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Abstract.—The heritability of speciation rates and extinction risks is a crucial parameter in models
of macroevolution, but little direct evidence has been available to assess the occurrence, strength,
or generality of this heritability. We tested for heritability using correlations between ancestral and
descendent branch lengths in phylogenetic trees, an approach first applied to a bird phylogeny by
Harvey et al. (1991, pages 123–137 in Genes in ecology [R. J. Berry et al., eds.], Blackwell Scientific,
Oxford). We applied Harvey et al.’s test to some of the largest DNA sequence-based phylogenetic
analyses published to date for plants, insects, fungi, and bacteria. If one of two parent lineages splits
first and if this is the case for any heritable reason, then on average we expect its daughter lineages
to also split first. We also used a randomization procedure to assess significance of branch length
heritability. Using maximum parsimony and maximum likelihood branch lengths and trees made
ultrametric after nonparametric rate smoothing or by enforcing a molecular clock, we found a pattern
for most clades consistent with heritable net cladogenesis. Heritability of cladogenesis may be a general
phenomenon, detectable across a large number of lineages and a broad range of taxa. [Branch length;
cladogenesis; diversification; molecular clock; phylogenetic tree shape; speciation.]

With the wide use of molecular data for re-
constructing evolutionary relationships, in-
creasingly broad-scale phylogenetic trees
have become available in which patterns of
cladogenesis can be profitably explored (Nee
et al., 1992, 1994; Harvey et al., 1996; Pagel,
1999). One important question is whether
rates of cladogenesis are heritable among lin-
eages, i.e., whether daughter lineages tend
to resemble their ancestors in rates of specia-
tion and/or extinction. Fossil evidence (re-
viewed by Valentine, 1985) and studies of
the correlates of speciation (e.g., Mitter et al.,
1988; Farrell et al., 1991; Hodges and Arnold,
1995; also see review by Schluter, 2000) sug-
gest that the number of species in a clade
can differ because of species-level traits. Such
heritable variation among lineages in the
net rate of cladogenesis (speciation minus
extinction) is essential for the controversial
process of species selection (Eldredge, 1989;
Stanley, 1998). Several surveys have sug-
gested that topologies of estimated phyloge-
netic trees are consistent with such heritable
variation (reviewed by Purvis, 1996; Mooers
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and Heard, 1997; see also Heard and Mooers,
2002 [this issue]). However, such surveys
have two principal shortcomings: they are
based primarily on rather small phylogenies
(i.e., those containing few species; but see
Purvis and Agapow, 2002 [this issue]), and
the inference about heritability is indirect be-
cause information about speciation rates per
unit time is not used.

A simple, complementary, and more di-
rect phylogenetic test of local heritability in
net cladogenesis, which can be applied on a
node-by-node basis, is to examine whether
the shorter of two branches descended from
a single common ancestor tends in turn to
lead to shorter descendent branches (Harvey
et al., 1991). If branch lengths are propor-
tional to time, such shorter branches indicate
higher underlying rates of net cladogenesis.
If branch lengths measure the amount of evo-
lution (rate of change × time), such shorter
branches indicate that lineages inherit evolu-
tionary rates. This approach has appeal pre-
cisely because it considers nodes one by one,
asking whether the phenomenon of autocor-
related branch lengths persists throughout a
tree. A decade ago, Harvey et al. (1991) sug-
gested that heritable cladogenesis might hold
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FIGURE 1. Test of whether cladogenesis is locally
heritable (Harvey et al., 1991). In this example, branch
length is proportional to time, and the parent branch ps

split before pl and so is the shorter branch. If this is the
case for any heritable reason, we expect the daughter dps

to also split before dpl.

for birds: 40 of 68 comparisons from Sibley
and Ahlquist’s (1990) phylogenetic tree had
the shortest of two parent branches leading to
the shortest daughter branch (see Fig. 1). We
examined whether this pattern can be gen-
eralized by analyzing several of the largest
available DNA sequence-based phylogenetic
trees representing organisms as diverse as in-
sects, plants, bacteria, and fungi.

MATERIALS AND METHODS

Phylogenetic Trees

We examined six phylogenetic trees, cho-
sen because they are to our knowledge the
largest published molecular trees in terms of
both taxon number and taxonomic diversity
encompassed. First, we used the largest pub-

TABLE 1. Estimated parameters for the HKY85+0 model of DNA evolution.

Frequency

Tree Transition/transversion ratio Adenine Cytosine Guanine Thymine Alpha shape parameter

Bacteria 1.1538 0.2620 0.2325 0.2534 0.2521 0.6085
Fungi 3.3509 0.2705 0.2380 0.2035 0.2880 0.3057
Insects 1.4731 0.2737 0.2206 0.2096 0.2961 0.3033
Orchids 1.6048 0.2601 0.2262 0.2245 0.2892 0.3031
Monocots 2.1713 0.2536 0.2299 0.2197 0.2968 0.2993
Angiosperms 1.9368 0.2506 0.2396 0.2152 0.2946 0.5823

lished molecular phylogenetic tree of flower-
ing plants (angiosperms), including>75% of
all families and based on a combined analysis
of the plastid atpB-rbcL exons and 18S nuclear
ribosomal DNA (rDNA) (Soltis et al., 1999,
2000). Second, we used the phylogenetic tree
of monocots based on combined analysis of
the same set of genes and including all but
one family (Chase et al., 2000). Third, we
included a rbcL-based phylogenetic tree for
the Orchidaceae, the largest angiosperm fam-
ily, including nearly all tribes and subtribes
(Cameron et al., 1999). The second and third
trees are nested within the first, but there
is little overlap of the orchid tree with the
monocot tree (only three species in com-
mon) and only moderate overlap of monocot
and angiosperm trees (the former with 40%
more monocot taxa than the latter). Fourth,
we used the largest phylogenetic tree avail-
able for fungi, including most families within
Agaricales (gilled mushrooms and their al-
lies) and based on analyses of the nucleus-
encoded large subunit RNA gene (Moncalvo
et al., 2000). Finally, we included broad-
scale phylogenetic trees based on 18S rDNA
for “bacteria” (Barns et al., 1996) and for
holometabolous insects (Whiting et al., 1997).

For each tree, we reanalyzed DNA se-
quence data provided by the authors (except
insects and bacteria, for which both trees
and sequences were downloaded from Tree-
base [http://www.herbaria/harvard.edu/
treebase]). Branch lengths were first cal-
culated using maximum parsimony (MP,
acctran optimization). Because uncorrected
MP branch lengths can underestimate longer
branches (Felsenstein, 1981), we also com-
puted maximum likelihood (ML) branch
lengths. For ML reconstruction, we used
the HKY85+0 model of DNA evolution
(Hasegawa et al., 1985; Yang, 1994) with base
frequencies, transition/transversion ratio
and the alpha shape parameter estimated
from the data (Table 1). Low values for the
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alpha shape parameters (ca. 0.3; Table 1)
indicate that there is rate heterogeneity
among sites, the highest figure reaching
only about 0.6 for the largest phylogenetic
tree (angiosperms) and the broadest taxon
coverage (“bacteria”; Table 1). Uncorrected
MP is not expected to correctly estimate
branch lengths where multiple hits have
occurred; however, overall MP and ML
branch lengths are highly correlated (at
least in the angiosperm tree used here;
see Barraclough and Savolainen, 2001).
We used HKY85+0 instead of the more
complex general time-reversible (GTR)
model because it represents a reasonable
compromise between generality of the
model, especially for concatenated genes,
and computational time required. For rbcL
and 18S rDNA in angiosperms, HKY85+0
did not perform significantly worse than
GTR+0 (see Sanderson and Doyle, 2001; not
tested for the others).

Branch lengths may not be proportional
to divergence times throughout the tree
because of DNA rate heterogeneity among
lineages. We assessed rate heterogene-
ity with likelihood ratio tests following
Felsenstein (1981). A global clocklike rate of
change was rejected for all trees (P < 0.001,
data not shown). We therefore made the
trees ultrametric using the nonparametric
rate smoothing method (NPRS; Sanderson,
1997). This method, implemented in the
software TreeEdit (version 1.0 alpha 4-61,
written by A. Rambaut and M. Charleston,
http://evolve.zoo.ox.ac.uk/software/Tree-
Edit) maximizes rate autocorrelation to cor-
rect for rate heterogeneity in the overall tree
(Sanderson, 1997). In addition to NPRS, we
also made the branch lengths proportional to
time by enforcing a molecular clock with the
HKY85+0 model of DNA evolution and the
software PAUP 4.0b8 (marginal estimation of
ancestral states option; Swofford, 2001). Un-
fortunately, optimization of the ML+clock
model could not be performed with the large
angiosperm tree in a reasonable amount of
time: the search did not finish after several
weeks of calculation using a G3 Macintosh
computer (300 MHz, 768 MBytes RAM). For
the angiosperm tree, therefore, we only have
NPRS branch lengths. Despite some limita-
tions in applying NPRS (Sanderson, 1997,
2002), this method has been efficient in mak-
ing branch lengths proportional to time in the
angiosperm tree used here, with NPRS age

estimates in agreement with several external
calibration points (Wikström et al., 2001).

Pattern in Branch Lengths

We assembled sets of paired parent (pl,
ps; Fig. 1) and daughter (dpl, dps) branches
from each phylogeny following Harvey et al.
(1991), and we considered only the shorter of
the two branches emanating from each par-
ent branch (e.g., dpl and not the unmarked
branch from pl; Fig. 1). This approach al-
lowed us to include nodes where fewer than
four daughter branches split, increasing our
sample size substantially. Because the trees
are not complete, the longer daughter branch
emanating from a parent often does not split
at all and terminates in the present; these
branches were excluded from the analyses.
The assumption is that taxon sampling has
not been biased with respect to our null hy-
pothesis. Because shorter daughter branches
that lead to terminal taxa also cannot be used
(they are truncated at the present and so do
not measure time to splitting), the number of
comparisons is substantially lower than tree
size would suggest (Tables 2, 3).

Uneven taxon sampling can obscure or
even bias the results (Harvey et al., 1991).
Most of our comparisons within trees were
made at high taxonomic level (above fam-
ily level for bacteria, angiosperms, monocots,
and insects and above subtribe level for or-
chids and fungi) before missing taxa become
a problem, and such sampling mitigates
against bias due to incomplete sampling.

For each tree, every node that satisfied
the above conditions (see also Fig. 1) can
be considered an independent data point.
For each node, we recorded the lengths of
the branches denoted ps, pl, dps, and dpl in
Figure 1. Besides recording the number of
times the shorter parent branch gave rise to
the shortest daughter branch (dps < dpl), we
performed three different (and complemen-
tary) statistical tests of the short-short associ-
ation: Wilcoxon paired-sample tests, compar-
isons to short-short fractions for simulated
Yule trees, and a randomization test based
on reshuffling parent–daughter associations.

Wilcoxon tests.—Our simplest test of
branch length heritability was a one-tailed
Wilcoxon paired-sample test, with paired dpl
and dps values for each node (Fig. 1) and
the alternative hypothesis that dps < dpl.
Although the distributions of branch lengths
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TABLE 2. Branching patterns in ultrametric phylogenetic trees.

P values

Fisher’s combined
probabilityc

Taxa
No.

terminals Methoda
Short-short:
short-longb

Wilcoxon
paired-sample test 24 tips 100 tips Randomization

Bacteria 64 MP+NPRS 6:1 0.016∗ 0.223 0.325 <0.001∗∗∗
ML+NPRS 3:4 0.711 0.639 0.741 <0.001∗∗∗
ML+clock 5:1 0.11 0.09 0.13 <0.001∗∗∗

Fungi 154 MP+NPRS 14:9 0.044∗ 0.027∗ 0.106 <0.001∗∗∗
ML+NPRS 15:8 0.074 0.007∗∗ 0.038∗ 0.01∗∗
ML+clock 6:6 0.73 0.30 0.45 0.085

Insects 85 MP+NPRS 7:5 0.676 0.381 0.520 0.02∗
ML+NPRS 7:5 0.691 0.232 0.398 0.529
ML+clock 4:2 0.5 0.08 0.11 0.8

Orchids 171 MP+NPRS 14:6 0.010∗ 0.018∗ 0.067 0.032∗
ML+NPRS 7:9 0.736 0.604 0.773 0.675
ML+clock 8:1 0.05∗ 0.14 0.23 0.282

Monocots 127 MP+NPRS 18:6 0.009∗∗ 0.002∗∗ 0.013∗ <0.001∗∗∗
ML+NPRS 15:9 0.063 0.001∗∗ 0.009∗ 0.069
ML+clock 13:4 0.002∗∗ <0.0001∗∗∗ 0.0005∗∗∗ 0.197

Angiosperms 567 MP+NPRS 70:31 <0.0001∗∗∗ 10−12∗∗∗ 10−8∗∗∗ <0.001∗∗∗
ML+NPRS 63:38 0.001∗∗ 10−13∗∗∗ 10−9∗∗∗ 0.028∗

aMP =maximum parsimony, ML =maximum likelihood, NPRS = nonparametric rate smoothing.
bNumber of occurrence when the shortest of two parent branches gives rise to the shortest of the four daughter branches (short-

short) versus occurrences where this is not the case (short-long).
cFisher’s combined χ2, df = 2 × number of comparisons, based on 1,000 Yule trees having 24 tips or 100 tips.

are expected to range from exponential un-
der the simplest Yule process to various
forms of the gamma with extinction, the
Wilcoxon paired-sample test requires only
that the distribution of differences be sym-
metric about the median (Zar, 1999). Loga-
rithmic transformation of dps and dpl pro-
duced such distributions.

Simulations.—We also converted each
nodal comparison to a P value based on

TABLE 3. Branching patterns in nonultrametric phylogenetic trees.

P values

Fisher’s combined
probabilityc

Taxa No. terminals Methoda
Short-short:
short-longb

Wilcoxon
paired-sample test 24 tips 100 tips Randomization

Bacteria 64 MP 6:1 0.023∗ 0.278 0.381 <0.001∗∗∗
ML 5:2 0.344 0.555 0.779 0.22

Fungi 154 MP 13:8 0.039∗ 0.041∗ 0.132 <0.001∗∗∗
ML 10:12 0.913 0.731 0.883 <0.001∗∗∗

Insects 85 MP 6:4 0.244 0.226 0.344 <0.001∗∗∗
ML 5:5 0.196 0.196 0.336 0.149

Orchids 171 MP 10:7 0.085 0.027∗ 0.100 0.062
ML 8:8 0.430 0.550 0.644 0.129

Monocots 127 MP 14:9 0.283 0.195 0.400 0.009∗∗
ML 16:8 0.050∗ 0.004∗∗ 0.028∗ 0.122

Angiosperms 567 MP 66:37 <0.0001∗∗∗ 10−9∗∗∗ 10−6∗∗∗ <0.001∗∗∗
ML 55:46 0.165 10−8∗∗∗ 10−5∗∗∗ 0.015∗

aMP =maximum parsimony, ML =maximum likelihood.
bNumber of occurrence when the shortest of two parent branches gives rise to the shortest of the four daughter branches (short-

short) versus occurrences where this is not the case (short-long).
cFisher’s combined χ2, df = 2 × number of comparisons, based on 1,000 Yule trees having 24 tips or 100 tips.

the expectation from simulated phylogenetic
trees in which diversification rates were con-
stant across lineages. This test was useful be-
cause there is a bias for dpl < dps for trees of
less than infinite size, contrary to our alter-
native hypothesis of heritable rates (Harvey
et al., 1991). At any given node, both dps
and dpl are constrained to be shorter than to-
tal tree length above the node (viz. toward
the tips). The constraint is stronger for dpl
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because it originates nearer the present. This
constraint is attenuated as dps and dpl be-
come smaller proportions of the total tree
length, which is strongly correlated with the
number of splits above the node. To account
for this bias, we adopted a simple strategy
for simulation. For each of 1,000 Yule trees of
size 24 or 100 (Yule, 1924; constructed with
equal and constant rates of cladogenesis per
lineage following Heard, 1996), we recorded
dpl−dps at the root node (expressed as a frac-
tion of ps + pl + dps + dpl because branch
lengths from simulated and sample trees are
on different scales). For each node, the frac-
tion of the 1,000 simulated trees with (dpl −
dps) at the root exceeding that in the real node
is a P value for a test against the Yule expec-
tation. We combined these individual P val-
ues across nodes within a tree using Fisher’s
combined probability test (Sokal and Rohlf,
1995). We used simulated trees of size 24 or
100 because these sizes are typical for the
clades arising from our focal nodes; the use of
larger simulated trees would not appreciably
change our results.

Randomizations.—Our final test for branch
length heritability was performed on all trees
using a randomization technique. The ratio
of the difference in branch lengths between
parent and daughter branches was calcu-
lated at each node using the following equa-
tion: H = 1− [(l − s)/ l], where l is the longer
branch (whether it is the parent or the daugh-
ter) and s is the shorter branch. Every parent
branch gives rise to two daughter branches
and so was used twice. H was summed for all
nodes in the tree to give a measure of branch
length heritability. Although double count-
ing of parents in ratios with both daughters
means observations are not fully indepen-
dent, we are comparing our summed result
with simulated data measured in the same
way. Terminal branches were excluded from
the analyses for the same reason given above:
they offer no information on times of split.
A randomization procedure was then per-
formed to assess whether observed 6H was
larger than expected by chance. A null dis-
tribution of 6H was generated by randomly
pairing each parent with any daughter and
calculating 6H from the new set of parent–
daughter pairs. The probability that 6H ob-
tained from the real tree was different from
that of the null model was obtained using
a one-tailed distribution based on 1,000 such
randomizations. If branch length is heritable,

the differences in length between parent and
daughter branches in the real trees should be
small compared with the distribution of dif-
ferences for the randomized set of parent–
daughter pairs, and observed 6H should be
large relative to the randomization.

RESULTS

Results from trees made ultrametric af-
ter either NPRS or by enforcing a molec-
ular clock are presented in Table 2; results
from nonultrametric trees are presented in
Table 3 (MP and ML). For most data sets and
tree estimation procedures, shorter branches
most often gave rise to shorter daughters.
In only 2 of 17 comparisons was the oppo-
site pattern observed (Table 2): ML+NPRS
in bacteria and in orchids (but after enforc-
ing a clock the most commonly observed
pattern was restored). In one further case
(ML+clock in fungi), shorter branches gave
rise to shorter daughters exactly half the
time (Table 2). If we combined across trees,
the pattern for heritable cladogenesis was
strong regardless of the means of analysis
(see Table 2; over all nodes short-short:short-
long, MP+NPRS = 129:58; ML+NPRS =
110:73; ML+clock = 36:14). Significance for
some trees was, however, difficult to assess.
The pattern was strongest for the angiosperm
and monocot trees using Wilcoxon tests and
simulations; these taxa are also the largest
both in number of terminals and in num-
ber of characters (2,928 and 2,221 variable
sites vs. 508–1,264 for the other trees). How-
ever, randomizations suggested that bacteria
and fungi possess at least as strong a signal
(Table 2). Patterns were generally stronger in
MP trees than in ML trees and when trees
were made ultrametric by rate smoothing
rather than when enforcing molecular clocks.
Tests based on comparisons with simulated
Yule trees gave similar results (Table 2). As
expected, decreasing the number of termi-
nals for the simulations from 100 to 24 in-
creased the signal, and again combining ob-
servations across all trees produced a highly
significant result regardless of tree estima-
tion method (P < 0.001).

DISCUSSION

Patterns Across Trees and Reconstruction
Methods

The simplest pattern (the preponderance
of shorter daughters from shorter parental
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branches) is also the clearest. As might be ex-
pected on statistical grounds, the largest data
sets gave the strongest signal. Our largest
data sets all consisted of plants, and plants
may behave differently from other taxa with
regard to net cladogenesis. The impetus for
this study was the suggestion of a pattern
in a large (albeit potentially biased) DNA–
DNA hybridization tree for birds, suggesting
that the pattern may have some generality;
clearly, more work is needed.

The short-short correlation reported here
is also at least superficially consistent with
heritability of substitution rates rather than
cladogenesis. However, correction of branch
lengths using rate smoothing or enforcing
molecular clocks generally improved our
ability to detect patterns in branch length her-
itability (compare Tables 2 and 3). The use of
NPRS to produce ultrametric trees assumes
autocorrelation of substitution rates. If par-
ent lineages differ in heritable rates of substi-
tution, NPRS should stretch short branches
(both parent and daughter) and shorten long
ones and so should not bias observations in
favor of heritability. We do not know if there
are other biases in the NPRS (or ML+clock)
algorithm with respect to our observations,
but our test considers only two consecutive
splits at each focal node, so only very local
clocks are required in any case. The strongest
overall result was with MP branch lengths.
Although uncorrected MP branch lengths
will underestimate the longest branches
most, it is not clear that this underestimation
would bias our observations.

The simple randomization test we used
may turn out to be a powerful comple-
ment to topology-based tests of tree shape.
Topology-based tests are hampered by the
fact that arbitrary resolutions of polytomies,
and poorly supported trees more gener-
ally, usually lead to increased imbalance
(Guyer and Slowinski, 1991; Mooers et al.,
1995; Heard and Mooers, 1996; Huelsenbeck
and Kirkpatrick, 1996). However, such res-
olutions are likely to make branch-length
tests conservative if clocks are not enforced,
because parent–daughter branch lengths
should be assigned arbitrarily. Also, using
branch lengths to measure cladogenesis her-
itability should be independent of the taxo-
nomic rank of the terminal taxa (see Purvis
and Agapow, 2002 [this issue]).

Our demonstration of local heritablity in
net cladogenesis is all the more compelling

given that comparisons such as ours have
an inherent bias toward the opposite pattern
(shorter branches having longer daughters;
Harvey et al., 1991) because trees are con-
strained to terminate at the present. We cor-
rected for this bias by comparing our ob-
served nodes with Yule trees with 24 and
100 tips. Ideally, one would like to make each
nodal comparison with simulated trees of ex-
actly equal size; such a procedure would give
a more powerful test for nodes involving
<24 descendent species. However, incom-
plete taxonomic sampling in our six molec-
ular phylogenetic trees made constructing
tailor-made null tree distributions cumber-
some. We chose to use 24-tip and 100-tip sim-
ulated trees because doing so is conservative;
most nodes used define subclades with 5–70
sampled species. Further, because of extinc-
tion, branch lengths from the six trees are not
expected to be drawn from a pure Yule dis-
tribution (Yule, 1924), but estimating actual
rates of speciation and extinction on incom-
plete trees is difficult (for one avenue, see
Pybus and Harvey, 2000). Incomplete sam-
pling in the trees we used might give rise to a
further bias because oversampled clades will
tend to have shorter branches than will un-
dersampled clades. As a result, if one of a par-
ent’s two daughter clades were better sam-
pled than the other, both the shortest parent
and shortest daughter branches would likely
occur in the oversampled clade. Because we
made our comparisons across many individ-
ual nodes, however, such sampling problems
would have to be extremely widespread to
give rise to our results.

Biological Issues

It is well known that taxonomies are
strongly skewed in numbers of subtaxa
per taxon and that simple null models
with constant speciation and extinction rates
are rejected by real phylogenies (Dial and
Marzluff, 1989; Heard, 1992; Sanderson and
Donoghue, 1994, 1996; Harvey et al., 1996;
Mooers and Heard, 1997). Heard (1996)
showed that patterns in topologies in esti-
mated phylogenies are consistent with the
existence of heritable variation among lin-
eages in rates of cladogenesis. Direct evi-
dence for heritability in speciation or ex-
tinction rates has, however, been scant, and
available for only two major taxa: molluscs
(Jablonski, 1987) and birds (Harvey et al.,
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1991). Our results suggest that heritability
is a common phenomenon, detectable across
a broad taxonomic range including bacteria,
fungi, animals, and plants.

Why should lineages resemble their ances-
tors in rates of cladogenesis? We recognize at
least two general classes of possible explana-
tion. First, biogeographic processes may fa-
vor heritability. For example, because long
distance dispersal is relatively rare, habitat
is generally heritable and may include habi-
tats that might promote diversification (e.g.,
multistratified rain forest). If environments
are spatially autocorrelated, parapatric spe-
ciation could also be compatible with local
heritability of cladogenesis (Barraclough and
Vogler, 2000), as is the apparent heritability of
species’ geographic ranges (a trait associated
with species duration for molluscs; Jablon-
ski, 1987). Colonization of new areas and
subsequent radiations in all available niches
may also leave similar signatures in phylo-
genetic trees, e.g., in the hypothetical case of
an archipelago with repetitive waves of spe-
ciation on islands.

Second, rates of cladogenesis may depend
on traits that are heritable through specia-
tion events. There is a rich literature con-
cerning traits that directly affect speciation
rates (e.g., Heard and Hauser, 1995). For in-
stance, clades of monoecious plants have
higher rates of net cladogenesis than do their
dioecious sister clades (Heilbuth, 2000), and
monoecious ancestors will tend to have mo-
noecious descendents. Such traits may even
involve molecular details of DNA replication
and repair. At least in plants, higher rates
of neutral mutations are correlated with an
increased rate of morphological change and
with more species-rich clades (Barraclough
et al., 1996; Savolainen and Goudet, 1998;
Barraclough and Savolainen, 2001). This phe-
nomenon would make speciating lineages
have longer branches than expected when
measured in units of molecular change, mak-
ing our conclusions conservative with re-
spect to this phenomenon. Heritable factors
that might increase the mutation rate, and
in turn the rate of cladogenesis, include defi-
ciency in DNA repair systems or higher expo-
sure to ultraviolet radiation (perhaps habitat
related).

Our results help establish that persistent
differences among lineages in rates of clado-
genesis could arise because those rates are
heritable at the level of ancestors to descen-

dent taxa. We hope the results reported here
spur further and more refined analyses of
branch length patterns, complementing what
is becoming a rich literature on topologi-
cal patterns. Illuminating both particular and
general causes for nonrandom diversifica-
tion is a major goal in evolutionary stud-
ies (Purvis, 1996; Mooers and Heard, 1997;
Schluter, 2000), and indeed progress in this
area may have important implications for the
preservation of present-day biodiversity (see
McKinney, 1997; Heard and Mooers, 2000;
Purvis et al., 2000).
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