Methods in Ecology and Evolution 2013, 4, 699–702

doi: 10.1111/2041-210X.12091

EDITORIAL

Unifying fossils and phylogenies for comparative
analyses of diversification and trait evolution
Graham J. Slater1* and Luke J. Harmon2,3
1

Department of Paleobiology and Division of Mammals, National Museum of Natural History, Smithsonian Institution,
MRC 121, P.O. Box 37012, Washington, DC, 20013-7012, USA; 2Department of Biological Sciences, University of Idaho,
Moscow, ID, 83844, USA; and 3Institute for Bioinformatics and Evolutionary Studies (IBEST), University of Idaho, Moscow,
ID, 83844,USA

Summary
1. The aim of macroevolutionary research is to understand pattern and process in phenotypic evolution and lineage diversiﬁcation at and above the species level. Historically, this kind of research has been tackled separately
by palaeontologists, using the fossil record, and by evolutionary biologists, using phylogenetic comparative
methods.
2. Although both approaches have strengths, researchers gain most power to understand macroevolution when
data from living and fossil species are analysed together in a phylogenetic framework. This merger sets up a series
of challenges – for many fossil clades, well-resolved phylogenies based on morphological data are not available,
while placing fossils into phylogenies of extant taxa and determining their branching times is equally challenging.
Once methods for building such trees are available, modelling phenotypic and lineage diversiﬁcation using
combined data presents its own set of challenges.
3. The ﬁve papers in this Special Feature tackle a disparate range of topics in macroevolutionary research, from
time calibration of trees to modelling phenotypic evolution. All are united, however, in implementing novel
phylogenetic approaches to understand macroevolutionary pattern and process in or using the fossil record. This
Special Feature highlights the beneﬁts that may be reaped by integrating data from living and extinct species and,
we hope, will spur further integrative work by empiricists and theoreticians from both sides of the
macroevolutionary divide.
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Introduction
Macroevolution is evolutionary change occurring at or above
the species level (Stanley 1979). As implied by this broad
deﬁnition, the study of macroevolution encompasses a range
of evolutionary processes, including phenotypic change
through time in a single lineage, speciation and extinction
patterns in clades, and modes of phenotypic evolution
during adaptive radiations. For many years, studies of
macroevolution have lived in two distinct realms.
Palaeontologists have used direct evidence from fossils to
uncover long-term patterns in trait evolution and species
diversiﬁcation over geologic time-scales. At the same time,
neontologists have used phylogenetic trees and statistical
comparative methods to ask similar questions about the tempo
and mode of trait evolution and diversiﬁcation through time.
Although there has always been some cross-talk between these
two subﬁelds (discussed below), the methodologies and some
of the core questions addressed by palaeontologists and
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neontologists often diﬀer. These diﬀerences have impeded
progress in understanding the pattern and process of evolution
over very long time-scales.
A few studies have successfully bridged the gap between
macroevolutionary studies that use fossils and those that use
phylogenetic trees. One approach is to apply statistical
comparative methods to data that includes fossil taxa. This
approach has a long history (e.g. Gingerich 1983, 1993;
Cheetham 1986, 1987; Alroy 1998, 1999; Hunt 2006), but can
be diﬃcult, especially since most modern comparative methods
require phylogenetic trees with branch lengths and good sampling at the species level. Another approach is to include fossil
information in comparative analyses across phylogenetic trees
of living species (Finarelli & Flynn 2006; Albert et al. 2009;
Pyron & Burbrink 2012; Slater et al. 2012). Both of these
approaches have great potential to add to our understanding
of macroevolution in a way that spans both living and extinct
taxa.
In this Special Feature, we have gathered a set of papers that
seek to continue the merger of phylogenetic comparative
methods and palaeontology. These papers are drawn primarily
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from palaeontologists and comprise a mixture of methodological and empirical studies. All are united by a common
theme however: harnessing the power that comes from using
phylogenetic approaches together with fossils to understand
macroevolution.

Time-scaling phylogenetic trees
A time-calibrated tree underpins most modern phylogenetic
comparative methods. Whether inferring diversiﬁcation rate
or mode of phenotypic evolution, we require some knowledge
of the branching times and patterns of shared ancestry among
taxa in our clade of interest. Great advances have been made
over the past decade in methods for time-scaling phylogenetic
trees. Typically, these approaches rely on molecular data for
topology and branch length inference, with fossil taxa acting
only as ‘calibration points’ for prior distributions on node ages.
As such, most quantitative time calibration exercises have
historically been limited to extant taxa. More recently, Pyron
(2011) and Ronquist et al. (2012) have described ways of
integrating fossil taxa as terminal nodes in these kinds of
analyses using discrete cladistic data, and Felsenstein (2002)
has suggested a similar approach for continuous characters.
Such approaches have the potential to greatly improve access
to comparative methods for palaeontologists, but at least two
signiﬁcant issues remain. First, when time calibrating a
phylogeny that includes fossil taxa, taxon sampling reﬂects not
only the macroevolution processes operating within the clade,
but also sampling rates of fossils, which themselves may vary
in space and time. Information on sampling rates is rarely
integrated in macroevolutionary analyses, even though
accommodating variation in them could have huge inﬂuence
on model parameters, including divergence time estimates
derived from simultaneous analysis of fossil and extant taxa.
In this issue, Wagner & Marcot (2013) test the ﬁt of
probabilistic models of sampling rate distributions to
occurrence data and show that allowing for distributed, rather
than uniform rates, and for diﬀerently shaped distributions for
taxa in diﬀerent geographical regions does a superior job of
explaining fossil ﬁnds. These results have important
implications for a number of macroevolutionary questions,
and Wagner & Marcot (2013) provide an enlightening
demonstration by assessing divergence time estimates for
Eocene-Oligocene carnivoramorphan mammals jointly using
morphological, biogeographical and stratigraphic data.
Approaches such as this will be undoubtedly become more and
more important as researchers seek to integrate fossil taxa into
time-calibrated phylogenies.
A second issue is that many phylogenies used in comparative
analyses, particularly in palaeontological studies, are composite topologies or supertrees. These phylogenies are not based
on primary data that can be used to derive empirical branch
lengths. A number of methods have been proposed in the
palaeontological literature to deal with such scenarios (Norell
1992; Smith 1994; Friedman & Brazeau 2011), but many have
undesirable properties for macroevolutionary studies, such as
a tendency to produce phylogenetic trees with zero-length

branches (i.e. polytomies) or a lack of ways for
accommodating uncertainty in node age estimates. Bapst
(2013) describes a new approach for time-scaling
palaeontological phylogenies that is implemented in his
paleotree package (Bapst 2012). Named the ‘cal-3’
approach for its requirement of estimates for three rates
(speciation, extinction and sampling), this time-scaling
algorithm allows the user to generate distributions of timecalibrated trees over which macroevolutionary models can be
ﬁtted, and potentially allows for ancestral relationships rather
than strict bifurcation. Bapst’s (2013) approach allows much
greater ﬂexibility and more rigorous assessment of divergence
times in palaeontological supertrees than existing methods
can achieve and will hopefully lead to more robust
macroevolutionary studies across a wider range of fossil
clades.

Rates and modes of phenotypic change
Palaeontologists have provided evolutionary biology with an
abundance of theories about tempo and mode in phenotypic
evolution, from Simpson’s notions of adaptive radiation via
quantum evolution ( Simpson 1944, 1953) through Eldredge
and Gould’s criticisms of gradualism and evocation of
punctuated equilibria to explain the rapid appearance of new
phenotypes in the fossil record (Eldredge 1971; Eldredge &
Gould 1972). Many of these conceptual models have been
formalized by phylogenetic comparative biologists working on
extant clades and used in combination with phylogenetic data
sets to test against null models of gradual, rate-homogeneous
evolutionary processes. While the models used in comparative
biology are elegant, their appropriateness for data sets
comprising extant taxa only is sometimes questionable (Slater
et al. 2012). Furthermore, there is a tendency among
comparative biologists to assume that many major
evolutionary patterns, such as explosions in morphological
disparity after mass extinctions, can be explained by modelling
shifts in the underlying rate of phenotypic evolution (O’Meara
et al. 2006; Thomas et al. 2006; Eastman et al. 2011; Venditti
et al. 2011). Many palaeontologists might instead argue that
better explanations for many of these phenomena involve
shifts in the underlying evolutionary process, such as a shift
from constrained evolution to unbounded evolution. This
distinction is not trivial, as the eﬀects of these two alternatives
on realized disparity are quite diﬀerent (Hunt 2012).
Two papers in this issue deal speciﬁcally with questions
relating to quantitative trait evolution. In the ﬁrst, Hunt (2013)
expands on approaches derived in the phylogenetic comparative methods literature to test for relative contributions of
anagenetic and cladogenetic change (e.g. Bokma 2008). Hunt’s
results highlight the diﬃculties of decomposing evolutionary
change into anagenetic and cladogenetic components, even
when data from fossil taxa are available. Intriguingly, Hunt
also ﬁnds that the amount of phenotypic change apportioned
to cladogenetic events varies depending on whether withinlineage evolution is modelled as Brownian motion or stasis.
Importantly, stasis cannot be modelled without data from
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fossils. Punctuated equilibrium remains a controversial
hypothesis, but Hunt’s results suggest that without integrating
palaeontological data into macroevolutionary modelling, we
may never understand whether its expectations are met in real
data.
The question of what kind of model provides the best test
for an evolutionary scenario is also raised in the second trait
evolution paper. Slater (2013) ﬁts a series of novel evolutionary
models to a comparative data set for living and fossil mammals
to test for shifts in the mode of body size evolution after the
extinction of nonavian dinosaurs at the Cretaceous–Palaeogene boundary. Similar to Hunt’s conclusions, Slater suggests
that previous phylogenetic tests of this hypothesis used models
with assumptions that did not adequately reﬂect the hypothesis
being tested. These two contributions provide compelling
empirical examples of macroevolutionary hypotheses that can
be tested with a decent phylogenetic/palaeontological data set.
More signiﬁcantly though, they highlight the importance of
carefully considering the expected outcomes of an evolutionary
process and providing a suitable macroevolutionary test of
those expectations.

Speciation and diversification
Palaeontologists have a long tradition of studying diversity
dynamics and the speciation and extinction rates
accompanying them (Raup et al. 1973; Sepkoski et al. 1981;
Raup & Sepkoski 1982, 1984; Alroy et al. 2001). Phylogenetic
comparative biologists have increasingly become interested in
similar questions, and a range of methods now exist to test for
constant or time-varying diversiﬁcation rates using timecalibrated molecular phylogenies (reviewed in Stadler 2013).
Expanding these approaches to include palaeontological data
sets is slightly more challenging, but is also an active area of
research (Stadler 2010; Didier et al. 2012). It is clear that this
eﬀort should be rewarding–diversiﬁcation dynamics inferred
from molecular phylogenies can sometimes directly conﬂict
with the fossil record (Quental & Marshall 2010) and it is
straightforward to show how such discrepancies might arise
(Liow et al. 2010). In this issue, Ezard et al. (2013) tackle
diversiﬁcation dynamics from a slightly diﬀerent angle, namely
the relationship between rates of molecular evolution and
number of speciation events along a lineage’s evolutionary
history. A positive correlation between rates of molecular
evolution and clade diversity has been postulated before (e.g.
Webster et al. 2003; Pagel et al. 2006; Venditti et al. 2006), but
the idea remains controversial (e.g. Lanfear et al. 2010).
Alternatively, increased speciation rates and rates of molecular
evolution could both be driven by changes in life-history traits,
such as body size or gestation time. Until now, the association
between speciation events and the rate of molecular evolution
has only ever been made on the basis of incomplete node
counts (i.e. those derived from extant taxa in a molecular
phylogeny). Ezard et al. (2013) take advantage of the rich
fossil record and complete phylogeny of macroperforate
planktonic forams to test this hypothesis using a complete
fossil node count. Ezard et al. (2013) convincingly
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demonstrate that this question can be investigated most
eﬃciently using palaeontological data.

Conclusions
In his preface to The Major Features of Evolution, G. G.
Simpson declared himself neither a palaeontologist nor
neontologist, but a practitioner of ‘the science of four
dimensional biology, or of time and life’ (Simpson 1953, page
xii). One cannot have a complete view of macroevolution
without considering both the direct evidence of fossils and the
detailed view of relationships and divergence times given by
the tree of life. It is clear that students of macroevolutionary
pattern and process can only beneﬁt from a complete
integration of palaeontological and neontological data and
methods. We hope that this set of papers helps to further spur
the merger of these two ﬁelds.

Acknowledgements
We would like to thank Editor-in-Chief Rob Freckleton, Assistant Editor
Samantha Ponton and Journal Co-ordinator Graziella Iossa for allowing us to
compile this Special Feature and for their help and guidance along the way. We
also thank the authors who contributed papers to this issue and the reviewers
who provided insightful comments and critiques to their manuscripts along
the way.

References
Albert, J.S., Johnson, D.M. & Knouft, J.H. (2009) Fossils provide better
estimates of ancestral body size than do extant taxa in ﬁshes. Acta Zoologica,
90, 357–384.
Alroy, J., Marshall, C.R., Bambach, R.K., Bezusko, K., Foote, M., F€
ursich, F.T.
et al. (2001) Eﬀects of sampling standardization on estimates of Phanerozoic
marine diversiﬁcation. Proceedings of the National Academy of Sciences, 98,
6261–6266.
Alroy, J. (1998) Cope’s rule and the dynamics of body mass evolution in North
American fossil mammals. Science, 280, 731–734.
Alroy, J. (1999) The fossil record of North American mammals: evidence for a
Paleocene evolutionary radiation. Systematic Biology, 48, 107–118.
Bapst, D.W. (2012) paleotree: an R package for paleontological and phylogenetic
analyses of evolution. Methods in Ecology and Evolution, 3, 803–807.
Bapst, D.W. (2013) A stochastic rate-calibrated method for time-scaling
phylogenies of fossil taxa. Methods in Ecology and Evolution, 4, 724–733.
Bokma, F. (2008) Detection of “punctuated equilibrium” by Bayesian estimation
of speciation and extinction rates, ancestral character states, and rates of
anagenetic and cladogenetic evolution on a molecular phylogeny. Evolution,
62, 2718–2726.
Cheetham, A.H. (1986) Tempo of evolution in a Neogene bryozoan; rates of
morphologic change within and across species boundaries. Paleobiology, 12,
190–202.
Cheetham, A.H. (1987) Tempo of evolution in a Neogene bryozoan; are trends in
single morphologic characters misleading? Paleobiology, 13, 286–296.
Didier, G., Royer-Carenzi, M. & Laurin, M. (2012) The reconstructed evolutionary process with the fossil record. Journal of Theoretical Biology, 315, 26–37.
Eastman, J.M., Alfaro, M.E., Joyce, P., Hipp, A.L. & Harmon, L.J. (2011) A
novel comparative method for identifying shifts in the rate of character
evolution on trees. Evolution, 65, 3578–3589.
Eldredge, N. (1971) The allopatric model and phylogeny in Paleozoic
invertebrates. Evolution, 25, 156–167.
Eldredge, N. & Gould, S.J. (1972) Punctuated equilibria: an alternative to
phyletic gradualism. Models in Paleobiology (ed T.J.M. Schopf), pp. 82–115.
Freeman, Cooper and Co, San Francisco.
Ezard, T.H.G., Thomas, G.H. & Purvis, A. (2013) Inclusion of a near-complete
fossil record reveals speciation-related molecular evolution. Methods in
Ecology and Evolution, 4, 745–753.
Felsenstein, J. (2002) Quantitative characters, phylogenies, and morphometrics.
Morphology, Shape, and Phylogeny (eds N. MacLeod & P. Forey), pp. 27–44.
Taylor and Francis, London.

© 2013 The Authors. Methods in Ecology and Evolution © 2013 British Ecological Society, Methods in Ecology and Evolution, 4, 699–702

702 G. J. Slater & L. J. Harmon
Finarelli, J.A. & Flynn, J.J. (2006) Ancestral state reconstruction of body size in
the Caniformia (Carnivora, Mammalia): the eﬀects of incorporating data from
the fossil record. Systematic Biology, 55, 301–313.
Friedman, M. & Brazeau, M.D. (2011) Sequences, stratigraphy and scenarios:
what can we say about the fossil record of the earliest tetrapods? Proceedings
of the Royal Society B: Biological Sciences, 278, 432–439.
Gingerich, P.D. (1983) Rates of evolution: eﬀects of time and temporal scaling.
Science, 222, 159–161.
Gingerich, P.D. (1993) Quantiﬁcation and comparison of evolutionary rates.
American Journal of Science, 293A, 453–478.
Hunt, G. (2006) Fitting and comparing models of phyletic evolution: random
walks and beyond. Paleobiology, 32, 578–601.
Hunt, G. (2012) Measuring rates of phenotypic evolution and the inseparability
of tempo and mode. Paleobiology, 38, 351–373.
Hunt, G. (2013) Testing the link between phenotypic evolution and speciation: an
integrated paleontological and phylogenetic analysis. Methods in Ecology and
Evolution, 4, 714–723.
Lanfear, R., Welch, J.J. & Bromham, L. (2010) Watching the clock: studying
variation in rates of molecular evolution between species. Trends in Ecology
and Evolution, 25, 495–503.
Liow, L.H., Quental, T.B. & Marshall, C.R. (2010) When can decreasing diversiﬁcation rates be detected with molecular phylogenies and the fossil record?
Systematic Biology, 59, 646–659.
Norell, M.A. (1992) Taxic origin and temporal diversity: the eﬀect of phylogeny.
Extinction and Phylogeny (eds M.J. Novacek & Q.D. Wheeler), pp. 89–118.
Columbia University Press, New York.
O’Meara, B.C., Ane, C., Sanderson, M.J. & Wainwright, P.C. (2006) Testing for
diﬀerent rates of continuous trait evolution using likelihood. Evolution, 60,
922–933.
Pagel, M., Venditti, C. & Meade, A. (2006) Large punctuational contribution of
speciation to evolutionary divergence at the molecular level. Science, 314,
119–121.
Pyron, R.A. & Burbrink, F.T. (2012) Trait-dependent diversiﬁcation and the
impact of palaeontological data on evolutionary hypothesis testing in New
World ratsnakes (tribe Lampropeltini). Journal of Evolutionary Biology, 25,
497–508.
Pyron, R.A. (2011) Divergence time estimation using fossils as terminal taxa and
the origins of Lissamphibia. Systematic Biology, 60, 466–481.
Quental, T.B. & Marshall, C.R. (2010) Diversity dynamics: molecular phylogenies need the fossil record. Trends in Ecology and Evolution, 25, 434–
441.
Raup, D.M., Gould, S.J., Schopf, T.J.M. & Simberloﬀ, D.S. (1973) Stochastic
models of phylogeny and the evolution of diversity. The Journal of Geology,
81, 525–542.

Raup, D.M. & Sepkoski, J.J.J. (1982) Mass extinctions in the marine fossil record.
Science, 215, 1501–1503.
Raup, D.M. & Sepkoski, J.J.J. (1984) Periodicity of extinctions in the geologic
past. Proceedings of the National Academy of Sciences, 81, 801–805.
Ronquist, F., Klopfstein, S., Vilhelmsen, L., Schulmeister, S., Murray, D.L. &
Rasnitsyn, A.P. (2012) A total-evidence approach to dating with fossils,
applied to the early radiation of the Hymenoptera. Systematic Biology, 61,
973-999.
Sepkoski, J.J.J., Bambach, R.K., Raup, D.M. & Valentine, J.W. (1981)
Phanerozoic marine diversity and the fossil record. Nature, 293, 435–437.
Simpson, G.G. (1944) Tempo and Mode of Evolution. Columbia University Press,
New York.
Simpson, G.G. (1953) Major Features of Evolution. Columbia University Press,
New York.
Slater, G.J. (2013) Phylogenetic evidence for a shift in the mode of mammalian
body size evolution at the Cretaceous-Paleogene boundary. Methods in
Ecology and Evolution, 4, 734–744.
Slater, G.J., Harmon, L.J. & Alfaro, M.E. (2012) Integrating fossils with
molecular phylogenies improves inference of trait evolution. Evolution, 66,
3931–3944.
Smith, A.B. (1994) Systematics and the Fossil Record: documenting evolutionary
patterns. Blackwell Scientiﬁc, Oxford.
Stadler, T. (2013) Recovering speciation and extinction dynamics based on
phylogenies. Journal of Evolutionary Biology, 26, 1203–1219.
Stadler, T. (2010) Sampling-through-time in birth–death trees. Journal of
Theoretical Biology, 267, 396–404.
Stanley, S.M. (1979) Macroevolution: Pattern and Process. W. H. Freeman and
Co., San Francisco.
Thomas, G.H., Freckleton, R.P. & Szekely, T. (2006) Comparative analyses
of the inﬂuence of developmental mode on phenotypic diversiﬁcation
rates in shorebirds. Proceedings of the Royal Society B: Biological Sciences, 273, 1619–1624.
Venditti, C., Meade, A. & Pagel, M. (2006) Detecting the node-density artifact in
phylogeny reconstruction. Systematic Biology, 55, 637–643.
Venditti, C., Meade, A. & Pagel, M. (2011) Multiple routes to mammalian
diversity. Nature, 479, 393–396.
Wagner, P.J. & Marcot, J.A. (2013) Modeling distributions of fossil sampling
rates over time, space, and taxa: assessment and implications for
macroevolutionary studies. Methods in Ecology and Evolution, 4, 703–713.
Webster, A.J., Payne, R.J.H. & Pagel, M. (2003) Molecular phylogenies link rates
of evolution and speciation. Science, 301, 478.
Received 20 June 2013; accepted 21 June 2013
Handling Editor: Robert Freckleton

© 2013 The Authors. Methods in Ecology and Evolution © 2013 British Ecological Society, Methods in Ecology and Evolution, 4, 699–702

