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The study of human evolution has been revolutionized by inferences
from ancient DNA analyses. Key to these studies is the reliable estimation of the age of ancient specimens. High-resolution age estimates can often be obtained using radiocarbon dating, and, while
precise and powerful, this method has some biases, making it of interest to directly use genetic data to infer a date for samples that
have been sequenced. Here, we report a genetic method that uses
the recombination clock. The idea is that an ancient genome has
evolved less than the genomes of present-day individuals and thus
has experienced fewer recombination events since the common ancestor. To implement this idea, we take advantage of the insight that
all non-Africans have a common heritage of Neanderthal gene flow
into their ancestors. Thus, we can estimate the date since Neanderthal
admixture for present-day and ancient samples simultaneously and use
the difference as a direct estimate of the ancient specimen’s age. We
apply our method to date five Upper Paleolithic Eurasian genomes
with radiocarbon dates between 12,000 and 45,000 y ago and show
an excellent correlation of the genetic and 14C dates. By considering the
slope of the correlation between the genetic dates, which are in units
of generations, and the 14C dates, which are in units of years, we infer
that the mean generation interval in humans over this period has been
26–30 y. Extensions of this methodology that use older shared events
may be applicable for dating beyond the radiocarbon frontier.
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ncient DNA analyses have transformed research into human
evolutionary history, making it possible to directly observe
genetic variation patterns that existed in the past, instead of having
to infer them retrospectively (1). To interpret findings from an
ancient specimen, it is important to have an accurate estimate of its
age. The current gold standard is radiocarbon dating, which is
applicable for estimating dates for samples up to 50,000 y old (2).
This method is based on the principle that, when a living organism
dies, the existing 14C starts decaying to 14N with a half-life of ∼5,730 y
(3). By measuring the ratio of 14C to 12C in the sample and assuming that the starting ratio of carbon isotopes is the same everywhere in the biosphere, the age of the sample is inferred. A
complication is that carbon isotope ratios vary among carbon
reservoirs (e.g., marine, freshwater, atmosphere) and over time.
Thus, 14C dates must be converted to calendar years using calibration curves based on other sources, including annual tree
rings (dendrochronology) or uranium-series dating of coral (2).
Such calibrations, however, may not fully capture the variation in
atmospheric carbon. In addition, contamination of a sample by
modern carbon, introduced during burial or by handling afterwards,
can make a sample seem younger than it actually is (2). The
problem is particularly acute for samples that antedate 30,000 y ago
because they retain very little original 14C.
Here, we describe a genetic approach for dating ancient
samples, applicable in cases where DNA sequence data are
www.pnas.org/cgi/doi/10.1073/pnas.1514696113

available, as is becoming increasingly common (1). This method
relies on the insight that an ancient genome has experienced
fewer generations of evolution compared with the genomes of its
living (i.e., extant) relatives. Because recombination occurs at an
approximately constant rate per generation, the accumulated
number of recombination events provides a molecular clock for
the time elapsed or, in the case of an ancient sample, the number of
missing generations since it ceased to evolve. This idea is referred to
as “branch shortening” and estimates of missing evolution can be
translated into absolute time in years by using an estimate of the
mean age of reproduction (generation interval) or an independent
calibration point such as human–ape divergence time.
Branch shortening has been used in studies of population
history, for inferring mutation rates, and for establishing time
scales for phylogenic trees in humans and other species (4, 5). It
was first applied for dating ancient samples on a genome-wide
scale by Meyer et al. (6), who used the mutation clock (instead of
the recombination clock as proposed here) to estimate the age of
the Denisova finger bone, which is probably older than 50,000 y,
and has not been successfully radiocarbon dated (6). Specifically,
the authors compared the divergence between the Denisova and
extant humans and calibrated the branch shortening relative to
human–chimpanzee (HC) divergence time. The use of ape divergence time for calibration, however, relies on estimates of
mutation rate that are uncertain (7). In particular, recent pedigree studies have yielded a yearly mutation rate that is approximately twofold lower than the one obtained from
phylogenetic methods (7). In addition, comparison with HC
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divergence relies on branch-shortening estimates that are small
relative to the total divergence of millions of years, so that even
very low error rates in allele detection can bias estimates.
These issues lead to substantial uncertainty in estimated age of
the ancient samples, making this approach impractical for dating
specimens that are tens of thousands of years old, a time period
that encompasses the vast majority of ancient human samples
sequenced to date.
Given the challenges associated with the use of the mutation
clock, here we explore the possibility of using a molecular clock
based on the accumulation of crossover events (the recombination
clock), which is measured with high precision in humans (8). In
addition, instead of using a distant outgroup, such as chimpanzees,
we rely on a more recent shared event that has affected both extant
and ancient modern humans and is therefore a more reliable fixed
point on which to base the dating. Previous studies have documented that most non-Africans derive 1–4% ancestry from Neanderthals from an admixture event that occurred ∼37,000–86,000 y
before present (yBP) (9, 10), with some analyses proposing a
second event (around the same time) into the ancestors of East
Asians (11, 12). Because the vast majority of ancient samples
sequenced to date were discovered in Eurasia (with estimated
ages of ∼2,000–45,000 yBP), postdate the Neanderthal admixture, and show evidence of Neanderthal ancestry, we used the
Neanderthal gene flow as the shared event.
The idea of our method is to estimate the date of Neanderthal
gene flow separately for the extant and ancient genomes. Because
the ancient sample is closer in time to the shared Neanderthal
admixture event, we expect that the inferred dates of Neanderthal
admixture will be more recent in ancient genomes (by an amount
that is directly determined by the sample’s age) compared with the
dates in the extant genomes. The difference in the dates thus
provides an estimate of the amount of missing evolution: that is,
the age of the ancient sample. An illustration of the idea is shown
in SI Appendix, Fig. S1. An assumption in our approach is that the
Neanderthal admixture into the ancestors of modern humans
occurred approximately at the same time and that the same
interbreeding events contributed to the ancestry of all of the
non-African samples being compared. Deviations from this model
could lead to incorrect age estimates. Our method is not applicable for dating genomes that do not have substantial Neanderthal
ancestry, such as sub-Saharan African genomes.
To date the Neanderthal admixture event, we used the insight
that gene flow between genetically distinct populations, such as
Neanderthals and modern humans, introduces blocks of archaic
ancestry into the modern human background that break down at
an approximately constant rate per generation as crossovers
occur (13–15). Thus, by jointly modeling the decay of Neanderthal
ancestry and recombination rates across the genome, we can estimate the date of Neanderthal gene flow, measured in units of
generations. Similar ideas have been used to estimate the time of
admixture events between contemporary human populations (14–
16), as well as between Eurasians and Neanderthals (9, 17). An
important feature of our method is that it is expected to give
more precise results for samples that are older because these
samples are closer in time to the Neanderthal introgression
event, thus it is easier to accurately estimate the time of the
admixture event for them. Thus, unlike 14C dating, the genetic
approach becomes more reliable with age and, in that regard,
complements 14C dating.
Results
Model and Simulations. Although a number of approaches exist
for dating admixture when multiple genomes are available from
the target (9, 14, 15), none are applicable to single diploid genomes
(as required here for ancient specimens). Thus, we took advantage
of our recent method introduced in Fu et al. (17), which measures
the extent of covariance across pairs of alleles of putative Neanderthal ancestry: that is, sites where Neanderthals carry at least one
derived allele (relative to chimpanzees) and all individuals in a
panel of sub-Saharan Africans [which have little or no evidence of
2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1514696113

Neanderthal ancestry (18) carry the ancestral allele (17)]. We chose
this ascertainment (referred to as “ascertainment 0”) because it
minimizes the signal of background correlation, while amplifying
the signal of Neanderthal ancestry (9). This statistic (referred to as
the “single-sample statistic”) is expected to decay approximately
exponentially with genetic distance, and the rate of decay is informative of the time of mixture (17). Assuming that the gene flow
occurred instantaneously and by fitting a single exponential to the
decay pattern, we estimate the average date of the Neanderthal
gene flow in the target genome.
To assess the reliability of our approach, we performed coalescent
simulations generating data for Neanderthals, present-day west Africans, and Europeans, with Europeans deriving 3% ancestry from
Neanderthal gene flow that occurred between 100 and 2,500 generations ago (the range of time-depths relevant to our analysis) (SI
Appendix, Note S2). Our simulations find that the estimated ages of
Neanderthal gene flow are accurate when the admixture occurred
between 100 and 1,500 generations ago. However, for samples older
than 2,000 generations, our method underestimates the true ages. A
downward bias was also observed for older admixture dates (∼2,500
generations) in simulations of complex demographic scenarios,
including severe bottlenecks and recent expansion (17). To avoid
complications due to the bias, we restricted our application of
the single-sample statistic to ancient genomes where the expected date of Neanderthal gene flow is less than 1,500 generations.
For older dates of Neanderthal admixture as expected in extant
samples, where we have access to multiple genomes, we applied the
“population-sample statistic” from ref. 9. This method measures
the extent of admixture linkage disequilibrium (LD) by computing
the covariance for each pair of ascertained single nucleotide
polymorphisms (SNPs) and thus requires data from more than one
diploid genome (making it inapplicable when only a single ancient
genome is available). For extant genomes, we verified that the
application of this statistic removes the bias observed in ref. 17 (SI
Appendix, Note S2b).
To test the utility of our method for estimating the age of
ancient genomes (and not just dating Neanderthal gene flow), we
simulated data for both extant and ancient Europeans (sampled
between 500 and 1,750 generations ago) and set the date of the
shared Neanderthal gene flow to 2,000 generations ago (9). Our
simulations show that the estimated ages of ancient genomes are
accurate and that, as expected, the dates are more precise for older
samples (SI Appendix, Note S2c).
Thus far, we have assumed that admixture occurred instantaneously as a single pulse of gene flow. However, in real
populations, admixture could occur as multiple pulses or continuously over an extended period. To explore how this scenario affects
our results, we performed simulations based on a similar setup as
before, with the modification that the admixture occurred continuously for a period of either 10 or 500 generations, starting at 2,000
generations ago. Fitting a single exponential to the ancestry covariance patterns, we found that the estimated dates of admixture
were intermediate between the start and end of the period of gene
flow. The magnitude of the effect was similar for both ancient and
extant samples and thus there is no reason to think that this complication would bias the date estimates (SI Appendix, Note S2d).
Accounting for Uncertainty in Parameters in Real Data. Our simulations relied on the accurate modeling of the recombination
rate across the genome. In applications to real data, we used the
“shared” African American genetic map (“S map”) from ref. 8,
which was inferred by combining information from the deCODE
pedigree map in Europeans [based on ∼500,000 crossovers
identified in ∼15,000 Icelandic meioses (19)] and the African
American genetic map [based on ∼2.1 million crossovers detected using ancestry switch points observed between African
and European ancestry in 30,000 unrelated African Americans
(8)]. The S map, which focuses on the part of the landscape
of recombination in African Americans that is shared with
Europeans, is one of the most accurate genetic maps for Europeans currently available (8).
Moorjani et al.

Case Studies. To illustrate the utility of our method, we applied

our approach to ancient genomes that have radiocarbon dates of
at least 10,000 y. This threshold was chosen so that the expected
date of Neanderthal admixture in the ancient genome is less than
1,500 generations (thus not affected by the bias seen in simulations) and that the difference between the dates of admixture in
extant and ancient samples is significant (beyond statistical error).
We broadly matched the ancestry of the ancient and extant samples,
comparing ancient Eurasian samples with northern European
samples from the 1000 Genomes project (designated “CEU”) (25).
Using the population-sample statistic for SNPs matching ascertainment 0 (SI Appendix, Note S1) and the genetic map correction described above, we estimated that the Neanderthal
admixture in CEU occurred between 1,569 and 1,700 generations or 40,510–54,454 yBP (95% credible interval). This date is
within the previously published estimate of 37,000–86,000 yBP
(most likely range of 47,000–65,000 yBP) based on a different
ascertainment scheme and genetic map correction (9). The
broader confidence interval in ref. 9 is extremely conservative,
reflecting an attempt to account for biases observed in simulations of complex demographic scenarios. Our simulations indicate that the use of the population-sample statistic and
ascertainment 0 should not provide biased dates under demographic scenarios that are applicable to Europeans, and thus
we believe that the additional bias correction is too aggressive
(SI Appendix, Note S2). If our assumptions are valid, dates in the
range of 40,510–54,454 y ago are important because they suggest
that the main Neanderthal interbreeding with modern humans
may have occurred in the context of the Upper Paleolithic expansion of modern humans, rather than at earlier times (26).
We applied our method to estimate the age of five ancient samples. Because many of these samples (Clovis, Mal’ta1, Kostenki14,
Oase1) were sequenced to medium depth coverage, we could not
reliably call heterozygous sites, and thus we restricted analysis
to pseudohomozygous genotypes [where we sampled the single
Moorjani et al.

majority allele observed in the reads mapped to each site (SI
Appendix, Note S1)]. Below and in SI Appendix, Table S1, we
discuss the dating results for each sample using the S map and
ascertainment 0. In SI Appendix, Note S3, we show that our
results are robust to other genotype-calling approaches, SNP
ascertainments, and comparison to high coverage west Eurasian
samples from Simons Genome Diversity Panel (instead of 1000
Genomes CEU).
Clovis. The Clovis genome from North America sequenced to an

average coverage of 14.0× has a radiocarbon date of 12,556–
12,707 (95% confidence) calibrated years BP (calBP) (27). Using
the single-sample statistic, we estimated that the Neanderthal
gene flow in Clovis occurred 29,170 ± 2,703 (one SE) y before he
lived. Considering the difference between the dates of Neanderthal admixture in Clovis and CEU provides an estimate for its
age of 18,066 ± 5,112 y. After accounting for uncertainty, this
estimate is consistent with its radiocarbon date (Fig. 1).
Mal’ta1. The Mal’ta1 individual dated as 23,891–24,423 calBP old

was sampled in south-central Siberia and was sequenced to an
average coverage of 1.0× (28). We applied the single-sample
statistic and estimated that the Neanderthal gene flow occurred
22,301 ± 2,169 y before he lived. In turn, this difference translates into an estimated age of 24,935 ± 4,851 y, which is consistent with its radiocarbon date (Fig. 1).
Kostenki14. The Kostenki14 (K14) genome from European

Russia sequenced to an average coverage of 2.8× has a radiocarbon
date of 36,262–38,684 calBP (29). Applying our inference procedure, we estimated that the Neanderthal gene flow in K14 occurred
6,047 ± 649 y before he lived. This date is not consistent with the
recently published estimate of ∼15,000 y before he lived (29).
However, the details of method used in ref. 29 are unpublished so
we cannot evaluate what the source of the discrepancy might be.
Considering the difference with CEU provides an estimated age of
41,189 ± 4,387 y (Fig. 1), which is statistically consistent with its
radiocarbon date.
Ust’-Ishim. The Ust’-Ishim (UI) genome from western Siberia

was sequenced to 42-fold coverage and has been dated twice
by 14C to be ∼43,210–46,880 calBP (17). Because the coverage
for this sample is high enough, we were able to make reliable
heterozygous calls and thus we used diploid genotypes for
the inference. We note that the dates based on diploid and
pseudohomozygous calls are concordant (SI Appendix, Note S3).
Applying the single-sample statistic, we estimated that the date of
the Neanderthal admixture was 7,521 ± 854 y before the individual
lived, consistent with the date reported in ref. 17 (which used a
different genetic map and did not correct for genetic map errors).
Considering the difference with CEU provides an age estimate of
39,715 ± 4,422 y, similar to its radiocarbon date (Fig. 1).
Unlike the previously discussed ancient genomes, UI contains
many Neanderthal segments longer than 1 cM, which are poorly
fit by the exponential distribution (because the intercept at 1 cM
is substantially greater than 0) (Fig. 1). A plausible explanation
for this pattern is that UI may not have received all its Neanderthal ancestry from a single pulse of gene flow—or even the
same event that affected the extant European populations, as
assumed by our model (SI Appendix, Fig. S1). To explore this
possibility, we reran the method up to longer genetic distances
until the intercept of exponential was close to 0. Applying our
analysis up to 10 cM, we estimated that the Neanderthal gene
flow occurred 47,226 ± 4,168 yBP in CEU and 2,666 ± 238 y
before UI lived. The difference provides an estimated age of UI
as 44,560 ± 4,175 y (Fig. 1), which is also consistent with its
radiocarbon date.
The inference of different dates of gene flow in UI depending
on the genetic distance threshold used (unlike in CEU) is consistent with our hypothesis that there may have been at least two
pulses of Neanderthal admixture into the ancestors of UI, with
PNAS Early Edition | 3 of 6
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Despite the high resolution, even the best available genetic
maps are not perfectly accurate at the short distances [tens of
kilobases (kb)] that are relevant for some of our analysis. Notably, Sankararaman et al. (9) showed that the fine scale errors in
the genetic map can underestimate the date of Neanderthal gene
flow (9). To account for the errors in the genetic map, we applied
the Bayesian “genetic map correction” developed by ref. 9 that
estimates the map uncertainty by comparing the genetic distances in the S map with the crossover distribution observed in
an independently generated map [in this case the deCODE
pedigree dataset, based on 71,929 meioses (20)]. This correction
is a function of the date of Neanderthal gene flow (λÞ and a
scalar parameter (αÞ that is related to the precision of the genetic
map (larger values of α indicate a more precise map) (SI Appendix, Note S1). Using this approach, we estimated that the α for
the S map is 3,109 ± 308 per Morgan. The effect of this level of
map uncertainty is likely to be minimal for ancient samples, in
which the ancestry covariance extends to large distances (greater
than hundreds of kb). In contrast, for extant samples where the
blocks are an order of magnitude smaller, the resulting bias can
be substantial, as shown in ref. 9. Thus, we applied the map
correction separately for ancient and extant samples to obtain
corrected dates of Neanderthal gene flow in generations (tn
in generations).
To convert the dates of gene flow from generations to years (tn
in years) while accounting for uncertainty in the generation interval, we assumed a uniform prior probability distribution on
the generation interval between 25 and 33 y (21–24). The mean
generation interval in ancient humans is not known and is likely
to have some cultural variability but (21, 24) showed that, at least
in modern humans over a wide variety of cultures and degrees of
economic development, the mean age of reproduction falls
within this range. The difference in the dates of gene flow in
ancient and extant genomes translates to an estimate of branch
shortening or the age of the ancient genome (tc).

Fig. 1. Estimated age of ancient genomes. Estimated dates of Neanderthal gene flow in extant Europeans shown in blue and ancient Eurasians shown in
pink (for details, see SI Appendix, Note S1). Estimated ages of the ancient genome (mean ± SE) are shown in the titles. For Ust’-Ishim, we show two plots:
(Lower Left, marked A) single exponential fit up to the genetic distance of 1 cM and (Lower Center, marked B) single exponential fit up to the genetic distance
of 10 cM. For Oase1 (Lower Right), we show single exponential fit up to the genetic distance of 65 cM and bin size of 0.1 cM. We do not show CEU because the
analysis was based on a different bin size and maximum distance.

the curve fitted up to 1 cM mostly sensitive to the older events
and the curve fitted up 10 cM more sensitive to recent events. To
test formally whether UI has a history of multiple Neanderthal
genetic inputs, we applied the likelihood ratio test (LRT) described in ref. 30 that analyzes whether a single exponential or a
sum of exponentials provides a better fit to the observed ancestry
covariance patterns. This approach found overwhelming support
for the two-pulse model of Neanderthal admixture (P < 10−20).
Indeed, visualization of the putative Neanderthal ancestry blocks
present in the UI genome exhibits a broadly bimodal pattern,
with some regions containing greater than 5- to 10-Mb-long
blocks (17), which would not be expected unless some of the
gene flow occurred recently. By explicitly fitting a model of two
Neanderthal gene flow events, we estimated that the admixture
events occurred 6,600 ± 618 and 1,258 ± 113 y before UI lived
(SI Appendix, Fig. S3). Because it was not clear which of these
events might be shared with extant Europeans, we estimated the
age of the UI genome based on each of the two admixture events
separately, obtaining 40,626 ± 4,214 and 45,968 ± 4,170 y (SI
Appendix, Fig. S3). Both of these estimates are consistent with
the radiocarbon date of the sample.
To test whether we can replicate these patterns in simulation,
we generated data for a 1,750-generation-old ancient sample that
had a similar history as UI (two pulses of Neanderthal gene flow
that occurred at 2,000 and 1,800 generations ago, where the
older pulse was shared with the extant samples). Fitting a single
exponential to the ancestry decay patterns in the ancient genome
provided a date of Neanderthal admixture that was intermediate
between the date of the first and second pulse of mixture. Similar
to UI, this sample contained many Neanderthal segments that
were longer than 1 cM. Thus, we ran the analysis to longer distances and then applied LRT to confirm the history of multiple
pulse of admixture (P < 10−20). By fitting a sum of exponentials,
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we reliably inferred the dates of the two admixture events (SI
Appendix, Note S2e).
Oase1. The age of the Oase1 genome from Romania has been
estimated to be ∼37,000–42,000 calBP by radiocarbon dating
(31). Because the specimen contained tiny amounts of highly
contaminated human DNA, it was not feasible to whole genome
sequence this individual. Instead, this sample was captured on
panels of known SNPs, including the Archaic panel (panel 4),
where at least one Neanderthal allele differs from the majority
allele in a panel of 24 West African Yoruba samples (31). This
ascertainment, however, contains SNPs where Yoruba is derived
and archaic samples contain the ancestral allele. Such sites will
likely amplify some background LD, biasing the dates of Neanderthal admixture. Thus, we removed these SNPs from our
analysis. Using this ascertainment for CEU, we estimated that
Neanderthal gene flow occurred 42,694 ± 3,767 yBP in CEU,
which is consistent with the previous estimate. Based on the
recommendation in ref. 31, we ran our single-sample statistic for
Oase1 up to 65 cM (where the intercept of exponential is almost
0) (SI Appendix, Note S1). We estimated that the Neanderthal
gene flow in Oase1 occurred 227 ± 22 y before he lived, similar
to estimates in ref. 31. Considering the difference with CEU
provided an estimated age of 42,467 ± 3,767 y, consistent with
the radiocarbon date of this specimen. Oase1, like UI, has a
bimodal distribution of Neanderthal ancestry segments (31).
Applying LRT provided strong support for the two-pulse model
of Neanderthal admixture (P < 10−12). By explicitly fitting a
model of two Neanderthal gene flow events, we estimated that
the admixture occurred 2,012 ± 385 y and 164 ± 14 y before he
lived, translating to age estimates of 40,682 ± 3,787 and 42,530 ±
3,767 y, respectively (SI Appendix, Figs. S2 and S3); both of these
dates are consistent with the radiocarbon dates of this specimen.
Moorjani et al.
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Fig. 2. Estimation of historical generation interval. Relationship between
dates of Neanderthal admixture (in generations) and radiocarbon dates (in
years). We show mean ± SE of dates for each sample. To estimate the
generation interval and time of shared Neanderthal admixture event, we fit
a line and use importance sampling to infer the mean and uncertainty of the
slope and intercept (SI Appendix, Note S4).

To provide further confidence that our restriction to SNPs on the
Archaic panel provides reliable estimates, we reestimated the age
of K14 and UI for the same set of SNPs as Oase1. We estimated
the age of K14 and UI (maximum distance of 10 cM as described
earlier) as 39,855 ± 3,917 and 39,122 ± 3,785 y, respectively,
similar to our genome-wide estimates. These results document
how sparse genome-wide data are sufficient to provide reliable
age estimates.
Robustness of Age Estimates. A central assumption of our method
is that recombination has not changed over time and across
populations. Recombination rates, however, are known to have
evolved over the course of human evolution as reflected in the
observation that the alleles of PRDM9, which are the major
determinants of recombination hotspots in humans, are changing
rapidly (32). Present-day human hotspots seem to have been
active for ∼10% of time since divergence from chimpanzees
(∼650,000–1.3 million y) (33), suggesting that our assumption is
likely to be valid over the time scale of interest here. Nonetheless, some variation in hotspot usage is known to exist across
human populations that separated ∼50,000–100,000 y ago (8).
Ideally, then, our analysis should be based on a map that reflects
the average recombination rate over the time since Neanderthal
introgression in the ancestry of each sample being analyzed.
Because such data are unavailable and unlikely to become
available for ancient samples, we verified that our inferences are
robust to the choice of existing maps by repeating the analysis
with an African-American map (8) that includes hotspots in
Africans as well as shared hotspots between Africans and Europeans, and the Oxford CEU LD map (34) that reflects historical recombination rates in Europeans valid over tens of
thousands of years. Although there is significant variation across
maps [as indicated by differences in map uncertainty (αÞ] (SI
Appendix, Note S1), the age estimates based on the three different maps are qualitatively similar (within two standard errors)
(SI Appendix, Table S2).
Another concern is that previous studies have shown that
Neanderthal ancestry proportion varies across chromosomes,
with unexpectedly large regions devoid of any Neanderthal
Moorjani et al.

ancestry and correlation in Neanderthal ancestry proportion to
B-statistic (a measure of linked selection) (12, 35), implying a
role for natural selection in removing Neanderthal-derived alleles from the modern human gene pool (36). The B-statistic or
B-score measures the reduction in diversity levels at a site due to
linked selection, with smaller values implying higher selective
constraint in the region (37). To assess the effect of natural selection, we estimated the age of each sample by removing all
ascertained SNPs in regions that are documented targets of
natural selection, including conserved elements across primates
and coding regions in humans (38). We observed that the age
estimates were similar to the results reported earlier (SI Appendix, Table S3). We also studied the effect on the estimated
date of Neanderthal admixture as a function of the B-score.
Because many samples have limited coverage, we divided the
genome into two bins: regions with low B (0–4) and regions with
high B (5–9). We observed that the dates of Neanderthal admixture for all samples, except K14, were qualitatively similar in
both bins. For the lower coverage samples K14 and Mal’ta1, the
results are less reliable because the fit was very noisy, given
limited data. In addition, we observed no systematic difference in
dates in the two B-score bins (P = 0.5, based on permutation of
labels in the two bins) (SI Appendix, Table S4). We conclude
that, within the limits of our resolution, the effect of selection on
our dates is not significant.
Historical Generation Interval in Humans. A feature of our method
is that it estimates dates in generations (because it is based on
the recombination clock) whereas 14C dates are determined in
years. By fitting a linear model to the relationship between these
dates, we can jointly estimate the generation interval (reflected
by the slope) and the time of the shared pulse of Neanderthal
admixture in modern humans (reflected by the intercept). To
estimate these parameters while accounting for the uncertainty
in dates, we implemented a Bayesian approach using importance
sampling (39) (SI Appendix, Note S4). Under the simplifying
assumption that males and females have the same generation
interval and assuming it has remained constant since the Neanderthal introgression, we estimated that the historical generation
interval in humans is 28.1 ± 0.7 y and that the shared pulse of
Neanderthal admixture occurred 44,301 ± 591 y ago (Fig. 2),
consistent with the date in present-day West Eurasians. This
result is robust to choice of priors of the slope and intercept and
assumptions about the complex history of Neanderthal admixture in UI and Oase1 (SI Appendix, Note S4).

Discussion
We have developed a genetic approach for dating ancient human
specimens that is applicable for dating ancient non-African
samples that share a history of Neanderthal admixture with extant non-Africans. By studying the linear relationship between
the dates of Neanderthal admixture and the radiocarbon dates,
we infer that the historical generation interval in humans is 26–
30 y, consistent with direct estimates of the current sex-averaged
generation intervals from genealogical surveys and pedigree
studies (21, 22, 24), suggesting that the generation interval has
not changed substantially over the past 45,000 y. To our
knowledge, this is the first direct estimate of the human generation interval deep in the past.
Comparison with Radiocarbon Dating. We show that our results are
consistent with radiocarbon dates for all studied specimens (with
correlation of 0.98, P value = 0.002). Although radiocarbon dates
are in general more precise than genetic age estimates, our
method is complementary to 14C dating in that it uses independent information based on the molecular clock. In addition, although in this study, we have focused on Neanderthal
admixture as our calibration point for dating, there is nothing
unique about this event from the perspective of dating, and, in
fact, other shared LD-generating events such as other introgression events (e.g., the Denisova admixture into the ancestors of
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Southeast Asians and Oceanians) (6) or founder events (e.g., outof-Africa migration) (1) could be used as alternative calibration
points through extensions of the methodology reported here. Importantly, if one were to use an older calibration point than the date
of Neanderthal gene flow, genetic data could allow estimation of
dates for skeletal remains that are beyond the limits of radiocarbon
dating but for which sequence data exist, such as the Altai/Mezmaiskaya Neanderthals (18), or the three Denisova samples (6, 40)
that are too small or too old to have enough preserved carbon for
radiocarbon dating. A limitation of our method is that it is not
applicable for dating samples that do not share a history of Neanderthal gene flow with non-Africans, such as the recently published ancient Ethiopian genome (41). In addition, unlike 14C dating,
the genetic method is unstable for very young samples that are less
than 10,000 y old. This problem reflects the fact that, for a single
genome with an old admixture date, it is hard to reliably identify very
short segments of Neanderthal ancestry. However, the use of a more
recent calibration point should make it possible to obtain accurate
estimates of the age of young ancient genomes.

available (similar to Fig. 2), and interpolating the age of the
studied genome based on its inferred date of Neanderthal admixture. Preliminary results for predicting the age of ancient
samples in this way gives promising results (SI Appendix, Fig. S5).
Materials and Methods
We applied our method to estimate the age of five ancient samples: Clovis
(27), Mal’ta1 (28), Kostenki14 (29), Ust’-Ishim (17), and Oase1 (31). To estimate the age (tc ) of each ancient genome, we quantified the difference in
dates of Neanderthal admixture in an ancient genome (tna) (estimated using
the single-sample statistic) (17) and extant CEU genomes (tne) (estimated
using the population-sample statistic) (9). We estimated SEs based on the
Bayesian framework described in ref. 9. For details, see SI Appendix, Note S1.

Outlook. In this paper we have estimated the age of ancient
samples by comparing the dates of Neanderthal admixture to
extant samples, which is challenging and the main reason for the
large uncertainty of our age estimates. As more ancient samples
become available, it should be possible to estimate the age of
ancient genomes by building a calibration entirely from other
genomes for which both radiocarbon dates and genetic dates are
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