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Abstract

Background: Recent advances in sequencing technologies have allowed for the retrieval of ancient DNA data
(aDNA) from skeletal remains, providing direct genetic snapshots from diverse periods of human prehistory.
Comparing samples taken in the same region but at different times, hereafter called “serial samples”, may indicate
whether there is continuity in the peopling history of that area or whether an immigration of a genetically different
population has occurred between the two sampling times. However, the exploration of genetic relationships between
serial samples generally ignores their geographical locations and the spatiotemporal dynamics of populations. Here, we
present a new coalescent-based, spatially explicit modelling approach to investigate population continuity using aDNA,
which includes two fundamental elements neglected in previous methods: population structure and migration. The
approach also considers the extensive temporal and geographical variance that is commonly found in aDNA
population samples.

Results: We first showed that our spatially explicit approach is more conservative than the previous (panmictic)
approach and should be preferred to test for population continuity, especially when small and isolated populations
are considered. We then applied our method to two mitochondrial datasets from Germany and France, both including
modern and ancient lineages dating from the early Neolithic. The results clearly reject population continuity for the
maternal line over the last 7500 years for the German dataset but not for the French dataset, suggesting regional
heterogeneity in post-Neolithic migratory processes.

Conclusions: Here, we demonstrate the benefits of using a spatially explicit method when investigating population
continuity with aDNA. It constitutes an improvement over panmictic methods by considering the spatiotemporal
dynamics of genetic lineages and the precise location of ancient samples. The method can be used to investigate
population continuity between any pair of serial samples (ancient-ancient or ancient-modern) and to investigate more
complex evolutionary scenarios. Although we based our study on mitochondrial DNA sequences, diploid molecular
markers of different types (DNA, SNP, STR) can also be simulated with our approach. It thus constitutes a promising
tool for the analysis of the numerous aDNA datasets being produced, including genome wide data, in humans but
also in many other species.

Keywords: Population genetics, Spatially-explicit simulations, Serial coalescent, Ancient DNA, Population continuity,
European Neolithic

* Correspondence: mathias.currat@unige.ch

TAGP lab, Department of Genetics & Evolution - Anthropology Unit,
University of Geneva, Geneva, Switzerland

2Institute of Genetics and Genomics in Geneva (IGE3), University of Geneva,
Geneva, Switzerland

- © The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
( B|°Med Central International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12863-017-0575-6&domain=pdf
http://orcid.org/0000-0001-5211-8922
mailto:mathias.currat@unige.ch
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Silva et al. BMC Genetics (2017) 18:114

Background

Genetic diversity in human populations reflects past
demographic changes and migrations. While genetic
data from contemporary humans have long been the sole
source of molecular data used to draw inferences on the
evolution and peopling history of their ancestors e.g.,
[1], direct evidences from the past have been recently
recovered by sequencing ancient DNA (aDNA) from dif-
ferent time periods and geographical areas [2—5]. Those
data have been commonly used to assess whether two
samples from different periods but located in the same
geographical area (hereafter called “serial samples”)
come from a single population [6—9]. This hypothesis is
usually defined as population continuity through time
and contrasts with scenarios of large genetic input or
replacement due to the arrival of immigrants leading to
an increased level of genetic differentiation between the
serial samples [2, 10]. In different regions of Europe,
population continuity was often rejected when ancient
mitochondrial DNA from populations spanning from
prehistoric periods until modern days was analysed [11],
meaning that the observed shifts in allele frequencies
cannot be explained by genetic drift alone and that sub-
stantial demographic replacements must be invoked.

To assess whether two genetic samples from different
time periods may be considered as coming from a single
population evolving under the sole effect of genetic drift, a
model-based test has been developed and applied to mito-
chondrial data [2]. The framework of this test is to
simulate serial genetic samples with the same characteris-
tics as the real ones (time period, sample size) issued from
a single panmictic population and to compute an index of
genetic differentiation between those samples, usually Fst.
With a reasonable number of simulations (usually several
thousands), a distribution of genetic distances between
serial samples under the null hypothesis of population
continuity is provided. If the observed genetic distance be-
tween the real samples is above 95% of the simulated ones,
then the null hypothesis is rejected, meaning that genetic
drift alone is not able to generate the differences in genetic
diversity between the serial samples. Genetic shift through
demographic replacement or migration are the factors
commonly proposed to explain an absence of population
continuity. For instance, a rejection of population continu-
ity between Palaeolithic hunter-gatherers and Neolithic
farmers from the same area could be interpreted as a
demic replacement of hunter-gatherers by farmers
arriving from another region [2]. This test for population
continuity thus relies heavily on the simulated distribution
of Fst between two samples and consequently on the
underlying model, which must be as realistic as possible.

However, while being able to simulate complex scenarios
and some very simple levels of population structure,
coalescent-based models developed so far to test the
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hypothesis of population continuity with aDNA do not
consider ancestral migration of genes among neighbouring
populations in a spatially explicit context [12-14]. They
thus make the strong assumption that the ancestral lineages
of people living today at a given place have always been in
the same area in the past [15]. This assumption of
panmixia, or near panmixia, through time is questionable
given human mobility. Indeed, studies at regional levels
have highlighted the major role played by migrations in
partially renewing the local genetic pool over a short period
[16-19]. The rare studies incorporating ancient population
structure when analysing aDNA, although in a simplified
way, better explained the data [4, 20, 21]. Moreover, the
incorporation of a spatial component in the analysis of
genetic data has already generated insights into human
evolution and even some counter-intuitive results that were
undetectable with panmictic approaches [22—25].

Here, we explore the effects of incorporating popula-
tion structure and migration as fundamental elements
when investigating the genetic relationships between
serial samples. We used a modified version of the pro-
gram SPLATCHE2 [26], allowing for the sampling of
genetic lineages at a given time and location. Therefore,
we improve the test for population continuity by incorp-
orating the effects of regional gene flow. Indeed, when
testing for population continuity using aDNA, the effect
of migration over time within a structured population
should be considered to avoid confounding its impacts
with a genetic shift due to complete or partial
demographic replacement through a large immigration
wave. Furthermore, we also investigate how the temporal
and spatial variation in sampling that usually
characterize aDNA population samples (due to the scar-
city of fossils and DNA preservation issues) may affect
population continuity analyses. Our spatially explicit
approach copes with these two dimensions simultan-
eously, while only temporal heterogeneity within popula-
tion samples can easily be considered in the programs
used so far to test for population continuity, such as
BSSC [12] and FastSimCoal [13]. We apply our simula-
tion approach to two mitochondrial European datasets,
one in Germany and one in France, each comprising an
ancient sample from the early Neolithic period and a
modern sample. We test population continuity in these
two areas using panmictic and spatial coalescent
approaches and compare the results.

Methods

Spatially explicit simulation of ancient DNA

A modified version of the program SPLATCHE2 [26]
allowing for the sampling of lineages at different time
points was used to perform spatially explicit simulations
of ancient DNA. This version (available at www.splatche.-
com) improves the model-based coalescent approaches
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previously used to test for population continuity with
aDNA data [12, 13] by explicitly considering the spatial
dynamics of genes through time (Fig. 1). The framework
comprises, as a first step, the simulation of a population
expansion in a grid of demes exchanging migrants in a
stepping-stone fashion. In a second step, a serial coales-
cent reconstruction is performed to generate genetic
diversity in samples of different ages and locations, drawn
from the simulated population. The genealogy of simu-
lated lineages is reconstructed conditional on the density
and migration values calculated during the first step [27].
The genetic diversity of those lineages is simulated by
distributing mutations on the coalescent tree. See the
original description of SPLATCHE2 for more details on
the algorithms [26].

We used two spatially explicit frameworks for per-
forming simulations:

(1) a virtual square map in which we explored the in-
fluence of the spatial components when investigating the
relationship between serial samples and other genetic di-
versity statistics;

(2) a realistic European map, which was used to apply
our approach to two real datasets to test for population
continuity.

Simulations in a virtual square map

Effects of local gene flow on genetic distance among serial
samples

We first explored the effects of incorporating population
structure and migration when investigating the relation-
ship between two population samples from the same
area but from different periods. The integration of those
factors could have important consequences when testing
for population continuity, as the commonly used frame-
work heavily relies on the simulated distribution of gen-
etic distances, to which real data are compared, and

-

Panmictic Model (P)Spatial Model (SP)

) 5
-

Fig. 1 Schematic representation of lineages simulated under panmictic
(P) and spatial models (SP) of population continuity. The P representation
stresses the geographical constraint imposed, with individuals staying in
the same location during the whole simulation. This constraint is absent
in SP, with migration and population structure adding an important
realistic element
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consequently on the underlying model, which must be
as realistic as possible.

To represent population continuity through time, we
thus simulated the expansion of one population in a grid
of demes exchanging migrants (spatial model, SP) or a
simple demographic growth in a single deme (panmictic
model, P). For SP, we simulated the growth of a popula-
tion of 100 haploid individuals during 2000 generations
(~50,000 years for humans) from the centre of a square
map of 2500 demes (50 x 50), with a carrying capacity K
of 500 haploid individuals each, following the method
developed in [25]. We used a generation time of 25 years,
which is appropriate for representing female generation
intervals [28] and thus for the study of mitochondrial
DNA. A logistic equation controls the population
growth at the deme level with a growth rate r. This
spatial model, SP, was compared to a panmictic version,
P, which also simulated the growth of a population of
100 haploid individuals during 2000 generations. The P
model was made up of only one deme with parameters
adapted for the purpose of comparison with the spatial
model: the P model included no migration (m =0), the
population growth was equal to 0.012 to reach K,,; at
the end of the simulation, with K,,;=D*K, where D is
the number of demes and K the carrying capacity in SP
models (K., =500 individuals x 2500 demes). Note that
all parameters are constant through the whole simula-
tion unless otherwise indicated.

For SP, we performed several series of simulations with
various migration rates m (0.005, 0.01, 0.05 and 0.1) to
explore the effect of population structure on the genetic
differentiation between two serial samples drawn from a
continuous population. Nm is the migration rate m
multiplied by the equilibrium size K of the deme, and
defines the number of migrants Nm that are distributed
in the demes located adjacently at each generation (at a
maximum of four neighbours: North, South, East and
West). We use the term Nm instead of Km by conven-
tion with other articles [25]. A high Nm means that the
population is large and interconnected, while a small
Nm means that the population is divided in small and
isolated units. For all scenarios, Nm is kept constant
throughout the simulation except for the “Neolithic”
scenario, where Nm was changed from 5 to 50, 400
generations before present, to reflect changes following
the Neolithic transition [29]. This was done by modify-
ing m in all demes at the same time. We also investi-
gated the effect of various combinations of K (100, 150
and 200) and m resulting in an identical Nm of 5 or 50.

Because relatively large datasets belonging to the same
prehistoric “population”, defined either geographically or
culturally, have mostly been published for mitochondrial
HVSI, such as for the late Upper Paleolithic and Neo-
lithic era in Central and Western Europe [2, 4, 30], we
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simulated sequences representing mtDNA. However,
SPLATCHE?2 is able to simulate many different kinds of
molecular data, haploid or diploid, such as DNA
sequences, SNP, STR, RFLP, including recombination be-
tween loci. The approach presented here is thus also
suited to study genome wide aDNA in a spatial context.
For each simulation, two groups of 30 mtDNA lineages,
called “population samples” hereafter, were sampled in the
centre of the map at two different times: a modern popu-
lation sample at present and an ancient population sample
400 generations before the present), which corresponds
approximately to the beginning of the Neolithic transition
(~10,000 BP). A mutation rate 4 =3.3 x 10 for a DNA
sequence of 300 bp was simulated to approximate mtDNA
diversity in European populations [25].

A measure of genetic differentiation computed as Fst
between the modern and ancient samples, as well as the
gene diversity within each sample (modern H,,,,; or an-
cient H,,.) and the nucleotide diversity within each sam-
ple (modern 1,,,; or ancient 1,,.), were computed using
the software Arlequin 3.5 [31]. We also computed the
average coalescent time #; between the ancient and
modern population samples as well as the average
coalescent time #, within population samples (¢y 4, and
t0 moa Within only the ancient or only the modern popu-
lation samples, respectively). To better explore the sto-
chastic nature of the coalescent process, 10,000
independent simulations were performed for each
scenario (defined as a combination of parameters). The
final results are presented as a distribution of Fst for each
scenario, which could be used as a null distribution of
genetic differentiation under the hypothesis of population
continuity following the procedure described in [2].

Comparison between panmictic and spatial models when
testing population continuity

To illustrate the difference between using SP or P models
for testing population continuity, we simulated four sets
of 1000 pseudo-observed datasets (pods) under four dif-
ferent continuity scenarios (P, SP-Nm =50, SP-Nm =25
and SP-Nm =5). For each set, we then computed the
probability of rejecting continuity with each of the four
scenarios. The Fst of each pod is computed and compared
to the distribution of Fst computed from 1000 simulations
generated under each scenario. If the proportion of simu-
lated Fst bigger than the pod’s Fst is below a 5% threshold,
then the null hypothesis of population continuity is
rejected for that pod under the scenario that generated
the distribution. For each scenario, we repeated this pro-
cedure for the whole set of 1000 pods and computed the
proportion of pods which reject continuity at the 5% level.
This represents a measure of type 1 error - ie., the prob-
ability of rejecting the null hypothesis of continuity when
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it is true - because all scenarios simulate continuity with
more (SP-Nm = 5) or less (P) population structure.

Spatial and temporal variance within ancient population
samples

Because of the scarcity of fossils and DNA preservation
issues, lineages quite distant in time and space are often
grouped together based on cultural or geographical
criteria, which constitutes one of the main differences
with modern samples. Thus, in two other series of simu-
lations in the square map, we explored the effects of
spatial and temporal heterogeneity between aDNA se-
quences belonging to the same ancient population sam-
ple on the comparison between serial samples.

We varied the heterogeneity within the ancient dataset
for two different levels of population structure reflected
by Nm values of 5 or 50, dividing the 25 ancient lineages
into five groups as shown in Fig. 2 and described below.
Although the ancient dataset was divided into five
groups of lineages located in different demes, it was con-
sidered as a single ancient population sample when com-
puting Fst with the modern sample to reflect the kind of
grouping usually made with aDNA [2, 32].

For investigating spatial heterogeneity (Fig. 2a), we
tested seven different spatial configurations, all with one
group of five lineages in the deme located in the centre
of the map and four other groups of five lineages each
taken in four demes along the diagonals of the square
area and with increasing distances from the centre deme
(sampling “SP-H1” to “SP-H7”). For investigating tem-
poral heterogeneity (Fig. 2b), we tested four temporal
configurations, with all lineages taken in the central
deme but at different times. One group of five lineages
is always drawn 400 generations before the present, but
two other groups of five are taken more recently, and
the two others at more ancient times. The temporal vari-
ance increases from the “TP-H1” to the “TP-H4” scenar-
ios. This heterogeneous sampling scheme was compared
to a homogeneous sampling scheme for which all 25 lin-
eages were taken from the central deme 400 generations
before the end of the simulation.

Application to real data in Europe

Spatial Scenario - SP

We then implemented our approach on a digital map of
Europe, divided into roughly 7000 inland demes of 50 x
50 km (Additional file 1 Figure S1), to test for popula-
tion continuity in Germany and France. We incorpo-
rated into our spatial framework the two phases of
growth model used to test for population continuity in
[2], thus simulating continuity since the initial
colonization of Europe approximately 40,000 years ago.
We used the same map and parameters as in [33] to
simulate the evolution of European populations from the
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a Spatial heterogeneity

Homogeneous SP-H1

SP-H2 SP-H3

Square world
50x50 demes
Deme with
~ 25 samples
b Temporal heterogeneity [ [ Demeswith
> = 5 samples
Homogeneous TP-H1 TP-H3
present

past

comparison (all 25 ancient lineages taken in the black square)

Fig. 2 Simulation of spatial and temporal variance in the ancient population sample. Modern lineages are always taken in one single central
deme (black square). a Ancient lineages are drawn in groups of 5 in 5 different demes, separated geographically with increasing distance from
the centre, along the two diagonals, SP-H1 is the least dispersed and SP-H7 the most dispersed. b The same principle is applied for the temporal
variation in ancient sampling, with TP-H1 being the least variable and TP-H4 the most. A homogenous sampling (time and location) is shown for

arrival of modern humans until today, including the
Neolithic transition. In a few words, a population start-
ing with 100 haploid individuals expands during 1600
generations from a deme located in the Middle East,
with 7=0.4 and m =0.25, until the whole map is occu-
pied. The Neolithic transition is represented by an in-
stantaneous demographic increase in all demes at the
same time, the K of each deme changing from 40 to 250
effective genes after 1200 generations, a date that corre-
sponds approximately to the beginning of the Neolithic
transition [34]. Compared to the original model, the K
of Neolithic populations was updated to a more realistic
value (250 instead of 800) corresponding to the esti-
mated density for Neolithic populations in central
Europe (~0.6 individuals/km?) [29]. However, we also tested
larger (K =500) and lower (K = 100) values (Additional file 2
Table S1) to explore Nm in the range (25-125) estimated
for post-Neolithic populations [35]. Note that K is given in
effective size for mitochondrial data (autosomal size/4) and
that the number of emigrant Nm is spread over all neigh-
bouring demes. In order to represent a progressive popula-
tion increase during historical times and reach an effective
female population size of about 12 million in central Europe
at the end of the simulation, as in [2], we changed K to
24,000 at generation 1520 (~2000 years before present).

We also implemented a one phase of growth model
simulating a full replacement of European hunter-
gatherers by farmers from Anatolia during the
Neolithic e.g. [36, 37]. This scenario thus simulates
population continuity for the last 10,000 years in
Europe and was implemented with parameters from
[33] and the same Neolithic K values than for the

two phases of growth model described above

(Additional file 2 Table S1).

Panmictic scenario — P

A non-spatial scenario was also used for the purpose of
comparison with the spatially explicit model. This sce-
nario P is similar to SP but in a single deme, without
any spatial component or migratory factor.

A population of 100 haploid individuals grows
exponentially with a rate r= 0.016 during 1600 genera-
tions, and K changes from 20,000 (Kp) to 12,000,000
(Kyp) after 1200 generations. The values of Kp and Kj,
are equal to the sum of carrying capacities for all demes
from central Europe (500 demes) at the corresponding
period in the spatial map (compare scenarios P2-k20
and SP2-k250 in Additional file 2 Table S1). To check
the robustness of the results, we explored larger
intermediate K (Neolithic) values in the range used in
[2] (50,000 and 100,000), with the growth rate modified
to reach the corresponding K by the end of each period
(Additional file 2 Table S1). As for SP, we also simulated
a model of one phase of exponential growth during 400
generations, representing population continuity from the
Neolithic era to the present (Additional file 2 Table S1).

Genetic data simulated

To assess population continuity in Germany and France,
we reproduced by simulation mitochondrial samples
identical to real data in terms of lineage number, loca-
tion and age for the spatial scenario (SP) but considering
only their age and number for the panmictic scenario
(P). We chose these two areas because relatively large
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ancient population samples have been published for both
(Table 1). For Germany, we used a Neolithic population
sample of 23 lineages (we excluded 2 lineages from the
original dataset [2] based on their geographical remote-
ness) and 50 modern Germans [38]. The French dataset
includes 39 Neolithic lineages [39] and 50 modern French
[40]. After the exclusion of the positions with missing
data, we simulated mitochondrial HV1 DNA sequences of
341 bp (Germany) and 358 bp (France) using a mutation
rate of 7.9 x 10~° mutations/ generation/site [41].

Results

Virtual square map: Effects of local gene flow on the genetic
distance between serial samples

First, we investigated the effects of population structure
and migration when computing the genetic distance be-
tween an ancient population sample taken approximately
10,000 years ago (representing the beginning of the Neo-
lithic period) and a modern population sample taken at
present. We simulated the evolution of genetic diversity
in a continuous population either for a panmictic
scenario (P) representing a single population or for a
series of spatial scenarios (SP) considering a structured
population with various intensities of genetic exchange
between neighbouring demes, smaller Nm meaning less
absolute gene flow between demes.

In comparison to P, all SP scenarios give larger Fst
means and variances between the two simulated serial
samples (Fig. 3a and Table 2). Among the SP scenarios,
Fst and its variance tend to increase when Nm decreases.
For a given Nm value (5 or 50), there is only slight
differences among Fst distributions (Fig. 4), smaller
population sizes (smaller K) lead to slightly increased Fst
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and decreased genetic diversity. All statistics are more
affected when the structure is strong (Nm 5) rather than
weak (Nm 50). The “Neolithic” scenario simulates a shift
from Nm 5 to Nm 50, 400 generations before the
present (~10,000 years ago) to represent the demo-
graphic changes that accompanied this profound eco-
nomic and cultural transition. The “Neolithic” Fst
distribution was found to be between those for Nm 5
and Nm 50 but slightly closer to Nm 5, which indicates
that the demographic dynamics through time affect the
simulated genetic diversity and that gene flow during the
Paleolithic time has more influence on current genetic
diversity than during the Neolithic time (Table 2).

Table 2 shows that intra-population diversity statistics
measured in both ancient and modern samples (gene di-
versity H and nucleotide diversity ) decrease with
population structure. Higher values for both statistics
are found for scenario P while lower values are found
for the SP scenario with Nm 2.5. The difference between
scenarios is greater for H than for 7.

For the panmictic scenario P, #y and #; are similar
because most of the coalescence occurs close to the root
of the tree, at the onset of the demographic expansion
when the population size is small with modern and an-
cient lineages sharing common ancestors. For spatial
scenarios, a decreasing Nm favours earlier coalescent
events between lineages from the same population
sample, as shown by diminishing #,.Note that £ ,,,04 is
slightly more affected than %o, and that ¢; also dimin-
ishes but less than #, (Fig. 3b). Increasing the population
structure thus results in smaller genetic diversity within
population samples (7,00 TaneHmou and H,,. in Table
2) and in more genetic differentiation between serial

Table 1 Mitochondrial datasets used to test for population continuity in Germany and France

geographic region  group sample count  site sample age  latitude  longitude individuals  reference
(group) (cal BC) per site
Germany Modern 50 Present 51.87 1091 50 [38]
Germany Early Neolithic (LBK) 23 Derenburg 5500-4775 51.87 10.91 5 2]
Halberstadt-Sonntagsfeld ~ 5500-4775  51.90 11.06 3
Oberwiederstedt 1, 5500-4775 5167 11.53 2
Unterwiederstedt
Eilsleben 5000 52.15 11.22 1
Schwetzingen 5500-4775 49.38 857 4
Vaihingen 5500-4775 4893 8.96 1
Unseburg 5500-4775 5193 11.52 1
Seehausen 5500-4775 5133 11.13 1
Flomborn 5500-4775 49.69 8.15 5
France Modern 50 Present 48.70 245 50 [40]
France Early Neolithic 39 Gurgy 5750 4795 354 39 [39]
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Virtual square map: Comparison between panmictic and
spatial models when testing population continuity

Table 3 shows the rate of rejection of the population
continuity hypothesis when tested with four different
scenarios simulating population continuity with various
levels of population structure (from full panmixia, P, to
strong spatial structure, SP-NmS5). 1000 pseudo observed
datasets (pods) have been generated with each of the
four scenarios (columns) and their Fst have been
compared to the Fst distribution generated by 1000 sim-
ulations under each of the four scenarios (lines). Because
all scenarios simulate continuity, a rejection thus corre-
sponds to a type 1 error (rejection of a true null

hypothesis). As expected, the rate of type 1 error is equal
to the chosen threshold (5%) when pods are tested with
the scenario that generated them (diagonal). We find
that for all spatial scenario, the probability of type I error
when testing for population continuity with the P model
is much higher than with any SP scenario. It shows that
the spatial model is more conservative than the panmic-
tic model when testing population continuity. More gen-
erally, when pods generated under a scenario with a
given population structure are tested with scenarios
simulating less structure, the rate of type 1 error is high
(upper triangle of Table 3), while it is always very low
when they are tested with more structure (lower triangle
of Table 3).

Virtual square map: Effects of temporal and spatial
variance within ancient samples

To explore how spatial and temporal heterogeneity
within the ancient population sample affect its genetic
relationship with a modern sample (taken in one single

Table 2 Parameters and statistics for the various scenarios simulated in the square world. P = panmictic model, SP = spatially-explicit models

Model Nm K m FSTmod vs anc Hmod Hanc TTmod Tlanc 0 to mod o anc fo

p - 1'250000 0 0.001 £ 0006 098 +002 096 +004 393+062 3.15+058 1985+ 1 1985+1 1985+1 1985+ 000

SP 50 500 0.1 0021 £ 0013 096 +£003 094 +004 391 +072 317+067 2024+2 19813 1992+3 1987 + 008
50 200 025 0.024 £ 0014 096 +0.03 094 +004 391 +£073 316+£068 2025+2 19/6 4 1987 +3 1981 + 008
50 150 033 0.026 + 0015 095+ 003 094 +004 390+075 315+069 2022+2 1967 +4 1983 +3 1975+011
50 100 0.5 0029 + 0015 095+003 093+004 389+0/6 314+069 2019+2 1959+4 1974+3 196+ 011
25 500 0.05 0.036 £ 0018 095+ 003 093+005 389+0./7 314+069 2042 +2 1964+4 1988 +3 1976 +017
510 50 500 0.01-0.1 0075 £ 0.041 096 +£0.03 084 £008 392+073 276=+088 2015+2 1962 +4 1761 +6 1862 + 142
5 500 0.01 0.113 £ 0058 086 007 084 +008 346 +097 282+088 1992+3 1752+7 1819+6 1786+ 047
5 200 0.025 0.137 £ 0065 083 +008 082 +009 336+1.00 277+090 1999 +3 16/8+8 1/62+6 1720+ 059
5 150 0.033 0.163 + 0077 080 +0.09 080+ 0.09 325+1.06 268+093 1995 +3 1665+7 17576 1711 =064
5 100 0.05 0.168 £ 0077 081 £0.09 079 +0.10 326+ 103 262+092 2001 +3 16568 1732+7 1694 + 054
2.5 500 0.005 0.162 £ 0093 079 +0.10 078 +0.11 3.04+1.07 254+£093 1886 5 1538+8 165/ +7 1598 + 084
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deme), we simulated again a continuous and structured
population. We used either a small-structured popula-
tion representing Paleolithic hunter-gatherers (Nm 5) or
a larger population with more gene flow representing
late Neolithic farmers or historical populations (Nm 50).
Then, we computed the Fst between the ancient and the
modern population samples. Our results show that com-
pared to a homogeneous sampling in one single location
and time, Fst tend to be smaller with heterogeneity
within the ancient sample. More specifically, Fst tends to
increase with spatial heterogeneity and reaches a value
equivalent to a homogenous sampling when heterogen-
eity is big enough (see SP-H7 in Fig. 5a). In contrast, Fst
tends to decrease with temporal heterogeneity (Fig. 5b).
Both trends are stronger when Nm is smaller. Overall,
these results show that the combined effect of the varia-
tions in time and location of lineages within the ancient
population sample do influence its genetic relationship
with another serial sample in a way that is difficult to
predict. These parameters should thus be taken into ac-
count, especially when the population under study is
small and isolated.

Realistic European map: Testing population continuity
using our spatially explicit approach

The Fst between the two serial German samples and the
two serial French samples are estimated to 0.056 (p-
value = 0.002) and 0.009 (p-value =0.084), respectively.
Our results show that the relationship between Neolithic
farmers and modern lineages from Germany cannot be

explained by population continuity. Both spatial (SP)
and non-spatial (P) models significantly reject popula-
tion continuity for the one (Py;,, - ,»s < 0.033, Fig. 6a) and
two (Py;,, 5 ops < 0.015, Fig. 6b) phases of growth models.
Regarding the French dataset, the two phases of growth
model rejects the population continuity hypothesis when
using the non-spatial model P (P, - ops = 0.047) but not
when using the spatially explicit one, SP (P, 5 ops =
0.533, Fig. 6d). Still for the French dataset, the one phase
of growth model retains the null hypothesis of continuity
in both cases (P, > ops 2 0.197, Fig. 6c¢). In accordance
with the descriptive results obtained in the square world,
Py, 5 ops is always larger for SP than for the most com-
parable P scenario (Fig. 6 and grey background in Add-
itional file 3 Table S2). The exploration of parameters
(Additional file 3 Table S2) shows that population con-
tinuity in Germany is rejected by all scenarios (12/12, 8/
12 after Bonferroni correction for multiple tests). Re-
garding the French dataset, population continuity is
never rejected with SP scenarios (0/6) while it is often
rejected with P scenarios (4/6, 2/6 after Bonferroni cor-
rection for multiple tests).

Discussion

Effects of population structure and migration when
analysing ancient DNA

We present an original spatially explicit approach that
allows for the simulation of genetic diversity in a series
of population samples taken at different locations and at
different times. Overall, our results underline the need

Table 3 Rates of type | error measured by generating 1000 pseudo-observed datasets with a known continuity scenario and testing
for population continuity with four sets of 1000 simulations generated under four different continuity scenarios (P = panmictic, SP =
spatially-explicit with various intensities of gene flow, from the lowest Nm5 to the highest Nm50)

Continuity scenarios used to generate pseudo-observed data

P SP Nm50 SP Nm25 SP Nm5
Simulated continuity scenarios P 0.05 0.81 0.96 1.00
SP Nm50 0.00 0.05 0.27 0.93
SP Nm25 0.00 0.01 0.05 0.78
SP Nm5 0.00 0.00 0.00 0.05
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Fig. 5 Effects of spatial and temporal variance among lineages within
ancient population samples when computing genetic distances between
ancient and modern population samples. a st is calculated between the
group of modern lineages and the group of ancient lineages considered
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in comparison with a homogeneous sampling (dotted horizontal line),
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diverse, for Nm 5 (dark grey) and Nm 50 (light grey). b The same principle
is applied for the variation in temporal sampling, with TP-H1 being the
least variable in terms of ages and the TP-H4 the most. See Fig. 2 for a
graphical representation of the sampling schemes

to consider the spatial dynamics of genes when analysing
ancient population samples because the effects of the
various temporal and spatial processes in action (geog-
raphy, migration, variance in sampling) are complex and
may have contrasting effects. When compared to a pan-
mictic model, we show that models including population
structure and migration between neighbouring demes
show a rise in the genetic differentiation between serial
samples taken at the same location, as measured by the
statistic Fst. The genetic differentiation between serial
samples increases inversely to the composite parameter
Nm, which represents the amount of gene flow between
subdivisions of a structured population (Fig. 3a).

The increase of Fst together with the reduction of Nm is
due to a larger number of coalescent events between line-
ages belonging to the same population sample (either
ancient or modern, £, in Fig. 3b), while the average num-
ber of coalescent events between lineages belonging to dif-
ferent samples are much less affected (¢ in Fig. 3b). Two
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effects occurring during the “scattering phase” [43, 44] are
involved in the decreases in £,. First, a lower m decreases
the probability of emigrating; thus, lineages tend to stay
longer in the deme where they have been initially sampled
and are more likely to undergo a coalescence. Second, a
lower N increases the probability of a coalescence between
two lineages located in the same deme. If lineages belong-
ing to the same sample share more coalescences (lower ¢
0), they will tend to be more similar to each other and
more different from lineages from other samples. The ef-
fect of Nm on £ is much smaller because, going backward
in time, as soon as lineages leave the initial deme(s), they
have a very low probability of encountering another
lineage due to the large number of demes in the grid,
whatever the value of Nm. Most of the remaining coales-
cent events occur close to the onset of the expansion,
when the spatial distribution and size of the population
are low.

Heterogeneity within ancient samples

Ancient population samples are often characterized by
an extensive temporal and spatial heterogeneity among
ancient lineages that are grouped together on the base of
cultural or geographical criteria. For instance, the
hunter-gatherer sample published in [2] encompasses
ancient lineages with a range of dates from 2250 calBCE
to 13,400 calBCE and a geographical range including lin-
eages as distant as 3000 km. Here, we show that taking
into account the geographical and temporal variance
within ancient population samples also affects in differ-
ent ways their genetic relationships with other serial
samples. While Fst tends to decrease with temporal
variance, it tends to increase with spatial variance, but it
generally stays below the value measured using a homo-
geneous sampling (Fig. 5), except when lineages are
extremely spread out spatially. These results show that
not only the variation in time of the lineages belonging
to a population sample but also that their geographical
variation matters when testing for inter-population gen-
etic relationships between serial samples.

Spatial parameters are especially important when
analysing small populations

The effects of population structure and sample variance
are thus additive and, importantly, are stronger in small
isolated populations than in large connected populations
(Fig. 3a and Fig. 5). To evaluate the effect of population
size varying with time, we simulated a “Neolithic”
scenario where Nm changes from a low value of 5 to a
larger value of 50 at a time corresponding roughly to the
beginning of the Neolithic transition (~10,000 years
ago). This scenario also shows that the oldest (pre- Neo-
lithic) combination of population demography and gene
flow (Nm) has a stronger effect on the genetic
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relationship between the two serial samples than the
most recent Nm (post-Neolithic). Indeed, the distribu-
tion of Fst is between the distributions for Nm =5 and
Km =50 but is closer to the former. This result demon-
strates that taking into account spatial structure in the
model is especially suited to studying old prehistoric
population samples because the farther back in time we
go, the smaller and more isolated the populations were
e.g., [45]. For instance, the Nm estimated in current
hunter-gatherer populations is smaller than 10 [35], and
a clear difference is visible between a panmictic model
and a spatial model with this level of gene flow (Fig. 3a).

Inclusion of the spatiotemporal dynamics of genes when
investigating population continuity

Ancient DNA is commonly used to test whether two
genetic samples drawn from the same area at different
times are issued from a single continuous population or,
in contrast, if some immigration of people from a differ-
ent area between the two sampling times must be in-
voked to explain their genetic differences. To measure
the genetic differentiation between the two real serial
samples, a summary statistic such as Fst is calculated.
This statistic can then be confronted with a distribution
of Fst between virtual samples with the same character-
istics as the real ones (time period and sample size) sim-
ulated under the null hypothesis of population
continuity [2]. If the proportion of simulated Fst bigger
than the observed value is below a 5% threshold, then
the null hypothesis of population continuity is rejected,
meaning that genetic drift alone is not able to generate
the difference between the serial samples. However, the
population continuity test used to date is non-spatial in

the sense that it simulates a single panmictic deme
without considering any population structure or migration,
which are known to be important factors in human evolu-
tion [25, 46—48].

Here, we extended the population continuity test by
incorporating constant and on-going migration within a
structured population, which is a different process than
a large genetic replacement due to the arrival of an im-
migrant population and should not lead to a rejection of
the hypothesis of continuity. Under our spatial model,
the assumption of genetic continuity between two serial
samples implies that they descend from the same popu-
lation and that the genetic differences between them are
not only due to genetic drift and sampling (as in pan-
mictic model) but also to gene flow with neighbouring
populations. We demonstrate that including population
structure affects significantly the test for population con-
tinuity because it increases the genetic distance Fst ob-
tained under the null hypothesis with which the real
data are confronted (Fig. 3a). Testing for population
continuity is thus more conservative when the spatial
dynamics of genes are considered in the model because
a larger observed Fst is necessary to reject the null hy-
pothesis of continuity. Using the panmictic model, the
simulation of Fst values between serial samples is a
biased estimation of the true genetic differentiation to-
wards small values (Fig. 3a), leading to a higher type I
error rate (Table 3) if the dataset under analysis comes
from a structured population, which is realistic in most
situations. Consequently, it is possible that some of the
continuity rejections that have been detected so far [11]
would vanish if migration and population structure were
considered in the underlying model, as illustrated by our
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analysis of ancient mtDNA in France. Note, however,
that a good approximation of the population structure
(Nm) is important for the efficiency of the spatial test. If
the simulated structure is too weak, then the probability
of falsely rejecting the null hypothesis of continuity is in-
creased (Table 3). Conversely, a test considering a stron-
ger structure will be too conservative. A careful choice
of Nm is thus important, either by using information
drawn from the literature when it is available, or by in-
vestigating a range of values for this parameter. For in-
stance, statistics measuring intra-population diversity
such as gene or nucleotide diversity could potentially be
used to estimate Nm before performing the continuity
test. Note that our series of descriptive results obtained
in the square world can be qualitatively extrapolated to
other kinds of markers, haploid or diploid. Indeed, gen-
etic differentiation between serial samples is expected to
be greater under a model including migration and popu-
lation subdivision than under panmixia, for any kind of
molecular markers.

Applying the spatially explicit continuity test to real data
in Europe

We compared the spatial to the non-spatial approaches
for testing population continuity with ancient DNA
using two real mitochondrial datasets in France and in
Germany. Each dataset is composed of an ancient popu-
lation sample from the early Neolithic period and one
modern population sample from approximately the same
region. Panmictic models of population continuity lead
to sharper distributions of low Fst values between the
samples considered when compared to equivalent spatial
models (Fig. 6). Regarding the German dataset, all four
models are concordant with a rejection of the null hy-
pothesis of population continuity (Fig. 6a, b). For the
French dataset, both spatially explicit models and one
panmictic model (one phase of growth, Fig. 6¢) retain
the hypothesis of continuity while the other panmictic
model rejects continuity at the 5% level (two phases of
growth, Fig. 6d). The latter result confirms that the in-
corporation of population structure and migration in the
model used to test for population continuity may signifi-
cantly affect the results and as a consequence, alter the
conclusion. As the spatial dimension undoubtedly mat-
tered during human evolution, we would favour the
results obtained with the spatially explicit model over
those obtained with the panmictic one. With this add-
itional level of realism, the genetic differentiation of
samples is not only a function of demographic variations
due to genetic drift but also a function of ongoing local
gene flow. Moreover, the Fst estimated between the two
serial French samples is not significant (p-value = 0.08),
consistent with the conclusion provided by the spatially
explicit continuity test (i.e no rejection of continuity).
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Furthermore, we noted that the differences between
both models are especially big when the ancient sample
under study is spatially and temporally homogeneous,
like the French one (Additional file 3 Table S2). In the
latter situation, using a panmictic model as a basic as-
sumption for testing continuity may be an insufficient
approximation, and we would recommend using the
spatially explicit approach instead. Note, however, that
the choice of the Nm value is important as discussed
above.

Overall, our results tend to confirm for the maternal
line previous studies supporting a rejection of popula-
tion continuity from early Neolithic to modern times in
central Europe [2, 32], potentially explained by an im-
portant immigration wave from the East during the
Bronze Age [49, 50]. A substantial arrival of immigrant
farmers after the early Neolithic phase could also poten-
tially explain this discontinuity. However, there is no evi-
dences for a massive immigration during later Neolithic
phases and at contrary, recent studies have suggested
that the genetic contribution of local hunter-gatherers
has increased with time [36, 51, 52]. Regarding the
French dataset, our results challenge the claimed ab-
sence of population continuity for the maternal line
since the Neolithic period in that area, which has been
proposed without a formal test [39]. Retaining the hy-
pothesis of population continuity for the Paris basin may
indicate that genetic drift and ongoing gene flow with
neighbouring population are sufficient to explain the dif-
ferences between early Neolithic and modern samples,
without the need to invoke an additional genetic input
due to an immigration event. Similarly, signal of long-
term population continuity (8000 years) for the maternal
line has also been found in the South Caucasus [53].
However, retaining the continuity hypothesis could also
mean that a genetic shift is not detected either because
the test is not powerful enough with the dataset analysed
or because there was a genetic input from a population
not sufficiently differentiated to let a visible trace in the
data. Moreover, because our analysis focuses on one sin-
gle locus, which is inherited through the maternal line,
and because the ancient sample is relatively limited in
size and comes from a single archaeological site, it can-
not be excluded that future analyses on different loci (Y
chromosome, autosomes) or on data from different
archaeological sites bring a different answer.

Finding a different result for the French and the
German dataset could at a first glance seem conflicting
because both areas are separated by less than 1000 km.
However, cultural and/or demographic regional hetero-
geneities between the Paris basin and Eastern France/
Western Germany were already detected for the earlier
Neolithic period. Altogether, these results call for an in-
dependent analysis of each region for which serial
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ancient genetic material is available. Such a regional and
temporal approach has a great potential not only for the
study of the Neolithic transition in Europe, but also for
studies on more recent historical periods e.g. [6] and
other continents e.g. [54].

Conclusion

We present a new approach to simulate genetic diversity
in samples from different times and locations that takes
into account population structure, migration and the
spatiotemporal variance of lineages within population
samples. We show that these factors do have an
influence on the genetic relationship measured between
serial samples and thus affect the test for population
continuity, which is widely applied to aDNA. Our
approach is versatile and has the potential to evaluate
many different evolutionary scenarios with ancient
molecular data. It will thus be particularly useful in
analysing new aDNA datasets (uniparental or auto-
somal) in various research contexts, in humans but
also in other species.
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Additional file 1: Figure S1. lllustration of the numerical map used for
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