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Estimating divergence times in a phylogenetic tree
without assuming a global molecular clock is a non-
trivial task. In phylogenetic inference, branch lengths
are a product of rates and times and therefore esti-
mated divergence times cannot be extracted without
additional assumptions or information about rates. If
a global molecular clock is assumed and at least one
time calibration node is known, then the rate can be esti-
mated and hence also the divergence times of the internal
nodes.

If the global molecular clock assumption is violated,
a method of divergence times estimation assuming a
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molecular clock gives misleading results. No method can
consistently estimate divergence times without assump-
tions about rate variation over the tree (Britton, 2005).
There are methods that implement relaxed clocks, such
as nonparametric rate smoothing (e.g., R8s; Sanderson,
2003) or local molecular clocks (e.g., BASEML; Yang,
1997; and QDATE; Rambaut and Bromham, 1998). For
a review of methods estimating divergence times, see
Rutschmann (2006).

A recent contribution in the spirit of local molec-
ular clocks and rate smoothing is PATHd8 (Britton
et al., 2007), a nonparametric method that smoothes
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substitution rates locally. The algorithm is simple, very
fast, and suitable even for very large trees. The infer-
ence is based on the accumulated number of substitu-
tions along branches and it does not consider any specific
model of evolution. It has been used, for example, to es-
timate divergence times within Neoaves, which includes
almost 95% of all bird species (Ericson et al., 2006), within
the group of ovenbirds, Furnariinae (Fjeldså et al., 2007),
and within diatoms (Sorhannus, 2007).

For the simple Jukes and Cantor (1969) evolutionary
model, the method of mean path length (MPL), first in-
troduced by Bremer and Gustafsson (1997) and further
developed by Britton et al. (2002), estimates the diver-
gence times by calculating the MPL of a node as the sum
of the number of substitutions along all paths from the
node to descending taxa, divided by the number of de-
scending taxa (i.e., the number of paths). The method
assumes the numbers of substitutions along branches to
be observable. This is rarely the case with empirical data,
but numbers of substitutions are often estimated from
an alignment of DNA sequences. One calibration point
is needed as the divergence time otherwise will be on
a relative time scale. The divergence time of any other
node of the tree is obtained by taking the relative MPL
of the node and the calibration node multiplied with the
age of the calibration node.

The method of MPL implicitly assumes a global molec-
ular clock with a constant substitution rate over the tree.
This assumption typically becomes less reliable as the
time since divergence of the species of interest increases.
The other extreme assumption regarding rates would be
to allow different substitution rates along all branches.
With no further assumption on how the rates vary, con-
sistent divergence time estimation would be impossible
(Britton, 2005). A middle ground might be the assump-
tion that adjacent branches in the tree share the same local
calibration. That would be a local molecular clock model
where the same clock is assumed for a part of the tree.

The method of PATHd8 is a generalization of MPL,
allowing more than one calibration node. The algorithm
relaxes the assumption of a global clock by implicitly
dividing the tree into segments defined by the calibra-
tion nodes, whose divergence times are known. The local
molecular clock assumption implies a constant substitu-
tion rate within each segment, but the rate may differ
between them.

In this article the algorithm used in PATHd8 is inves-
tigated showing that it might give biased results if local,
rather than a global, molecular clocks are assumed. A mi-
nor change of the algorithm is suggested, thus obtaining
consistent estimates of divergence times when assuming
a specific type of local molecular clocks.

ALGORITHM OF PATHD8
Let us use a simple example to illustrate the algorithm

of PATHd8. Assume that we are interested in the diver-
gence time of the four species A, B, C , and D. Assume
further that the evolution of the four species has pro-
ceeded as illustrated in the tree on the left-hand side in

time
true tree

A B C D

a)

a 0

a 2

a 1

observed tree

A

B

C

D

b)

y1

y2

y3

y4

y5

y6

FIGURE 1. The tree on the left (a) depicts the actual branch lengths
and nodes for a phylogeny of four species, A, . . . , D. To the right (b)
the observed tree where yi equals the number of substitutions observed
along branch i . The divergence times of α0 = (A, D) and α1 = (A, B),
that is, a0 and a1, are known. PATHd8 implicitly divides the tree into
two segments, here marked with solid and dashed lines, defined by
the fixed age nodes assuming constant substitution rates within the
segments.

Figure 1 (Fig. 1a), where {a0, a1, a2} are the divergence
times. The tree on the right in Figure 1 is one example of
a tree that we might observe (Fig. 1b), where {y1, . . . , y6}
are the observed (or in reality estimated) number of sub-
stitutions along the branches and {α0, α1, α2} the internal
nodes whose divergence times {a0, a1, a2} we are inter-
ested in.

The MPLs {p0, p1, p2} of the nodes {α0, α1, α2} are cal-
culated as the average of the sum of the observations
along paths from the node to descending taxa; that is,

p0 = 1
4

(2y1 + 2y2 + y3 + y4 + y5 + y6), (1)

p1 = 1
2

(y3 + y4), (2)

p2 = 1
2

(y5 + y6). (3)

The method of MPL allows a single calibration point at
the root. In other words, it assumes the divergence time
a0 is known. A global molecular clock is assumed by the
method. The divergence times a1 and a2 are estimated
with the relative MPLs of the corresponding node and
the root, multiplied with a0; that is,

â (MP L)
1 = p1

p0
a0,

â (MP L)
2 = p2

p0
a0.

If the global clock assumption is valid, the method
estimates the divergence times consistently (Britton et al.,
2002).
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PATHd8 is a generalization of MPL and allows sev-
eral fixed age nodes. Assume that a0 and a1 are known,
so only a2 remains to be estimated. Implicitly the method
divides the observed tree in Figure 1b into two segments
S0 = {α0, α2, y1, y2, y5, y6} and S1 = {α1, y3, y4}. Within a
segment Sj a molecular clock is assumed; that is, a con-
stant substitution rate r j . The rates {r j } may differ be-
tween the segments. This corresponds to one type of local
molecular clock.

The method first calculates the MPL of all nodes, which
is done as in (1) to (3). The divergence times of non-
fixed age nodes, here a2, is then estimated using weighted
relative MPLs and the ages of the closest fixed age node
above the node of interest and also of the adjacent fixed
age nodes. The weights are defined by the size of the
subtree that is defined by having its root in the fixed age
nodes (Britton et al., 2007). In this small example, there is
no difference in the estimate of a2 according to the MPL
calculations above because α2 does not have any adjacent
fixed age nodes.

The implicit assumption of PATHd8 is that there is
a local molecular clock with substitution rate r0 valid
for the branches in segment S0 (branches {1, 2, 5, 6}) and
substitution rate r1 within segment S1 (branches {3, 4}). It
can be shown, by using Chebyshev’s inequality, that yi/n
gets closer and closer to its mean, that is, to the product
of the time elapsed and substitution rate, as n increases.
Hence, by analyzing longer sequences (i.e., n → ∞),

p0

n
= 1

4n
((2y1 + y5 + y6) + 2y2 + y3 + y4)

→ 1
4

(2a0r0 + 2r0(a0 − a1) + 2r1a1)

= 1
4

[4a0r0 + 2a1(r1 − r0)] = a0r0 + a1

2
(r1 − r0) (4)

p1

n
= 1

2n
(y3 + y4) → a1r1 (5)

p2

n
= 1

2n
(y5 + y6) → a2r0. (6)

From (4) to (6) it follows that

â2 → a0
a2r0

a0r0 + a1
2 (r1 − r0)

=
{

< a2 if r0 < r1
= a2 r0 = r1
> a2 r0 > r1

(7)

To estimate the divergence time a2, the MPLs of the
root and the node α2 have been calculated. The nodes
are in the same segment but the method does not estimate
the divergence time of α2 consistently (except when the
substitutions rates r0 and r1 are identical; that is, when a
global molecular clock is valid).

ADJUSTED MPL
The inconsistency shown in (7) when our local molec-

ular clock model is assumed appears because the MPL,
p0, of the root α0 depends on observations of all branches;
that is, from both segments. For this reason I suggest a
change of the algorithm where an adjusted MPL (aMPL)
is instead used, considering only the observations in the
same segment as the node of interest.

The algorithm of PATHd8 first calculates the MPLs of
the nodes in the tree. In estimating the divergence times
of non-fixed age nodes, PATHd8 uses the ages and MPLs
of the fixed age nodes and weights them according to the
size of the subtree descending from them. I suggest that
this weighted averaging should be done earlier, when
calculating the MPLs. When calculating the adjusted
MPL, here denoted p′

i , of a node αi the observations along
paths within the segment are weighted according to the
size of subtrees descending from the fixed age nodes that
are located lower down (closer to terminal taxa) than αi .
A path from αi that ends in another fixed age node is,
with this weighting, inflated to about what it would have
been if the path had ended in a leaf; that is, if the local
rate would have been a global one. The weights ci are
calculated differently depending on which type of node
αi is, the root of the segment or a non-fixed age node. (See
Appendix for a detailed description of the algorithm.)

Assume that we have the observed tree in Figure 1b
and that the divergence times a0 and a1 are known. To
calculate the aMPL of the root α0, we will only consider
the observations in segment S0. The observations
{y2, y5, y6} will be weighted with 2 (the number of paths
from the root to descending taxa that traverse the corre-
sponding branch), 1, and 1, respectively, because all of
the paths from the root α0 to taxa C and D are within the
segment. The observation y1 will not be weighted with
2 but with 2a0/(a0 − a1). For the adjusted mean path
length, p′

0, we have

p′
0

n
= 1

4n

(
2

a0

a0 − a1
y1 + 2y2 + y5 + y6

)

n→∞→ r0

4

[
2

a0

a0 − a1
(a0 − a1) + 2(a0 − a2) + a2 + a2

]

= r0a0. (8)

As seen from (8) the aMPL for the root is consistent.
The MPL and aMPL can be written as weighted sums

of independent observations. The precision of MPL and
aMPL measured as the standard deviation can then be
calculated as the square root of the sums of the products
of the squared weighting constants and the variances of
the observations. When MPL and aMPL differ, it is be-
cause there are observations in the aMPL calculations
that are adjusted with a factor ax/(ax − a j ), where ax is
the age of the closest fixed age above the node (closer to
the root) and a j the age of the adjacent fixed age node. Be-
cause ax/(ax − a j ) > 1, the standard deviation of aMPL
will in these cases be larger than the standard deviation
of MPL of the same node. However, as opposed to MPL,
it is an unbiased estimate.
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FIGURE 2. The true time tree that has been used in the simulation study. The ages of the nodes α0, α1, α4, and α8 are assumed known. The
aim is to estimate the divergence time of the other nodes.

SIMULATION STUDY

In PATHd8 rate smoothing is done between sister
groups, not between ancestor-descendant. The fixed age
nodes define regions in the tree and the rate smoothing
is done separately in each region, indicating local
molecular clocks.

Because the algorithm uses MPL, large deviations
between rates in different regions will affect the es-
timates, as shown earlier. In this section I will use
simulated data from the tree in Figure 2, where each
branch, except one (branch 6), has time length 5, the
exception having time length 10. The age a0 of the
root α0, as well as the ages {a1, a4, a8} of the nodes
{α1, α4, α8} are assumed to be known in the inference.
These fixed age nodes are the roots of the segments S0 =
{α0, α2, α5, α11, α12, t1, t2, t4, t5, t11, t12, t23 . . . , t26}, S1 = {α1,
α3, α6, α7, t3, t6, t7, t8, t13, . . . , t16}, S2 = {α8, t17, t18}, and
S3 = {α4, α9, α10, t9, t10, t19, . . . , t22}. Implicitly in PATHd8
local molecular clocks are assumed. That is, within each
segment the substitution rate is assumed to be constant
but may differ between segments. In the simulations the
mean substitution rates r0 = 0.03, r1 = 0.04, r2 = 0.05,
and r3 = 0.04 have been used. The difference in rates
between regions close to each other is hence rather
small.

A data set of the tree in Figure 2 is {y1, . . . , y26}, where
yi is the number of substitutions along branch i for se-
quence length n. Assuming n = 1000 sites and Jukes-
Cantor model of evolution but with different substitution
rates in the different segments given above, 500 data sets
were simulated. For each data set the ages of the internal
non-fixed age nodes were calculated with the current im-
plementation of PATHd8 as well as with adjusted MPLs
described in this article.

Figure 3 shows histograms of the estimates of the non-
fixed age nodes in segments S0 and S1. To the left in the
figure are the histograms where aMPL has been used,
to the right PATHd8 has been used to calculate the esti-
mates. The histograms of the non-fixed age nodes α12 in
segment S0 and α7 in S1 are not shown in the figure. The
histograms of those nodes are very similar to the ones
of α11 and α6 because they share the same closest fixed
age node above (α0 and α1, respectively), have the same
expected branch lengths, and have no adjacent fixed age
nodes. For the non-fixed age nodes in segment S0, that
is, for {α2, α5, α11, α12}, the variance of the estimates are,
as should be according to the last section, larger for the
method of aMPL (Fig. 3). However, the estimates are un-
biased for aMPL, whereas the estimates of PATHd8 are
consistently too small.

For the non-fixed age nodes of segment S1 (α3, α6, α7),
similar results are obtained, but the difference between
the two methods is not as big as for the non-fixed
age nodes in segment S0. When estimating the diver-
gence time of a node, the MPL (or aMPL) of the clos-
est fixed age node above the node of interest is used,
together with the MPL (or aMPL) of the node of in-
terest. For segment S1, this means that the MPL and
aMPL of α1 are used, respectively. The only branches
affecting the difference between MPL and aMPL are
now t17 and t18, which belong to segment S2 having a
slightly higher mean substitution rate. MPL will hence
be slightly larger than aMPL for α1. For the nodes α6
and α7, aMPL = MPL because there are no adjacent
fixed age nodes. For the estimates â6 and â7, PATHd8
will systematically give a lower value than aMPL. The
MPL and aMPL of node α3 are affected in the same di-
rection as for the root, α1, of the segment. According to
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FIGURE 3. Histograms of non-fixed age nodes of segment S0 and S1, using r = {0.03, 0.04, 0.05, 0.04} and 500 data sets. The true values are
indicated with ↑. The histograms of nodes a12 and a7 are similar to those of a11 and a6.

Figure 3, the deviations, in this example, seem to cancel
out.

The only non-fixed age nodes of segment S3 are α9 and
α10, for which aMPL = MPL. The histograms for those
nodes should therefore be identical for the two methods.
Because a9 = a10, the histograms should also be very sim-
ilar for the two non-fixed age nodes.

In this simulation study, the estimates of divergence
times of the non-fixed age nodes of segment S0 are the
ones with the largest difference of the currently imple-
mented algorithm of PATHd8 using MPL and the algo-
rithm using aMPL. If the rates r = {r0, . . . , r3} had been

r = {0.01, 0.02, 0.02, 0.03}, still changing smoothly in the
tree, the difference would have been even larger. The
expected values of the branch lengths, r j ti , would then
be smallest for the branches in segment S0, increasing
as one moves further down to the left in the tree. The
MPL of the root will then be larger than the aMPL but
equal for α5, α11, and α12. For those nodes the estimates
will be systematically too small, as can be seen in the
histograms of Figure 4, where 500 data sets were sim-
ulated with r = {0.01, 0.02, 0.02, 0.03}. The variances of
the aMPL estimates are large, compared to PATHd8, but
the estimates are unbiased.
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FIGURE 4. Histograms of the non-fixed age nodes of segment S0, using r = {0.01, 0.02, 0.02, 0.03} and 500 data sets. The true values are
indicated with ↑.

CONCLUSIONS

In this article the algorithm currently implemented in
PATHd8 for estimating divergence times in phylogenetic
trees has been investigated. The algorithm smoothes the
mean substitution rates locally in segments of the tree,
indicating local molecular clocks. It is shown that even
if the assumption of local clocks holds, with substitu-
tion rates constant in segment of the trees, but changes
smoothly between segments, the estimates of PATHd8
are biased for nodes with no adjacent fixed age nodes.
The bias is bigger the closer to the root the closest fixed

age node above is or if it has large subtrees in other seg-
ments. This bias appears because the MPL of the closest
fixed age node above uses the observations from all ad-
jacent branches; that is, from branches in other segments
too. If those segments are large, they will have great im-
pact on the MPL of the fixed age node and hence also on
the estimate of the divergence time we are interested in.

One way to avoid this problem is to use adjusted mean
path lengths (aMPLs) instead of MPL. With only one
fixed age node, the methods will be identical, but for trees
with more than one calibration node they will differ. The
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aMPL uses only the observations in the same segment, re-
sulting in unbiased estimates if the local molecular clock
assumption holds.

PATHd8 is a very fast program and therefore particu-
larly suited for very large trees, which is one of its main
strengths. Changing the algorithm as suggested in this
article has little effect on computational time. The in-
creased time spent on the more complicated aMPLs cal-
culations is more than compensated for by the faster time
estimation once the aMPLs are obtained.

Throughout the example and simulations in this arti-
cle, the age of the root is assumed to be known; that is,
the root is assumed to be a fixed age node. This is, of
course, not always the case. The algorithm with aMPL
consistently estimates the divergence times, giving un-
biased estimates for all non-fixed age nodes that have
a fixed age node higher in the tree (closer to the root),
assuming local molecular clocks. If the root of the tree is
a non-fixed age node, the mean substitution rate, r0, in
the root segment has to be chosen. The divergence time
of the root and other non-fixed age nodes in the root
segment is then estimated consistenly, given r0. How to
choose the unknown r0 is an open question. It could,
for example, be the mean of all the other estimated sub-
stitution rates in the tree or the mean of the estimated
substitution rates in the closest adjacent segments. How
the substitution rate in the root segment is chosen when
the root is a non-fixed age node has, of course, impact
on the divergence time estimates of the nodes in this
segment.

Further, the position of the root is assumed to be known
exactly; that is, the number of substitutions in the basal
branch on either side of the root is assumed to be known.
Presumably this could be remedied by including an out-
group, which is then removed prior to the dating anal-
ysis. It could also be remedied by midpoint-rooting the
tree, although this alternative might introduce a bias to
more uniform rates.

The methods of PATHd8 and aMPL require calibra-
tion points for divergence times estimates; otherwise,
these will be on a relative time scale. Fixed calibration
points (in the article called fixed age nodes) are used in
the estimating part. Minimum or maximum constraints
(or both) can also be given. Such constrained nodes
are from the beginning considered as non-fixed and
therefore the divergence times of the nodes will be es-
timated. If the estimates are in conflict with the con-
straints, they are adjusted, to the maximum age if the
estimate is too large and to the minimum age if the es-
timate is too small. When the adjustment is done, the
node is treated as a fixed age node. As such, the segments
in the tree are redefined and all calculations have to be
redone.

For the algorithm of aMPL as well as the algorithm cur-
rently implemented in PATHd8, the segments decrease
in size as more fixed age nodes are added to the tree,
allowing increasing number of local molecular clocks.
As the divergence times of more and more nodes in the
tree are known, the estimates of the divergence times of
unknown nodes should improve.
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APPENDIX: ALGORITHM FOR ADJUSTED
MEAN PATH LENGTH

1. For each fixed age node α1, . . . , αl in the rooted phylogenetic tree,
define the segment sp , p = 1, . . . l, as the fixed age node αp , which
will be the root of the segment, branches, and nodes on paths from
αp that end in another fixed age node or in leaves.

2. If the root is not a fixed age node, define the root segment, s0, as the
root, branches, and nodes on paths from the root that end in another
fixed age node or in leaves.

3. For all segments sp , p = 1, . . . , l, calculate the adjusted mean path
length of the root x with fixed age ax of the segment sp as follows:
For each branch i in the segment, ending in node x′, let x1, . . . , xk

be the adjacent fixed age nodes; that is, there are no other fixed age
nodes between x′ and x1, . . . , xk . Let a1, . . . , ak be the corresponding
ages. If x′ is a fixed age node, x1 = x′. Let n1, . . . , nk be the number
of leaves from x1, . . . , xk . Let

n′ =
{

0 if x′ is a fixed age node
1 if x′ is a leaf
z otherwise,

(A1)
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where z is the number of paths from x′ ending in a leaf without going
through any fixed age nodes. Define the weight

ci = n′ +
k∑

j=1

nj
ax

ax − a j
(A2)

and the adjusted MPL of x as

p′
x =

∑
i

ci yi /nx, (A3)

where the sum is taken over all branches in s descending from x.
4. For all segments sp , p = 1, . . . , l, calculate the adjusted mean path

length for all non-fixed age nodes xm in segment sp as follows: Esti-
mate the local substitution rate in the segment by

r � = p′
α

naα

, (A4)

where p′
α is the aMPL of the root α of the segment with fixed age aα .

Let x be the non-fixed age node whose aMPL we want to calculate
and nx the number of leaves from x. For each edge i , ending in node
x′, which is on a path from x to a leaf or a fixed age node, there is an
observation yi . Let x1, . . . , xk be the adjacent fixed age nodes from
x′ (x1 = x′ if x′ is a fixed age node). Let n1, . . . , nk be the number of
leaves from x1, . . . , xk and let n′ be defined as in (A1). Define

bi = n′ +
k∑

j=1

nj (A5)

and

p′
x = 1

nx

(∑
i

bi yi + r �

∑
j

n j a j

)
, (A6)

where the first sum is taken over all branches from x in the segment,
the second over all adjacent fixed age nodes to x.

5. For all non-fixed age nodes x in the segments sp , p = 1, . . . , l, calcu-
late the estimate of the divergence time of the node as

âx = aα

p′
x

p′
α

, (A7)

where p′
x is the aMPL of the node, p′

α the aMPL of the root of the
segment, and aα the fixed age of the root.

6. If s0 is defined as in 2, the root of the tree is not a fixed age node. If the
substitution rate r0, which is valid for all branches in the segment, is
unknown, which it usually is, it must be chosen. How to choose r0

is an open issue. Once chosen, the adjusted mean path length of the
root can be calculated as follows: For all branches i in the segment
ending in node x′, let x1, . . . , xk be adjacent fixed age nodes with
corresponding ages a1, . . . , ak . If x′ is a fixed age node, x1 = x′. Let
n1, . . . , nk be the number of leaves from x1, . . . , xk . Let n′ be defined as
in (A1). The weight ci for branch i is calculated as ci = n′ + ∑k

j=1
nj .

The adjusted MPL is defined as

p′
α0

=
(∑

i

ci yi + nr0

∑
j

n j a j

)
/nx,

where the first sum is over all branches in the segment, the other
over the adjacent fixed age nodes of the root, and nx is the number
of leaves. The divergence time of the root is now estimated by

â0 = p′
α0

nr0
.

7. If s0 is defined in 2 and the aMPL of the root and the estimate of
the divergence time of the root has been estimated in 6, consider the
estimate of the root as a fixed age. Calculate the adjusted mean path
lengths and estimates of divergence times of the other non-fixed age
nodes of the root segement s0 as in 4 and 5.
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