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FIGURE 6. Correlation among dating methods for a) PLBP versus PLFB; b) PLBP versus MD; c) PLBP versus UCLN; d) PLEB versus MD;
e) PLFB versus UCLN; and f) MD versus UCLN. Pairwise correlations between ages obtained by different dating methods including the an-
giosperm stem branch (white dots) and breaking the angiosperm stem branch (black dots). For each comparison, Pearson’s correlation co-
efficient (r) and slope of the regression line (s) are indicated. PLBP = penalized likelihood with branch-pruning rate smoothing; PLFB =
penalized likelihood with fossil-based rate smoothing; MD = multidivtime; UCLN = uncorrelated lognormal; * = breaking the angiosperm
stem branch.
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fossils in analyses using different relaxed clocks. Break-
ing the long angiosperm stem branch resulted in a
substantially younger age for the angiosperm crown
node only with 1 of the 4 dating methods. Hence, these
results do not support the hypothesis that the long an-
giosperm stem branch is causally responsible for the
old molecular estimates of crown angiosperm age or for
its discrepancy with fossil dates. In general, breaking
the angiosperm stem branch did not cause substantial
age differences across the tree, except for a few partic-
ularly sensitive nodes, some of which are phylogeneti-
cally distant from the angiosperm crown node.

The angiosperm crown node is sensitive to differ-
ent relaxed clocks and, with some clocks, to breaking its
long subtending branch. There is a 60 Myr difference be-
tween the oldest and the youngest estimates, spanning
from the Upper Triassic to the early Permian. All these
estimates are much older than the oldest angiosperm
fossils.

The fact that a strong age correlation among differ-
ent methods was found is an interesting result, espe-
cially considering that the clocks are based on different
statistical foundations and methodological implemen-
tations. Most notably, they rely on different sources
of data and assumptions to assign among-lineage rate
heterogeneity: prediction of length of terminal branches
(PLBP); violations to fossil ages (PLFB); PP estimation
under rate autocorrelation (MD); and uncorrelated PP
estimation (UCLN). A possible interpretation of the
observed agreement is that the different methods con-
verged on the same (presumably correct) ages. An al-
ternative is that minimal and maximal age constraints
bind different methods into providing similar ages (dis-
cussed below). This question needs to be explicitly
explored by using different clocks without imposing
internal temporal constraints.

Correctly accounting for among-lineage rate het-
erogeneity is crucially important in molecular dating.
The 2 procedures for identifying the best-fitting rate
smoothing for PL (Sanderson 2006) behaved differ-
ently and provided substantially different best-fit val-
ues for the same data. The 2 procedures use different
parts of the data, each subject to particular types of
biases and errors. Which cross-validation procedure,
and under what circumstances, has greater chances of
accurately identifying the best-fitting rate smoothing
needs to be examined through simulations and rigorous
experimentation.

Age estimation for several nodes was sensitive to dif-
ferent dating methods and to breaking the angiosperm
stem branch, even though some of these nodes were
phylogenetically distant from angiosperms. These nodes
also exhibit the widest associated errors. These sensitive
nodes are weakly constrained by hard temporal bounds
(i.e., the calibration node and the present) and by min-
imal or maximal age constraints. The contrary occurs
in nodes within the eudicot clade, which are strongly
constrained by the maximal age imposed to crown eu-
dicots, by several minimal ages, and by the present.
The ages of these nodes have narrow associated er-

rors and are immune to different dating methods or to
the length of the angiosperm stem branch. These ob-
servations circumstantially support the possibility that
temporal constraints greatly influenced different clocks
into estimating similar ages across the tree.

Calculating divergence times in the absence of inde-
pendent information about the timing of phylogenetic
branching or rates of molecular substitution is an es-
pecially complex problem. Welch and Bromham (2005)
considered that most currently available relaxed clocks
assume either a few large changes of rate, for example,
ML-based local clocks (e.g., Yoder and Yang 2000; Yang
2004), or many small changes across the tree, for exam-
ple, the relaxed clocks used in this study. The difficulty
in estimating the age of crown angiosperms probably
lies in the combination of several complicating factors,
including a large amount of extinct historical diver-
sity, rapid radiations during seed plant and angiosperm
evolution, and possibly substantial molecular rate het-
erogeneity among lineages and through time. Allow-
ing relatively small changes in rate probably accounts
for only a fraction of the rate heterogeneity existing
in this phylogenetic tree. A more appropriate model
might combine a background moderate rate hetero-
geneity with large changes in rate at particular points in
the tree. Using the fossil record to introduce temporal
constraints on nodes has been recognized as crucially
important toward better dating. Analogously to the use
of independent information to indicate sites in a tree
where rate changes have occurred (e.g., Uyenoyama
1995), paleobiology could perhaps provide macroevo-
lutionary guidelines to inform where in a tree large
substitutional changes might have occurred. How ex-
actly paleobiology can inform about molecular rates is
an open question.
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