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Advances in statistical techniques to analyse
rapidly emerging large-scale genome-wide genetic
variation data, in particular Single-Nucleotide-
Polymorphism (SNP) data, have enabled a cor-
respondingly rapid increase in our understand-
ing of the demography of human populations
worldwide. These include new insights into
the genetic relatedness of different populations,
intermixing (i.e. admixture) among them, and
population size changes over time. Initial statis-
tics measured genetic differences among popula-
tions or genetic diversity within populations (e.g.
Jakobsson et al. 2013). Subsequently, techniques
emerged to visualise patterns of genetic distance
and sub-structuring among populations, such as
principal-components-analysis (Patterson et al.
2006) and clustering algorithms (Alexander et
al. 2009). Statistical models were then built to
infer the processes, such as admixture and popu-
lation size changes, leading to these observations
under simplified scenarios. As examples, promi-
nently used techniques to infer trees relating
populations, including relative branch lengths,
admixture events and/or population size changes
include those that use correlations in popula-
tions allele frequencies (e.g. Patterson et al.
2012) and those that use simulations to match
aspects of observed data, such as the distribution
of allele frequencies (e.g. Excoffier et al. 2013).

Many of these techniques analyse SNPs inde-
pendently. Alternative approaches (e.g. Lawson et
al. 2012) instead model the correlations among
nearby SNDPs, so-called “haplotype” informa-
tion, that result from the process by which DNA
is passed down from one generation to another.
Several studies have illustrated how these tech-
niques can have more power to infer population

sub-structure and admixture relative to methods
that ignore these correlations (e.g. Leslie et al.
2015). However, one challenge is extracting reli-
able haplotype information from genetic variation
data collected in ancient human remains (aDNA),
a potentially rich source of ancestral information.
This is because aDNA is typically of much lower
quality compared to DNA extracted from present-
day people, making it challenging to make the
reliable diploid calls necessary for modelling hap-
lotype information.

A recent breakthrough using haplotype infor-
mation involves efficient inference of the ances-
tral recombination graph (ARG) that relates the
genetic material of thousands of sampled individ-
uals back in time to a common ancestor (Speidel
et al. 2019; Kelleher et al. 2019). Accurate infer-
ence of the genealogies comprising the ARG has
been a long-standing goal in population genetics,
as in principle this captures the entire acheivable
information about individuals’ genetic history. In
practice, these methods have provided opportuni-
ties for new insights into a wide range of processes.
Current examples include inferring population
size changes over time with greater precision,
especially in recent time periods within the last
10,000 years, inferring how mutation rates in dif-
ferent types of sites have evolved over time, and
unearthing archaic introgression. Importantly,
these techniques have been updated recently to
incorporate aDNA, enabling inference on how
ancient populations fit onto the tree topologies of
modern humans (Speidel et al. 2021). Especially
promising is that inference on genetic relation-
ships among ancients and moderns was generally
robust to analysing aDNA samples with average
coverage as low as 0.01-0.1x.
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These exciting new techniques set up a
powerful new platform for addressing impor-
tant details of human history for which we cur-
rently have limited understanding. For example,
we know relatively little about the number and
timings of different episodes of introgression of
hominin groups carried by various present-day
human populations, and the levels of genetic
isolation among archaic human groups. In par-
ticular while signals related to Neanderthals and
Denisovans have been detected in subsets of pre-
sent-day populations world-wide, the extent of
introgression into e.g. present-day African popu-
lations is a major focus of ongoing work (Speidel
et al. 2019). In addition, we have a limited
understanding of older admixture events among
anatomically modern human populations, e.g.
>3,000 years ago. In particular the most precise
current techniques to infer and date admixture
rely on studying the sizes of contiguous segments
introduced by an admixing source, which present
two major challenges that hinder the study of
older events. One is that recent admixture occur-
ring in the last ~3000 years appears to be ubiq-
uitous among human groups, and this can act to
mask older events when using these approaches.
The other is that the lengths of contributed
contiguous segments from an admixture event
become smaller over time, making segments
from older events more challenging to detect.
Consequentially, such approaches can only reli-
ably detect admixture events that have occurred
less than ~-5000 years ago. In theory, aDNA can
be used to detect these older events, since they
are unaffected by recent admixture, and the sig-
natures of these older events will be more recent
in aDNA relative to modern genomes. However,
it is unclear whether enough quality aDNA
will be recovered for homogeneous populations
with the same admixture history to detect such
events reliably. In principle, geneaology-based
approaches can avoid these issues, by ignoring
ancestral relationships in recent time periods
and instead focussing on studying the sharing of
ancestors in older time epochs.

For such reasons, future methodologi-
cal developments in this area will likely make

increasing use of inferred genealogies. As exam-
ples, this may include leveraging genealogies
to infer and date admixture, identify segments
introgressed from archaic humans, elucidate
genetic sub-structure at different time scales,
impute missing data, understand how recombi-
nation and mutation rates vary over time, and
infer selection, with some such advancements
already being implemented. As these are emerg-
ing, researchers across disciplines will become
increasingly familiar with genealogically-based
techniques and their output, enabling more
widespread use. However, their acceptance into
standard practice will depend on the ease-of-use
of released software and the magnitude of power
increases relative to available programs.

Despite these exciting opportunities, several
challenges remain. While current approaches
can infer details of genealogies, including time
depths, for thousands of samples, more compu-
tational resourcefulness will be necessary to scale
to current biobank-level data consisting of hun-
dreds of thousands of people. These approaches
also currently rely on whole-genome-sequencing
(WGS) data, which is scarce relative to array data
ascertained at specific SNPs that are available for
many present-day and ancient individuals. One
potential solution is to first use imputation to
infer sequencing information in such array data.
However, it is unclear the extent to which this will
bias signals towards those in the reference panels
used to assist imputation, and the extent to which
reference panels will capture haplotype patterns
in populations of interest. In addition, distin-
guishing ancient population sub-structure from
archaic introgression will be difficult, especially
in African populations. When considering older
demographic history, such as ancient admixture
events, it is also unclear how much information
will be lost by focussing on less recent genealogi-
cal events, given the number of branches on the
geneaology (and hence information) become
more sparse as you go back in time. Finally,
genealogical trees are not inferred perfectly, with
current approaches requiring model simplifica-
tions to scale to large numbers of individuals. For
example, the extent to which mutation and/or
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recombination rates vary over time, and how this
affects inference of some parameters, is not entirely
understood. Even with perfectly inferred genea-
logical trees, the processes leading to these trees
are not necessarily easy to estimate. In particular
disparate demographic processes can in principle
lead to similar tree topologies. Therefore, leverag-
ing information from other sources, e.g. anthro-
pological, archacological and linguistic research,
will continue to prove invaluable when interpret-
ing genetic relatedness patterns.
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