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S1 Comparison to calibration artifacts

We tested for possible artificial synchronization due to variable slopes in the calibration curve [1, 2] in

two ways. First, we generated 5 105 random artificial population growth (RGR) trajectories, for which in

average N=12,000 14C–dates were distributed following a scheme for emulating a sequence of (growth)

booms and busts similar to the observations: Np boom times were randomly drawn in the interval 9–

2 ka 14C age (to fit our study period after calibration). For each boom, 0.8 N/Np dates were normally

distributed using a standard deviation δT . Np and δT were drawn from a normal density function using

the R expression x · rnorm(1, 1, 0.5) with x=11 for Np and x=350 a for δT , respectively. The remaining

0.2N dates were generated following a flat distribution.

The second test is similar to the one proposed by [3]: we calculated RGR for a distribution of 5 104 14C

dates with linearly increasing density from 9 to 2 ka 14C age including calibration and SPD generation,

and then subtracted the linear increase rate. Residual RGR values represent the artificial effect of variable

slopes of the IntCal20 calibration curve on SPDs.

In both cases, RGR deviations from a baseline do in general not coincide with the (growth) booms

and busts inherent to the European growth pattern. The second method produced an artificial RGR

trajectory at higher temporal resolution, which displays multicentennial modes at (200 a)−1 and (360 a)−1

also inherent to the solar forcing but much faster than the cycle periods of 500 and 680 a typical for

Europe or South America (Fig. 3a,c). While faster centennial cycling is found for other continents such as

North America, amplitudes of artificial RGR cycles are much smaller than the reconstructed ones. Only

for Europe, a modest bust at 6 kaBP and a boom at 4.8 kaBP may be regarded as potentially enhanced by

calibration. The other 13–15 booms/busts in continental RGR cycles much exceed artificial fluctuations
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both by amplitude and duration, which is also reflected in negative trim correlations between the artificial

and reconstructed trajectories as shown for the continents with highest data density, Europe and North

America (Fig. S16). We hence conclude that our results are not critically affected by the non-uniform

steepness of the IntCal20 curve.

S2 Solar influence on climate fluctuations

Fluctuations of incoming solar radiation have been indicated to leave a relatively weak impact on near-

surface global mean temperature both in modelling studies and data analyses [4–7]. Compared with a

more uniform warming due to increasing greenhouse gases, the solar-induced warming pattern is more

centered over the subtropics through an increased flux of shortwave radiation in cloud-free regions. This

(sub)tropical warming promotes a latitudinal temperature gradient in the stratosphere and, concomi-

tantly, enhances westerly winds in the lower stratosphere and troposphere. The interaction between

ultraviolet radiation and ozone in the stratosphere is connected with a downward propagation of strato-

spheric events [8, 9], which alters the position and strength of the mid-latitude storm track over Europe

[10–12]. Although the influence of solar radiation variations on climate is heterogenous [7, 13], significant

impacts were detected on regional scales [10, 14–17]. For Holocene Europe, solar activity has been linked

to moisture transport and the frequency of floods [16, 18–20], but with different effect sign likely depend-

ing on the location [20, 21]. During periods of low solar activity, the southward shift of storm tracks favors

enhanced meridional flow and hydrological events by atmospheric blocking [21–23]. Atmospheric block-

ing has been linked to weather extremes [23], or reduced ocean surface temperature [22]. The mechanism

appears to be linked to the El Niño Southern Oscillation (ENSO) signal [24], via teleconnections and/or

parallel solar forcing [25]. For example, phases of lower solar activity display a higher frequency of El

Niño events [25], with a higher tendency of short-term weather extremes. However, the effect of ENSO

on European climate at an interannual scale changes its sign at the multidecadal-to-centennial scale [26].

Based on this finding, we here hypothesize that lower solar activity may on a short timescale enhance

the likelihood of weather extremes but on a long timescale reduce variations in the mean climate state.

S3 Socio-technological expansions

Many of the identified ’boom’ and ’bust’ phases of continental (relative) growth can be connected to

socio-technological changes. However, these changes did not necessarily affect the whole of Europe at a

given time, but were part of more complex spatio-temporal trajectories of European prehistory [27, 28].

A much aggregated overview of socio-cultural phases is presented in Tab. S3.

The two most prominent and researched (relative) growth phases in our time-series mark the onset of

the Neolithic in Eastern and Central Europe at 7.9 and 7.4–7.2 kaBP, respectively. These events were part

of a profound socio-technological innovation in subsistence efficiency, which includes sedentism, larger

group size, and domesticated crop plants and animals. The third prominent growth peak at 4.9 kaBP

was simultaneous with an increase of pastoralism and creation of new communication networks. All three
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socio-technological changes in the 8th and early 5th millennia BP arrived in Central and Western Europe

from the East by migrations and were thus accompanied by genetic admixture. The first migration

wave was driven by farmers carrying the entire Neolithic package including lifestock from their ancestral

Anatolian homelands. The second migration witnessed the rapid expansion of Western Steppe Herder

(WSH) related ancestry [29, 30].

In our regional reconstruction (Fig. S6), the expansion of farmers from Southwest Asia to Europe

began with a decline of high population densities in Anatolia and lower densities in the pre-Neolithic

Black Sea region around 8.4–8.3 kaBP, concomitant with a boom in Greece and the Balkans as indicative

of a westward movement of early farmers across the Aegean Sea [31, 32]. This first migration wave is

contemporaneous with a growth boom in Western Europe around 8–7.9 kaBP, likely also involving hunter-

gatherer societies since farming is for that time documented only for South Europe. In Southwest Europe,

the demographic boom persisted throughout much of the 8th millennium BP, thus pointing to a successful

adaptation of early farmers around the Mediterranean. With the onset of farming in Central Europe 7.4–

7.2 kaBP, positive population growth regained a continental momentum (Tab. S3). The spatial structure

of the growth pattern matches our current understanding that farming progressed into Europe along

two separate streams, a continental one and a coastal one propagating along the Mediterranean coast,

which reached Central and western Central Europe between 7.5 and 7.2 kaBP [33, 34]. One millennium

later, farming arrived on the British Isles [35], and after some further delay in most of Scandinavia

[36, 37]. During this period continental wide trade and prestige networks are witnessed by the long range

distribution and use of early copper tools in Eastern Europe and Jade axes in the West [38, 39].

The second migration wave involving diverse groups sharing WSH ancestries spatially extended farm-

ing. The reconstructed growth peak at 4.85 kaBP, resulting from a continental alignment of regional

growth rates (Fig. S6), coincides with the onset of the Corded Ware Culture in Northeast Europe [40].

In Western and Central Europe, this phase is associated with broadly defined cultural units such as the

Bell Beaker phenomenon (see also Tab. S3) and Únětice [29].

The expansion of farming technologies did not progress continuously across Europe (nor did it else-

where) but rather as rapid shifts after stagnation periods [41–44]. Our analysis suggests that the spread

was accelerated in periods of stable environmental conditions or, vice versa, slowed down at low climate

stability (at 7.8–7.5 and 7–6.8 kaBP). Also, preceding phases of low stability (8.5–8.3, 7.8–7.5, and 5.3–

5.1 kaBP) together with negative peaks in RGR may have paved the way for immigrants, as already

proposed for the period before the establishment of WSH ancestries in central and northern Europe [45].

Our study adds to the discussion on the role of climate in this pattern [42, 46], as expansions coincided

with periods of greater climate stability.
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Fig. S1 Normalized paleoclimate proxies (Tab. S2) in or around Europe before (black line) and after (red) application of

dynamic time warping. 5



Fig. S2 Construction of an index for climate stability. Top: From the principal component analysis (PCA) of 98 pale-

oclimate time-series (Tab. S2, Fig. S1) the first five PCs (black lines) are shown together with the respective explained

variance vi and the absolute values of temporal derivatives (blue-purple lines). Bottom: The weighed sum of absolute tem-

poral changes (
∑5

i=1 vi · |dPCi/dt|) is normalized, reversed in sign, band-passed filtered, thus smoothed and de-trended (see

Methods) to yield an estimate for climate stability: low values of this index indicate periods where the PCs are stagnant -

including at extreme values - as marked by light blue bars, while high values indicate periods of fast changes in PCs.
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Fig. S3 European RGR compared to the explanatory variables (a) negative total solar irradiance (TSI), (b) preceding

RGR (’1V’ logit model), and (c) the ’2V’ logit model with PC-based climate stability and TSI as input. Negative and

positive growth phases (beige shading) underlay the calculation of the phase overlap (orange shading), which is given in

bold orange numbers together with the trim correlation rT in light grey. Here and in the following, the compared time-series

is normalized (de-trended and division by standard deviation σ) and plotted as red (or reddish) line.
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Fig. S4 Trimmed correlation rT and phase overlap as statistical similarity measures for comparing mostly climate related

time-series to variations in (European) RGR. Black circles describe the relation to the reference European RGR (non-

normalized calibration, based on regional resolution), brown circles the one to other RGR reconstructions: 4, RGR with

normalized calibration; 2, 9, RGR of N Ireland.
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Fig. S5 Fluctuations in European climate stability and solar forcing (TSI), both in normalized units.
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Fig. S6 Time–slice maps of regional population growth rates in Europe based on changes in SPDs indicating population

booms (orange areas) and busts (blue). Note the flexible region layout changing every 400 a.
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Fig. S7 Spatial autocorrelation of 14C-based estimates for population growth (RGR) in Europe (see Fig. S6). The average

for the Holocene (black line with standard deviation as grey shading) is compared to the spatial correlation during individual

periods marking either booms (7.9 and 7.3 kaBP) or busts (6.5 and 4 kaBP). The range of distances is bounded by upper

cluster size of the SPD approach and about half the continental extension.

Fig. S8 Scale dependence of synchrony between population growth (RGR) and solar forcing (-TSI). Phase overlap of

negative TSI with RGR averaged over a box around Northern Ireland is shown for increasing box scale.
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Fig. S9 Summed probability distributions (SPD) of pooled European 14C dates (pink line) and corresponding relative

changes of rate (RGR), which were smoothed using a filter along a time window of 30 a (thin blue line) and 130 a (thick blue

line), respectively. Note that due to division by SPD in the RGR calculation, small fluctuations during the first millennia

in the Holocene lead to relatively large excursions in RGR.
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Fig. S10 Comparison of European relative growth rates (RGR) based on SPDs calculated using different approaches: a,

The reference non-normalized method of region based averaging (black line, with 1.5 ka moving average in grey) vs. the

pooled non-normalized method without spatial resolution (blue). b, RGR based on reference non-normalized SPD in black

vs. RGR based on normalized SPD in orange.
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Fig. S11 SPD-based RGR vs. the difference between the density of booms and the density of busts. The underlying

densities of booms and busts, resp., originate from occupation data and are outlined by red shading. a, RGR with non-

normalized calibration (reference). b, RGR with normalized calibration. For phase shading and normalized units see Fig. S3.
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Fig. S12 Continental RGR compared to negative normalized standard deviation of tree ring width in Irish bogs as a local

proxy for climate stability and homogeneity.

Fig. S13 Northern Ireland RGR compared to tree ring width in Irish bogs as a local proxy for climatic suitability of tree

growth. The European growth rate is shown for comparison as thin grey line.
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Fig. S14 European RGR contrasted to the first and second principal component (PC) of 98 paleoclimate proxies.
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Fig. S15 Time-series of alternative proxies for population density from the archeological literature (see Tab. S4). Booms

(red shading) or busts (blue shading) were attributed if change rates exceeded a critical threshold. Shadings for booms and

busts appear with non-uniform widths due to the different lengths of time segments.
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Table S1 Collection of 14C datasets as basis of the demography reconstruction for Europe.

Name Date URL (https://) Ref.

AGRICHANGE 2021-05-21 [47]

AIDA 2021-09-08 [48]

BDA 2020-03-29 nakala.fr/10.34847/nkl.dde9fnm8 [49]

c14bazAAR 2021-09-08 github.com/ropensci/c14bazAAR [50]

CALPAL 2020-08-20 uni-koeln.academia.edu/BernhardWeninger/CalPal[51]

CONTEXT 2016-09-26 context-database.uni-koeln.de -

EUBAR 2017-10-02 telearchaeology.org//EUBAR [52]

EUROEVOL 2015-07-09 github.com/ahb108/rcarbon [53–55]

IRDD 2018-08-13 zenodo.org/record/3367518 [56]

Katsianis et al. 2020-08-20 doi.org/10.5522/04/12489137.v1 [57]

MEDAFRICARBON 2020-03-20 zenodo.org/record/3689716 [58]

dASIS 2021-09-08 dasis.dainst.org/ [59]

NERD 2021-09-08 zenodo.org/record/576786 [60]

PACEA 2020-01-22 [61]

Palmisano et al. 2017-09-23 zenodo.org/record/5846835 [62]

p3k14c 2022-09-21 github.com/people3k/p3k14c [63]

RADON 2021-09-08 radon.ufg.uni-kiel.de [55]

RADONb 2021-09-08 radonb.ufg.uni-kiel.de [64]
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Fig. S16 a, Mean of 5·105 growth trajectories, which share a similar boom and bust number and duration with

the reference RGR reconstruction (see Methods), while exact timings are shifted randomly. Color shading: 25%

and 75% percentiles. European RGR is plotted as black line. b, European RGR compared to the RGR of a

linearly increasing 14C distribution (red line). Non-zero values represent the artificial effect of variable slopes of

the calibration curve on SPDs. Color shading: boom and bust phases. c, Analogue comparison for RGR of North

America.
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Table S2 Location, type, and reference of climate proxy time-series (shown in Fig. S1). Numbers ordered from West to East

identify the position in the map (Fig. 1). ’anomaly’ in δ18O, Mg/Ca, and δ13C.

No Site Proxy Ref. No Site Proxy Ref.

1 N Atlantic HSG [65] 2 Crag cave (Ireland) δ18O [66]

3 NE-Ireland mean oak age [67] 4 NW Morocco δ18O [68]

5 W Scotland charcoal [69] 6 W Scotland charcoal [69]
7 N Scotland humificat. [69] 8 Morroco precip. [70]

9 La Garma cave δ18O [71] 10 Padul basin veg cover [72]

11 Cave Asiul δ18O [73] 12 Kaite cave δ18O [74]
13 E Scotland humificat. [75] 14 Spain flood freq. [76]

15 Lancaster Hole (LH70s1) δ18O [77] 16 Pippikin Pot cave δ18O [78]
17 Bay of Biscay SST [79] 18 SW Europe ∆T [80]
19 NW Europe ∆T [80] 20 Basse-Ville (F) T [81]

21 Ejulve cave δ18O [82] 22 Molinos cave δ18O [82]
23 Great Britain flood freq [83] 24 Lake Marbore %Corylus [84]

25 Villars cave δ18O [85] 26 Clamouse cave δ18O [86]

27 Off Minorca %UP10 [87] 28 Gueldaman cave δ18O [88]

29 Han-sur-Lesse cave δ18O [89] 30 Han-sur-Lesse cave δ13C [89]
31 WNorway precip.(win.) [90] 32 Meerfelder Maar T(W) [91]

33 Holzmaar T(W) [91] 34 NW Alpes lake level [92]

35 Milandre cave T [93] 36 Bunker cave Mg/Ca T [94]

37 Bunker cave (stack) δ18O [94] 38 Bunker cave δ18O [94]

39 NW-Germany mean oak age [67] 40 Atta cave δ18O [95]

41 Atta cave δ13C [95] 42 Swiss Alpes T (Jul) [96]

43 Swiss Alpes precip. [96] 44 Milchbach cave δ18O [97]

45 Herbstlabyrinth cave δ18O [98] 46 WDenmark storminess [99]
47 Wilder See GDD [81] 48 Northern Alps flood freq. [16]

49 Weiher Wachel T [81] 50 Southern Alps flood freq. [16]

51 Alpi Apuane δ18O [100] 52 Corchia cave anomaly [101]

53 Buca della Renella δ18O [100] 54 Antro del Corchia δ18O [102]

55 Lake Frassino δ18O [103] 56 Schwarzsee ob Soelden T(S) [104]

57 S Germany δ18O [105] 58 Grotta di Ernesto δ18O [106]

59 Spannagel cave (SPA128) δ18O [107] 60 Spannagel cave (SPA127) δ18O [107]

61 Austrian Alps δ18O [108] 62 Po River discharge [109]

63 Kortlandamossen (SE) humificat. [110] 64 Lake Preola water level [111]
65 Stomyren (SE) humificat. [110] 66 Flarken T [112]
67 Ran Viken T [81] 68 Klotjarnen T [113]

69 Okshola cave δ18O [114] 70 Lake Trifoglietti T anom [115]
71 Adriatic region precip(sum.) [109] 72 Sweden GSD [116]

73 Leány cave δ18O [117] 74 Baltic Sea SST [118]
75 Lake Gosciaz T(W) [81] 76 Poland flood freq. [76]

77 Lake Ioannina δ18O [119] 78 Lake Ohrid Mag. Susc. [120]

79 Poleva cave δ18O [121] 80 Romania δ18O [122]

81 Ascunsa cave δ18O [123] 82 Volhynia Upland δ18O [124]

83 Lake Kuivajarvi GDD [81] 84 Skala Marion cave δ18O [125]
85 Arapisto T [126] 86 N Finland T [127]

87 Lake Nuudsaku δ18O [128] 88 Laihalampi T [129]

89 Raigastvere T [130] 90 Marmara Sea δ18O [131]

91 SE Europe ∆T [80] 92 Sofular cave (SO1) δ18O [132]

93 Sofular cave (SO2) δ18O [132] 94 Sofular cave δ13C [132]

95 S-Anatolia %AP [133] 96 Kola δ18O [134]

97 (Lake) Acigöl δ18O [135] 98 Soreq cave δ18O [136]
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Table S3 Cultural phases linked to continental booms. Abbreviations: (C)entral, (N)orth, (S)outh, (E)ast,
(W)est, (A)ll Europe, (MED)iterranean.

Time
(kaBP)

Phase Characteristic processes

8.0 LM Late Mesolithic –
Early Neolithic

Initial west-ward dispersal of early farming societies in SE and MED
(Anatolian ancestry)

7.3 EN Late Mesolithic –
Early Neolithic

Early farming societies in C and MED

6.7 MN-I Late Mesolithic –
Middle Neolithic

Developed farming and late hunter-gatherer societies (Western Hunter-
Gatherer ancestry) in N

6.2 MN-II Middle Neolithic Developed farming societies (W, SE); Initial dispersal of farming to N

5.9 MN-III Middle Neolithic Complex farming societies (C, N); Continued dispersal of farming to N

5.3 LN-I Late Neolithic Complex farming societies

4.8 LN-II Late Neolithic Westward dispersal of Corded Ware (WSH-related ancestry)

4.4 LN-III Final Neolithic Eastward dispersal of Bell Beaker

3.8 EBA Early Bronze Age Chiefdoms (N) and archaic state societies (SE)

3.3 MBA Middle Bronze Age Chiefdoms & early states; Consolidation of bronze metallurgy (C, N)
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Table S4 Location, type, and reference of independent time series for proxies of

population density. The geographic extent of sub-regions is plotted in Fig. 1.

Location/region Proxy Period (kaBP) Ref.

1 S Portugal Aoristic sum 6.9–2.7 [137]

2 W Iberia Sites 4.8–3.3 [138]

3 Somerset Clearings 6.1–4.0 [139]

4 S France Sites 8.0–0.5 [140]

5 Holland Sites 4.4–3.9 [141]

6 Cologne Bay Houses 7.3–6.9 [142]

7 Jura Lakes Settlements 5.8–4.5 [143]

8 Hessia Sites 6.2–5.5 [144]

9 Pfyn Settlements 8.0–7.3 [145]

10 Württemberg Pits 7.4–7.0 [146]

11 C Italy Sites 8.9–2.9 [147]

12 NE Germany Veg. openess 6.7–2.6 [148]

13 Czechia Aoristic sum 10.0—0.0 [149]

14 S Greece Site area 8.6–1.5 [150]

15 N Greece Site area 9.0–1.6 [150]

16 Prut-Dnieper Settlements 5.5–5.2 [151]

17 Romania&Moldavia Sites 8.0–5.4 [152]

18 Troas Sites 5.9–2.9 [153]

19 Bug-Dnieper Population size 6.0–5.4 [154, 155]

20 Anatolia Settlements 5.1–4.3 [156]
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and vegetation dynamics in the Central Pyrenees (Spain). Catena 188, 104411 (2020).

[85] Wainer, K. et al. Speleothem record of the last 180 ka in Villars cave (SW France): Investigation

of a large δ18O shift between MIS6 and MIS5. Quatern. Sci. Rev. 30, 130–146 (2011).

[86] McDermott, F. et al. Holocene climate variability in Europe: evidence from δ18O, textural and

extension-rate variations in three speleothems. Quatern. Sci. Rev. 18, 1021–1038 (1999).

31



[87] Frigola, J. et al. Holocene climate variability in the western Mediterranean region from a deepwater

sediment record. Paleoceanography 22, PA2209 (2007).

[88] Ruan, J. et al. Evidence of a prolonged drought ca. 4200 yr BP correlated with prehistoric settlement

abandonment from the Gueldaman GLD1 Cave, Northern Algeria. Clim. Past 12, 1–14 (2016).

[89] Genty, D. & Massault, M. Carbon transfer dynamics from bomb-14C and δ13C time series of a

laminated stalagmite from SW France—modelling and comparison with other stalagmite records.

Geochim. Cosmochim. Acta 63, 1537–1548 (1999).

[90] Nesje, A., Matthews, J. A., Dahl, S. O., Berrisford, M. S. & Andersson, C. Holocene glacier

fluctuations of Flatebreen and winter-precipitation changes in the Jostedalsbreen region, western

Norvay, based on glaciolacustrine sediment records. Holocene 11, 267–280 (2001).

[91] Litt, T., Schoelzel, C., Kuehl, N. & Brauer, A. Vegetation and climate history in the Westeifel

Volcanic Field (Germany) during the past 11 000 years based on annually laminated lacustrine

maar sediments. Boreas 38, 679–690 (2009).

[92] Magny, M. Holocene climate variability as reflected by mid-European lake-level fluctuations and

its probable impact on prehistoric human settlements. Quatern. Int. 113, 65–79 (2004).

[93] Affolter, S. et al. Central Europe temperature constrained by speleothem fluid inclusion water

isotopes over the past 14,000 years. Sci. Adv. 5, eaav3809 (2019).

[94] Fohlmeister, J. et al. Bunker Cave stalagmites: an archive for central European Holocene climate

variability. Clim. Past 8, 1751–1764 (2012).

[95] Niggemann, S., Mangini, A., Mudelsee, M., Richter, D. K. & Wurth, G. Sub-Milankovitch climatic

cycles in Holocene stalagmites from Sauerland, Germany. Earth Planet. Sci. Let. 216, 539–547

(2003).

[96] Wick, L., van Leeuwen, J., van der Knaap, W. & Lotter, A. Holocene vegetation development in the
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