate
terranes or land bridges).

Recent plate-tectonic and palacogeographic reconstructions for the interval
150—50 Ma ago (e.g. Aitchison e al. 2007; Eagles 2007, 2010; Whittaker ez al.
2007; Ali and Huber 2010; Ali and Krause, 2011; ) indicate that, with the
exception of southern South America/West Antarctica (via the Antarctic
Peninsula) and probably also eastern Antarctica/Australia (via the South Tasman
Rise), the major terranes comprising Gondwana did not remain in proximate
contact after the close of the Mesozoic. Dispersal of the ancestors of australi-
delphian marsupials into Australia before the final, apparently gradual separ-
ation of the latter from East Antarctica (Woodburne and Case 1996; Whittaker
et al. 2007; Beck 2008) could have involved an all-terrestrial route any time from
the late Mesozoic until the earliest Eocene. Evans ¢7 a/. (2008) make a case for
several terrestrial vertebrate taxa (but no eutherians) dispersing across Antarctica
via a dry-land route joining India/Madagascar to southern South America.

These points are of interest here because the lack of portals among Gondwanan
fragments by the early Cenozoic should have acted as a very strong constraint
on mammalian movements. Yet this factor is either ignored or side-stepped
by studies advocating an Explosive Model. The necessary corollary to this
argument is that nothing except non-placental eutherians (and other kinds of
mammaliaforms) could have occupied Gondwanan daughter terranes until the
start of the Cenozoic, when the modern orders came into existence. This is
effectively a Palacogene version of the Sherwin—Williams Effect (Hershkovitz
1968; Clemens 1986) that divergences of major mammalian lineages are always
assumed to have occurred on northern landmasses, with movement to the south
only taking place significantly later. The alternative is that initial differentiation
of Placentalia not only began well within the Cretaceous, but also occurred
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among clades already occupying Gondwanan terranes whose fossils are as yet
unknown. Is this plausible? Fossil taxa such as the Maastrichtian Deccanolestes
and Kharmerungulatum from India hint that it might be (see also Krause
and Maas 1990), although the generally poor Cretaceous fossil record for
Africa, India and Australasia (see above) prevents a definite assessment of

this hypothesis.

And clocks: assumptions underlying molecular-based
date estimates

The molecular-clock hypothesis

All molecular-based methods of divergence time estimates rely crucially
on two factors: (1) calibration data in the form of fossil and/or biogeographic
events and (2) the assumption that molecular data evolve in a more-or-less
clock-like fashion (the molecular-clock hypothesis). We have already dealt with
the data and inference issues underlying the first factor and will only add here
that the fact that poor calibration data can cause problems should be obvious
(although the scale of any errors is often unknown). Indeed, in cases of conflict,
molecular phylogeneticists typically question the quality of the calibration data
in the first instance (e.g. Near and Sanderson 2004; Inoue ez a/. 2010; Pyron 2010).
But what of the other side of the equation?

The molecular-clock hypothesis dates to the early 1960s when Zuckerkandl
and Pauling (1962, 1965) noted that, unlike morphological evolution (but see
Polly 2001), amino-acid changes accumulated at a relatively constant rate over the
long term in haemoglobin. This hypothesis, in turn, formed an important
cornerstone of the neutral theory of evolution first proposed by Kimura (1983).
In many ways, however, the molecular-clock hypothesis has been misinterpreted
to imply an absolutely constant rate of molecular evolution or a strict molecular
clock. Even from the earliest days, however, it was realized that there was no
universal clock. In generalizing their observations, Zuckerkandl and Pauling
(1962, 1965)were careful to make it protein specific. Today, we know that different
proteins run according to different clocks in line with the degree of inferred
functional constraint they are under (more constrained genes tend to evolve more
slowly; see data in Nei 1987; Ohta 1995) and differences between the faster
mitochondrial and slower nuclear genomes are also apparent. In addition, it was
noted that the clock could fluctuate, often greatly, over the short term. It was only
over evolutionary time spans that a clock-like behaviour became apparent.

It is well accepted today that the rate of molecular evolution also varies
between organismal groups (Britten 1986; Drake ez al. 1998) and often
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dramatically so (e.g. viruses, the extreme speedsters, juxtaposed against the
more stately mammals) because of differences in the accuracy of the DNA
replication machinery and/or the inverse relationship between substitution rate
and body size, whether directly or indirectly through generation time. This rate
variation can also occur on a more taxonomically restricted scale and also within
the same gene (heterotachy). Among mammals, for instance, rodents have a
comparatively high rate of molecular evolution, whereas the clock is appreciably
slower in the great apes (the ‘hominid slowdown’) and cetaceans; other rate
differences across mammals are also apparent (see Bininda-Emonds 2007).
Although the idea of a global clock has largely been discredited for the
reasons provided above, it is unfortunately still commonly applied. For
instance, a substitution rate of 2% per million years for mitochondrial DNA
has been applied for primates, birds and arthropods, among other groups (see
Brown e al. 1979; Brower 1994; Ho 2007)! In addition to the improbability of
such diverse groups all possessing the same rate of evolution, the use of such a
value also ignores the documented rate variation among mtDNA genes (e.g.
estimated as 19.2X across genes for mammals in Bininda-Emonds 2007).
Given that the molecular clock is not so much of a Rolex as it is a Timex,
what hope is there then for molecular-based date estimates? Fortunately, clock-
like evolution does appear to occur on more restricted timescales (and thus also
taxonomic scales) before heterotachy acts to change the rate of evolution
significantly. In fact, there might be a surprising amount of (local) clock-like
activity. For instance, the comprehensive study of Bininda-Emonds (2007)
revealed very few mammalian clades (42 of 1282) or individual branches in the
mammalian tree (74 of 3332) where the rate of evolution differed significantly
from the overall mammalian average. Significant changes in rate compared with
an ancestral node or branch were even more rare (38 and 20, respectively).
Mapping of the cytochrome b (M7-CYB) data set from Bininda-Emonds
et al. (2007) onto the topology of the mammalian supertree (Bininda-Emonds
et al. 2007) reveals more surprises. Using Model TEST v3.7 (Posada and Crandall
1998), PAUP* v4.0bro (Swofford 2002), and a likelihood ratio test to examine
each clade in turn, a clock-like rate of evolution could not be rejected at the 0.05
level (corrected for multiple comparisons using a Holm—Bonferroni correction;
Holm 1979) for 237 of the 561 clades in total (= 42.2%) (red + green lineages in
Figure 3.1)! As would be expected with the idea of a local clock, the clock-like
clades were both significantly younger (16.5 £ 13.7 versus 22.1 £ 20.2 Ma (mean
+ SD); Mann—Whitney U = 3.348 X 10* 2 = —2.593, P = 0.009518) and smaller
in size (5.6 £ 3.6 versus 25.9 £ 34.6 species; U= 1674 X 10% 2 = —11.5, P = 1259
x 10 3°) than the non-clock-like clades. However, the oldest clock-like clade,
which links the three representatives in the tree for Afrosoricida and

55



N
&&\

L e e
175.0 150.0 125.0 100.0 75.0 50.0 25.0 0.0

Time before present (Ma)

Figure 3.1 The mammal supertree of Bininda-Emonds ez a/. (2007, 2008) restricted to
those species for which M7-CYB data were available. Clades that evolve in a clock-like
fashion according to a likelihood ratio test with a nominal P-value of o.05 are
highlighted in either green (clade and all its descendant clades are clock-like) or red
(only the focal clade is clock-like). (See also colour plate.)
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Macroscelidea, is some 88.3 Ma old, a much longer timescale for clock-like
behaviour than perhaps expected by many. (The largest clock-like clade com-
prised 22 rodent species, spanning from Echimydae plus Capromys pilorides, and
was 21 Ma old.)

Admittedly, the previous comparisons run into a statistical problem of non-
independence given the hierarchical structure of the tree, meaning that clock-
like clades can contain other clock-like clades, therefore overestimating their
frequency. However, this need not be the case, and there are several instances
where a clock-like status emerged despite not being present in the subclades.
Moreover, the non-independence problem only occurs because we have exam-
ined all the constituent clades in turn: the clock-like clades would retain this
characteristic if they were examined in isolation. If, however, we apply the more
conservative criterion that all subclades in a clade must evolve in a clock-like
fashion for the clade to recognized as such, then 96 such clades still remain
(green lineages in Figure 3.1), with no appreciable difference in average size
(5.0 £ 2.8 species; maximum = 17 species within the shrew genus Sorex) or age
(17.9 £ 1.53 Ma; maximum = 88.3 Ma for the Afrosoricida + Macroscelidea
clade) than before.

Thus, although the idea of a global clock is largely untenable, local clocks do
appear to exist and might, in fact, be more widespread than is commonly
assumed. In fact, local clocks play a crucial role in molecular dating studies
given that they underlie most modern methods in some form. True local clock
methods such as non-parametric rate smoothing (NPRS; Sanderson 1997),
PATHJS (Britton ef al. 2007), or relDate (Purvis 1995; Bininda-Emonds ez a/.
2007) allow for different rates of molecular evolution among different lineages,
but assume the rate to be constant within each lineage. Relaxed clock methods
such as penalized likelihood (PL; Sanderson 2002) and those implemented in
PhyBayes (Aris-Brosou and Yang 2002) and MULTIDIVTIME (Thorne and
Kishino 2002) model rates as being autocorrelated along branches, essentially
assuming that the rate of molecular evolution itself is a heritable character that
can evolve over time. Yet another solution is provided by BEAST (Drummond
and Rambaut 2007), which, in addition to a strict molecular clock, also imple-
ments uncorrelated relaxed clock models in which the rates of molecular
evolution are drawn from an underlying rate distribution (e.g. exponential or
log normal distributions). These two categories of methods represent the
extremes of a continuum: as the lineages for local clock methods become
increasingly restricted taxonomically, the methods will increasingly resemble
relaxed clock methods (albeit without any model for the rate of molecular
evolution). Even a global clock is simply an extreme version of a local clock
method, with only a single lineage being specified.
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Revisiting the use of fossils as calibration points in molecular
dating analyses

In molecular dating analyses, fossils (and biogeographic or stratigraphic
data) not only act as calibration points to indicate how fast the molecular clock
is ticking, but are often also used to constrain the range of divergence date for the
same nodes as well. Because fossils can, at best, only be as old as their associated
nodes, they have typically been used to provide minimum age constraints for that
node. A frequent criticism of molecular studies then was that although many
nodes possessed lower bounds, comparatively few possessed upper bounds,
potentially contributing to the inflation of molecular divergence time estimates
compared with strictly fossil based ones. This criticism could apply to the
mammal supertree. As noted above, only the root was fixed at 166.2 Ma (based
on the Middle Jurassic Malagasy fossil Ambondro mahabo); all other fossil
calibrations were minimal age estimates and upper bounds were not specified.
Thus, although the maximum age of the entire tree was capped, no such
restriction existed for nodes within the tree. That being said, there is no evidence
for the divergence times bunching up against the 166.2 Ma ceiling, which would
indicate potential age inflation among the internal nodes.

The use of maximal age constraints is becoming increasingly common (see
Benton e al. 2009; Phillips ez al. 2009) and is usually associated with range
constraints. Indeed, the case could be made within extant mammals that at least
some of the fossil calibrations for the ordinal crown groups could approximate
maximal age constraints for particularly well sampled and morphologically
distinct taxa. For example, the teeth of crown-group rodents are highly diag-
nostic (Meng and Wyss 2005) and, of the hard anatomy, teeth are the most
commonly preserved mammalian fossils. Yet, no single rodent cheek tooth has
ever been identified from Cretaceous strata, suggesting strongly that the
crown-group rodents are restricted to the Cenozoic. A similar case (albeit not
based on tooth characters exclusively) could be made for crown-group primates
with their well-researched fossil record (Bloch ez al. 2007, but see Tavaré ez al.
2002; Martin ez al. 2007). Any alternative explanations (e.g. preservation bias)
seem dubious, as they would have to explain why there is no trace of the
Cretaceous members of these two clades that are otherwise well represented
in the Cenozoic fossil record. In the case of rodents, the presence in Cretaceous
sediments of probable ecological equivalents, namely multituberculates (Krause
1986), also require that such hypothetical preservation biases would be driven by
phylogeny rather than by ecology, which seems unlikely.

Such upper bounds, however, remain inherently problematic in that they can
easily be overturned by the old saw of a single new discovery. Unlike lower
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bounds, reasonable upper bounds are also more difficult to specify robustly, the
primate and rodent examples above being the possible exceptions. Methods
including the application of phylogenetic bracketing (Reisz and Miiller 2004;
Hug and Roger 2007) and stochastic modelling (Tavaré ez al. 2002) do exist for
this purpose, but have yet to find wide use and also have specific shortcomings
(see Ho and Phillips 2009). Moreover, a molecular overestimate may indicate
that a given calibration is too young and that new fossil material is waiting to be
discovered. An excellent example here is the recent discovery of crown-group
strepsirhine primates from the middle Eocene of Egypt (Seiffert ez al. 2003;
Seiffert 2007a). These fossils are both relatively congruent with prior molecular
studies that indicated a 50—62 Ma date for the first splits within crown-
Strepsirhini and also supported the prevailing contention among palaeontolo-
gists that the previous earliest fossil record for the group (some 20 Ma younger
from the early Miocene) were too young.

More recently, an important development in molecular dating methods has
been the modelling of uncertainty in calibration data via the use of soft bounds
and/or a variety of probabilistic distributions (Drummond e# a/. 2006; Yang
and Rannala 2006), thereby causing calibration data to become prior probabil-
ities instead of point estimates. These same methods can be used to specify
(probabilistic) upper constraints for any calibration point as well. As important
as these advances have been, it still must be realized that the validity of the
(many) available models remains to be established, as do reasonable parameters
for them. Most represent standard statistical models (e.g. normal, log-normal,
exponential or gamma), but this does not automatically guarantee that they
represent an accurate portrayal of modelling the uncertainty in calibration
data. For instance, the discoveries of Murtoilestes abramovi (Averianov and
Skutschas 2001) at ~120—-128 Ma and Eomaia scansoria (Ji et al. 2002) at ~125
Ma pushed back the evidence for the origin of eutherian mammals by some
13% from previous estimates (Cifelli 1999), probably well outside the upper
bounds many users would specify for the statistical models. More recently, the
description of Juramaia sinensis (Luo et al. 2011b) at ~160 Ma adds another
astonishing 28% to these two estimates. Actual research to quantify exactly how
uncertain fossil calibrations might be is rare (but see Tavaré ez a/. 2002). In any
case, the use of fuzzy calibrations/constraints does seem to improve and/or
focus molecular date estimates (Inoue e al. 2010) and the use of some vaguely
realistic bounds has to be preferable to the open-ended scenario that was in play
before. The changes brought about by using bounded estimates can sometimes
be dramatic, as shown by Ho and Phillips (2009). In their study, the use of
bounded (including distributional) calibrations shifted the inferred origin of
Neoaves across the K-Pg boundary into the Cretaceous, in contrast to the use
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of point estimates, which instead inferred a Palacogene origin. Underlining this
difference is that the 95% HPD (highest posterior density) intervals for the
respective estimates did not overlap at all.

In the future, additional improvements to model accuracy could be achieved by
the modelling of clade diversification and variation in fossil recovery potential in
time and space (Inoue ez a/. 2010; Marjanovi¢ and Laurin 2008). Such parameters
are not incorporated currently in existing molecular-dating software.

Modelling the rate of molecular evolution

Modern molecular dating methods are invariably model driven, usually
in a likelihood framework. Minimally, this involves likelihood estimates of the
amount of molecular evolution, but can also include modelling how these data
translate into actual divergence times for the relaxed clock methods. The use of
models can help us to represent the evolutionary process more precisely, thereby
improving our estimates, but they are simultaneously problematic in that they
are simple, tractable implementations of what are probably extremely compli-
cated processes. Both the simplification itself and choosing which simplifica-
tion is the right one can have important consequences.

Likelihood-derived branch lengths are actually rates measured in average
number of substitutions per site per unit time, therefore confounding the
amount of evolutionary change with the time in which it has taken place.
Thus, whereas a long branch means that a lot of evolution has occurred, it does
not reveal whether it has occurred over a long time span at a slow rate, over a
short time span at a fast rate, or something in between. However, given that
modern molecular dating methods necessarily assume some form of relative
rate constancy, long branches default to meaning more evolution over longer
times. Thus, without the appropriate calibration data, changes in the rate of
molecular evolution will be difficult to detect (although less so for large
changes) and, in fact, will tend to be smoothed out by the different methods
(but see Kitazoe e al. 2007).

Evolutionary scenarios do exist, however, where a dramatic fluctuation in
the rate of molecular evolution can be imagined, if not likely, to occur. One
example is adaptive radiations, where a high rate of phenotypic evolution is
coupled with a burst of speciation in a short time span. It seems likely that
the rate of molecular evolution, which ultimately underlies the other two
phenomena, would also spike during these intervals (e.g. Kitazoe ez al. 2007),
even in the apparent absence of a long-term relationship between the rates of
phenotypic and molecular evolution (Davies and Savolainen 2006; Bromham
et al. 2002, but see Seligmann 2010). Exactly such an event is inferred by
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Figure 3.2 Simplified representation of the mammal supertree (Bininda-Emonds ez al.
2007, 2008) showing the approximate temporal and phylogenetic position of the 30
fossil calibration points used (marked with ). The K-Pg boundary is indicated by the
dashed vertical line. (See also colour plate.)

palacontologists to have occurred immediately after the K-Pg boundary with
the demise of the non-avian dinosaurs opening up new niches for the surviving
forms (including mammals). However, given the paucity of suitable fossils
before this time to recalibrate the clock (see Figure 3.2), such an adaptive
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radiation for mammals could be easily missed by molecular methods. Curiously,
some molecular studies do detect an adaptive radiation of the placental
mammal orders, but place it well in advance of the K-Pg boundary at 8o Ma
or older (Springer e al. 2003; Bininda-Emonds ez a/. 2007). Could this be the
missing post-K—Pg radiation of mammals?

The effect on the rate of molecular evolution of the restricted time span of an
adaptive radiation can be modelled by constraining the basal divergences for all
ordinal crown groups of the mammal supertree to occur between 62.5 and 65.5
Ma (which is the extreme case and admittedly unrealistic for more recent crown
groups such as Hyracoidea) and redating the rest of the tree. Doing so results in
no significant difference across all node ages compared with the original ages,
but differences for those ages associated with each of the nodes linking the
ordinal crown groups, the basal-most nodes within the crown groups, and
the remainder of the crown-group nodes (Table 3.1; Figure 3.3). The change
for the basal crown-group nodes, which all bunch up under the K—Pg boundary,
is especially apparent, as is the greater variation for the remaining crown-group
nodes. More importantly, significant differences in the inferred rates of evolu-
tion occur, with branch specific rates of evolution being significantly increased
for the basal and remaining crown-group branches and the degree of local rate
shifts being significantly decreased for the branches linking the crown groups
(Table 3.1; Figure 3.4). Again, without the necessary calibration data, such
increased rates would likely be smoothed out by most programs.

In addition, even gradual, directed changes in the rate of molecular evolution
could prove to be problematic for most molecular methods, which generally
model rate evolution as a stochastic and/or autocorrelated process (see Drum-
mond ez al. 2006). Again, in the absence of appropriate calibration data, it
might not be possible to account for concerted changes in the clock (e.g. either
a continual speedup or slowdown with time). It is known, for example, that
Cretaceous mammals were, on average, smaller than Palacogene and Recent
forms (Alroy 1999) and also that body size tends to cluster among mammals
(e.g. rodents being generally small, cetaceans being large). It is also well
established that the rate of molecular evolution in mammals correlates strongly
and inversely with body size (Martin and Palumbi 1993; Bromham e a/. 1996;
Lanfear ez al. 2010), meaning that there might have been a gradual, possibly
lineage-specific, overall slowdown in the mammalian clock over time. Correct-
ing for this artifact by incorporating body size or generation time information
into the models, however, would have the effect of drawing the deeper mam-
malian divergences even farther back in time given that the inferred amounts of
molecular evolution would have actually occurred in a shorter timeframe than
has been reconstructed currently. Indirect evidence here is provided by the
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Figure 3.3 Graphical comparison of node ages from the mammal supertree
(Bininda-Emonds ez a/. 2007, 2008) and a redating that models the Explosive Model of
placental evolution. Nodes are partitioned taxonomically as (1) all branches linking
the ordinal crown groups (black squares), (2) basal node of the ordinal crown groups
and all immediate daughter and granddaughter nodes (white circles), and (3) all
remaining nodes in the crown group (grey triangles). Only nodes that were older
than 35 Ma according to Bininda-Emonds (2008) were included.

mammal supertree (Bininda-Emonds ez a/. 2007, 2008), where the molecular
date estimates for the origin of the Cetacea, a taxon characterized by large
body sizes and slow generation times (and therefore a slow rate of molecular
evolution), severely underestimate the fossil calibration (22.9 versus 52.2 Ma,
respectively). By contrast, when Springer ez a/. (2003) restricted their analyses
to species that appear to have maintained (small) body sizes similar to those
of Cretaceous mammals, divergence time estimates compared with the full
analysis were largely unchanged, if not slightly younger.

Even in the absence of such scenarios as above, it remains that the appli-
cation of a single, simple model of evolution often will not reflect biological
reality. Most of the models being used currently can account for rate variation
between sites in a given sequence (rate heterogeneity as modelled using gamma
distribution), but not between clades in a tree despite there being good evidence
for heterotachy in many groups. Indeed, it has been shown that accounting for
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Figure 3.4 Graphical comparison of rates of molecular evolution inferred from the
mammal supertree (A, C) and a redating that models the Explosive Model of
placental evolution (B, D). Comparisons are made for both normalized branch-specific
rates of evolution (A, B) and normalized relative shifts in the rate of evolution
compared with an ancestral node (C, D) (following Bininda-Emonds 2007).
Taxonomic partitions are as in Figure 3.3.

the latter might dramatically impact our molecular-based divergence time
estimates. In using a model to correct for heterotachy within placental mammals
(and particularly for speedups in the lineages leading to Euarchontoglires and
Laurasiatheria and a subsequent slowdown within the latter), Kitazoe ez al.
(2007) reconstructed divergence time estimates for the ordinal crown groups
that more closely agreed with those from the palacontological Explosive Model
(although a number of lineages still crossed into the Cretaceous). In so doing,
however, it should be noted that their model of rate variation favours relatively
recent radiations. They also did not use any calibration data older than 65 Ma,
which might otherwise have pulled the divergence times older, and also used
some maximal age constraints. Thus, although they constrained the divergence
between the rabbit and the pika to 36—55 Ma, their molecular estimate for this
node at ~55 Ma (i.e. at the upper limit of their constraint) suggests that
this fossil calibration may be an underestimate (see Arnason e# al. 2008). An
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outstanding problem, however, is recognizing heterotachy a priori or during the
course of the analysis. Here the application of relative rates tests (Sarich and
Wilson 1973; Tajima 1993), which appear to have fallen somewhat out of favour,
might be a viable solution.

In a related vein, choosing the right model of evolution and the right
parameters for it are also important considerations. There has been much work
into the modelling of mtDNA data, with several studies showing that the use
of purine-pyrimidine (RY) coding for the third positions often improves the
accuracy of phylogenetic estimates from these data (Phillips and Penny 2003;
Phillips e# al. 2004). Phillips (2009) has extended this research to show that
conventional coding for mtDNA leads to proportionately longer branches deep
in the vertebrate tree compared with RY-coding when using deep calibration
points. This, in turn, leads to proportionately older divergence time estimates,
which again might help to explain the discrepancy between molecular- and
fossil-based dates for the placental orders.

Complicating this story is the question of whether only a single model across
the tree (as opposed to the sequence data) should be used. Analysis of the
MT-CYB data for the mammal supertree also reveals that the use of a single
substitution model across the tree is unrealistic. Of the 561 nodes for which an
optimal model could be estimated using ModelTEST, 6 of the 14 base models
in ModelTEST were indicated (HKY, TN, K8rwuf, TIM, TVM, GTR) and
23 of the 56 models incorporating correction for invariant sites (4I) and rate
heterogeneity (+G). Thus, analogous to the relationship between heterotachy
and gamma-corrected rate heterogeneity, a tree-based counterpart to partition-
specific substitution models is arguably needed as well.

In estimating (molecular) divergence times, we are chasing an unknown, or
worse, compounding two unknowns: the topology of the phylogenetic tree and
its branch lengths. However, unlike the case with the pattern of relationships,
we often have no good a-priori idea of what a reasonable divergence time
estimate should be. That living primates form a single clade is a reasonable
expectation, as borne out by application of phylogenetic methods. But, we
have little to no intuitive idea precisely how old crown-group primates should
be beyond a rough estimate of between 55 (Bloch e a/. 2007) and, at the outside,
8o—100 Ma (Tavaré ez al. 2002; Martin ez al. 2007).

Thus, in the absence of a largely complete fossil record, it is often difficult to
assess the accuracy of our estimates. Simulation studies can always be undercut
by the argument that the parameters used are not realistic. In the end, we are
left with a congruence-based approach, both with fossil data as well as with
other molecular-based estimates. But, analogous to the conflict with fossil data,
even different molecular-based estimates often differ widely. Some of the
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earliest molecular studies argue for a ‘Short-fuse Model” (sensu Archibald and
Deutschmann 2001) of placental evolution, whereby both the origins and basal
diversifications of many of the ordinal crown groups appear well within the
Cretaceous (Springer 1997; Kumar and Hedges 1998; Penny ez a/. 1999). More
recent studies favour a ‘Long-fuse’ Model (sezsu Archibald and Deutschmann
2001), where only the origins occur in the Cretaceous, but the radiations of the
crown groups primarily occur in the Cenozoic in agreement with conventional
interpretations of the fossil evidence (Springer ez al. 2003). Still other results
argue for an intermediate scenario between these extremes. So, although there
is agreement among most studies that placental mammals are older than their
first appearances in the fossil record, there is little consensus on just how much
older this might be.

In many cases, the different estimates arise because of the different assump-
tions and models being used by the molecular methods. A cogent example
is provided by Welch ez al. (2005), who examined why analysis of the same
data set by two different methods could give wildly divergent estimates for the
timing of the divergence between protostomes and deuterostomes. Whereas
an earlier local clock-based study (Bromham e# a/. 1998) placed this split at
no earlier than 680 Ma, a relaxed-clock study (Aris-Brosou and Yang 2003)
indicated a more recent date of §82 £ 112 Ma in line with the Cambrian
explosion hypothesis. The difference, Welch ez a/. (2005) concluded, was due
in part to the statistically tractable, but probably unrealistic, assumptions being
made in the relaxed-clock analysis: a constant net speciation rate through time
and a random sampling of the sequences at the tips. Even between comparable
methods like the two relaxed-clock methods MCMCTREE (Yang and
Rannala 2006; Rannala and Yang 2007) and MULTIDIVTIME, numerous,
often subtly different assumptions are being made (see Inoue ez a/. 2010), with
no clear indication of which are the more realistic. Molecular dating methods
then are arguably even more ‘black box’ than are phylogenetic inference methods,
where different implementations tend to differ more with respect to the search
algorithms used rather than in the underlying assumptions being made.

Issues of data quality

As with any other scientific exercise, the quality of the results hangs
upon the quality of the data and the methods used to analyze them. Interest-
ingly, issues of data quality in molecular dating studies typically tend to focus
on the quality of the calibration points. This is not without justification given
that the molecular divergence time estimates directly depend on these data.
A badly chosen calibration point, therefore, can have far-reaching effects.
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As a result, there has been a reasonable amount of attention paid to the
calibration data, including how to counteract any potential problems, to account
for uncertainty in them (see above), and/or to assess their influence on the
results. For instance, a general, common-sense guideline is that as many calibra-
tion points that are spread out across the phylogeny should be used as far as
is possible. This strategy both minimizes the potential negative impact of any
single questionable calibration point as well as regularly resets the clock to
prevent having to interpolate rates of evolution from distant calibration points.
Indeed, this point arguably represents a potential weakness of the dating for
the mammal supertree in that the large majority of the calibration data used
were necessarily from Cenozoic fossils (see Figure 3.2), meaning that all diver-
gence events up to and including the K—Pg boundary hang primarily on a few,
very old calibration points.

In addition, it is naturally important that the calibration data be as robust
as possible and associated with the proper node on the tree (Reisz and Miiller
2004). As discussed earlier, only fossils where the fossil record is reasonably
extensive should be used (or where there is otherwise no concern about sub-
stantially underestimating the oldest known member of a given group) and
fossils should be placed within their focal taxon using robust, explicit criteria
(e.g. possessing at least one synapomorphy in common with the taxon;
cf. Bininda-Emonds ez a/. 2007). For several mammalian clades (notably bats,
which appear to have particularly low preservation potential; Teeling e a/. 2005),
however, the first of these desiderata may be unattainable. Finally, there have
been several suggestions regarding sensitivity analysis involving the calibration
data. These range from the informal usage of several different calibration dates
for any given node to assess the overall stability of the molecular dates (e.g.
Springer et al. 2003) to more formal methods such as fossil cross-validation
(Near and Sanderson 2004) or the likelihood method of Pyron (2010) that can
help to identify calibration data that disagree strongly with the remainder of
the data set. The principle behind the Near and Sanderson (2004) method is
to fix the dates for those nodes with calibration data singly in turn and then
to assess how the dates for the remaining nodes agree with their (unused)
calibration data. A variant on this procedure (fossil-based model cross-validation)
is also used to help shape the parameters of the rate-smoothing model used in PL
(Near and Sanderson 2004). The method of Pyron (2010) goes a step beyond this
to compare possible placements for fossil taxa where their phylogenetic affinity
is ambiguous, thereby potentially providing novel, molecular-based information
as to the placement of a given fossil.

What has received surprisingly little attention, however, is the quality (or

suitability) of the molecular data being used in the analyses. Although the
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dating methods and the models behind them are attracting increasing interest,
the raw sequence data themselves have largely been ignored. This is surprising
precisely because so much attention has been paid to sequence data quality
and suitability in the related area of phylogenetic analysis. It is well accepted
that genes evolve at different rates and are maximally informative at different
phylogenetic levels: conservative genes are preferentially used to infer relation-
ships between higher-level taxa whereas more variable genes are used closer
to the species level. Hundreds of papers have also addressed the problems
of saturation/multiple hits and its role in long-branch attraction (for a compre-
hensive review, see Bergsten 2005). Yet in cases where methods indicate a
conflict between one or more calibration points and the molecular dates, it is
usually the calibration points that are called into question when they could
instead actually be informing models of sequence evolution that are being
misled by model misspecification or rate heterogeneity (including heterotachy).
So why are the sequence data typically taken for granted in molecular-dating
analyses?

Perhaps the answer to the contradiction lies with the fact that the same
genes are often used to derive the divergence times as were used to obtain
the phylogeny in the first place, meaning that the sequence data have already
been vetted to some degree. Indeed, programs like BEAST can derive the
topology and date estimates for a given data set simultaneously. It remains,
however, that the taxonomic and genomic scope of our phylogenetic analyses
is increasing rapidly. For instance, the dating of the mammal supertree
required a multigene data set comprising 68 genes of different rates to
adequately cover all 4554 species and the 160+ Ma time span. The same is
true of other, similar large-scale studies, which are becoming increasingly
common. However, not all genes in such data sets will be optimally informa-
tive throughout the tree and some might be positively misinformative in
places (e.g. saturated genes or sites for deep divergences). This problem can
be ameliorated to a certain extent by the use of likelihood-based models of
sequence evolution that can account for phenomena like saturation, particu-
larly those where the models can be fitted individually to different partitions
(e.g. genes or codons). However, as shown by the study of Phillips (20009;
see above), the efficacy of this correction depends crucially on using the right
model.

Although Bayesian methods can account for uncertainty in the molecular
data, they still must use all the molecular data provided, even when parts of the
data set appear to be positively misleading or disruptive. An unexplored line of
research lies in developing the molecular counterpart of fossil cross-validation,
where ‘gene cross-validation’ would identify and outright eliminate or
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otherwise downweight outlier genes (or, more generally, partitions) that
conflict strongly with the remainder of the data set.

Conclusions

Although our focus here has been largely restricted to the mammalian
radiation, it is important to note that the issues we have identified herein
go well beyond this taxonomic group. Analogous conflicts between fossil-
and molecular-based date estimates have been noted for many other groups,
with apparent explosive radiations of the animal phyla (Precambrian versus
Cambrian) and birds (K-Pg boundary) being contradicted by molecular data
(Cooper and Fortey 1998). Reconciling the disparate divergence time estimates
within mammals, as well as for these other groups, will require a critical
assessment of the data source and assumptions being made on both sides of
the equation and thus the active collaboration of palacontologists and molecu-
lar systematists. Hopefully, this strategy will prove to be an important step in
achieving a consensus as to when mammals (and other taxa) evolved, analogous
to the growing agreement regarding their relationships to one other.

Summary

A consensus is emerging on phylogenetic relationships within
Mammalia, one contributed to, in hindsight, by both morphological and
molecular data. This state of general agreement, however, does not extend to
divergence time estimates within the group: fossil- and molecular-based dates
tend to differ considerably, especially as regards the origins of and initial
diversifications within the ordinal crown groups. In this chapter, we take a
critical look at both fossil- and molecular-based frameworks for divergence
time estimation, with a particular focus on the situation as it affects placental
mammals. Our goal was not to determine when these (or any other) mammals
evolved, but rather to highlight the assumptions underlying the analysis of each
type of data. This exercise provided some insights into how fossil and molecular
date estimates can disagree so profoundly as well as suggestions for achieving a
better consensus than exists at present.
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