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It is common knowledge that the instantaneous rate
of mutation (RoM) in DNA sequences exceeds the long-
term rate of substitution (RoS) when measured in in-
terspecific phylogenetic analyses. The neutral theory
of molecular evolution describes this temporary excess
diversity as transient polymorphisms either removed
from the population through the actions of purifying
selection or fixed by random genetic drift over a few
generations (Kimura 1983). Observations of these “ac-
celerations” in the molecular rates within recent evolu-
tionary time have been documented (Parsons et al. 1997;
Lambert et al. 2002); however, they did not resolve the
magnitude and duration of this phenomenon. Howell
et al. (2003) have addressed these issues through pedi-
gree analyses of human mitochondrial (mt) hypervari-
able region (HVR) sequences and have suggested a
5- to 10-fold acceleration compared with the long-term
RoS. In addition, Burridge et al. (2008) have shown that
the calibration of the mt clock for galaxiid fishes using
geological divergence dates with cytochrome b and
control region sequences supports a transition period
during which the RoM would decrease toward the RoS
extending up to ∼200 kyr (Burridge et al. 2008). How-
ever, the general applicability of these specific results re-
mains untested.

The recent publication (Ho, Phillips, Cooper, et al.
2005) of a Bayesian analysis supporting that a drastic
acceleration in the molecular rates as time approaches 0
is a general and predictable feature has become a hotly
debated topic in both systematics and evolutionary bi-
ology (Bandelt 2007; Emerson 2007; Ho, Kolokotronis,
et al. 2007; Ho, Shapiro, et al. 2007; Howell et al. 2008).
When using the program BEAST (Drummond and
Rambaut 2007), with data sets containing sequences of

vertebrate taxa in conjunction with a wide range of
calibration points, Ho, Phillips, Cooper, et al. (2005)
have proposed a “time-dependency” model in which
the rate reflects a direct response of the divergence time
between the terminals. In this model, the molecular rate,
referred to as the rate of change (RoC), is allowed to
decrease rapidly along a vertically translated exponen-
tial decay curve until the long-term RoS reaches equilib-
rium. Ho, Phillips, Cooper, et al. (2005) have evaluated
the putative effects of sequencing and calibration errors
as well as mutational saturation in their model and have
concluded that purifying selection was the most likely
contributing factor involved in the variation of the RoC
over time.

This model, however, describes a phenomenon an or-
der of magnitude beyond all previous reports of such ac-
celerations, as it allows the RoC to vary over a wide range
of rates (up to and beyond 20-fold) during an extended
period of time (up to 2 million years). Although intu-
itivelyappealingandexplainingthedataanalyzedbyHo,
Phillips, Cooper, et al. (2005) well, this model supports a
serious and prolonged impact of deleterious mutations
and would thus require a few adjustments to the current
evolutionary paradigm of genomes (Penny 2005).

Recently, Bandelt (2007) and Emerson (2007) have
questioned both the model of the time dependency and
the significance of the rate acceleration phenomenon.
Emerson (2007) has emphasized the critical role of the
selection of priors in BEAST analyses and has shown
that the results described by Ho, Phillips, Cooper, et al.
(2005) could only be retrieved under specific conditions
within a full Bayesian framework (where the level of
enforcement over the priors is minimal). In this paper,
our primary objective was thus to re-address the nature
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of the causal factor(s) of the rate acceleration described
by Ho, Phillips, Cooper, et al. (2005) as well as their
biological meaning. Based on previously published
material, we suggest that the emphasis placed on the
divergence time in the current explanation of this phe-
nomenon might have hidden other relevant factors
such as the information content of the data sets. In or-
der to compare the performance of the strict “time-
dependency” model with a more inclusive “signal-
dependency” hypothesis, we examine the impact of
sequence length over the estimates of the RoC for 2
different calibrations. We show that our hypothesis for
a signal-dependent artifact appears to model the data
presented here more accurately and may explain some
inconsistencies between published reports on evolu-
tionary rates.

EVIDENCE SUPPORTING THE PHENOMENON OF RATE
ACCELERATION

In their original paper, Ho, Phillips, Cooper, et al.
(2005) reported an apparent acceleration of the RoC
in recent times (<2 Ma) for 3 groups of mt data sets
calibrated with dates ranging from 29 to 42 ka for tip
14C calibrations to 0.125–35 Ma for node (inter-
nal) calibrations using the software application BEAST.
This software, developed by Drummond and Rambaut
(2007), simultaneously analyzes genetic data with their
associated dates/ages of terminals and/or nodes, in
order to infer, under various clock models within a
Bayesian framework, the substitution rates, phyloge-
netic structure, branch lengths, and demographic pa-
rameters, which best describe the data at hand. In his
re-analysis of the same data sets, Emerson (2007) has
documented evidence of 3 main sources of error: 1) the
accuracy of the phylogenetic methodology to estimate
distances/branch lengths, 2) the quality of the molec-
ular sampling, and 3) the accuracy of the time calibra-
tions. He has shown that when different sets of priors
were selected in BEAST, the exponential decay rate as
seen by Ho, Phillips, Cooper, et al. (2005) could either
not be retrieved (for the data sets using primates control
region and protein-coding sequences) or not with the
same magnitude (for data sets of protein-coding genes
in avian taxa). Of the original data set, only the human
Neandertal HVR sequences (8 sequences of 356 bp with
34 informative characters) produced a consistently ele-
vated RoC in both papers when the calibration method
used was based exclusively on the 14C radiocarbon
dates of the 4 Neandertal sequences. However, Emerson
(2007) observed no rate acceleration when the time of
the most recent common ancestor (tMRCA) of the Ne-
andertal sequences was implemented as a node calibra-
tion. These results exemplify how the rate acceleration
itself appears to be heavily dependent on the analytical
framework of BEAST analyses. Ho, Phillips, Cooper,
et al. (2005) advocate for a “full Bayesian framework”
with parameter-rich models and unconstrained priors,
whereas Emerson (2007) and Bandelt (2007) rather pro-

mote more tightly controlled priors and calibrations
within simple models.

Within a full Bayesian framework, Ho, Kolokotronis,
et al. (2007) have consistently documented elevated
RoCs for BEAST analyses based on 19 data sets includ-
ing ancient DNA (aDNA) sequences and calibrations
(Fig. 1) except for a Chlorobium data set (which also had
the oldest calibration point at 206 ka). These analyses
shared striking similarities with the original human Ne-
andertal comparison: 1) all were derived from relatively
short, potentially low informative, sequences (range
114–741 bp; 350 bp average), 2) all were performed us-
ing time calibration priors that relied exclusively on 14C
radiocarbon dates of the terminals, and 3) all yielded
elevated RoCs associated with widely distributed high-
est posterior densities (HPD). We will explore below
the reasons why these conditions might be inseparable
from the rate acceleration phenomenon described by
Ho, Phillips, Cooper, et al. (2005).

Inconsistencies in the Rate Estimates between Simulated and
Real Data Sets

Although much recent literature confirms the re-
peated occurrence of the rate acceleration, Emerson
(2007) has argued that this result might be artificial. In
response to this criticism, Ho, Kolokotronis, et al. (2007)
have performed BEAST analyses on simulated data sets.
The rationale for this analysis was that if BEAST yielded
accurate posterior estimates of the RoC that had been
used as a prior to generate the simulated data sets in
a full Bayesian framework (using recent tip calibration

FIGURE 1. Comparison of the RoC estimate through BEAST anal-
yses using real (in black) or simulated data sets (in gray). The width
of the 95% HPD for the simulated data sets is shaded in order to com-
pare with the real data sets. Figure modified after the figure 1 of Ho,
Kolokotronis, et al. (2007, p. 3).

 at B
iblioth?que C

entrale du M
us?um

 N
ational d'H

istoire N
aturelle on January 30, 2012

http://sysbio.oxfordjournals.org/
D

ow
nloaded from

 

http://sysbio.oxfordjournals.org/


350 SYSTEMATIC BIOLOGY VOL. 58

only), it would symmetrically confirm the accuracy of
the posterior rate estimates recovered for the real data.
However, for those comparisons to be relevant, the data
and results from the simulated and real data sets should
be as similar as possible.

Ho, Kolokotronis, et al. (2007) generated nucleotide
sequences of 1 kb in length representing 30 000 years of
variation with a RoS as high as 5×10−7 per site per year
(about 25-fold the estimate of the substitution rate for
the mt genome of vertebrates). With such a high RoS,
one would expect on average 1 change per sequence ev-
ery 2000 years, so that a representative picture of their
divergence could be captured within radiocarbon time.
For these simulated data sets, the estimate of the poste-
rior RoC using BEAST was not only accurate but also ex-
tremely precise. The precision defined the width of the
HPD for the RoC, which generally spanned about 50%
of the average estimate (95% HPD typically spanning
∼ 2.5 × 10−7 substitution per site per year for a mean
RoC of ∼5× 10−7).

However, the precision of the posterior RoC for the
real aDNA mt data sets analyzed in the same paper was
generally much lower (Ho, Kolokotronis, et al. 2007):
with the exception of the bison alignment, the HPDs for
the rates were on average >3 times wider than for the
simulations (range: 75–500% of the mean RoC; Fig. 1).
Thus, despite their close average posterior RoCs, the
simulated data sets do not mimic the behavior of most
real aDNA data sets in which the elevated posterior rate
is associated with a wide uncertainty (which could be
the result of limited informativeness). One outstand-
ing question remains to be addressed: what would the
accuracy and precision of the posterior RoC be if a
slower RoS, in the range of interspecific mt substitution
rates (between 1 and 2 × 10−8 substitution per site and
per year), were applied to simulate the same sequence
data? Would one recover the expected rate through the
Bayesian inference or rather an accelerated RoC with
a wide HPD (or anything else)? Until those verifica-
tions are performed, it seems premature to consider that
the simulated data sets are equivalent to real aDNA-
calibrated data sets. Thus, if the actual acceleration in
the estimates of the average RoC in the real data sets
analyzed by Ho, Kolokotronis, et al. (2007) seems in-
disputable, it is unsure whether the simulations have
demonstrated that it is not the result of an artifact.

The Causes of Rate Acceleration are Ambiguous
To help illuminate possible causes of the rate accel-

eration, we must carefully examine the analysis of Ho,
Shapiro, et al. (2007) of an ancient bison data set (Shapiro
et al. 2004) in which the authors pooled sequences ac-
cording to increasing age (from 0–10 to 0–60 ka). In
agreement with their model, they correlated the de-
crease in time depth with an increase in the posterior
RoC. This correlation, however, is only visible if one fo-
cuses on the average estimate of the RoC: the analysis of
its HPD rather shows that the precision of the estimate
is drastically reduced when the calibration depth de-

creases (Fig. 2). Rather than a correlation between time
depth and molecular rate, one might instead suggest a
correlation between time depth and level of uncertainty
on the posterior RoC.

We were also able to fit an exponential correlation be-
tween the calibration depth and the level of differentia-
tion between the sequences (as estimated by the number
of variable positions), supporting the expected decrease
in the information content of the data set when the di-
vergence time tends toward 0 (Fig. 2). Taken together
these observations support a positive relationship be-
tween the amount of sequence variation and the preci-
sion (if not the accuracy) of the posterior estimates of
the RoC. This was acknowledged by Ho, Shapiro, et al.
(2007, p. 518): “Some component of the pattern could
be due to a bias because as the calibrations move closer
to the present, there is a decreasing amount of infor-
mation in the sequences. Consequently, there is greater
uncertainty on the inferred rates, so that the poste-
rior distribution spreads out and the mean estimate
increases.” However, they claim that “the magnitude
of the estimation bias is not sufficient to explain the
rate patterns obtained in our study” (Ho, Shapiro, et al.
2007, p. 519). Figure 2 calls this into question as the
HPDs overlap extensively throughout the time range
analyzed.

Whereas Ho, Phillips, Cooper, et al. (2005; Ho,
Kolokotronis, et al. 2007; Ho, Shapiro, et al. 2007) have
assumed that there was an unambiguous link between
the divergence time and the acceleration of the aver-
age RoC, the published material certainly calls for more
circumspection to characterize that phenomenon. The
variation in the range of the HPDs suggests that several
inter-related factors might be responsible for that phe-
nomenon rather than a strict time dependency of the
rate.

THE SIGNAL-DEPENDENCY HYPOTHESIS

It has been previously pointed out that the infor-
mation content of the published data sets related to
the time-dependency hypothesis might be limited. Ho,
Phillips, Cooper, et al. (2005) themselves have acknowl-
edged “large credibility intervals on the rate estimates
obtained from recent calibration points,” which they
tied to “low sequence variation in these alignments”
(Ho, Phillips, Cooper, et al. 2005, p. 1563). Bandelt
(2007) has considered the original human HVR data far
too uninformative to resolve the time scales analyzed.
Emerson (2007) noted possible topological issues affect-
ing BEAST due to a lack of phylogenetic signal in the
human Neandertal HVR data set. However, the impact
of the information content of the data sets in the rate
acceleration phenomenon has never been formally stud-
ied to date. Here, we propose an analytical framework
to evaluate the relevance of a “signal-dependency” hy-
pothesis, which assumes that the accuracy and precision
of the RoC estimates (and related dates) are generally
affected by the extent of sequence divergence rather
than the calibration depth only.
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FIGURE 2. Comparisons of the time depth of the bison data set with the amount of variable sites and the posterior RoC using data derived
from table 2 in Ho, Shapiro, et al. (2007). Time depth is shown in 1000 years before present. An exponential association of the amount of variable
sites with time (filled diamonds, left scale) was fitted (y= 263.77(1− e× 10−0.04x); R2 displayed). Average (empty circles) and 95% HPD (bars)
are displayed for the RoC (right scale). The HPD derived from the analysis of the last 10 000 years was shaded to show the overlap with the
RoCs derived from the more inclusive time frames.

Factors Affecting the Information Content in Molecular
Data Sets

The phylogenetic signal in a molecular data set is di-
rectly dependent on the divergence between sequences,
to which we will refer to here as the amount of change
(AoC), by analogy with the terminology of the rates.
For a fixed number of terminal sequences, the AoC is
linearly and positively correlated with 3 factors: the
RoC, the sequence length, and the evolutionary time.
Thus, for a known RoC, the average AoC should be the
same in a 1-kb DNA sequence after 10 000 years as in a
10-kb sequence after 1000 years. This correlation devi-
ates from linearity when mutational saturation occurs,
a situation unlikely in the aDNA data sets previously
analyzed (Ho, Kolokotronis, et al. 2007), given their lim-
ited amount of variable positions (except if a handful of
mutational hot spots would concentrate all the sequence
divergence).

For a set of known sequences, it is thus possible to
alter directly the AoC in 2 symmetrical approaches: 1)
one can, as in the demonstrations of the rate accelera-
tion by Ho, Phillips, Cooper, et al. (2005; Ho, Shapiro,
et al. 2007), vary the calibration depth or 2) rather vary
the sequence length. Strikingly, whereas the effect of
calibration time has been largely analyzed, the effect
of sequence length over the posterior RoC has been
completely neglected.

Predictions of the Alternate Hypotheses
To compare the performance of the time-dependency

and the new signal-dependency hypotheses with real
data, our analyses have been placed in a 3-dimensional
framework where the molecular rate is allowed to vary
along the divergence time and fragment length (Fig. 3).
In the time-dependency model, any variation of frag-

ment length should have no measurable effect on the
RoC (Fig. 3a). However, if the rate is generally affected
by the AoC between sequences, it should follow a paral-
lel trend when both factors vary (Fig. 3b): the posterior
RoC should decrease rapidly when sequence length in-
creases before stabilizing around a rate comparable to
the interspecific RoS, as it symmetrically does when the
calibration depth of the data set increases (Ho, Phillips,
Cooper, et al. 2005). By analyzing the variation of the
posterior RoC according to sequence length, one should
be able to select which hypothesis of either the time de-
pendency or the signal dependency best describes the
data and if either of those can explain all the compo-
nents of the variation of the RoC (in average and HPD).

TESTING THE HYPOTHESES

Data Analyzed
Until recently, it has been difficult to investigate the

effect of sequence length on actual aDNA sequences
due to their limited length (i.e., typically shorter than 1
kb and commonly below 500 bp; see Ho, Kolokotronis,
et al. [2007] for a review). The recent publication of
11 radiocarbon-dated woolly mammoth mt genomes
(Krause et al. 2006; Poinar et al. 2006; Rogaev et al. 2006;
Gilbert et al. 2007) has provided a much longer data
set (over 16 kb) of aDNA sequences. It is placed into
phylogenetic context (Fig. 4) with the mt genomes of
2 modern African elephants (Hauf et al. 2000; Rogaev
et al. 2006), 1 Asian elephant (Rogaev et al. 2006), and
1 Late Pleistocene American mastodon (age estimate
90 ka; Rohland et al. 2007).

Sequence alignments were performed using the
CLUSTALX algorithm (as implemented in BIOEDIT
ver.7.0.5; Hall 1999) with default parameters and yield-
ing no ambiguous positions. Hexanucleotide repeats
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FIGURE 3. Theoretical predictions of the 2 alternate hypotheses to explain the variation for the posterior RoC reported with BEAST. (a) Ho,
Phillips, Cooper, et al. (2005)’s model where the substitution rate is a variable only related to the time depth of calibration. (b) The present
hypothesis of a signal-dependent artifact where the substitution rate is related to the total AoCs in sequences.

(250–450 bp long) found between the central conserved
region and HVR II of the control region of Elephan-
toidea were removed. The remaining portion of the
genome (16 469 bp total) was analyzed as a single parti-
tion. In order to analyze the impact of sequence length,
subsets of the mt genome alignment were generated
spanning 1%, 2%, 5%, 10%, and up to 100% (per 10%
increment) of the 16 469 bp. Although the haploid mt
genome is expected to evolve as a single molecular
entity with extremely low recombination levels in mam-
mals, its genetic characterization and phylogenetic con-
tent are variable along its entire sequence. In order to
minimize the impact of incomplete sampling of the
genome, we generated 10 aligned subsets of each length
by random resampling using the command SEQBOOT
within the PHYLIP package (version 3.6; Felsenstein
2005). Analyses of the variation of the RoC through the
sequential addition of pseudoreplicates (from 1 to 10)
suggested that artifacts due to unrepresentative sam-
pling of the genome were unlikely if >5 pseudorepli-
cates were analyzed for each fragment length (data not
shown).

Selecting Priors for Analysis
Each of the 121 data sets was evaluated individually

using the Akaike information criterion of MODELTEST
(ver.3.7; Posada and Crandall 1998) to identify the most
suitable substitution model. Variation in the model se-
lected was observed with model complexity typically
ranging from HKY + I + G to GTR + I + G. To limit
the impact of individual models over the variation of the
RoC, all Bayesian analyses were performed under the
HKY + I + G model. Independent analyses of a single
pseudoreplicate of each fragment length under the GTR
+ I + G yielded extremely close RoC estimates and sug-
gest the independency of the pattern of rate variation
over fragment length from the substitution model im-
plemented (data not shown). In their simulations, Ho,
Kolokotronis, et al. (2007) have shown that the demo-
graphic model selected in BEAST had little impact on

FIGURE 4. Full mt maximum credibility tree (from the shallow cal-
ibration) of the proboscidean data set. Termini accession numbers in
Genbank and 14C dates, used as calibration points in both sets of anal-
yses, are indicated on tips. The uniform prior used in the second set of
analysis is indicated on the root. The 2 nodes investigated for tMRCA
are highlighted with bullets.

the inferred RoC. In order to minimize the number of
nuisance parameters when determining the RoC, our
analyses were conducted using a constant-size demo-
graphic model.

Bayes factor comparisons of the analyses of the
full mt data set (using TRACER ver1.4; Rambaut and
Drummond 2007) revealed a negligible advantage (in
terms of benefit in marginal likelihood) of the un-
correlated lognormal relaxed clock model over the
strict clock (log10 BF < 1). Furthermore, the analysis
performed under the uncorrelated lognormal relaxed
clock prior yielded a low level of variation of the rate
along branches (uncorrelated standard deviation me-
dian/mean = 0.50/0.58). Analyses of a single pseu-
doreplicate per length under a lognormal uncorrelated
relaxed clock prior recovered the same pattern of rate
variation as the strict clock with the predicted exception
of consistently wider HPDs (data not shown). Although
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potentially not as accurate as a relaxed clock model (Ho,
Phillips, Drummond, et al. 2005), the strict clock model
was thus preferred in our large-scale analysis of the
fragment length.

Shallow (Tip) versus Deep (Tip + Node) Calibration Methods
Two sets of Bayesian analyses, which differed only by

the calibration depth of the strict clock, were conducted
in parallel for all data subsets (i.e., 121 individual anal-
yses in each calibration set). These calibration methods
(referred to here as shallow and deep) were performed
to analyze the conditions where any rate acceleration
might be observed. In the first set, we limited our cal-
ibration to the age of the 15 terminals (14C dates or
modern; Fig. 4). In addition to those tip dates, we im-
plemented a uniform prior on the age of the root at
24–28 Ma for the second set of analyses. This time range
corresponds to the current estimate of the divergence
between the lineage of the mammutids (which includes
the American mastodon) and the elephantids (Fig. 4)
and is fairly well constrained by paleontological evi-
dence (Shoshani et al. 2006).

Bayesian Analyses Using BEAST
Within each calibration set, each pseudoreplicate (for

every fragment length) was analyzed separately with
BEAST (ver1.4.6; Drummond and Rambaut 2007) in
order to derive a single posterior RoC (mean and as-
sociated HPD) for the most credible tree. Thereafter,
the 10 individual pseudoreplicates of each length were
combined using TRACER to derive 1 average RoC (with
associated HPD) per fragment length. All values were
compared with the statistics obtained when using the
entire 16 469 bp (referred to as “full mt”). This analytical
protocol is similar to the one developed by Ho, Phillips,
Cooper, et al. (2005; Ho, Shapiro, et al. 2007) and im-
plemented (with tighter priors) by Emerson (2007) to
address the rate acceleration where the variable param-
eter in our analyses was the fragment length rather than
the calibration depth.

Analyses were performed for 10 000 000 generations
within the full Bayesian framework advocated by Ho,
Shapiro, et al. (2007). Sampling for all parameters oc-
curred every 1000 generations after a burnin period of
1 000 000. TRACER was used to check for stationarity
as well as sufficient sampling of priors (ESS > 100) as
recommended (Drummond and Rambaut 2007). The
posterior distribution of 3 parameters was analyzed:
the RoC (i.e., clock rate in BEAST), as well as the age
of 2 undisputed nodes that refer to the tMRCA of the
Elephantinae, and the tMRCA of our Mammuthus se-
quences (Fig. 4). The monophyly of those nodes was not
enforced but their posterior probability (PP) was equal
to 1.0 in both the full mt and the shorter analyses down
to 5% of the original length. In the shortest analyses
(below 5%), the PP drastically decreased when using
the shallow calibration, with the node Mammuthus not
always recovered as monophyletic (a topological limita-

tion of the full Bayesian framework previously outlined
by Emerson 2007).

PATTERN OF VARIATION OF THE ROC
Rate Variation under Shallow or Deep Calibration

Figure 5 summarizes the results of the Bayesian anal-
yses for the posterior distribution of the RoC over the
range of sequence lengths (from 1% to full mt) for both
shallow (in blue) and deep (in orange) calibration meth-
ods. This figure shows that, under conditions compa-
rable with the ones which have produced accelerated
rates for other aDNA material in the past (i.e., for short
sequences with shallow radiocarbon calibration), the
proboscidean data also yield an elevated RoC char-
acterized by a very wide HPD. Indeed, for fragments
spanning less than 1 kb (1–5% of the total genome;
Fig. 5), the shallow calibration method returns average
posterior RoCs that vary from 10- to 100-fold the RoS
published by Rohland et al. (2007) for the Elephantoidea
(4.2×10−9). These posterior RoCs are also extremely im-
precise, with HPDs spanning between 250 and 400% of
their average estimate and therefore comparable with
the RoC estimate proposed by Ho, Kolokotronis, et al.
(2007) for a data set of woolly mammoth mt HVR of
similar length (741 bp; Fig. 1). Conversely, when the
deep calibration is used, the sequence lengths <1 kb
consistently return relatively imprecise RoCs (HPDs
span: 130–170% of the mean) but which consistently
overlap with the Elephantoidea’s RoS (Fig. 5).

These results confirm the expected pattern of rate
acceleration when the calibration depth approaches 0,
with the same modalities as previously observed. How-
ever, when compared with the predictions based on the
2 alternatives shown in Figure 3, the same observation
does not specifically support the time-dependency
hypothesis nor the signal-dependency hypothesis. There-
fore, only the pattern of variation of the RoC with frag-
ment length can help distinguishing between the 2.

Rate Variation over Fragment Length
The increase in fragment length has almost no effect

on the average RoC derived from the deep calibration:
it is recovered low (mean ranging from 2.8 × 10−9 up
to 3.8 × 10−9) throughout the range assayed and al-
ways overlaps with the Elephantoidea’s RoS estimate.
The variation is more sensible over the precision of
that estimate, which regularly improves with increasing
sequence length: the HPDs span from ∼150% of the av-
erage for the shortest sequences down to only 25% over
14 kb (90% and full mt; Fig. 5). However, varying the
fragment length has a dramatic effect on the posterior
RoC when the shallow calibration is used: the average
RoC shows a 40-fold drop (from ∼4×10−7 for 1% down
to ∼1 × 10−8 for the full mt) associated with a compa-
rable narrowing of the credibility interval (although the
95% HPDs remain relatively wide throughout the range
by reference to the mean rate, i.e., spanning ≥200% of
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FIGURE 5. Analysis of the posterior RoC, according to the sequence length analyzed. Results (i.e., posterior average and 95% HPD) are
displayed for the shallow calibration (in blue) or the deep calibration (in orange, see text) and referred to in the top-right pane of a signal-
dependent model. The scale of the figure was split at 5.0 × 10−8 (gray scale demarcation) to improve the display of both analytical series
together. The hyperbolic fit of the full Bayesian analysis is displayed by the dashed line. The green constant is set at the previously published
phylogenetic rate for the full mt genome of Elephantoidea: 4.2 × 10−9 substitution per site per year (Rohland et al. 2007), whereas the red
constant corresponds to the prior rate selected by Ho, Kolokotronis, et al. (2007) in their simulations.

FIGURE 6. Posterior estimates of the tMRCA for the nodes (a) Elephantinae and (b) Mammuthus. Average and 95% HPD are displayed
consistently with Figure 5. The paleontological estimate for the node Elephantinae is shaded; it is bounded on one side by the differentiation
of the Elephantidae (Elephantinae + Stegotetrabelodon) approximately 7.5–9 Ma, and on the other side by the earliest evidence of Loxodonta and
Elephas fossils, 5.4–7.3 and 5.2–6.7 Ma, respectively (Tassy 2003; Shoshani and Tassy 2005).
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the average estimate). Most of the decrease of the RoC
is concentrated in the shortest stages, and when 30% or
more (≥5 kb) of the genome are analyzed, the average
RoC approaches the estimate obtained for the full mt.

This pattern resembles the one recovered in Ho,
Phillips, Cooper, et al. (2005)’s analyses of the variation
of RoC with time except that the variable incriminated
here is the sequence length. Although this result is not
anticipated by the time-dependency model (Fig. 3a), it
is expected by our hypothesis where the rate accelera-
tion is related to the total divergence between sequences
(Figs. 3b and 5). A strict time-dependency hypothesis
is therefore likely to be flawed for it only describes 1
dimension of the observations, whereas the hypothesis
of a causal role of the AoC can account for the variation
of RoC in both dimensions.

The Rate Acceleration Seen as a Sampling Artifact
The appeal of the time-dependency hypothesis lies

in its immediate biological significance, whereas the
alternative signal-dependency hypothesis will be a
disappointment to the biologist for it is not the result
of any evolutionary process. It is reasonable to postu-
late that the results obtained in the analyses of the full
mt, whichever calibration is used (shallow or deep),
should reflect optimal or quasi-optimal outputs for the
genomic data under those priors. Thus, any deviation
from these results, that is, when smaller data sets are ex-
amined under the same conditions, should be regarded
as potential errors. Therefore, we consider the increase
(up to 40-fold) observed for the mean RoC under shal-
low calibration as a computational artifact: the apparent
time dependency of the rate acceleration appears as
a by-product of a broader signal-dependent bias. The
symmetry of our analytical framework (in both time
and fragment length; Fig. 3b) also suggests that the low
RoCs recovered with deep calibration, even for short
sequences, are likely to be the results of an increased
phylogenetic content inherent to the calibrations.

If the Bayesian analyses were not biased, random
sets of different fragment lengths from the same data
matrix should a priori yield comparable mean RoC
estimates with a parallel widening of the HPD when
the fragment length decreases. This is indeed what we
observe for the RoC when we focus on the deep cali-
bration analyses (Fig. 5). With the shallow calibration,
however, the widening of the HPD is accompanied by
a regular increase in the average RoC when fragment
length decreases, so that the error affects not only the
precision of the estimate but also its accuracy. This ar-
tifact has been previously acknowledged as a potential
risk by Ho, Shapiro, et al. (2007, p. 518): “In general,
estimates of scale parameters (parameters bounded at
zero but with no upper bound) are upwardly biased,
whether they are estimated by maximum likelihood
or BayesianMCMC. [. . . ] Provided that the sequences
are informative and that the dated tips are sufficiently
distinct in age, the impact of this estimation bias will
be small, but this requires further investigation.” Here,

we provide the first experimental evidence of the quan-
titative impact of this bias caused by the combined
effect of short sequences and shallow calibration, which
suggests that it has been largely underestimated in the
development of the time-dependency hypothesis.

Our results also demonstrate that the deep calibra-
tion approach has a large effect against the artifactual
variation of the RoC. If the tip calibrations covering
only the last 100 kyr are meaningful when the total
variation embraced by the alignments is elevated, their
calibration power over data sets of very limited in-
formation content becomes spurious. By using a deep
calibration point, one can compensate for the loss in use-
fulness of the tip calibrations when short sequences (i.e.,
low between-sequence divergence) are compared. We
name this effect “normalization,” as the posterior RoC
for deep calibration is centred around the published
RoS estimate throughout the sequence range analyzed.
This effect carries its own limitation: the RoC derived
from any deep calibration can be biased if that deep
calibration itself is not accurate. The enforcement of a
deep calibration might not be the only way to avoid a
signal-dependent artifact. In the approach developed
by Emerson (2007), where the width of the range for
most priors was tightly enforced in BEAST analyses,
similar results were obtained by limiting the sampling
of unlikely elevated RoCs in the posteriors.

Modeling the Rate Variation
Even if the rate acceleration observed under shallow

calibration is an artifact, modeling its pattern might
prove useful to derive a reliable estimate of the RoC.
Several regression approaches adequately model the
variation of the RoC along with fragment length. Al-
though a good fit is obtained for the vertically translated
exponential decay, as measured per least square correla-
tion index (R > 0.991), a smoother decay curve based on
a (simpler) hyperbolic fit was found to better describe
the present data (R > 0.997). This model assumes that
the decay of the RoC is inversely proportional to the
fragment length and converges to a constant minimal
rate that can be seen as the RoS:

RoC(FgtL) = RoS +
Cte

FgtL

The second constant term of the regression (which
would represent the instantaneous RoM in the view of
Ho, Phillips, Cooper, et al. 2005) has no biological mean-
ing in our hypothesis: it only measures the strength of
the artifact in the posterior estimate of the RoC (here
Cte = 3 × 10−5). This equation suggests that if the se-
quence length was not limited by the size of the mt
genome, one could in theory derive a RoC as low as
6.7 × 10−9 rather than the estimate of 9.1 × 10−9 recov-
ered for the full mt data set (95% HPD: 2.3 × 10−10 to
1.7× 10−8; Fig. 5). Despite the long sequence considered
(16 469 bp), this latter rate can thus be regarded as a
slight overestimate of the optimal RoC for the shallow
calibration approach. The comparison of this optimal
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RoC (6.7×10−9) with the most reliable (i.e., full mt) esti-
mate of the RoC under deep calibration (3.8× 10−9; 95%
HPD: 3.3× 10−9 to 4.3× 10−9) suggests that the shallow
calibration approach is bound to yield a slightly ele-
vated RoC (in this case less than a 2-fold difference),
even after the removal of the signal-dependent artifact.

This residual difference cannot be accounted for by
our current hypothesis but might be the results of 2
nonexclusive processes. First, this difference might be
explained by different types of errors as proposed by
Emerson (2007): 1) the error on the calibration of the
terminals, that is, the poorly constrained date for the
mastodon sequence (range 50–130 ka, here estimated by
its mean 90 ka), will have a stronger detrimental effect
on the shallow calibration, 2) any error associated with
the calibration of the root at 24–28 Ma could have an
impact on the deep calibration approach, 3) sequenc-
ing errors or damage, if unable to explain a 40-fold
acceleration phenomenon (Ho, Phillips, Cooper, et al.
2005) might be sufficient in some aDNA sequences to
explain the residual difference, 4) the mutational satura-
tion between the mastodon and the elephantids might
lead to an underestimate of the RoC based on the deep
calibration if not properly corrected by the substitution
model. Finally, if one excludes all putative sources of er-
ror, the difference in the shallow and deep RoCs might
reflect a nonerroneous acceleration of the rate observed
only when the recent calibrations are used: by essence, a
real (although quantitatively limited) time-dependency
effect, putatively related to purifying selection (Penny
2005).

CONSIDERATIONS OVER THE PRECISION AND
ACCURACY OF TMRCAS

In many aDNA studies, a primary focus is placed on
proper dating of significant divergence events rather
than estimating the evolutionary rate itself. Little atten-
tion has been placed, until now, on the variation of the
divergence date estimates that rely on variable RoCs.
Figure 6 summarizes the results of the Bayesian anal-
yses for the posterior distribution of the tMRCAs for
both the Elephantinae node and the Mammuthus node.
As the results for the 2 nodes investigated are simi-
lar, we will focus essentially on the Elephantinae node
(Fig. 6a), which is associated with well-documented pa-
leontological records (Tassy 2003; Shoshani and Tassy
2005) allowing for verification of the posterior estimates.

The first striking result is the consistency between
estimates derived from both the shallow and the deep
calibration methods when the full mt data set is used.
Although the 95% HPDs are smaller when the root is
calibrated (as expected a priori), both approaches yield
comparable accuracies for the tMRCAs, with close av-
erage estimates differing from each other by less than
5%. This result demonstrates that an acceleration of the
average RoC (as documented by the ∼3-fold difference
between shallow and deep calibrations recovered for the
full mt data set; Fig. 5) may not cause any symmetrical
difference in the tMRCA estimates.

The shallow calibration approach recovers HPDs
which overlap with the paleontological estimates when
at least 5% (823 bp) of the original sequence length was
analyzed (Fig. 6a). However, further increase in the se-
quence length does not improve the precision of that
estimate and generally leads to an overestimated aver-
age tMRCA. Conversely, short sequences (1% or 2% of
the total mitochondrial DNA) produce more precise but
inaccurate (i.e., too recent) dates, which rely on large
samples of erroneous topologies in the posteriors where
the Mammuthus node is not consistently monophyletic,
but often a paraphyletic group, which includes modern
elephants. This result is counterintuitive in the light of
the estimates of the RoC for the same sequence lengths:
we show that largely imprecise (and inaccurate) esti-
mates of the RoC can lead to very precise (although
inaccurate) tMRCAs.

The deep calibration method generally yields more
precise and accurate estimates of the tMRCAs when
at least 5% of the original sequence length is analyzed
(Fig. 6a). Nevertheless, when sequence length drops to
less than 5%, the precision on the tMRCA estimates de-
creases drastically and the accuracy is reduced (i.e., av-
erage tMRCAs are overestimated). Therefore, it appears
that enforcing the root calibration prior might transfer
a part of the computational artifact (acknowledged for
the RoC in the shallow calibration approach) to the pos-
terior estimates of tMRCAs. This issue deserves further
investigation beyond the scope of the present paper,
but it is worth noting that setting a deep calibration
point with a narrow confidence interval in the priors of
BEAST analyses does not always lead to recover nar-
row estimates for other divergences on the tree. Our
analyses thus reveal that neither of the 2 calibration ap-
proaches examined performs satisfactorily (according
to accuracy and precision) for dating divergence events
when largely uninformative sequences (i.e., here short
sequences) are analyzed.

GENERALIZATION OF THE SIGNAL-DEPENDENT
ARTIFACT

Recent publications have begun documenting the dif-
ferences in RoCs/tMRCAs derived from short versus
long sequences under full Bayesian frameworks using
BEAST. Here, we use 3 aDNA case studies (mammoths,
hominids, and bisons) to illustrate the general signifi-
cance of the signal-dependent hypothesis.

Case Study 1: Woolly Mammoth Sequence Data
Our first comparison addresses 3 published data sets

of woolly mammoth mitochondrial DNA from which
discordant RoCs/tMRCAs can now be better appreci-
ated. In the first published paper, Barnes et al. (2007)
identified 2 highly divergent clades (referred to as 1 and
2). To estimate their tMRCA, they analyzed 33 sequences
(741 bp each) with BEAST according to a full Bayesian
framework using only terminal 14C tip dates as calibra-
tions. Under the best-fitting model priors, they recov-
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ered an elevated RoC (2.5×10−7) with a wide HPD (6.3×
10−8 to 4.5 × 10−7) comparable with the results of Ho,
Kolokotronis, et al. (2007) from the same data set (Fig. 1).
Based on this RoC, they provide a very young estimate
for the tMRCA of Clade 1 at 63 ka (95% HPD: 49–94
ka). This result conflicts with both shallow and deep
estimates derived from our Fig. 6b, which support an
average coalescence time as old as 320–340 ka for the
same node (because all the mammoths used in the
present study belong to Clade 1).

Since the original submission of this manuscript,
Gilbert et al. (2008) have added 5 complete mt genomes
from mammoths documenting both Clades 1 and 2.
They also perform BEAST analyses of all available com-
plete genome sequences under a full Bayesian approach
using either only 14C date tip calibrations or by enforc-
ing the calibration of the root of their tree using the
same divergence estimate as in the current study for the
mastodon versus elephantid split (24–28 Ma, although
using a lognormal rather than uniform prior). Unfor-
tunately, Gilbert et al. (2008) report neither the actual
RoCs from those analyses nor the tMRCA of the Clade
1, which prevents direct comparisons with the previous
results. From Figure 3 of their publication (Gilbert et
al. 2008, p. 8329), it appears that 1) like in our analy-
ses of the full mt, both shallow and deep calibration
approaches yield fairly close tMRCAs estimates and
that 2) the average tMRCA of Clade 1 appears much
older (∼3-fold) than the original estimate by Barnes
et al. (2007). Taken together those results suggest that
the analyses of Barnes et al. (2007) based on recent cali-
brations of a 741-bp long alignment have suffered from
a signal-dependent artifact, which could be overcome
by Gilbert et al. (2008) when using longer sequences.

The most recent paper (Debruyne et al. 2008) uses
a larger sample of 138 dated mammoths and capture
a more complex phylogeographic picture in which the
split between Clades 1 and 2 is still represented (al-
though renamed clades D + E and A, respectively). Not
surprisingly (because the fragment length analyzed and
the time range of samples were identical), Debruyne
et al. (2008) recover RoC/divergence estimates compa-
rable to those of Barnes et al. (2007) when a shallow
calibration (i.e., 14C tips only) analysis is performed
with BEAST. However, when the posterior estimates of
the tMRCAs for the Elephantinae and the Mammuthus
nodes derived from the full mt analysis (Fig. 6) are
implemented as priors to the BEAST analysis, the ac-
celeration is not observed anymore: the posterior RoC
(3 × 10−9; 95% HPD: 4.9 × 10−10 to 6.9 × 10−9) is close
to the Elephantoidea RoS and is some 100 times lower
than the estimate by Barnes et al. (2007), resulting in a
tMRCA of Clade 1 approximately 5-fold older (average
301 ka; 95% HPD 214–398 ka). Conversely, the estimate
of the age of the tMRCA of all mammoth sequences
(i.e., coalescence of Clades 1 and 2 at an average 0.89
Ma; 95% HPD: 0.43–1.598 Ma) is fully consistent with
the estimate of the same node proposed by Gilbert et al.
(2008) using a shallow calibration of the complete mt
genomes (1.07 Ma; 95% HPD 0.38–2.43 Ma)—although

slightly more recent than their deep calibration estimate
(1.7 Ma, 95% HPD 1.44–1.98). This result confirms that,
in spite of a limited sequence length (741 bp), the rate
and tMRCAs estimates could be normalized by the use
of additional calibration points. This study thus pro-
vides a clear framework for most aDNA populational
studies that are likely to be limited in sequence length
and radiocarbon dated specimens.

Case Study 2: Hominid Sequence Data
Ho, Phillips, Cooper, et al. (2005) have originally ana-

lyzed different HVR data sets of hominids that depicted
a typical rate acceleration pattern: when calibrated with
only 14C dates of Neandertal sequences (data set of 8
terminals, 34 variable positions), the analysis yielded a
high average RoC of ∼4× 10−7, approximately 10 times
as high as the estimates derived from a larger data set
(38 terminals, 114 variable positions) calibrated with the
human–chimpanzee split set at 4.5–6 Ma.

More Recently, Endicott and Ho (2008) have pub-
lished an analysis of a large number of complete mt
genomes of hominids (177 humans and 2 chimpanzees).
They have created different partitions of the data set
for which model parameters have been optimized
individually. In addition, they have applied 2 dif-
ferent calibration methods: the first one using only
radiocarbon-based estimates of haplogroups divergence
within humans (<50 ka) and another where the human–
chimpanzee split was again calibrated around 5 Ma.
Their analyses have revealed an extensive variation of
the RoC among partitions (the control region sequences
seemingly evolving 3 times faster than the genome seen
as a whole). Nevertheless, whatever sequence partition
was analyzed, the average RoC showed almost no vari-
ation over time: a low ∼1.5-fold increase was generally
observed between the old and the recent calibrations
(Endicott and Ho 2008). Furthermore, for both calibra-
tion approaches, the estimates were precise with 95%
HPDs spanning ∼50% of the average RoC and showing
no significant variation when the calibration changed.
There is little doubt that the average RoC derived from
the analysis of a large number of hominid complete
genomes (Endicott and Ho 2008) outperforms the pre-
vious estimates based on limited data, again support-
ing a signal-dependent artifact in the original analysis
(Ho, Phillips, Cooper, et al. 2005).

Case Study 3: Ancient Bison Sequence Data
Emerson suggested the authors implement the ap-

proach used for the proboscidean data set with the
well-studied bison data set (Shapiro et al. 2004). The 2
most distinct sequence sets segregated by calibration
range in the study of Ho, Shapiro, et al. (2007) were ana-
lyzed separately: 66 sequences spanning 0–10 ka versus
182 sequences spanning 0–60 ka. To address the effect
of sequence length, we generated 7 alignments (for each
sequence set). Four shorter alignments consisted of a
single subset of the original data covering either
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one-quarter (154 bp), one-half (308 bp), three-quarters
(461 bp), or the entire sequence available (615 bp). In ad-
dition, 3 longer alignments were generated through the
concatenation of a 2-fold (1230 bp), 5-fold (3075 bp), and
10-fold (6150 bp) of the original data. These last 3 align-
ments are purely artificial and might not compare with
real sequences. The BEAST analyses were performed
according to the conditions used by Ho, Shapiro, et al.
(2007) on the same data: 30 000 000 generations with a
10% burnin and sampling every 3000 generations, strict
molecular clock enforced, HKY + I + G substitution
model, and 12 category skyline plot demographic prior.

Figure 7 shows the results of these analyses. If one
focuses first on the largest data set (0–60 ka range), a
similar pattern as seen for the proboscidean data set is
recovered for the bison. When less than the original se-
quence length is used, the average RoC increases (up
to ∼3-fold) and its associated error widens from ∼50
up to 100% of the mean estimate. For the concatenated
alignments, the posterior RoC was not only more pre-
cisely estimated than for the 615-bp alignment, but its
average estimate was also consistently lower.

The comparison of these results with the ones de-
rived from the short calibration range (0–10 ka, Fig. 7)
shows that the signal-dependent artifact affects the lat-
ter data set even more heavily: larger increase in RoC
average and HPD when the sequence shortens. Like for
the real proboscidean sequences, the rate variation for
the bison data sets can also be modeled by a hyperbolic
fit (Fig. 7). Both hyperbolic fits vary in almost parallel
fashion over 5-fold of the original data set and thus
never converge to similar estimates: the RoS for the
0–60 ka data set could be as low as 1.2 × 10−7 (rather
than the estimate of 3.0 × 10−7 derived from the 615-bp
alignment), whereas the RoS for the 0–10 ka range is
more than double (2.7 × 10−7). This difference suggests
that fragment length and time depth are not the only

FIGURE 7. Posterior estimates of the RoC (average and 95% HPD)
for the re-analyzed bison data spanning (from left to right) 1/4, 1/2,
3/4, 1×, 2×, 5×, and 10× the original data. Both the complete 0–60
ka calibration range (empty circles) and the 0–10 ka range (filled tri-
angles) are displayed. The asterisk indicates the results from the orig-
inal data without length modification. The hyperbolic fits adjusted to
the data are displayed by the dashed lines with associated correlation
score.

contributing factors to the rate acceleration. Contrary
to the proboscidean study (where the composition in
terminals was constant), the 2 bison sequence sets an-
alyzed here differ in the number of terminals and the
overall phylogenetic pattern, 2 factors that may con-
tribute to the signal-dependent bias. Alternatively, the
difference in RoS estimates could also support a predic-
tion by Emerson that the signal-dependent bias may not
be sufficient to explain the entire phenomenon of rate
acceleration. In all cases, the approach of the decom-
position/concatenation of the original data provides a
useful (and relatively easy to implement) tool to eval-
uate to what extent the RoC derived from any data set
limited in both calibration depth and sequence length
might be biased due to a signal-dependent artifact.

CONCLUDING REMARKS

Our Bayesian analyses presented here have implica-
tions of general significance for aDNA data sets ana-
lyzed with BEAST. Based on the proboscidean mt data
set, we were able to show that the apparent time de-
pendency of the RoC recovered for inferences built on
poorly informative data sets calibrated in time with only
recent radiocarbon dates is more likely explained by an
artifact than an actual evolutionary paradigm. The lim-
ited phylogenetic content of short sequences appears to
relax the constraint over the substitution rates, which
can vary so greatly that their mean estimate becomes
irrelevant for use and leads to a reproducible bias of the
apparent acceleration of the molecular rates. By show-
ing how the pattern described from the analyses of the
proboscidean data can be extended to other published
material, we suggest that all aDNA data sets be tested
for such a signal dependency through the analytical
framework provided here to evaluate the risk of such a
bias.

Once the effects of the signal-dependent artifact are
accounted for, the difference between the RoC estimates
based on either shallow or deep calibrations suggest that
this artifact alone does not account for the entire rate ac-
celeration. It does, however, show that the acceleration
phenomenon is certainly of much lower magnitude than
has been previously reported by Ho, Phillips, Cooper,
et al. (2005).

We have also attempted to address the reciprocal
qualities of recent versus deep calibration approaches.
The shallow calibration approach is more pertinent to
a full Bayesian framework as it relies on the inherent
structure and quality of the data to converge to both
accurate and precise estimates. However, we have ex-
emplified how this approach can be misleading when
the data are poorly structured (Rannala 2002): inaccu-
rate tMRCAs and both inaccurate and imprecise RoCs
are then recovered. Conversely, the consistent and ac-
curate results obtained for the RoC with an enforced
deep calibration provide support for this methodo-
logical approach provided accurate information is avail-
able for the enforced calibration(s). Despite the obvious
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efficiency of BEAST algorithms in a full Bayesian frame-
work when analyzing long DNA sequences, our analy-
ses suggest that data sets of very limited phylogenetic
content might remain out of the range of precise and ac-
curate estimates of divergence dates. The legitimacy of
dating divergence events using short, potentially unin-
formative, 14C-dated data sets exclusively, is thus of lim-
ited value, despite being the norm for aDNA studies.
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