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Human evolutionary history is rich with the interbreeding of divergent populations.
Most humans outside of Africa trace about 2% of their genomes to admixture from
Neanderthals, which occurred 50–60 thousand years ago1. Here we examine the effect
of this event using 14.4 million putative archaic chromosome fragments that were
detected in fully phased whole-genome sequences from 27,566 Icelanders,
corresponding to a range of 56,388–112,709 unique archaic fragments that cover
38.0–48.2% of the callable genome. On the basis of the similarity with known archaic
genomes, we assign 84.5% of fragments to an Altai or Vindija Neanderthal origin and
3.3% to Denisovan origin; 12.2% of fragments are of unknown origin. We find that
Icelanders have more Denisovan-like fragments than expected through incomplete
lineage sorting. This is best explained by Denisovan gene flow, either into ancestors of
the introgressing Neanderthals or directly into humans. A within-individual, paired
comparison of archaic fragments with syntenic non-archaic fragments revealed that,
although the overall rate of mutation was similar in humans and Neanderthals during
the 500 thousand years that their lineages were separate, there were differences in the
relative frequencies of mutation types—perhaps due to different generation intervals
for males and females. Finally, we assessed 271 phenotypes, report 5 associations
driven by variants in archaic fragments and show that the majority of previously
reported associations are better explained by non-archaic variants.

Eurasians are estimated to trace around 2% of their genomes to introgression from archaic humans2 related to the Vindija Neanderthal1.
In Europeans, archaic ancestry is consistent with contributions by
a single population of Neanderthals3 through one or more pulses4–7.
As many archaic fragments still segregate in contemporary populations, it follows that archaic genomes can be partially mined from
whole-genome sequence data from Europeans. Once such archaic
fragments are identified, it is possible to determine the effect that
variants in these fragments have on phenotypic diversity in modern
humans8–13.
Previous attempts to identify archaic fragments in contemporary
humans have generally relied on existing archaic genomes14–16, which
partially represent the haplotypic diversity of the archaic populations.
Moreover, the introgressing Neanderthals were probably from populations that were separated both in time and space from the three archaic
individuals who have so far been sequenced to high coverage—hereafter
referred to as DAV (Denisovan, Altai Neanderthal and Vindija Neanderthal)1,17,18. Some archaic fragments in contemporary humans will be
missed by methods that depend on DAV genomes. Even more would
be missed if the genetic information of introgressing Neanderthals is
not well represented by one of the DAV genomes, for example, owing
to admixture between archaic groups18,19. Here we investigated the

archaic diversity in contemporary Europeans and its relationship to
the DAV genomes.

A diverse set of introgressed fragments
We used a two-state hidden Markov model that is not conditioned
on DAV genomes20 to search for archaic fragments independently in
55,132 haploid genomes from 27,566 sequenced Icelanders that were
sequenced to 30X and accurately phased using long-range phasing21
(Supplementary Information 1, 2.1). The model detects fragments
with a high density of derived alleles that were not found in an outgroup population of 292 sub-Saharan Africans (hereafter referred to as
Africans) from the 1000 Genomes Project22. For all subsequent analyses, we retained 14,422,595 fragments with a posterior probability of
more than 90% of being archaic (Supplementary Information 2). This
threshold was used because simulations indicate that our model has
a false-positive rate of less than 4% while still recovering around 71.5%
of all archaic sequences per haploid genome (Extended Data Fig. 1 and
Supplementary Information 2.3, 3.2).
The archaic fragments carried derived alleles at 395,304
single-nucleotide polymorphisms (SNPs) that are absent in Africans
(Supplementary Data 1). Of these variants, 147,925 were found in the
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Fig. 1 | Archaic diversity in 55,132 Icelandic haploid genomes. a, The total
length of the genome covered by archaic fragments using: all SNPs, DAV-linked
and DAV SNPs, and only DAV SNPs. The amount of archaic sequences from
previous studies based on the 1000 Genomes Project is also shown (Sprime3,
Sstar14 and CRF15). Sample sizes are shown above the bar. b, The distribution of
the average amount of archaic sequences per haploid genome. c, Fraction of
the introgressing genome covered by different numbers of haplotypes. We
classify fragments into groups of haplotypes for which the mean difference
between fragments in the cluster is less than 1 difference per 10 kb. We do this

for all SNPs, DAV-linked and DAV SNPs, and DAV SNPs. d, The genome-wide
distribution of archaic haplotypes, coloured according to the DAV genome that
they are closest to. Unknown, no derived alleles shared with a DAV genome;
ambiguous, alleles that are equidistant to more than 1 DAV genome. The inset
shows a 225-kb region on chromosome 15 that has a high fragment diversity.
SNPs are coloured according to the DAV genome that they are found in;
non-DAV and DAV-linked/unlinked SNPs are shown in black. The absolute
frequency of each fragment is shown on the right. Some fragments appear to
be Denisovan, while others are a mosaic of Denisovan and Neanderthal.

DAV genomes (hereafter DAV variants). These variants and the fragments that carried them are very likely to be archaic in origin23. The
remaining 247,379 SNPs have derived alleles that were not observed
in the DAV genomes. Some may have been present in introgressing
Neanderthals, but are not captured by the three DAV genomes. Others
could have arisen on archaic fragments in humans after the introgression. The remainder are non-archaic variants that were not observed in
our African reference set. Archaic variants that are not observed in the
DAV genomes are expected to be in strong linkage disequilibrium with
DAV variants from the same archaic fragments. Of the 247,379 putative
archaic variants, 47,193 were found to be linked (r2 > 0.9) to at least one
nearby DAV variant (DAV-linked variants), whereas 145,153 were found
on fragments with DAV variants but were not linked to them. The latter
DAV-unlinked variants tend to have a lower frequency than DAV and
DAV-linked variants, suggesting that many of the underlying mutations occurred on archaic fragments after Neanderthal introgression
(Extended Data Fig. 2a). The remaining 55,033 variants were found
on putative archaic fragments with no DAV variants and are hereafter
called nonDAV variants.
As introgressing archaic variants must be at least 50 thousand
years old, they have a greater chance of being found in multiple
populations than non-archaic variants of the same frequency. Both
DAV-unlinked and nonDAV variants are found less often in European
populations from the 1000 Genomes Project (55% and 64%, respectively) (Extended Data Fig. 2b) than DAV and DAV-linked variants (84%
and 77%, respectively) after controlling for allele frequency. This is
consistent with fewer DAV-unlinked and nonDAV variants having an
archaic origin. DAV-unlinked variants are closer to the ends of putative
archaic fragments than DAV variants: 12.3 kilobases (kb) compared with

26.8 kb median distance from the edge (Wilcoxon signed-ranked test,
P < 2.2 × 10−16) (Supplementary Fig. 2.5.3), indicating a slight increase
in false positives at the ends of fragments.
The 14,422,595 candidate archaic fragments correspond to
112,709 unique fragments (based on start–end positions), have a
combined length of 1,818 Gb and cover 1.179 Gb (48.2%) of the callable genome (2.445 Gb) (Fig. 1a), exceeding previous studies using
Sprime (0.688 Gb)3, Sstar (0.846 Gb)24 and CRF (0.834 Gb)15 (Fig. 1a).
After pruning fragments to start and end with DAV-linked and DAV variants, archaic coverage is estimated to be 0.962 Gb (39.3% of the callable
genome, spanned by 59,124 unique fragments). The most conservative
estimate of archaic coverage, based on ends defined by only DAV variants, is 0.929 Gb (38% of the callable genome, spanned by 56,388 unique
fragments) (Fig. 1a and Supplementary Table 2.4.1). Even after analysing
55,132 haploid genomes, it may be deduced that not all archaic fragments have been detected in Icelanders (Supplementary Figs. 2.4.3,
2.5.4), and even more remain to be found in other populations.
An average of 261.6 archaic fragments, corresponding to around
33 Mb, were identified per haploid genome (Fig. 1b and Supplementary
Information 2.3). Callable positions in the genome were, on average,
covered by 743 archaic fragments, corresponding to an average frequency of 1.34% in the 55,132 haploid genomes analysed. These are
probably underestimates, because our method misses archaic fragments that are short or not sufficiently divergent from non-archaic
fragments. Simulations suggest a false-negative rate of 28.5%, suggesting that the frequency of archaic fragments may be closer to 1.9%
(Supplementary Information 3.2).
The average nucleotide diversity between overlapping archaic fragments, when considering DAV and DAV-linked variants is 2.00 × 10−5
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Fig. 2 | Phylogenetic relationships of archaic fragments to sequenced
archaic genomes. Throughout this figure Vindija is shown in blue, Altai in red
and Denisova in green. DINT, introgressing Denisovan population; NINT,
introgressing Neanderthal population. Branch thickness in the phylogenetic
trees reflects the effective population size, in which the human ancestral
branch is 10,000. Split times were obtained from a previous study1 and the Ne is
calculated according to Supplementary Information 2.7.2. a, b, Two different
scenarios to account for the presence of Denisovan fragments in
contemporary Icelanders are shown. a, Denisovan introgression into
Neandertals is followed by Neanderthal introgression into humans. b, Direct
Denisovan introgression into the ancestor of all non-Africans. kyr, thousand
years ago. c, Length distribution of Altai, Denisovan and Vindija fragments. The
dashed lines indicate the mean segment lengths. Altai Neanderthal,
length = 157 ± 1.045 kb; Denisovan, length = 108 ± 1.498 kb; Vindija Neanderthal,
length = 162 ± 0.626 kb; lengths are mean ± s.e.m.

(95% confidence interval, 1.86 × 10−5–2.12 × 10−5), which is similar to the
heterozygosity in Neanderthals (Altai Neanderthal, 1.63 × 10−5; Vindija
Neanderthal, 1.71 × 10−5) and the Altai Denisovan (1.89 × 10−5)1. Some
genomic regions contained highly diverse archaic fragments indicative
of multiple introgressing haplotypes (Extended Data Fig. 3). To shed
light on the number of archaic individuals who contributed to contemporary humans, we clustered overlapping fragments and divided
them into subgroups that did not exceed a mean pairwise distance
of 1 variant per 10 kb (Supplementary Information 5). We postulate
that each subgroup approximates a different introgressing archaic
haplotype. When only DAV and DAV-linked variants were used to define
subgroups, the percentage of fragments assigned to just one subgroup
is 88.1% (Fig. 1c and Supplementary Information 5.2), which increases
to 93.2% using only DAV variants. However, even with such stringent
criteria, we find genomic regions with up to six different archaic haplotypes—indicating that multiple archaic individuals were involved in
the introgression (Supplementary Fig. 5.1.1).
Figure 1d shows the genomic distribution of archaic fragments and
the DAV genome that they share the most variants with: Vindija Neanderthal (50.8%), Altai Neanderthal (13.1%), Denisovan (3.3%), two or
more DAV genomes (20.4%) or not shared with a DAV genome (unknown,
12.2%). Fragments of unknown origin are longer (mean = 77.9 kb,
s.e.m. = 0.5 kb) than false-positive archaic fragments in simulations
(mean = 40.7 kb, s.e.m. = 0.7 kb) (Extended Data Fig. 1 and Supplementary Information 3.2). However, a higher false-positive rate for
unknown fragments is suggested by a shorter mean coalescence time
to sub-Saharan Africans (34,130 generations, s.e.m. = 136 generations) than for archaic fragments that contain DAV variants (38,318
generations, s.e.m. = 48 generations) (Wilcoxon signed-ranked test,
P < 2.2 × 10−16) (Extended Data Fig. 4). Because our method of detection
is not dependent on existing archaic genomes, we are able to detect

mosaic fragments that switch similarity with different DAV genomes
along their length. Figure 1d shows an example of a mosaic fragment,
with multiple Denisovan-specific derived alleles in the first 250 kb,
followed by Altai-specific variants (Supplementary Figs. 2.6.4–2.6.10).
We find that 18.9% of fragments are mosaic.
Both our results and previous studies1 indicate that the introgressing
Neanderthal was closer to the Vindija Neanderthal than the Altai Neanderthal or Denisovan. However, our method yields many long fragments
that are most closely related to the Altai Neanderthal and Denisovan
genomes (Fig. 2c) and some previous studies have also reported such
fragments in Europeans3,20,23. One possible explanation is introgression
from groups with genomes that are related to the Denisovan and Altai
genomes into introgressing Neanderthals before this group contributed
to modern human genomes. Alternatively, the introgressing Neanderthals could have been a Vindija-like group that carried some anciently
diverged haplotypes due to incomplete lineage sorting that now seem,
by chance, to be more similar to the Altai and Denisovan genomes than
the Vindija genome. To resolve the origin of these archaic fragments,
we performed extensive simulations under different demographic and
admixture models (Supplementary Information 3.3 and Supplementary Fig. 3.1.1). The results indicate that the observed characteristics
of Denisovan-like fragments in Icelanders are not compatible with a
simple introgression from a Vindija-like group without that population having had prior admixture with a Denisovan-like group (Supplementary Information 3.3.3 and Supplementary Fig. 3.1.1). An equally
intriguing scenario that cannot be ruled out is direct admixture from
a Denisovan-like group into the common ancestors of non-Africans
before the main Neanderthal admixture event (Fig. 2a, b).
We estimated the effective population sizes (N e) of different
archaic groups using pairwise differences between the archaic fragments identified in Icelanders and the high-coverage DAV genomes
(Supplementary Information 2.7) and divergence times estimated in
previous studies1,18 (Supplementary Information 2.7.2). We find that
Neanderthals had a relatively small Ne of 2,000–3,000 individuals, in
agreement with previous pairwise sequential Markov chain analyses
of Neanderthal genomes1.
Our greater sample size (n = 27,566 compared with n = 502 in the
1000 Genomes Project) enables a more fine-scale identification of
genomic regions with very little or no archaic introgression (archaic
deserts). Searching for 1-Mb windows with no fragments containing
DAV variants, we found 282 distinct archaic deserts covering 570 Mb
(23.3% of the callable genome) (Extended Data Fig. 5 and Supplementary
Data 4). The X chromosome is particularly devoid of archaic introgression as previously reported15 (Fig. 1d). The archaic deserts are
slightly more gene dense (7.52 ± 0.372 genes per Mb) than non-deserts
(6.87 ± 0.179 genes per Mb) (Wilcoxon signed-ranked test, P = 0.043).
They also have lower mean recombination rates (0.894 cM per Mb,
s.e.m. = 0.031) than non-deserts (1.36 cM per Mb, s.e.m. = 0.02) (Wilcoxon signed-ranked test, P < 2.2 × 10−16) (Extended Data Fig. 5), also
after adjusting for gene density (Supplementary Fig. 4.2.1). Furthermore, the proportion of archaic fragments spanned by DAV-linked
and DAV variants was higher in regions with a greater recombination
rate (Spearman’s ρ = 0.15, P = 4.4 × 10−54) and the nucleotide diversity of
archaic fragments was also higher in these regions (Spearman’s ρ = 0.18,
P = 1.3 × 10−79) (Extended Data Fig. 6). Taken together, these observations indicate that non-deleterious archaic variants were more likely
to be retained in the human gene pool when they could be uncoupled
from deleterious archaic variants by recombination25.

Mutation processes in archaic fragments
The rate and types of mutation are influenced by several factors that
may differ between human populations and between great-ape species26. The fully phased Icelandic genomes allow us to compare syntenic archaic and non-archaic fragments from the same individual
Nature | www.nature.com | 3
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Phenotypic effects of archaic fragments
To study the influence of archaic variants on the phenotypic diversity
of contemporary humans, we examined their association with 271 traits
based on around 32 million variants called and imputed for 214,192 Icelanders (Supplementary Information 7.1). In the first step of filtering
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to determine whether differences in mutational processes existed
between humans and Neanderthals during the approximately
500,000 years of divergence before archaic introgression (T in Fig. 3a;
Supplementary Information 6.1). We calculated the mean difference in
the number of derived alleles (including those shared with Africans)
between the paired archaic and non-archaic fragments (∆AH, Supplementary Information 6.2). We modelled the ascertainment bias of the
hidden Markov model approach used to identify archaic fragments,
which is predisposed towards SNP-dense fragments (Supplementary
Information 3.4.1), thereby inflating the ∆AH particularly at the edges
of fragments (Supplementary Information 3.4.2, 6.2.1). We compared
the observed ∆AH in Icelandic genomes with multiple simulated scenarios of increasing differences in the density of archaic-to-human
SNPs (Fig. 3b and Supplementary Information 3.4.1). Although the
best-fitting scenario corresponds to a 2% higher SNP density in archaic
fragments (Extended Data Fig. 7), given the uncertainties associated
with the parameters used in the coalescent simulations and variance
among replicates of the same scenario, we do not find a greater mutation rate in the Neanderthal lineage before the introgression event.
We next compared the mutation spectrum between the paired
archaic and non-archaic fragments. A set of non-overlapping fragments was used to avoid counting the same derived allele multiple
times (Supplementary Information 6.1) and we trimmed 15 kb from
both ends of all fragments to avoid edge effects (Supplementary
Information 6.3.1). We classified mutations as ancestral-to-derived
alleles and collapsed the strand complement mutation counts into
seven distinct mutational types, separating CpG>TpG from C>T, as
the latter mutation type is thought to evolve in a more clock-like manner27. The archaic:non-archaic proportional ratio (Fig. 3c, Supplementary Data 7 and Supplementary Information 6.3.2) revealed more
C>G and fewer T>C and CpG>T variants in archaic fragments than in
their non-archaic counterparts. Notably, the most-extreme ratios are
observed for C>G and CpG>T variants, which have the lowest (1:1) and
highest (6:1) paternal-to-maternal age effect ratios for de novo mutations in contemporary humans (the mean ratio across all types is 3:1)28.
These differences are consistent with mothers having been older and
fathers younger in the Neanderthal lineage than in the human lineage, although other causes cannot be ruled out. The C>G enrichment
in archaic fragments is not due to an excess of archaic fragments in
the C>G-cluster-enriched regions28. Furthermore, the differences in
mutational types are robust to several conservative filtering schemes
and are therefore probably not due to false-positive archaic fragments
(Supplementary Information 6.3.2 and Supplementary Data 7). We
next expanded the classification of each mutation type, including
their 5′ and 3′ base-pair context, resulting in 96 distinct mutational
types (Fig. 3d and Supplementary Data 7). Five types (CCT>G, CCC>G,
CTG>G, TCC>A and CCA>G) were overrepresented in archaic fragments
after Bonferroni adjustment, three of which involved C>G mutations.
It has been suggested29–31 that Neanderthals accumulated more deleterious mutations than humans because of less efficient selection due
to a smaller Ne. We did not find an excess of deleterious variants in the
archaic fragments identified in Icelanders (χ2 test, P = 0.71) (Fig. 3e and
Supplementary Table 6.4.1), after comparing their distribution across
four functional impact categories (lowest, low, moderate and high)
that were obtained from the Variant Effect Predictor32 (Supplementary
Information 6.4). Therefore, if introgressing Neanderthal fragments
had more deleterious variants at the time of introgression, these have
already been removed by purifying selection.
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(Fig. 4a), we evaluated the association of the 395,304 archaic-derived
alleles with each of 271 phenotypes using genome-wide significance
thresholds based on functional effects (such as, exon, intron and intergenic regions)33. This yielded 4,361 archaic phenotype-associated
variants, corresponding to 651 independent association signals after
accounting for linkage disequilibrium between them.
In the second step of filtering, we tested whether any correlated
(r2 > 0.2) non-archaic variant within a 2-Mb radius better accounted
for an association than the strongest archaic candidate variant. For
550 association signals, we found a non-archaic variant in high linkage disequilibrium with the strongest archaic candidate. Of these, 431
involved a non-archaic variant with a substantially stronger association
(>10-fold) with the phenotype in question. For 33 cases, the non-archaic
variant had a stronger association (≤10-fold) with the phenotype. In
another 86 instances, archaic variants were disregarded because a
highly correlated (r2 > 0.9) non-archaic variant with a slightly stronger
association was identified. This left 101 archaic variants.
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as the cause of the association if there is a non-archaic variant with a stronger
association to the phenotype with r2 > 0.2 to the candidate archaic variant.

(3) We reject the variant if the P value of the candidate variant drops below the
genome-wide significance threshold after conditioning on a non-archaic
variant with a lower P value within a 2-Mb radius. (4) We reject candidates that
are not in strong linkage disequilibrium (r2 > 0.9) with at least one other archaic
variant from the same fragment. b, Association of an archaic variant
(rs17632542) on chromosome 19 with prostate-specific antigen. The top frame
shows association P values for all variants in the region, coloured according to
their linkage disequilibrium with the candidate archaic variant. The bottom
frame shows genes (orange) and archaic fragments as described for a.
c, Association of an archaic variant (rs28387074) on chromosome 2 with mean
corpuscular haemoglobin concentration (as described for b). Although
another non-archaic variant in the same region has a lower P value, the
association of the candidate variant remains significant after adjustment.

In the third step, we tested whether the archaic variants remained
genome-wide significant after conditioning on non-archaic variants
within a 2-Mb radius with a stronger association to the phenotype. This
analysis left 64 archaic variants.
Finally, we pruned variants that were not in high linkage disequilibrium with other archaic variants (r2 > 0.9), leaving only five independent
archaic variants likely to be a true source of phenotypic association
(Supplementary Data 8). One is an example of a strong association with
a reduced level of prostate-specific antigen driven by rs17632542 (the

derived allele of which is found in Altai and Vindija Neanderthals), which
has been reported to reduce the risk of prostate cancer; however, the
introgressed status of the variants was not reported34 (Fig. 4b). Another
is rs28387074, which decreases the concentration of haemoglobin
and survives adjustment for non-archaic variants that are responsible
for another strong signal in the same region (Fig. 4c). The remaining
three association signals due to archaic variants are for reduced height
(rs3118914), decrease in mean corpuscular haemoglobin (rs72728264)
and an increase in plasma prothrombin time (rs6013) (Supplementary
Nature | www.nature.com | 5
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Data 8). Two of the association signals (rs3118914 and rs72728264) are
DAV-unlinked variants that are in strong linkage disequilibrium (r2 > 0.9)
with other DAV-unlinked variants.
We also assessed 30 previously reported phenotypic associations
with archaic variants12,13,15. In four cases, we did not have a sufficiently
similar phenotype to test. For the remaining 26 associations, 10 were not
nominally significant (P > 0.05) in our genome-wide association studies and 13 lost significance when conditioned on a nearby non-archaic
variant that was more likely to be the true source of the association
(Supplementary Data 8). These non-archaic variants are present in African populations, have a greater effect on the phenotype and a lower
P value than the originally reported 13 archaic variants (Supplementary
Figs. 7.1.6–7.1.10). We could therefore only validate the archaic origin of 3
out of 26 previously reported association findings attributed to archaic
variants (Supplementary Data 8). This highlights the importance of considering flanking non-archaic variants when assigning an archaic origin
to a phenotype association. To assess the genome-wide effect of archaic
introgression on phenotype variation, we also counted the number of
archaic-derived alleles carried by each contemporary Icelander and
tested this polygenic score of archaic ancestry for association with each
of the 271 phenotypes. In the case of height, for example, this test would
reveal whether the surviving fragments from archaic introgression
resulted in taller or shorter contemporary Icelanders. After adjusting for
the number of tests, we found no evidence for association between the
polygenic score and any of the 271 tested phenotypes (Supplementary
Data 8), indicating that archaic ancestry has—at most—a modest directional impact on contemporary human phenotype variation.
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Discussion
We show that a large part of an archaic genome can be mined from
contemporary descendants of populations that were recipients of
introgression around 50–60 thousand years ago. The recovered archaic
fragments are consistent with being descended from multiple archaic
individuals, who belonged to an archaic population similar to the Vindija Neanderthal. However, the considerable proportion of archaic
fragments that are closer to the Denisovan genome cannot be explained
by incomplete lineage sorting (Supplementary Information 3.3.3.1).
Rather, they require Denisovan introgression, either directly into
humans or into Neanderthals who later mixed with humans, which must
have occurred soon after they migrated out of Africa, because its signal
is found in all contemporary non-African populations from the Simons
Genome Diversity Project (Supplementary Information 5.2). This raises
the possibility that there were Denisovan-like groups west of the Altai
mountains, where such gene flow into humans must have occurred.
This is consistent with growing evidence of extensive population movements towards the end of Neanderthal history both in Europe35 and in
the Altai mountains19. Hopefully, additional archaic genomes will shed
light on this complex history of interbreeding between hominin groups.
The similar mutation rates in Neanderthals and modern humans imply
that the apparent slowdown in the human mutation rate36 is unlikely
to have occurred between 500,000 and 55,000 years ago. However,
differences in the mutation spectrum of archaic and non-archaic fragments raise the possibility of long-term differences in male and female
generation intervals between the species. Finally, our most far-reaching
conclusion is that archaic introgression has a relatively minor effect on
phenotypic variation in contemporary humans. Given the non-random
genomic distribution of archaic fragments in contemporary Icelanders,
it follows that this influence must have been greater in the past.
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Methods
No statistical methods were used to predetermine sample size. The
experiments were not randomized and the investigators were not
blinded to allocation during experiments and outcome assessment.
A detailed description of all analyses carried in this study out is included
in the Supplementary Information.

the regulations of the Icelandic Data Protection Authority prohibit the
release of individual level and personally identifying data, collaborators who want access to individual genotype level data have to access
the data locally at our Icelandic facilities.
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Extended Data Fig. 1 | Estimates of the false-positive rate of archaic
inference based on simulations. a, Length distributions of false-positive and
true-positive calls for fragments inferred to be archaic, and the length
distributions for simulated archaic fragments that were found and those that

were missed. The dashed lines indicate the mean value of the distribution.
b, False-positive rate as a function of the mean posterior probability of being
archaic for each fragment.

Extended Data Fig. 2 | Properties of SNP classes in archaic fragments. a, The
site frequency spectrum for DAV variants, DAV-linked variants, DAV-unlinked
variants and non-DAV variants. The x axis shows variants found on 1–250
chromosomes in our Icelandic population sample and the y axis shows the
number of variants in each category. b, The number of times a variant is found
in European populations (Utah residents (CEPH) with northern and western
European ancestry (CEU), Toscani in Italy (TSI), Finnish in Finland (FIN), British

in England and Scotland (GBR) and Iberian population in Spain (IBS); codes as
per the previous study) from the 1000 Genomes Project (1000G) as a function
of the number of times it is observed in Iceland. The numerical labels represent
the number of variants that belong to each category defined by the two axes
and the type of archaic variant. The x axis is truncated at variants that were
found 2,500 times, which corresponds to a frequency of around 5% in Iceland.
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Extended Data Fig. 3 | Nucleotide diversity based on DAV-linked and DAV variants from archaic fragments. Using these variants, we identified a maximum of
6 subgroups of fragments, clustered by similarity (based on a mean difference of 1 mismatch per 10 kb per subgroup).

Extended Data Fig. 4 | Length distribution and coalescence time for all
archaic fragments. The distribution of length and coalescence times (with
present day sub-Saharan Africans) for all archaic fragments (mosaic and
non-mosaic) are shown according to the archaic genome that they are most

closely related to (Altai, Denisova, Vindija, multiple archaics (ambiguous) and
unknown). The coalescence time estimates are described in Supplementary
Information 2.7.
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Extended Data Fig. 5 | A genomic map of archaic introgression deserts.
a, The mean frequency of archaic fragments in each 100-kb bin is reported
along the genome (ideogram). The y axis is truncated at 5%. Regions with no
archaic fragments (only counting fragments with DAV variants and DAV-linked
variants) in regions larger than 1 Mb (and a minimum of 100 kb could be called)

are marked in green, along with previously reported deserts in red23 and blue24.
b, The size distribution of archaic introgression deserts. c, Gene density in
deserts (n = 570) compared with non-deserts (n = 2,224). The numbers indicate
the mean number of genes per Mb and the error bars are 95% confidence
intervals. The y axis is truncated at 25 genes per Mb.
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Extended Data Fig. 6 | Archaic introgression and genomic features in
250-kb windows for which more than 1% of the bases in the window could be
called. n = 10,466. a, b, The relationship between the nucleotide diversity of
archaic fragments (a) or their frequency (%) (b) and the recombination rate (cM
per Mb) and gene density (number of genes per 250 kb). Data were analysed by
Spearman’s rank correlation coefficient and P values for all data points
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equally sized bines, sorted by diversity (a) or frequency (b). Each bin contains
2,093 data points. In this analysis, we considered only DAV-linked variants and
DAV variants. The data are coloured according to which feature is being tested
(blue for frequency, orange for genes, green for recombination rate and yellow
for diversity). The midpoint of the bar is the mean of the measure and error bars
are 95% confidence intervals. The y axis is truncated at five times the mean
value.
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Extended Data Fig. 7 | Difference between observed and simulated
fragments based on increasing Neanderthal-to-human mutation rates.
a, The square-root difference of the 10-replicate mean simulated scenarios for
∆ AH (difference scenarios have mutation rates of 0, 1, 2, 3 and 4%) and the
observed values of ∆ AH for the Icelandic fragments, after trimming different

numbers of 5-kb bins from the ends of each fragment. The analysis was
repeated applying 0-, 50-, 100-, 150- and 200-kb minimum fragment length
filters (facets). b, As in a, but adding up the square-root difference value for all
the bins trimmed and ranking each bar by the minimum difference (number on
top of each bar: 1, minimum difference; 5, maximum difference).
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