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Abstract

Objectives: The analysis of ancient mitochondrial DNA from osteological remains has

challenged previous conclusions drawn from the analysis of mitochondrial DNA from pre-

sent populations, notably by revealing an absence of genetic continuity between the Neo-

lithic and modern populations in Central Europe. Our study investigates how to reconcile

these contradictions at themitochondrial level using amodeling approach.

Materials and Methods: We used a spatially explicit computational framework to simu-

late ancient and modern DNA sequences under various evolutionary scenarios of post

Neolithic demographic events and compared the genetic diversity of the simulated and

observed mitochondrial sequences. We investigated which—if any—scenarios were able

to reproduce statistics of genetic diversity similar to those observed, with a focus on the

haplogroupN1a, associatedwith the spread of early Neolithic farmers.

Results: Demographic fluctuations during the Neolithic transition or subsequent

demographic collapses after this period, that is, due to epidemics such as plague, are

not sufficient to explain the signal of population discontinuity detected on the mito-

chondrial DNA in Central Europe. Only a scenario involving a substantial genetic

input due to the arrival of migrants after the Neolithic transition, possibly during the

Bronze Age, is compatible with observed patterns of genetic diversity.

Discussion: Our results corroborate paleogenomic studies, since out of the alterna-

tive hypotheses tested, the best one that was able to recover observed patterns of

mitochondrial diversity in modern and ancient Central European populations was one

were immigration of populations from the Pontic steppes during the Bronze Age was

explicitly simulated.

K E YWORD S
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1 | INTRODUCTION

The field of ancient DNA is fast evolving and have shed some under-

standing on the movements of modern humans during Prehistory

(e.g., Allentoft et al., 2015; Haak et al., 2015; Hofmanova et al., 2016;

Unterlander et al., 2017). However, and while mitochondrial DNA was

the first part of our genome to be amplified from human archeological

remains, it is very rarely considered in current studies investigating

the genetic relationship of ancient and modern populations. More

specifically, little has been made to investigate how to reconcile early
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observations based on the comparison of mitochondrial DNA

(mtDNA) diversity of ancient and modern population samples with

current hypotheses of population movements in Europe. In this con-

text, Central Europe was one of the first regions yielding early Neo-

lithic DNA samples (Haak et al., 2005). The analysis of these

24 Neolithic mtDNA from Germany, Austria and Hungary dated from

the Linearbandkeramik (LBK) or Alföldi Vonaldiszes Kerámia (AVK)

cultures (7500–7000 years ago, kya) showed a surprisingly high fre-

quency of single nucleotide changes (SNPs) characteristic of the

mtDNA haplogroup N1a in comparison to modern European

populations. The observed frequency of the N1a haplogroup in this

ancient sample was 25%, about 150 times more than its current fre-

quency in modern Europeans (Haak et al., 2005). It has since been

confirmed that N1a is relatively frequent in early Neolithic samples

from Western Europe (around 12% of LBK samples, Brandt

et al., 2015; Haak et al., 2010) but rare nowadays in European

populations (less than 1%, Brandt et al., 2015; Fu et al., 2012). The

mitochondrial haplogroup N1a is believed to have appeared in the

Near East (Richards et al., 2000) between 12 and 32 kya years ago

(Palanichamy et al., 2010) and to have been introduced by the first

farmers who entered Europe during the Neolithic transition (Brandt

et al., 2013, 2015; Haak et al., 2010) possibly through a leap-frog col-

onization process (Palanichamy et al., 2010). It is considered as a

marker of early farmer groups in Central and Western Europe (Haak

et al., 2005, 2010; Rivollat et al., 2016) and has been found in

Hungary (Gamba et al., 2014; Szecsenyi-Nagy et al., 2015), Germany

(Brandt et al., 2013; Haak et al., 2005, 2010), the Paris area (Rivollat

et al., 2015), the Iberic peninsula (Lipson et al., 2017) and the Atlantic

coast (Deguilloux et al., 2011). The decrease in N1a frequency from

the Neolithic to the present has been interpreted as an evidence that

the first farmers in Central Europe failed to leave a genetic signal on

the matrilineal side of modern Europeans (Haak et al., 2005). In this

latter study, simulations showed that such a change in N1a frequency

could not have been caused by genetic drift alone, supporting the

hypotheses that either farming spread by cultural diffusion from

relatively small pioneer farmer groups carrying N1a to local hunter-

gatherers not carrying this haplogroup, or that a population replace-

ment occurred in Europe after the Neolithic expansion. The latter

hypothesis has found further support from other studies showing

strong genetic differentiation between Neolithic and modern mtDNA

samples in Central Europe (Bramanti et al., 2009; Silva et al., 2017).

This has been interpreted as a lack of continuity between the Neo-

lithic and current human populations in this region, where “population
continuity” refers to genetic drift being able to account for the change

of genetic diversity from one time period to the next. An absence of

population continuity could result from a partial population turnover,

which tends to increase the genetic differentiation between the sam-

ples drawn from distinct periods before and after the turnover

(Ortega-Del Vecchyo & Slatkin, 2019).

The hypothesis of this population turnover between the Neolithic

and the present contrasts with previous findings based on mtDNA of

modern European populations. For instance, mismatch distributions

(i.e., the distribution of differences between all pairs of sequences

taken from a population sample) computed in modern populations

from Central Europe are mostly smooth and unimodal (Excoffier &

Schneider, 1999), indicative of an ancient population expansion

(Excoffier, 2004; Ray et al., 2003), estimated to have occurred some

40 kya (Comas et al., 1996; Excoffier & Schneider, 1999). This would

thus correspond approximately to the arrival of the first Homo sapiens

on the European continent. Indeed, it was shown that recent reduc-

tion in population size, recent bottleneck or partial population replace-

ment can alter the signal of past population expansions in the

mismatch distribution (Currat & Excoffier, 2005; Excoffier &

Schneider, 1999; Rogers & Harpending, 1992). We would therefore

expect that population discontinuity between Neolithic and modern

Europeans due to a substantial population replacement would also

have altered the unimodal shape of the mismatch distribution gener-

ally observed in modern European populations (Excoffier &

Schneider, 1999).

At least four alternative (not mutually exclusive) hypotheses could

have caused shifts in allele frequencies in Central European

populations leading to an increased genetic differentiation between

Neolithic and modern population samples: (1) genetic drift since the

Neolithic until the present (i.e., during the last 7 kya); (2) fluctuations

in population sizes at the beginning of the Neolithic transition

(i.e., around 7000 BP); (3) high death rates decimating European

populations during historical period as results of epidemics (i.e., after

2000 BP); (4) partial replacement of Central European gene pool due

to immigration from another area, subsequently to the Neolithic tran-

sition (i.e., sometime between 7000 BP and the present). This latter

explanation has recently gained support by paleogenomic data indi-

cating a significant genomic input of populations associated to the

Yamnaya cultural complex from the Pontic steppes during the Bronze

Age (approximately between 6500 and 4800 BP, Allentoft

et al., 2015; Haak et al., 2015). Although this period is culturally com-

plex, to keep the text simple we will hereafter use the term

“Yamnaya” to refer to those Bronze Age populations migrating

toward Central Europe from the East.

The patterns of genetic diversity expected in complex spatio-

temporal processes of population movement and admixture are diffi-

cult to predict with simple mathematical models. The spatially explicit

simulation framework offers a powerful tool to address this problem

as it can account for population dynamics in space and time and more

specifically for population structure, migration, and interactions. It

was used to describe important evolutionary processes taking place

during population expansions (e.g., Currat et al., 2008; Klopfstein

et al., 2006; Ray et al., 2003). Regarding human evolution in the

European continent, this approach has been mostly applied to the

period going from the early colonization of the continent by modern

humans until the Neolithic transition (e.g., Arenas et al., 2013;

Currat & Excoffier, 2005; Rasteiro et al., 2012), but rarely to more

recent periods, at the notable exception of Barbujani et al. (1995) and

Rendine et al. (1986), who applied simulation of allele frequencies to

migrations from the Eastern steppes after the Neolithic. Our study

improves this approach by explicitly investigating the effect of various

types of post Neolithic demographic events in a spatial context on
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both modern and ancient mtDNA. Furthermore and in opposition to

an earlier study aiming at exploring the effect of genetic drift on the

frequency of N1a (Haak et al., 2005), our simulation approach account

for population structure and migration, which have been shown to

substantially affect ancient DNA analysis (Silva et al., 2017).

In order to reconcile these apparent contradictions in observed

patterns of mtDNA genetic diversity between Neolithic and modern

population samples from Central Europe, we investigated whether

any of the four alternative hypotheses described above can generate

the observed patterns. To do so, we simulated ancient and modern

mitochondrial diversity in Central Europe under these four different

hypotheses, and then compared statistics of genetic diversity

computed on simulated and observed data in order to evaluate the

plausibility of the scenarios. Our objective was to identify which

scenarios—if any—may result in both a large genetic differentiation

between Neolithic and present populations, as quantified by the Fst

statistics (Bramanti et al., 2009; Haak et al., 2005), and a uniform mis-

match distribution in present population. We also considered the

change in frequency of simulated haplogroups similar to N1a and

investigated if a decrease in frequency as large as the one observed

for this haplogroup between the Neolithic and the present can be

expected under any of the various scenarios simulated.

2 | MATERIAL AND METHODS

2.1 | Observed statistics used for comparison with
simulated data

To assess the plausibility of the simulated scenarios, we compared the

simulated data to previously published mitochondrial data. Table 1

synthesizes the observed and simulated data used to assess the fit

between them.

In order to investigate the diversity at the HVS1 mitochondrial

region, our study uses 25 Neolithic mtDNA sequences from Central

Europe published in Bramanti et al. (2009); 101 modern mtDNA

sequences from the same region (Germany) published in Baasner and

Madea (2000) and retrieved from the HvrBase++ database (Kohl

et al., 2006). The observed statistics computed on this published data

are the Fst between the Neolithic and the modern mtDNA sample

(Fst = 0.072, P-value <10�6) and the mismatch distribution computed

on the modern sample.

In order to estimate the diversity of the N1a haplogroup, we

computed the nucleotide diversity (=0.002) in a random subset

of 17 mitogenomes belonging to this haplogroup and retrieved

from the public database phylotree.org, version 19.02.2014 (van

Oven & Kayser, 2009). The most differentiated pair of N1a

mitogenomes in this subset differs by 39 positions over the

16576 bp, which is used as a reference to simulate mtDNA

haplogroups of genetic diversity similar to the one observed for

N1a (see below). In addition, we used the frequencies of the hap-

logroup N1a estimated by Brandt et al. (2015) for the Neolithic

period from 109 LBK individuals (11.9%) and in modern-day

Eurasian populations (<1%).

2.2 | Spatially explicit simulation of ancient and
modern mitochondrial DNA

The four hypotheses explained above have been modeled with the

program SPLATCHE3 (Currat et al., 2019), a program that allows to

simulate (i) forward-in-time demographic changes in a structured

TABLE 1 Description of the observed and simulated statistics used for the evaluation of simulated scenarios

Comparison Observed data Simulated data

Modern mismatch distribution in Central

Europe.

101 HVS1 modern German mtDNA from (Baasner &

Madea, 2000) retrieved from HvrBase++ (Kohl

et al., 2006), version October 2015.

101 “modern” mtDNA of 360 bp drawn

in four demes from central Europe

(shown in Figure 1c) at generation

1679.

Computation of genetic distance (Fstanc-mod)

between the ancient and the modern

samples in Central Europe.

101 HVS1 modern German mtDNA from (Baasner &

Madea, 2000) retrieved from HvrBase++ (Kohl

et al., 2006), version October 2015. 25 HVS1 early

Neolithic mtDNA from Bramanti et al. (2009).

101 “modern” mtDNA and 25 “Neolithic”
mtDNA of 360 bp drawn in four demes

from central Europe (shown in

Figure 1c) at generation 1679, and

1380, respectively.

Maximum number of differences between

sequences belonging to the N1a

haplogroup.

Random subset of 17 mitogenomes associated to the

haplogroup N1a recovered from phylotree.org (van

Oven & Kayser, 2009), version 19.02.2014 (list of

mitogenomes available on request).

Simulated haplogroups based on a

phylogeny of 600 mitogenomes of

16,070 bp long drawn in four demes

from central Europe (shown in

Figure 1c): 200 “modern” mitogenomes

at generation 1679, 200 “Neolithic”
mitogenomes at generation 1380 and

200 additional mitogenomes at

generation 1299. The diversity and

change in frequency in those

haplogroups is then computed.

Change of N1a frequency in Central Europe

between the Neolithic and the present.

11,9% in 109 LBK individuals and < 1% in modern-day

Eurasian populations (Brandt et al., 2015).

136 BROCCARD ET AL.

http://phylotree.org
http://phylotree.org


population divided in demes (sub-populations) distributed over a two

dimensional space, then (ii) backward-in-time genetic diversity of

samples taken from specific demes (i.e., geographic locations).

SPLATCHE3 simulates the evolution of populations in a virtual

map, generation by generation. Here the map represents Western

Eurasia (Figure 1) and is divided in geographic cells of 100 x 100 km.

Each cell contains one (scenarios H0, H1, and H2) or two (scenario

H3) demes. The simulation starts 1680 generations in the past (around

42000 years ago using 25 years as generation time, Helgason

et al., 2003; Tremblay & Vezina, 2000) from a single deme placed arbi-

trarily in Anatolia from which migrants eventually colonize the whole

map (shown with an X in Figure 1a).

The simulation proceeds in two steps. During the first step,

demes increase in density and exchange migrants according to a

stepping stone model (Kimura, 1953). The density is regulated by a

logistic equation defined by two parameters: the growth rate r and

the carrying capacity K as Ntþ1 = Nt+r Nt 1�Nt
K

� �
, where Nt and Nt+1

are the effective population sizes at generation t and t+1, respec-

tively. The carrying capacity of demes was changed at different

periods to represent the number of individuals that can be sustained

by environmental conditions and technological advances (i.e., hunting

and gathering or agriculture, industrial era). Apart from K, all parame-

ters were kept constant during the rest of the simulation. The growth

rate has been set to 0.4 as in Currat and Excoffier (2005) and the

migration rate to 0.025 to fit the colonization time of Europe by mod-

ern humans in approximately 500 generations (Bocquet-Appel &

Demars, 2000). During the second step, two mtDNA population sam-

ples are simulated using the serial coalescent algorithm implemented

in SPLATCHE3. For neutral loci, as assumed here for mtDNA, the coa-

lescent reconstruction is a stochastic process that relies only on the

F IGURE 1 Illustration of six consecutive time steps of the simulation scheme. The map of Europe used for the simulations with SPLATCHE3
is made of cells representing 100 x 100 km. White represents water cells, light gray represents empty land cells, black represents land cells
occupied by humans that started their expansion in deme X, 42000 years before the present. (a–c) Scenarios H0, H1, and H2 uses only this single
population layer. (d–f) Scenario H3 uses a second superimposed population layer starting in deme Y at generation 1460. Genetic sampling is done
in the four demes of the first population layer represented by the white square on panel C for scenario H0, H1, and H2, and in the four demes of
the second population layer represented by the black square on panel F for scenario H3 (same sampling conditions for all scenarios)
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densities and migrations simulated during the first step. To approxi-

mate the observed sampling locations, both mtDNA samples were

drawn from four different demes located in Central Europe (square in

Figure 1c,f). The first sample of 25 simulated mtDNA sequences was

drawn during the Neolithic period at generation 1380 after the begin-

ning of the simulation. The second simulated sample of 101 mtDNA

sequences was drawn at present time, that is, at generation 1680

after the beginning of the simulation. The genetic diversity as mea-

sured by (1) the Fst between the simulated Neolithic and modern sam-

ples and (2) the mismatch distribution in the simulated modern

samples were calculated and then compared to those statistics mea-

sured in the observed data (see above). The “double layer” option of

SPLATCHE3 was used for scenario H3 (see below) allowing simulating

two interacting populations exchanging various amounts of gene flow,

as analogous to two culturally distinct human populations (Currat &

Excoffier, 2005).

2.3 | Scenarios simulated

Four major scenarios were simulated as described below and in

Table 2. The input datasets as well as the executable are available in

Zenodo with DOI https://doi.org/10.5281/zenodo.5541872. The

scenarios were parameterized according to the specific location of

the four demes in Central Europe where simulated genetic diversity

was sampled, but the same parameter values applied to all demes in

the map. There are mainly two related reasons for this choice: (i) in

order to optimize computation time and (ii) because estimating

parameters, such as growth rates or migration rates of human

populations across the European continent, were not of interest to

the current study and to address the already parameter-heavy

hypotheses simulated here.

H0. Genetic drift in a structured population.

Scenario H0 simulated the evolution of European populations

since the arrival of the first anatomically modern humans in Central

Europe around 42000 years ago (e.g., Mellars, 2006). We simulated a

long-term increase of population density by changing several times

the carrying capacity K in all demes at once, without any other partic-

ular disturbance (Figure 2). At the beginning of the simulation (genera-

tion 0), K was set to 160 individuals to reflect the census size

estimated for hunter-gatherer populations (0.064 individuals per km2,

Alroy, 2001; Steele et al., 1998). Relative to the deme size we used

(10,000 km2), this census size corresponds to 640 individuals per

deme, including non-reproductive young and old people. Considering

that the effective size represent half of the census size, 640 individ-

uals per deme leads to 320 reproductive individuals and, assuming an

equal sex ratio, to 160 females. We used this carrying capacity, since

we consider mtDNA and thus we only needed to simulate females. At

the onset of the Neolithic transition (generation 1300), the value of

K was changed to 3200, reflecting the demographic increase due to

the domestication of crops and animals (Bocquet-Appel &

Dubouloz, 2003). At generation 1508 and at generation 1600, K grew

up to 7500 and 17500, respectively, thanks to climate warming all-

owing to sustain larger populations and as evidenced with the start of

Antiquity (Bardet & Dupaquier, 1997). Then, at generation 1616, K

was set to 75000 due to a demographic growth, then to 155000 dur-

ing the 12th and 13th centuries (generation 1644) and finally to

K = 200000 at generation 1670, reflecting the industrial—present—

era (Bardet & Dupaquier, 1997). This scenario H0 is inspired from to

the one originally developed in Haak et al. (2005) but includes the

effect of population structure.

H1. Neolithic booms and busts.

TABLE 2 Parameters used for all simulated scenarios with SPLATCHE3. See text for details about the scenarios. r stands for the population
growth rate, m for the migration rate, and γ for the admixture rate.

Hypotheses Scenario Bottleneck dates rFAR rYAM mFAR mYAM γ Genetic replacement

1 Layer Continuous H0 (continuous) - 0.4 - 0.025 - - -

Neolithic fluctuations H1a (frequent) 1440, 1442, 1444, 1446 0.4 - 0.025 - - -

H1b (long interval) 1440,1450 0.4 - 0.025 - - -

H1c (long duration) 1440 ! 1450,

1451 ! 1461

0.4 - 0.025 - - -

Historical plague H2a (50% mortality) 1655, 1662, 1665 0.4 - 0.025 - - -

H2b (90% mortality) 1655, 1662, 1665 0.4 - 0.025 - - -

2 Layers Bronze Age migration H3a (0% replacement) - 0.4 0.4 0.025 0.25 0.05 0.003 (0.00–0.02)

H3b (25% replacement) - 0.4 0.4 0.025 0.25 0.01 0.272 (0.12–0.44)

H3c (37.5% replacement) 0.4 0.4 0.025 0.25 0.08 0.369 (0.20–0.52)

H3d (50% replacement) - 0.4 0.4 0.025 0.25 0.006 0.479 (0.30–0.64)

H3e (62.5% replacement) 0.4 0.4 0.025 0.25 0.004 0.645 (0.46–0.80)

H3f (75% replacement) - 0.4 0.4 0.025 0.25 0.003 0.723 (0.54–0.86)

H3g (100% replacement) - 0.4 0.4 0.025 0.25 0.0 1.000 (1.00–1.00)

Note: The last column shows the exact proportion of genetic contribution fromYamanya to themodern central European gene pool, with its 95% percentile within

brackets.
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Scenario H1 was based on scenario H0 but it simulated the

effects of demographic fluctuations which occurred during the Neo-

lithic transition (Shennan et al., 2013; Zimmermann et al., 2009) prob-

ably due to climate, diseases or soil erosion. For each drop, K felt from

3200 to 200 in all demes. We chose an extreme value for this density

drop (�95%) in order to maximize the chances of observing an effect

on genetic diversity, if any. We simulated three variants of this sce-

nario, which varied by the number and duration of these demographic

fluctuations. H1a simulated four demographic fluctuations, separated

by 2 generations each (generations 1440, 1442, 1444 and 1446). H1b

simulated only two fluctuations separated by 10 generations

(at generations 1440 and 1450). Finally, H1c also simulated two

demographic fluctuations, as in H1b, but they lasted for longer (5 gen-

erations each).

H2. Demographic collapses due to epidemics such as

plague during historical time.

Scenarios H2 was based on scenario H0 with the following

changes to account for the effects of plague epidemics. For scenario

H2a, K decreased at three successive times during one generation to

half its value (K = 75000) then returned to its previous value of

150000. Those three demographic collapses occurred at generations

1655, 1665 and 1669 and correspond to the three large plague epi-

demics between 541 AD and 1722 AD (including the black plague in

1375 AD) which decimated up to 80% of the population in certain

regions but probably around 30–50% on average for the whole

European continent (Livi Bacci, 1999; Biraben, 1979; Eckert, 2000).

We tested an extreme version of this scenario, H2b, corresponding to

90% mortality rate by reducing K to 15000.

H3. Migration from the Pontic steppes to Central

Europe during the Bronze Age.

Scenario H3 simulated a migration wave from the Pontic steppes

during the Bronze Age. This hypothesis was first developed by

Gimbutas (1979, 1991) who proposed three successive migration

waves between 6500 and 4800 BP and led by populations associated

to the “Kurgan” culture, which groups both the “Yamnaya” and

“Corded ware” cultures. Despite this hypothesis being still debated

among archeologists (e.g., Demoule, 2014), it recently received sup-

port from extensive paleogenomic studies (Allentoft et al., 2015; Haak

et al., 2015). We represented the immigration of the “Yamnaya” pop-
ulation from the Pontic steppes and their interactions with

populations already established in Europe that we refer to as

“Farmers” thereafter. We considered both populations as culturally

distinct from each other and thus evolving in a separated layer of

demes, thereby making use of the “double layer” option of

SPLATCHE3. This option allows simulating an additional population

group on top of the first layer. The first layer is the same as in H0, H1,

and H2. In H3, the Yamnaya population started to spread over the

second layer from a single deme located in the Pontic area (shown as

Y in Figure 1d). The Yamnaya population then colonized the second

layer and admixed with the population of the first layer as follows.

Each geographic cell contained two panmictic demes, one rep-

resenting the farmer population and the other one the Yamnaya pop-

ulation. Gene flow between the two demes was regulated by the

admixture rate γ. At each generation, there is a probability Aij for each

individual Ni of passing from one deme i to the other deme j, com-

puted as

Aij ¼ γ 2NiNj

� �
= NiNj

� �2

where Ni and Nj are the density of deme i and j, respectively. NiAij is

the number of effective genes going from population i to population

j at the corresponding generation. This gene flow could be due either

to the birth of a female in population j with her parents belonging to

population i, or to the assimilation of an individual i in the population

j. Both situations would result in the transfer of mtDNA from popula-

tion i to j. When γ =0, no admixture between either populations

occured while when γ =1 both demes sharing the same cell would be

considered as panmictic and would therefore imply extensive gene

flow between them. For instance, γ =0.5 would mean that reproduc-

tion between members of the distinct populations (i.e., Yamnaya in

layer 2 and farmers in layer 1) occurred half as often as reproduction

between members of the same population. We used the admixture

F IGURE 2 Evolution through
time of population density
N within a deme under scenario
H0. Numbers refer to changes in
carrying capacities (see text for
details) 1: Neolithic transition; 2:
Start of antiquity; 3–4: episodes
of climate warming; 5: 12th and
13th centuries; 6: Industrial era.

T1 and T2 represent sampling
times in central European demes
(square in Figure 1)
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model called “assimilation” in SPLATCHE3 as described in details in

Currat and Excoffier (2005).

To account for different amount of genetic contribution from the

Yamnaya to themodern local gene pool, we simulated seven different var-

iations of scenario H3 with different values of γ (0.0, 0.003, 0.004, 0.006,

0.008, 0.01, and 0.05). As shown in Figure 3, those values of γ correspond

approximatively to a genetic contribution of Yamnaya of 100, 75, 62.5,

50, 32.5, 25, and 0%, respectively, at the end of the simulation in the four

demes where the sampling is done (square in Figure 1f). In absence of fur-

ther information, γ is identical in both direction (from Yamnaya to Farmers

and the opposite). We did not explore γ > 0.05 further because it always

led to a final genetic contribution of Yamnaya equal to 0% as admixture

was in this situation high enough for the Yamnaya genes to be fully

“diluted” in the farming population before reaching Central Europe

(Figure 3). This is a well-known process in the context of the Neolithic

transition (Chikhi et al., 2002; Silva et al., 2018), which has also been

described to occur commonly in the situation of biological invasions with

admixture (Quilodran et al., 2020).

For all variation of scenario H3, the Yamnaya population emerged

in northern Caucasus (Y in Figure 1) at generation 1460 (�8550 BP)

and the migration rate was set to 0.25 to reproduce a migration wave

reaching Central Europein about 1000 years, which is approximately

when the Yamnaya genomic contribution starts to be detected in

Central Europe (Allentoft et al., 2015; Haak et al., 2015). To avoid set-

ting different demographic parameters for Yamnaya and Farmers in

absence of further knowledge, and because this would be beyond the

scope of the current objectives, we assumed an absence of resource

competition between them. This implies that Yamnaya and Farmers

cohabit in the same cell without hindering each other until the end of

the simulation. Both populations have thus the same growth rate

r and carrying capacity K. Using the model of direct competition

implemented in SPLATCHE3 would require setting different parame-

ters for both layers.

2.4 | Coalescent reconstruction

Once the demographic simulation is achieved, a genealogy is

reconstructed for a series of samples drawn from two generation

times and from four neighboring demes located in Central Europe (see

Figure 1c,f), until their most recent common ancestor (MRCA). The

two generation times when sampling occurred aimed to represent the

“Neolithic” (generation 1380, referred to T1 in Figure 2) and the pre-

sent (“modern,” generation 1679 referred to T2 in Figure 2). For neu-

tral loci, this coalescent reconstruction is stochastic and depends only

on the demography of the population simulated during the demo-

graphic step. See the original description of SPLATCHE for more

details on the algorithm (Currat et al., 2004).

The genetic diversity of these simulated samples was generated

by spreading mutations over the coalescent tree, as expected under

the neutral coalescent. For HVS1 region, we simulated 25 “Neolithic”
mtDNA sequences and 101 “modern” mtDNA sequences of 360 bp

each using a mutation rate μ = 1.32*10�7 per site per generation (Ray

et al., 2003). These sample sizes correspond to those sizes of the

observed samples (see Table 1). Using the same approach, we also

simulated 600 mitogenomes including 200 “Neolithic,” 200 “modern,”
and 200 additional taken at generation 1299. This last sample was

only set to get enough resolution for the phylogenetic reconstruction

and the frequency of the simulated haplogroups in this sample was

not recorded. Following Rieux et al. (2014), we allowed for heteroge-

neous mutation rates along the mitogenome and divided it into four

blocks, on 7565 sites μ = 1.89*10�7, on 3776 sites μ = 8.31*10�7, on

698 sites μ = 7.858*10�6, on 4031 sites μ = 2.58*10�7.

2.5 | Haplogroup simulation

For each simulation, the 600 mitogenomes were first classified by

maximum parsimony on a phylogenetic tree using RAxML

(Stamatakis, 2014) and later analyzed using a homemade script writ-

ten in Python. The branches of the phylogenetic tree were explored

starting from the root to identify the most basal nodes from which

derived branches had no more than 39 pairwise differences, as

observed in a sample of modern mitogenomes associated to the N1a

haplogroup. If the branches derived from the current node had 39 dif-

ferences at most, then all branches issued from this node were consid-

ered to belong to a haplogroup of similar diversity to N1a, and the

algorithm moved to the next basal node, if any. This was repeated

until all terminal branches had been assigned to an haplogroup. The

frequency of the simulated haplogroup was then calculated for the

two sampling periods of interest (“Neolithic” and “modern” with

n = 200 for each sample). For each scenario, we computed the pro-

portion PNa1 of simulated haplogroup among 1000 simulations for

which the frequency dropped at least in the proportions observed

between Neolithic and modern Central European populations (from

≥12% in Neolithic to ≤1% in modern time, Table 1).

F IGURE 3 Proportion of genetic replacement in Central Europe
during the Bronze Age depending on the rate of admixture used
under scenario H3 (mean and 95% percentile for 1000 simulations)
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2.6 | Statistical analysis

The program Arlequin (Excoffier & Lischer, 2010) was used to com-

pute the Fst statistic measuring genetic differentiation between the

“Neolithic” and the “modern” sample in Central Europe, as well as the

mismatch distribution in the modern sample, both for the simulated

and observed data (Table 1). A mismatch distribution f(x) was consid-

ered unimodal if it is monotonically increasing for x < m and monoton-

ically decreasing for x > m, f(m) being the maximum value of f(x). These

were criteria assessed in the mismatch distributions of the simulated

samples using a homemade script written in Python. We ran it on the

observed mismatch distribution of the modern sample, which was

found unimodal (P < 10�6), similarly to most mismatch distributions

computed for modern European populations (Excoffier &

Schneider, 1999). For each scenario, we computed the proportion of

1000 simulation with unimodal mismatch distribution (Puni) and the

average Fst between the ancient and the modern sample (Fstanc-mod).

We also computed the proportion (Fstsim>obs) of 1000 simulations that

gave a simulated Fst larger than the observed Fst. In addition, we

report the proportion of simulations leading to both a unimodal mis-

match distribution and a Fst as large as the one observed (Puni and

Fstsim>obs). Excepted for the Fstanc-mod statistics, for which the average

value is given, we decided that each other statistics computed as a

proportion was not compatible with the observed data if its probabil-

ity to reproduce the observed pattern was smaller than 5%, meaning

that the scenario is unlikely to reproduce the observed statistics.

3 | RESULTS

As shown in Table 3, the scenario H0 of population continuity in a

subdivided population is unable to explain all observed patterns of

diversity at the mitochondrial level. It shows an unimodal distribution

compatible with the observation (shown by dotted lines in Figure 4) in

96% of the simulations (Puni), but it is unable to explain the large

observed genetic differentiation (Fst = 7.2%, see Section 2) between

the Neolithic and present samples as the mean Fst is 0.31% with only

0.2% (Fstsim>obs) of simulations producing a Fst larger than the

observed value. Finding a drop in haplogroup frequency between

Neolithic and modern samples as large as the one observed for N1a is

rare but possible (PNa1 = 6.0%).

The scenarios H1 of demographic fluctuation during the Neolithic

shows very similar results to H0 with most mismatch distributions

being unimodal (Puni > 93%), a low mean Fst (Fstanc-mod ≤ 0.44%), a

maximum of 0.3% of Fst as large as the observed value. Between 5.2

and 8.2% (PNa1) of simulated haplogroups show a frequency drop simi-

lar to the one observed for N1a. Even though we simulated demo-

graphic fluctuations with a large amplitude (90% reduction) and

different durations; the outcomes of the H1 scenarios do not differ

much from those produced under a continuous population

growth (H0).

The scenarios H2 simulating the effects of plague shows out-

comes comparable to those of H0 and H1, even though it modeled

three major population drops during historical time. It results in a large

majority of unimodal mismatch distributions (Puni > 96%), a low mean

Fst (Fstanc-mod ≤ 0.3%), a very low proportion of Fst as large as the

observed one (Fstsim>obs ≤ 0.4%) and a low proportion of haplogroups

behaving similarly to N1a (PNa1 � 5–6%).

The scenarios H3 simulating a genetic input during the Bronze

Age due to a population expansion from the Pontic steppes and par-

tial replacement of Central European populations give contrasting

results depending on the admixture rate. Scenario H3a simulated the

largest admixture rate, which lead to full mixing between both

populations (i.e., Yamnaya and Farmers) and resulted in the absence

TABLE 3 Results (in %) obtained for all simulated scenarios, 1000 simulations per scenario.

Hypotheses Scenario Fstanc-mod Fstsim>obs Puni Puni & Fstsim>obs PN1a

1 Layer Continuous H0 (continuous) 0.31 (0.0–3.34) 0.2 96.0 0.2 6.0

Neolithic fluctuations H1a (frequent) 0.37 (0.0–3.40) 0.2 95.6 0.2 5.5

H1b (long interval) 0.30 (0.0–2.94) 0.2 93.6 0.1 7.2

H1c (long duration) 0.44 (0.0–3.51) 0.3 94.6 0.3 8.2

Historical plague H2a (50% mortality) 0.30 (0.0–3.44) 0.3 96.2 0.1 5.7

H2b (90% mortality) 0.25 (0.0–2.83) 0.4 96.7 0.5 5.2

2 Layers Bronze Age migration H3a (0% replacement) 0.76 (0.0–4.07) 0.4 96.6 0.4 17.8

H3b (25% replacement) 1.07 (0.0–4.58) 1.1 94.3 0.0 39.0

H3c (37.5% replacement) 6.81 (1.14–16.69) 38.7 74.7 23.0 42,9

H3d (50% replacement) 9.69 (1.71–23.01) 60.6 53.0 24.6 50.0

H3e (62.5% replacement) 13.24 (2.52–28.54) 78.0 32.7 19.8 61.7

H3f (75% replacement) 19.23 (4.49–39.48) 92.2 16.4 12.8 69.5

H3g (100% replacement) 36.64 (9.60–70.31) 98.9 12.2 11.7 99.7

Note: Fstanc-mod is the mean Fst computed between the ancient and the modern sample, with its 95% percentile within parentheses. Fstsim>obs is the proportion

of simulated Fst between Neolithic and modern samples larger that the observed one (Fstobs = 7.2%). Puni is the proportion of unimodal mismatch

distributions. Puni and Fstsim>obs are the proportion of simulations giving both a unimodal distribution and a Fst as large as observed. PN1a is the proportion

of simulated haplogroups equivalent in diversity to N1a showing a similar drop in frequency between the Neolithic and modern time.
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of genetic replacement in Central Europe. It gave similar results to

scenarios H0, H1 and H2, with a majority of unimodal mismatch distri-

butions (Puni = 96.6%), low genetic differentiation (Fstanc-mod = 0.76%,

Fstsim>obs = 0.4%), but a substantially larger proportion of haplogroups

dropping in frequency as N1a (PNa1 = 17.8%). At the other extreme,

the scenario H3g has an admixture rate equal to zero leading to a full

F IGURE 4 Mismatch distributions simulated under six
different scenarios. The left column shows the mean
(black line) and percentiles 95% (dotted lines) for 10000
simulations, as well as the observed mismatch distribution
in a modern sample from Germany (dash line). The right
column shows five examples randomly chosen for each

scenario
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replacement of the Central European genetic pool by the migrating

populations from the Pontic steppes. H3g results to the opposite pat-

tern than H3a with a low proportion of unimodal mismatch distribu-

tion (Puni = 12.2%), a large genetic differentiation among sampling

periods (Fstanc-mod = 36.64%, Fstsim>obs = 98.9%) and a very high pro-

portion of simulated haplogroups dropping in frequency as N1a

(PNa1 = 99.7%).

Under scenario H3, the proportion of unimodal mismatch distri-

butions decreases with the amount of genetic replacement during the

Bronze Age, while the genetic differentiation between the Neolithic

and the modern samples increases, as expected. All versions of sce-

nario H3 show higher proportions of simulated haplogroups pre-

senting the same pattern to the one observed for Na1, compared to

the other scenarios H0, H1, and H2.

Figure 4 shows that the mean mismatch distributions obtained

under scenario H0, H1, H2, and H3 with low amounts of genetic

replacement are very similar to the one observed in the modern sam-

ple. When the amount of replacement increases, then mismatch distri-

butions tend to be multimodal and to show an excess of low numbers

of differences between sequences when compared to the observed

mismatch distribution.

Only scenarios H3 involving substantial genetic replacement

(>25%) are able to produce more than 5% of simulations resulting in

both unimodal mismatch distributions and genetic differentiation

between the simulated Neolithic and modern samples larger than

those observed, H3d (50% replacement) being the scenario with

the largest proportion of compatible simulations (Puni and

Fstsim>obs = 24.6%).

4 | DISCUSSION AND CONCLUSION

The results presented here show that a substantial population

replacement due to immigration between the Neolithic and the pre-

sent may alter the shape of mismatched distributions in modern

populations (scenario H3d and H3g in Figure 4). Increasing population

replacement between those two periods tends to decrease the pro-

portion of unimodal mismatch distributions and to increase the

genetic differentiation between the Neolithic and the modern sample.

Despite this opposite trend, we show intermediate situations of par-

tial population replacement during the Bronze Age that are compati-

ble with both observed mitochondrial patterns in Central Europe,

namely a unimodal mismatch distribution in modern populations

(Excoffier & Schneider, 1999) and high genetic differentiation

between Neolithic and modern population samples (Bramanti

et al., 2009). Consequently, a unimodal mismatch distribution in mod-

ern population does not oppose to a partial population turnover after

the Neolithic transition. Our results therefore show that the hypothe-

sis of a substential genomic contribution of people linked to the

Yamnaya cultural complex in Central Europe during the Bronze Age is

not only supported by paleogenomic data (Allentoft et al., 2015; Haak

et al., 2015) but is also consistent with the observed patterns of mito-

chondrial diversity. Our simulation study therefore makes the link

between results obtained both from modern (Currat &

Excoffier, 2005; Excoffier & Schneider, 1999) and ancient (Bramanti

et al., 2009; Haak et al., 2005; Silva et al., 2017) mitochondrial data.

Even though our simulations were sufficient to conclude that some

scenario of migration during the Bronze Age are compatible with the

observed patterns of mtDNA diversity, we raise caution in interpreting

the situation this migration wave may have occurred, because a limited

number of scenarios and parameter values have been explored here.

Roughly, it seems that admixture rate (γ) values leading to a genetic

replacement of approximately half of the Central European gene pool

by immigrants populations after the Neolithic period is the most com-

patible with the observation (Table 3). However, the value of γ compat-

ible with the observed data also depends on the other parameters that

were fixed in the current study. Here, we decided to represent massive

migrations from the steppes in the model because it was recently

supported by paleogenomic studies (Haak et al., 2015), but we can ima-

gine that a single or multiple immigration waves could have happened

at other periods between the Neolithic and nowadays (Sokal, 1991). A

more systematic exploration of the conditions of partial genetic

replacement since the Neolithic transition till today through a model

choice procedure like Approximate Bayesian Computation

(e.g., Bertorelle et al., 2010) would thus be essential to get a more pre-

cise view on this question. Given the current debate among

archeologists and paleogeneticists on the topic (e.g., Furholt, 2018;

Haak et al., 2015; Heyd, 2017; Veeramah, 2018), there are many

aspects of this complex period in western Eurasia which worth to be

considered and explored using a modeling approach. Such investigation

is beyond the scope of the current study but it would undeniably con-

stitute its logical continuation. In particular, the use of multiple loci

such as paleogenomic data (Mathieson et al., 2018; Olalde et al., 2018)

could bring more power for model discrimination than a single locus

investigation. In addition, the comparison between mitochondrial, auto-

somal and Y chromosome patterns could help to detect possible sex-

specific pattern (e.g., Rasteiro & Chikhi, 2013).

Our results show that none of the investigated scenarios alterna-

tive to the immigration hypothesis are able to produce a genetic dif-

ferentiation as large as the one observed at the mitochondrial level

between Neolithic and modern populations from Central Europe

(Fst = 0.072, see Section 2). We show that such a high genetic differ-

entiation (Bramanti et al., 2009) cannot be reached without involving

a genetic input from a differentiated population (Table 3). Scenarios

involving genetic drift, demographic fluctuations, or drop following

the Neolithic transition without genetic input from another area, do

not shuffle allele frequencies sufficiently to create a genetic differenti-

ation as the one observed on the mtDNA. We found that variations of

population density affect only marginally the proportion of unimodal

mismatch distribution and the Fst statistic. Even an extreme scenario

of 90% demographic collapse during historical times is not sufficient

to increase the simulated Fst within the range of the observed value.

In the extreme cases of demographic collapses, we recorded no signif-

icant differences in nucleotidic diversity before (H1c = 0.01 ± 0.04,

H2b = 0.009 ± 0.005) and during the bottleneck (H1c = 0.009

± 0.04, H2b = 0.009 ± 0.02), neither in scenarios H1 nor in scenarios
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H2. This implies that the large absolute population density after the

Neolithic transition combined to the population structure prevents

the loss of genetic diversity that would be caused by the bottleneck

(Wakeley, 1999), even when the bottleneck is proportionally

extremely large.

We also found that all scenarios, including simple population con-

tinuity, led to a substantial proportion (>5.2%) of simulations showing

a simulated haplogroup frequency decline between the Neolithic and

the modern period similar to the one experienced by N1a. It suggests

that genetic drift in a subdivided population is not fully incompatible

with the drop in frequency observed for N1a in Europe in a few thou-

sand years (Brandt et al., 2015; Fu et al., 2012; Haak et al., 2005,

2015) even if its probability is quite low (<10%). The frequency drop

of N1a is thus not indicative per se of population discontinuity during

this time lapse. However, scenarios involving a partial population

replacement during the Bronze Age show a much larger proportion of

decrease in frequency of simulated haplogroup similar to N1a, thus

going in the same direction as the other diversity patterns analyzed.

In conclusion, our investigation of the consequences of post-

Neolithic demographic events in Central Europe on mitochondrial

diversity using a spatially explicit modeling framework did not provide

a plausible alternative explanation, but rather supported the current

hypothesis of partial population replacement between the Neolithic

and contemporary populations in this area. We showed that this

hypothesis is compatible with the intrapopulation patterns of mito-

chondrial diversity in modern populations and that a migration wave

from the Pontic steppes during the Bronze Age is the best explicative

scenario, among those investigated, to the large genetic shift during

this period in Central Europe. Even though our conclusions rely on a

specific part of the genome that is transmitted only through the

female line, they are in agreement with results obtained from ancient

genome wide data (e.g., Allentoft et al., 2015; Haak et al., 2015). Fur-

ther modeling studies would be required to better characterize the

conditions of this genetic input through a more quantitative analysis.
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