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e Background Molecular dating has gained ever-increasing interest since the molecular clock hypothesis was pro-
posed in the 1960s. Molecular dating provides detailed temporal frameworks for divergence events in phyloge-
netic trees, allowing diverse evolutionary questions to be addressed. The key aspect of the molecular clock
hypothesis, namely that differences in DNA or protein sequence between two species are proportional to the
time elapsed since they diverged, was soon shown to be untenable. Other approaches were proposed to take
into account rate heterogeneity among lineages, but the calibration process, by which relative times are trans-
formed into absolute ages, has received little attention until recently. New methods have now been proposed
to resolve potential sources of error associated with the calibration of phylogenetic trees, particularly those invol-
ving use of the fossil record.

e Scope and Conclusions The use of the fossil record as a source of independent information in the calibration
process is the main focus of this paper; other sources of calibration information are also discussed. Particularly
error-prone aspects of fossil calibration are identified, such as fossil dating, the phylogenetic placement of the
fossil and the incompleteness of the fossil record. Methods proposed to tackle one or more of these potential
error sources are discussed (e.g. fossil cross-validation, prior distribution of calibration points and confidence
intervals on the fossil record). In conclusion, the fossil record remains the most reliable source of information
for the calibration of phylogenetic trees, although associated assumptions and potential bias must be taken
into account.
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uncertainty.

INTRODUCTION

The use of DNA sequences to estimate divergence times on
phylogenetic trees (molecular dating) has gained increasing
interest in the field of evolutionary biology in the past
decade. The abundance of publications on the subject, the
numerous alternative methods proposed and the often heated
debates on various aspects of the discipline demonstrate the
interest it generates. The molecular clock hypothesis was
first proposed by Zuckerkandl and Pauling (1965); they pro-
posed that differences in DNA (or protein) sequences
between two species are proportional to the time elapsed
since the divergence from their most recent common ancestor.

The subsequent inclusion of temporal frameworks in many
evolutionary studies has influenced the way results are inter-
preted and significantly modified the way in which conclusions
are drawn from these findings. Linking the evolution of par-
ticular morphological characters or key ecological innovations
to geological, climatic or biotic events is much improved in the
light of an evolutionary timescale. The development of mol-
ecular dating tools became particularly valuable to the disci-
pline of historical biogeography; it added a temporal gauge
to the directionality of events demonstrated by the topology
of phylogenetic trees. Inferences on observed distribution pat-
terns were rendered significantly more plausible under a tem-
poral framework, even if only descriptive. Furthermore, new
methods of biogeographical reconstruction have been devel-
oped such as Lagrange, which uses a likelihood framework
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to infer the evolution of geographical ranges and incorporates
divergence times as well as constraining the connections
between areas to specific times (Ree and Smith, 2008).

The rationale of the molecular clock hypothesis, that
evolutionary rates are constant, was shown to be invalid in
the majority of examined cases; the clock does not tick regu-
larly. The heterogeneity of substitution rates among different
lineages in a phylogenetic tree explains this irregularity
(Britten, 1986) and is a result of species-specific factors such
as generation time, metabolic rate, effective population size
and mutation rates (see Rutschmann, 2006). The extent of
influence of some such factors, however, remains in dispute
(e.g. Whittle and Johnston, 2003).

Rutschmann (2006) classified the most commonly employed
methods for estimating divergence times into three categories
depending on how they handle rate heterogeneity, namely (1)
assuming a global substitution rate (standard molecular clock);
(2) correcting for rate heterogeneity (e.g. by deleting branches
or incorporating several rates categories before the dating pro-
cedure), and (3) incorporating rate heterogeneity (i.e. integrat-
ing rate heterogeneity into the dating procedure using rate
change models; relaxed molecular clock). The four most com-
monly used methods in the literature all fall into the third cat-
egory; these are non-parametric rate smoothing (NPRS;
Sanderson, 1997), penalized likelihood (PL; Sanderson,
2002), the Bayesian method implemented in the Multidivtime
package (Thorne et al., 1998) and Bayesian evolutionary
analysis by sampling trees (BEAST; Drummond and
Rambaut, 2007). The first three of these methods assume

© The Author 2009. Published by Oxford University Press on behalf of the Annals of Botany Company. All rights reserved.
For Permissions, please email: journals.permissions @oxfordjournals.org



790

rate changes between ancestral and descendant lineages are
autocorrelated, i.e. that substitution rates in descendant
lineages are to an extent inherited from ancestral lineages;
these methods differ in the way that rate autocorrelation is
handled. BEAST does not assume rate autocorrelation;
instead, it samples rates from a distribution. Additional flexi-
bility is found in BEAST in its optional tree topology require-
ment that can incorporate phylogenetic uncertainty, and the
possibility of assigning distributions to the calibration
process a priori (see below). More details on these methods
and several others are available elsewhere (Rutschmann,
2006, and references therein).

Two main topics have fuelled the controversy associated
with molecular clocks: these are how to handle rate heterogen-
eity and calibration. At its outset, the field of molecular dating
was focused on circumvention of rate heterogeneity among
lineages. Meanwhile calibration, the process by which relative
time is transformed into absolute age (e.g. million of years)
using information independent of the phylogenetic tree and
its underlying data, was somewhat trivialized. This situation
has changed in recent years and many studies have now
addressed the numerous difficulties associated with calibration.
This paper is focused on molecular clock calibration (particu-
larly based on palaeontological data), the potential problems
and source of error associated with it, and the various
methods proposed to incorporate these uncertainties in mol-
ecular estimates of divergence times.

SOURCES OF CALIBRATION INFORMATION

Information used to calibrate a phylogenetic tree is obtained
from three principal sources: (1) geological events; (2) esti-
mates from independent molecular dating studies; and (3)
the fossil record. Information from palaeoclimatic data has
also been wused to «calibrate trees (e.g. Baldwin and
Sanderson, 1998), but its use is limited and will not be dis-
cussed further here. The fossil record is the most commonly
employed source of information to calibrate phylogenetic
trees and will receive most attention here.

Plate tectonics, the formation of oceanic islands of volcanic
origin and the rise of mountain chains are examples of geo-
logical events that can be used to calibrate phylogenetic
trees. The assignation of such calibration points to a given
node assumes that the divergence at this node is the result of
this new geographical barrier, through either vicariance (e.g.
continental split) or dispersal (e.g. oceanic islands) events.
This type of calibration must be used with care in studies
examining biogeographical patterns to avoid circular reason-
ing. Despite appearing less prone to imprecision than the use
of the fossil record, geological events have their own suite
of potential and often intractable problems. The timings of
continental splits are often reported as unique values, but the
actual separation of two continental plates occurred over
millions of years (and is a continuous process). Furthermore,
as two land masses drift apart, biological exchanges between
them are likely to continue for several million years depending
on the dispersal abilities of the organisms involved. These two
points render the use of continental splits as calibration points
a choice rather difficult to justify. Similar problems can be
attributed to the rise of mountain chains; these phenomena
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take place over a long period of time (several tens of millions
of years in the case of the Andes; e.g. Garzione et al., 2008)
and exchanges between each side of a new geographical
barrier will continue for some time.

Species endemic to oceanic islands of volcanic origin and
therefore of known age can be used to apply a maximum age con-
straint on the divergence between the endemic species and their
closest continental relatives. This approach accounts for the like-
lihood that the ancestor of the island endemic species arrived at
an unspecified time after the formation of the oceanic island.
Present-day oceanic islands, however, might only be the most
recent element of a series of oceanic island formation over
time in a particular region (Heads, 2005), which would invali-
date their use as reliable calibration constraints. For example,
molecular dating of Galapagos endemic iguanas shows that
their dispersal to the archipelago pre-dates the age of the
current islands (Rassmann, 1997). Submerged islands found in
the vicinity of the present day islands suggest that the
Galapagos archipelago is in fact much older (10—15 Mya to
80-90 Mya) than the extant islands (Hickman and Lipps,
1985; Christie et al., 1992). A similar situation is observed in
Hawaii, leading some to describe evolutionary history on this
archipelago as on a ‘volcanic conveyer belt’. Calibration based
on species endemism to volcanic islands can be difficult to
justify and caution is advised.

The use of estimates derived from independent molecular
dating studies (also referred to as secondary or indirect cali-
bration points) is the only source of calibration information
for many groups, particularly for those in which the fossil
record is scarce or non-existent. The primary problem with
this approach is that sources of error generated by the first
dating exercise remain and are propagated and likely to be
magnified in subsequent analyses. The use of secondary cali-
bration points should be a last resort and, when used, care
should be taken to include error associated with the primary
molecular estimate in the subsequent analysis (e.g. using con-
fidence intervals or standard deviation as minimum and
maximum values on a given node, or using a prior distribution;
see below). Failure to take this error into account can result in
estimates of divergence times with broader uncertainty, and
thus of little use or scientific value. The use of substitution
rates from independent studies to calibrate a phylogenetic
tree also falls under this category of calibration (e.g.
Richardson et al., 2001) and suffers drawbacks similar to
those described above.

There is general consensus that the fossil record provides by
far the best information with which to transform relative time
estimates into absolute ages (e.g. Magallon, 2004). As with
other sources of calibration information, the use of fossilized
remains has disadvantages and is subject to various sources
of errors. Nevertheless, promising methods recently proposed
attempt to tackle these issues. The focus of the following dis-
cussion is on calibration using palacontological data, but many
of the aspects addressed below are also applicable to geologi-
cal events and secondary calibration points.

UNCERTAINTY AND THE FOSSIL RECORD

Sources of error in molecular inference of divergence time are
numerous, including phylogenetic uncertainty, substitution
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noise and saturation, rate heterogeneity (among lineages, over
time and between DNA regions), incomplete taxon sampling
and incorrect branch length optimization (e.g. Sanderson and
Doyle, 2001; Magalloén and Sanderson, 2005). The calibration
process is not exempt from potential sources of error either;
these include erroneous fossil age estimates, the incomplete-
ness of the fossil record and the placement of fossils on phy-
logenetic trees. Although often difficult to circumvent, much
progress has recently been made in mitigating these factors.

Generally, a taxon’s first appearance in the fossil record rep-
resents the time it became abundant rather than the time of its
emergence (Magallon, 2004). Considering estimates from the
fossil record as actual ages would underestimate the true age
of the clade to which the fossil is assigned (Benton and
Ayala, 2003; Conti et al., 2004). Older fossils assigned to a
given group are likely to be discovered and to push back in
time the earliest occurrence of a lineage; thus the age of a
fossil is generally treated as a minimum constraint in cali-
bration procedures (e.g. Benton and Ayala, 2003; Near et al.,
2005). This means that the clade on which the constraint is
applied cannot be younger than the fossil.

Fossil remains can be dated by use of stratigraphic corre-
lations or radiometric dating. Uncertainty is introduced here
as a result of any unreliability in the age assessment itself
and the imprecision of the estimate when the fossil is assigned
to a particular geological division (or stratum). For example, a
fossil assigned to the Palaeocene can theoretically have any
age between 55-8 and 65-5 Mya. Any time assigned to a
calibration point within this epoch would be technically
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appropriate, but would result in significantly different
estimates for the other nodes in the tree. To counter this,
because the fossil represents a minimum age, it is preferable
to use the upper boundary of the geological division (in this
case 55-8 Mya) in a molecular dating study, once again as a
minimum constraint. Some programs permit specification of
a prior distribution on the age of a node which takes into
account the uncertainty associated with the dating of a fossil
(Drummond and Rambaut, 2007; see below).

The fragmentary nature of the fossil record and lineage
extinction have important consequences for the accurate place-
ment of fossil calibration points. Once a fossil has been accu-
rately assigned to a group of extant taxa based on one or more
synapomorphies, it is placed on the phylogenetic tree either
with the stem group or with the crown group (Fig. 1). The
crown group comprises all the extant taxa of a clade and
their most recent common ancestor plus all the extinct taxa
that diverged after the origin of the most recent common
ancestor of the living taxa. The stem group comprises all the
members of the crown group (extinct and extant) plus all the
extinct taxa that diverged since the split of the crown group
from its closest living relative (Fig. 1). In any rooted phyloge-
netic tree, all internal nodes are both stem group nodes and
crown group nodes; the definition of stem and crown group
nodes is relative to the other nodes in the tree (e.g. in Fig. 1,
node 2 is the crown group node of clade B and the stem
group node of clade A). Because the fossil record is fragmen-
tary, one can never be certain that a given fossil will possess
features that place it in the crown group rather than along

Clade A

ty

FiG. 1. Ultrametric tree (in which branch lengths represent time) of extant taxa (solid branches) with the placement of fossil taxa (dashed branches). The

designation of a node as either a crown group or stem group is relative; node 1 is the crown group node of clade A; node 2 is the stem group node of clade

A, but also the crown group node of clade B; and node 3 is the stem group node of clade B. Fossil X has been assigned to the stem lineage leading to clade

A based on one or more shared synapomorphies. If this fossil was to be used as calibration point, its age would be assigned as minimum constraint on the

stem group node of clade A (node 2). Placing the calibration point on the crown group node of clade A (node 1) would result in an overestimation of molecular

ages. The use of fossils as minimum constraints takes into consideration the incompleteness of the fossil record; should older fossils be discovered (such as
fossil ?), the minimum constraint placed on node 2 using this fossil would not be invalidated.
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the stem lineage leading to the crown group. Consequently,
there can be large and difficult to quantify discrepancies
between the time of divergence of a lineage, the time of
appearance of a synapomorphy (a particular feature character-
izing a clade) and the age of the oldest known fossil exhibiting
this feature (Magallon, 2004; Fig. 1). This highlights the
importance of taking the most conservative options (i.e.
options resistant to subsequent changes that would invalidate
the assumptions regarding the position of a fossil) in cali-
bration by use of fossils as minimum constraints on the stem
group node.

An exception to the rule of using fossils as minimum con-
straints can be applied to fossilized pollen grains. Pollen
grains have a much higher fossilization potential than any
other plant organs, but not all plant groups will have an exten-
sive pollen fossil record or possess palynological features
assigned with confidence to extant taxa. Tricolpate pollen
grains (those with three apertures or colpi), for example, are
unique to the eudicots in plants, and age estimates for these
fossils place them in the Barremian and Aptian of the early
Cretaceous (130-112 Mya; e.g. Doyle and Hotton, 1991);
earlier occurrence is thought to be very unlikely. The abun-
dance and widespread distribution of early tricolpate pollen
fossils coupled to their easily identified features has led to
their frequent use as a maximum constraint or fixed age in
molecular dating of angiosperms (e.g. Anderson et al., 2005;
Magallon and Castillo, 2009). It is only in such rare cases
that fossils can be used as maximum constraints or fixed
ages without serious risk of underestimating molecular ages.

The incompleteness of the fossil record also leads inevitably
to the underestimation of node ages in a phylogenetic tree
(Springer, 1995), presenting significant discrepancies between
estimates obtained from the fossil record and molecular
dating (e.g. Benton and Ayala, 2003). The selectivity of fossi-
lization is largely responsible for this situation. Different plant
groups (e.g. deciduous anemophilous trees are better rep-
resented in the fossil record than entomophilous/zoophilous
herbs) and structures (e.g. pollen is more easily preserved
than flowers) have different preservation potential
(Herendeen and Crane, 1995); thus the fossil record is biased
towards groups and structures more conducive to fossilization.

Several methods have been developed by which to estimate
the extent of incompleteness of the fossil record. Earlier
studies proposed statistical approaches to calculate confidence
intervals on stratigraphic ranges; the earliest occurrence of a
given group in the fossil record is estimated by use of the
number of known fossils and the number and size of gaps in
the stratigraphic column (Strauss and Sadler, 1989; Marshall,
1990, 1994). Because these methods do not take into
account the quality and density of the fossil record, Marshall
(1997) proposed an additional function that allows for bias
linked to collecting and preservation potential. Subsequently,
Foote and colleagues (e.g. Foote, 1997; Foote et al., 1999) esti-
mated rates of extinction, origination and preservation from the
fossil record to produce a measure of completeness [see
Magallén (2004) for more details on these methods]. Tavaré
et al. (2002) proposed a method based on an estimate of the
proportion of preserved species in the fossil record and the
diversification patterns of the group. More recently, Marshall
(2008) developed a quantitative approach to estimate
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maximum age constraints of lineages using uncalibrated
ultrametric trees (i.e. with relative branch length optimization)
and multiple fossil calibration points. Assessing the fossil
record of a group using the procedures outlined above would
theoretically produce a realistic age estimate for this group.
Furthermore, the resulting estimate of earliest occurrence can
be used as a fixed age or maximum constraint in subsequent
molecular dating studies, minimizing the uncertainty associ-
ated with the age of a given fossil.

NEW METHODS FOR FOSSIL CALIBRATION

Many early molecular dating studies used a single fossil as a
calibration point; this practice is now believed to lead to
strong bias in molecular age estimates (e.g. Graur and
Martin, 2004; Reisz and Miiller, 2004). Where possible, it is
currently advocated that multiple fossils should be used in
the calibration process (e.g. Conroy and Van Tuinen, 2003;
Graur and Martin, 2004; Forest et al., 2005; Near et al.,
2005; Benton and Donoghue, 2007; Rutschmann et al.,
2007), although an extensive and reliable fossil record is not
always available. However, if the intrinsic accuracy of a
fossil is questionable (i.e. doubtful age estimate assigned to
an extant group or representing a lineage with a large gap
between its divergence and the first appearance of remains in
the fossil record), it is better excluded from the analysis (see
above; Near et al., 2005). Near et al. (2005) proposed a
fossil cross-validation procedure that allows potentially inac-
curate fossils to be identified when multiple fossils are used
to calibrate a phylogenetic tree. This method compares the
molecular age estimates produced by the calibration of the
phylogenetic tree with one of the fossils with the age estimates
from the fossil record for the other nodes used in the cali-
bration procedure. Individual fossils that produce age estimates
inconsistent with the remainder of the fossils used as cali-
bration points are removed (Near et al., 2005) and the analysis
is repeated, but including only reliable fossils as calibration
points. Rutschmann et al. (2007) built on the fossil cross-
validation method of Near er al. (2005) to address another
problem: the multiple potential positions of a given fossil on
the phylogenetic tree. They assessed the effect of the alterna-
tive positions of each fossil on the consistency of the age esti-
mates in a set of calibration points. This allows the selection of
the best position on the phylogenetic tree for each fossil given
an a priori selected set of assignment possibilities. By use of
this approach, no calibration information is removed from the
dating procedure (contrary to the method of Near et al., 2005,
in which ambiguous fossils are removed), and the method pro-
vides more precise estimates because the most coherent cali-
bration sets produce lower standard deviation (Rutschmann
et al., 2007). Concern has been raised that such cross-
validation methods might lead to the exclusion or reposition-
ing of fossils that are not necessarily misleading, but rather
misinterpreted (e.g. placement, dating) or victims of bias in
the dating procedure itself (Hugall e al., 2007; Parham and
Irmis, 2008; Lee ef al., 2009).

Lee et al. (2009) recognize the usefulness of the two
methods mentioned above, but note that the imprecision sur-
rounding the phylogenetic position of a given calibration is
not calculated in these methods. They propose a new method
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that integrates this uncertainty. This approach allows the
inclusion of fossils in a combined matrix of morphological
and molecular characters analysed under a Bayesian frame-
work, and the assessment of estimates among sampled trees
based on the position of the fossil in each particular tree as
determined by the analysis (Lee ef al., 2009). They demon-
strate that the uncertainty associated with the phylogenetic
position of a fossil used as calibration point can result in mol-
ecular age estimates with large confidence intervals (Lee et al.,
2009).

While the three above methods deal with uncertainty associ-
ated with the phylogenetic position of fossil calibration points,
another recent method implemented in the program BEAST
(Drummond and Rambaut, 2007) allows the user to include
in addition a level of uncertainty on the age of a given fossil
using a prior distribution. The prior distribution of the age is
assigned to the most recent common ancestor of a group of
taxa circumscribed by the user (Drummond et al., 2006);
these prior distributions are various (e.g. normal, lognormal
or uniform). Applying a normal distribution would assume
that the age of this node is equally likely to be older or
younger than the fossil, how much so being determined by
the standard deviation specified. A normal prior distribution
is more appropriate for calibration points based on estimates
from independent molecular studies (secondary calibrations)
and geological events such as oceanic islands, in which it
can be argued that uncertainty is equally distributed on
either side of the age used (the mean of the distribution).
For a calibration point based on fossil remains, a lognormal
prior distribution covering a longer period of time towards
the past is more appropriate, allowing for uncertainty of the
age estimate of the fossil and for error associated with the
incompleteness of the fossil record. The method implemented
in the program BEAST provides a significant improvement
over other methods, particularly as it considers uncertainty
associated with tree topology and calibration.

CONCLUSIONS

In recent literature, some authors have voiced their concerns
regarding molecular dating methods in general and the cali-
bration procedure in particular (e.g. Graur and Martin, 2004;
Heads, 2005; Pulquério and Nichols, 2007). The importance
of a carefully designed calibration scheme in a molecular
dating study cannot be overemphasized; it is one of the most
fundamental aspects of the methodology. The identification
of reliable fossils is a crucial step in this procedure, but
finding unequivocal fossils may prove to be a tedious task in
some plant groups. The lack of fossils in a given group may
prevent the use of molecular dating completely. However,
fossils from closely related groups may be used as calibration
points if taxa representing them are included in the phyloge-
netic tree, but the further the calibration point is positioned
in relation to the node(s) of interest, the greater will be the
uncertainty of the resulting age estimates. A good starting
point in the search for fossil calibration points is the
Plant Fossil Record online database maintained by the
International Organisation of Palaeobotany (www.biologie.
uni-hamburg.de/b-online/library/iopaleo/pfr.htm), which
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contains several thousand extinct taxa from both modern and
extinct genera.

The development of methods addressing the potential pro-
blems affecting calibration, particularly based on fossil data,
has elegantly addressed some of the criticisms mentioned
above and provided new opportunities and tools for more
reliable calibration of phylogenetic trees. The program
BEAST (Drummond and Rambaut, 2007) is one of the most
promising methods on account of its flexibility regarding
uncertainty in fossil age estimates, mainly due to the dating
of the fossil and the incompleteness of the fossil record. The
next phase in software development for molecular dating
would include programs allowing better estimation of uncer-
tainty by incorporating fossil cross-validation procedures,
taking into consideration fossil abundance data and integrating
the calculation of confidence intervals on the fossil record.

The assumptions and bias inherent to aspects of the method-
ology are not the only obstacles to reliable and plausible
timescales; dating results must be viewed in light of the infor-
mation that was used to obtain them, and uncertainty around
resulting age estimates must be considered. Molecular dating
is a powerful tool and its use continues unabated because it
offers a tantalizing and otherwise unavailable glimpse into
the evolutionary history of a group.

ACKNOWLEDGEMENTS

I thank E. Lucas and two anonymous reviewers for construc-
tive comments on earlier versions of this manuscript.

LITERATURE CITED

Anderson CL, Bremer K, Friis EM. 2005. Dating phylogenetically basal
eudicots using rbcL sequences and multiple fossil reference points.
American Journal of Botany 92: 1737-1748.

Baldwin BG, Sanderson MJ. 1998. Age and rate of diversification of the
Hawaiian silversword alliance (Compositae). Proceedings of the
National Academy of Sciences, USA 95: 9402—-9406.

Benton MJ, Ayala FJ. 2003. Dating the tree of life. Science 300: 1698—1700.

Benton MJ, Donoghue PCJ. 2007. Paleontological evidence to date the tree
of life. Molecular Biology and Evolution 24: 26—-53.

Britten RJ. 1986. Rates of DNA-sequence evolution differ between taxo-
nomic groups. Science 231: 1393—1398.

Christie DM, Duncan RA, McBirney AR, ef al. 1992. Drowned islands
downstream from the Galapagos hotspot imply extended speciation
times. Nature 355: 246-248.

Conroy CJ, Van Tuinen M. 2003. Extracting time from phylogenies: positive
interplay between fossil and genetic data. Journal of Mammalogy 84:
444-455.

Conti E, Rutschmann F, Eriksson T, Sytsma KJ, Baum DA. 2004.
Calibration of molecular clocks and the biogeographic history of
Crypteroniaceae: a reply to Moyle. Evolution 58: 1874—1876.

Doyle JA, Hotton CL. 1991. Diversification of early angiosperm pollen in a
cladistic context. In: Blackmore S, Barnes SH. eds. Pollen and spores:
patterns of diversification. Oxford: Clarendon, 169—195.

Drummond AJ, Rambaut A. 2007. BEAST: Bayesian evolutionary analysis
by sampling trees. BMC Evolutionary Biology 7: 214.

Drummond AJ, Ho SYW, Phillips MJ, Rambaut A. 2006. Relaxed phylo-
genetics and dating with confidence. PLoS Biology 4: 699-710.

Foote M. 1997. Estimating taxonomic durations and preservation probability.
Paleobiology 23: 278-300.

Foote M, Hunter JP, Janis CM, Sepkoski JJ. 1999. Evolutionary and preser-
vational constraints on origins of biologic groups: divergence times of
eutherian mammals. Science 283: 1310—1314.

Forest F, Savolainen V, Chase MW, Lupia R, Bruneau A, Crane PR. 2005.
Teasing apart molecular-versus fossil-based error estimates when dating



794

phylogenetic trees: a case study in the birch family (Betulaceae).
Systematic Botany 30: 118—133.

Garzione CN, Hoke GD, Libarkin JC, et al. 2008. Rise of the Andes.
Science 320: 1304—-1307.

Graur D, Martin W. 2004. Reading the entrails of chickens: molecular time-
scales of evolution and the illusion of precision. Trends in Genetics 20:
80-86.

Heads M. 2005. Dating nodes on molecular phylogenies: a critique of molecu-
lar biogeography. Cladistics 21: 62-78.

Herendeen PS, Crane PR. 1995. The fossil history of the monocotyledons.
In: Rudall PJ, Cribb PJ, Cutler DF, Humphries CJ. eds. Monocotyledons:
systematics and evolution. Kew: Royal Botanic Gardens, Kew, 1-21.

Hickman CS, Lipps JH. 1985. Geologic youth of Galapagos islands con-
firmed by marine stratigraphy and paleontology. Science 227:
1578-1580.

Hugall AF, Foster R, Lee MSY. 2007. Calibration choice, rate smoothing,
and the pattern of tetrapod diversification according to the long nuclear
gene RAG-1. Systematic Biology 56: 543—-563.

Lee MSY, Oliver PM, Hutchinson MN. 2009. Phylogenetic uncertainty and
molecular clock calibrations: a case study of legless lizards (Pygopodidae,
Gekkota). Molecular Phylogenetics and Evolution 50: 661—-666.

Magallon SA. 2004. Dating lineages: molecular and paleontological
approaches to the temporal framework of clades. International Journal
of Plant Sciences 165: S7-S21.

Magallon S, Castillo A. 2009. Angiosperm diversification through time.
American Journal of Botany 96: 349—-365.

Magallon SA, Sanderson MJ. 2005. Angiosperm divergence times: the effect

of genes, codon positions, and time constraints. Evolution 59:
1653-1670.
Marshall CR. 1990. Confidence-intervals on stratigraphic ranges.

Paleobiology 16: 1-10.

Marshall CR. 1994. Confidence-intervals on stratigraphic ranges — partial
relaxation of the assumption of randomly distributed fossil horizons.
Paleobiology 20: 459-469.

Marshall CR. 1997. Confidence intervals on stratigraphic ranges with nonran-
dom distributions of fossil horizons. Paleobiology 23: 165-173.

Marshall CR. 2008. A simple method for bracketing absolute divergence
times on molecular phylogenies using multiple fossil calibration points.
American Naturalist 171: 726-742.

Near TJ, Meylan PA, Shaffer HB. 2005. Assessing concordance of fossil
calibration points in molecular clock studies: an example using turtles.
American Naturalist 165: 137—146.

Parham JF, Irmis RB. 2008. Caveats on the use of fossil calibrations for mol-
ecular dating: a comment on Near et al. American Naturalist 171:
132-136.

Forest — Calibrating the Tree of Life

Pulquério MJF, Nichols RA. 2007. Dates from the molecular clock: how
wrong can we be? Trends in Ecology and Evolution 22: 180—184.
Rassmann K. 1997. Evolutionary age of the Galapagos iguanas predates the
age of the present Galapagos Islands. Molecular Phylogenetics and

Evolution T: 158—172.

Ree RH, Smith SA. 2008. Maximum likelihood inference of geographic range
evolution by dispersal, local extinction, and cladogenesis. Systematic
Biology 57: 4—14.

Reisz RR, Miiller J. 2004. Molecular timescales and the fossil record: a
paleontological perspective. Trends in Genetics 20: 237-241.

Richardson JE, Pennington RT, Pennington TD, Hollingsworth PM. 2001.
Rapid diversification of a species-rich genus of neotropical rain forest
trees. Science 293: 2242-2245.

Rutschmann F. 2006. Molecular dating of phylogenetic trees: a brief review
of current methods that estimate divergence times. Diversity and
Distributions 12: 35-48.

Rutschmann F, Eriksson T, Abu Salim K, Conti E. 2007. Assessing cali-
bration uncertainty in molecular dating: the assignment of fossils to
alternative calibration points. Systematic Biology 56: 591-608.

Sanderson MJ. 1997. A nonparametric approach to estimating divergence
times in the absence of rate constancy. Molecular Biology and
Evolution 14: 1218-1231.

Sanderson MJ. 2002. Estimating absolute rates of molecular evolution and
divergence times: a penalized likelihood approach. Molecular Biology
and Evolution 19: 101-109.

Sanderson MJ, Doyle JA. 2001. Sources of error and confidence intervals in
estimating the age of angiosperms from rbcL and 18S rDNA data.
American Journal of Botany 88: 1499—-1516.

Springer MS. 1995. Molecular clocks and the incompleteness of the fossil
record. Journal of Molecular Evolution 41: 531-538.

Strauss D, Sadler PM. 1989. Classical confidence-intervals and Bayesian
probability estimates for ends of local taxon ranges. Mathematical
Geology 21: 411-421.

Tavaré S, Marshall CR, Will O, Soligo C, Martin RD. 2002. Using the
fossil record to estimate the age of the last common ancestor of extant pri-
mates. Nature 416: 726—729.

Thorne JL, Kishino H, Painter IS. 1998. Estimating the rate of evolution of
the rate of molecular evolution. Molecular Biology and Evolution 15:
1647-1657.

Whittle CA, Johnston MO. 2003. Broad-scale analysis contradicts the theory
that generation time affects molecular evolutionary rates in plants.
Journal of Molecular Evolution 56: 223-233.

Zuckerkandl E, Pauling L. 1965. Evolutionary divergence and convergence
in proteins. In: Bryson V, Vogel HJ. eds. Evolving genes and proteins.
New York: Academic Press, 97—-166.



