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[bookmark: _cq6c7hzgq9zn]Introduction
For generations prehistorians have debated if the causes of major changes observed in the archaeological record were the result of cultural diffusion or immigration. One of the most prominent of these debates has been centred at the transition to a Neolithic economy and cultural complex in Denmark1. To shed light on this topic, we undertook an intensive palaeogenomic analysis of relevant Danish archaeological remains. Additionally, we studied concomitant changes in diet, lifeways and land use, through stable isotopes, palaeoenvironmental data, and other archaeological information. The present study centres on the analysis of 100 ancient Danish genomes, which are an integral part of the larger study of 317 western Eurasian shotgun-sequenced genomes presented in Allentoft et al.2. All details concerning sampling, DNA extraction, library preparation, sequencing, and authentication are found in the above study together with all site descriptions and sample metadata. A condensed list of meta information on the 100 Danish samples is, however, provided here as Supplementary Data I. A descriptive summary of the Danish material analysed is provided here.

Denmark has an unusually large and varied assemblage of Mesolithic and Neolithic human skeletal remains, resulting from a long history of archaeological research, in addition to environmental conditions amenable to the preservation of ancient bones. The samples in this study (Supplementary Data I) were collected with the primary focus of obtaining skeletal remains from the Mesolithic and the Early Neolithic, and reflecting a broad spectrum of chronological, geographic, and social diversity. Additionally, a minor proportion of skeletal remains belonging to the Middle and Late Neolithic and early Bronze Age (defined following well-established South Scandinavian archaeological terminology) were analysed for this project to provide additional contextualising data points.
 
[bookmark: _s0yjmxi8f9rz]Geographic distribution
Our sampling involved skeletal remains of 197 ancient Danish humans (data not shown), and following an initial shallow shotgun sequencing screening phase, 100 of these displayed DNA preservation of acceptable quality. The find locations (and site names) of these 100 are shown in Figs. S1.1 and S1.2, and Supplementary Data 1. The uneven geographical distribution across Denmark reflects geology as well as museum and excavation activity. Early prehistoric bones exhibit very poor preservation (if preserved at all) in the lime deficient soils of Western Jutland (Figs. S1.1, S1.2, S1.3), resulting in a complete lack of samples from this region. The material represent excavations dating to 1838 onwards - nearly since the birth of archaeology as a scientific discipline1. During much of that time the National Museum in cooperation with the Zoological Museum, both in Copenhagen, were the major operators in collecting Danish prehistoric human bones. University of Copenhagen also received ancient physical anthropological finds and this collection developed into the Anthropological Laboratory, which nowadays curates the majority of prehistoric human skeletal materials from Denmark. Although these institutions maintained field activities and contacts all over the country (e.g.3), find sites close to Copenhagen are overrepresented in their collections – and consequently potentially also in the present study (Figs. S1.1, S1.2). This study has greatly benefitted from hospitable and long-lasting access to the collections of all three institutions as well as generous access to regional culture-historical museums (Fig. S1.3) with especially large collections of prehistoric human skeletal material, located geographically widespread in Hjørring, Rudkøbing and Kalundborg. 
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Figure S1.1. Mesolithic samples. Find locations of 38 Mesolithic individuals from Denmark. All three major chronological groups (Maglemose, Kongemose, Ertebølle) have been sampled intensely. The sites in question are: 1 Ertebølle (locus classicus), 2 Bjørnsholm, 3 Hedegaard, 4 Havnø, 5 Koed, 6 Nederst, 7-9 Fannerup D, E and F, 10 Rønsten, 11 Holmegård-Djursland, 12 Vængesø II, 13 Norsminde, 14 Tybrind Vig, 15 Koelbjerg, 16 Langø Skaldynge, 17 Korsør Nor, 18 Tudse Hage, 19 Bodal K, 20 Ravnsbjerggård II, 21 Kongemose (locus classicus), 22 Dragsholm, 23 Sølager, 24 Henriksholm-Bøgebakken, 25 Vedbæk Boldbaner, 26 Strøby Grøftemark, 27 Køge Sønakke, 28 Orehoved Sejlrende. Map produced by K-G. Sjögren, Rich Potter and Anders Fischer.
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Figure S1.2. Neolithic and Bronze Age samples. Find locations of 55 Neolithic and 7 Bronze Age individuals from Denmark. The sites in question are: 1 Vittrup, 2 Klæstrupholm Mose, 3 Læsten Mose, 4 Kolind, 5 Kainsbakke, 6 Rude, 7 Toftum Mose, 8 Bygholm Nørremark, 9 Stenderup Hage, 10 Neverkær Mose, 11 Klokkehøj, 12 Sludegård Sømose, 13 Lohals, 14 Gammellung, 15 Myrebjerg Mose, 16 Rødhals, 17 Sejerby, 18 Pandebjerg, 19 Vig Femhøve, 20 Dragsholm, 21 Svinninge Vejle, 22 Madesø, 23 Jorløse Mose, 24 Tissøe, 25 Magleø, 26 Borreby, 27 Grøfte, 28 Døjringe, 29 Vanløse Mose, 30 Storelyng Eel Picker, 31 Storelyng Fire Lighter, 32 Bybjerg, 33 Kyndeløse, 34 Lollikhuse, 35 Roskilde Fjord, 36 Jørlundegård, 37 Salpetermosen, 38 Sigersdal Mose, 39 Viksø Mose, 40 Sigersdal, 41 Hove Å, 42 Tysmose, 43 Vibygårds Mose, 44 Mosede Mose, 45 Barhøj, 46 Strøby Ladeplads, 47 Avlebjerg, 48 Porsmose, 49 Dalmosegård, 50 Mandemarke, 51 Næs, 52 Lundby-Falster, 53 Elkenøre, 54 Vasagård. Map produced by K-G. Sjögren, Rich Potter and Anders Fischer.
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Figure S1.3. Sampled museum collections. Map produced by Rich Potter. 
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Our Danish samples basically derive from three find categories: burials, bog depositions, and stray finds of single skeletal elements. 

Burials
Nearly all burials known from the Danish Mesolithic are inhumation graves and this category is also richly represented throughout the subsequent Neolithic periods. Monumental architecture did not appear in Denmark (and adjacent regions) until the earthen long barrows of the Early Neolithic Funnel Beaker Culture (FBC)4. These rectangular or trapezoid earth mounts cover one or more burials, built of planks and/or small stones. The nature of their construction is not ideal for bone preservation. Consequently, relatively few individuals in our study derive from such contexts. Somewhat better preservation conditions are found in the dolmens, which are monumental burial constructions of earth and large, raised stones (megaliths). Although their burial chambers are relatively small, they often include several skeletons interred consecutively, and with the most recently buried individual often dating to the Late Neolithic or Early Bronze Age. During the FBC epoch the construction of megalithic burial chambers developed into architecturally more complex and often significantly larger passage graves. Their chambers can be as long as 14 m, and there are examples of original roof-heights up to c. 2.5 m 5. Skeletons from these originally water-proof constructions with a thick soil cover often show great preservation. Such preservation conditions have never been observed in the low tumuli, typically of sandy sediment, of the Single Grave Culture (SGC) in the western part of the country. At best a dark ‘shade’ of the skeleton is all there is left. During the Late Neolithic, the emergence of large collective burial cists (covered in lime-rich soil in eastern parts of the country)6 represent conditions that are generally better for the preservation of human bones.

[bookmark: _my129qtq2svq]Depositions in watery environments
In this study we also included a number of skeletal remains without documented archaeological context, found during peat digging. These were AMS dated (Supplementary Datas I and II) and sampled for DNA. There are hundreds of such bog skeletons in Danish museums but we focused on sampling individuals from Jutland and the islands south of Zealand – areas which had a relative paucity of Neolithic material. These skeletons typically represent deliberate depositions of whole bodies in watery environments distant from coeval habitation7–9, cf. 10. From the content and internal organisation of the best-examined bog skeleton sites it appears they are results of sacrificial deposition. A couple of these individuals were found with ropes around their necks7, and several reveal traces of fatal physical violence associated with their depositione.g. 11. The tradition of sacrificial deposition of human bodies - and items of symbolic importance - in the watery elements seems also to have taken place in fjords and open sea (NEO891 Roskilde Fjord; NEO943 Stenderup Hage; NEO898 Svinninge Vejle). The majority of the previously undated bog skeletons turned up to be of Early Neolithic date, suggesting a high frequency of human sacrifice in wetlands during this time. The remainder were spread throughout subsequent periods, some of which were irrelevant for the current study (i.e. Iron Age2).

[bookmark: _xqbwfd2y84md]Isolated bones and teeth
We have also sampled a number of isolated human bones. These are frequently found within layers of settlement debris at Mesolithic sites12. Likewise, disarticulated human bones are sometimes seen in Neolithic enclosure ditches of ceremonial nature13. A fragment of a human jaw (NEO19) from the submerged habitation site of Rønsten exemplifies this category of finds. It carries cut marks from a flint knife revealing a deliberate dismembering of the body – be it for venerational and/or cannibalistic reasons14. 
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We predicted relative “genetic” height (i.e. expected increase or decrease in height compared to the mean of the contemporary Danish population, based on common genetic variants) as well as eye and hair colour in the 100 ancient Danish individuals. 

The relative genetic height was calculated from summary statistics of a recent GWAS on adult height in the UK Biobank1, using only strand-insensitive autosomal SNPs with robustly genome-wide significant allelic effects (P<1e-15) with imputation info >0.8 and minor allele frequency >0.05 in our ancient imputation genotype dataset. We excluded long-range linkage disequilibrium (LD) regions2 and used the “--clump” function in PLINK3 to prune for LD (r2<0.1 within 10Mb window), rendering a total of 310 effect alleles. Per-sample genetic height score was then calculated for the 100 ancient individuals as well as a subset of 3,467 Danish ancestry male conscripts from a random population subset of the IPSYCH2012 case-cohort4 by summing allelic effect multiplied with the effect allele imputed dosage5 across the 310 loci. The genetic height score was moderately correlated with height in the subset of 3,467 Danish ancestry conscripts (r2 = 0.095, P = 3.2e-77), and we rescaled the score to a unit corresponding to 1 cm change in predicted height with the median score in the conscript subset as zero. Thus, the PGS in each ancient individual corresponds to the predicted difference in cm from the average of the present-day Danish population, assuming that the scores are equally predictive in males and females. The genetic height score is however limited in two important ways; firstly, the predictive value of the genetic height score is modest and diminishes with general genetic distance to the population in which the allelic effects were determined (in this case European ancestry British); secondly, the score does not take account of important environmental factors such as health and access to nutrition in childhood.

The genetic predictions of eye and hair colour were done based on the HIrisPlex system6. Out of 24 main effect HIrisPlex variants, genotype likelihoods of 18 SNPs were available in the ancient sample 1000G imputation, and imputed effect allele dosages of these were used to derive probabilities for brown, blue and grey/intermediate eye colour and, following the HIrisPlex formulas6.

The results of genetic prediction of height, eye and hair colour are shown alongside results of other analyses in the composite Fig. 4. When excluding 27 samples with average genomic sequence coverage <0.1x (indicated in shaded colour in Figure 4 and with “0” in the Cov QC column of the Table S2.1 below, the predicted genetic height differed significantly across the three groups defined by the two major population turnover events from Mesolithic Hunter-Gatherer (ML-HG) to Neolithic Early Farmer (NL-EF), and later to people with Neolithic Steppe Pastoralist ancestry (NL-SP), and indicated with thick lines through the panels of Figure 4 (ANOVA chi-square test across all three groups, P=5.1x10-8). A follow-up pairwise testing found significant differences between all three group pairs (linear regression, P<0.05 in all instances), with the lowest mean (plus/minus standard error) predicted relative genetic height observed in ML-HG (-1.9 ± 0.3 cm), then NL-EF (-0.3 ± 0.5 cm), and highest in NL-SP (1.2 ± 0.4 cm). It should be noted that the population structure of the ancient Danish individuals, especially the ML-HG and NL-EF groups, is different from the current day European ancestry British population (in which allelic effects for genetic height were estimated), and although we have used only very robustly associated effect alleles to calculate the genetic height score, it is likely that it will not correlate as well with actual height as it does in the current-day European ancestry Danish population (in which the score was rescaled). Therefore, the conclusion that can be drawn from these results is that the common SNP alleles that contribute most strongly to increased height in current day European ancestry populations, were on average of slightly lower frequency in ML-HG, in similar frequency in NL-EF, and slightly higher frequency in NL-SP compared to present day.

Among the 18 HIrisPlex SNPs used to predict eye and hair colour, rs12913832 has the strongest overall dark/light pigmentation effect. At the same time rs12913832 has the lowest average maximum genotype probability (GPmax) of the HIrisPlex SNPs across the ancient Danish imputed genotype dataset. To account for this, we applied a second quality filter when comparing predicted eye and hair colour probabilities across groups, by requiring a GPmax>0.6 for rs12913832 and for at least 15 of the other 17 pigmentation SNPs, which removed a further 17 samples in the cross-group comparison (marked with “0” in the Pigm QC column in Table S2.1 below). In this comparison we did not find a significant difference in probability of brown eye colour (pEye Brown in Table S2.1 below) across the three groups (ANOVA, P=0.21). In contrast, the predicted probability of blond hair colour differed significantly across groups (ANOVA, P=1.1x10-9), with the mean likelihood (pHair Blond in Table S2f.1 below) increasing over time from ML-HG (0.05 ± 0.01) to NL-EF (0.25 ± 0.06) and NL-SP (0.43 ± 0.07), although the difference between NL-EF and NL-SP was not significant (P=0.07). Although pigmentation traits are polygenic, many of the HIrisPlex system alleles are so-called main effect alleles and therefore it is likely that the increased predicted probabilities for blond hair over time (and corresponding decrease in predicted probabilities for black hair) represent a true change in the prevalence of dark and light hair colour.

Table S2.1. Estimated age, genomic coverage, predicted genetic height difference from current Danish population average, and predicted likelihood of eye and hair colour of 100 ancient Danish individuals sequenced in this study
​​
	Sample
	Age (ybp)
	Age group
	Genomic coverage
	Cov QC
	Pigm QC
	pHeight (cm)
	pEye Blue
	pEye Inter
	pEye Brown
	pHair Blond
	pHair Red
	pHair Brown
	pHair Black

	NEO254
	10463
	ML-HG
	0.42
	1
	0
	-1.2
	0.09
	0.13
	0.78
	0.04
	0
	0.19
	0.77

	NEO13
	9507
	ML-HG
	0.01
	0
	0
	-0.7
	0.43
	0.19
	0.38
	0.18
	0
	0.36
	0.46

	NEO91
	9122
	ML-HG
	1.18
	1
	1
	-1.8
	0.44
	0.22
	0.34
	0.03
	0
	0.26
	0.71

	NEO759
	9028
	ML-HG
	2.95
	1
	1
	0.2
	0.58
	0.16
	0.26
	0.04
	0
	0.21
	0.75

	NEO587
	8798
	ML-HG
	1.14
	1
	1
	-3.5
	0.73
	0.13
	0.14
	0.01
	0
	0.18
	0.81

	NEO123
	8182
	ML-HG
	0.29
	1
	1
	-3
	0.09
	0.13
	0.78
	0.11
	0
	0.26
	0.63

	NEO19
	8163
	ML-HG
	3.26
	1
	1
	-3.5
	0.53
	0.27
	0.2
	0
	0
	0.28
	0.72

	NEO122
	8146
	ML-HG
	0.56
	1
	0
	-0.4
	0.12
	0.22
	0.66
	0
	0
	0.15
	0.85

	NEO600
	7817
	ML-HG
	0.10
	0
	1
	-0.7
	0.01
	0.09
	0.9
	0.02
	0
	0.28
	0.7

	NEO683
	7529
	ML-HG
	1.82
	1
	1
	-1.8
	0.26
	0.25
	0.49
	0.01
	0
	0.22
	0.77

	NEO932
	7499
	ML-HG
	2.76
	1
	1
	-4.6
	0.64
	0.19
	0.17
	0.01
	0
	0.15
	0.84

	NEO589
	7478
	ML-HG
	7.41
	1
	1
	-1
	0.46
	0.21
	0.33
	0.02
	0
	0.24
	0.74

	NEO748
	7129
	ML-HG
	0.08
	0
	0
	-0.2
	0.32
	0.17
	0.51
	0.05
	0
	0.27
	0.68

	NEO814
	7125
	ML-HG
	0.06
	0
	0
	-2.6
	0.08
	0.16
	0.76
	0.03
	0
	0.24
	0.73

	NEO749
	7070
	ML-HG
	1.91
	1
	1
	-1.3
	0.57
	0.19
	0.24
	0.03
	0
	0.26
	0.71

	NEO791
	7048
	ML-HG
	2.49
	1
	1
	-0.1
	0.84
	0.11
	0.05
	0.05
	0
	0.31
	0.64

	NEO586
	7031
	ML-HG
	0.20
	1
	1
	-1.4
	0.51
	0.21
	0.28
	0.02
	0
	0.28
	0.7

	NEO746
	6991
	ML-HG
	0.14
	1
	0
	-3.1
	0.16
	0.15
	0.69
	0.11
	0
	0.29
	0.6

	NEO583
	6981
	ML-HG
	0.18
	1
	1
	-2.5
	0.44
	0.15
	0.41
	0.2
	0
	0.28
	0.52

	NEO822
	6978
	ML-HG
	0.06
	0
	0
	0.7
	0.47
	0.18
	0.35
	0.13
	0
	0.32
	0.55

	NEO930
	6888
	ML-HG
	0.05
	0
	0
	-2.1
	0.4
	0.18
	0.42
	0.07
	0
	0.26
	0.67

	NEO733
	6824
	ML-HG
	1.32
	1
	1
	-1.1
	0.55
	0.24
	0.21
	0.03
	0
	0.34
	0.63

	NEO732
	6815
	ML-HG
	0.13
	1
	1
	-4.5
	0.34
	0.24
	0.42
	0.03
	0
	0.36
	0.61

	NEO745
	6790
	ML-HG
	0.45
	1
	1
	-3
	0.03
	0.11
	0.86
	0.01
	0
	0.16
	0.83

	NEO856
	6777
	ML-HG
	0.56
	1
	1
	-2.3
	0.39
	0.22
	0.39
	0.02
	0
	0.19
	0.79

	NEO747
	6729
	ML-HG
	0.25
	1
	0
	-2.1
	0.12
	0.25
	0.63
	0
	0
	0.25
	0.75

	NEO568
	6586
	ML-HG
	1.98
	1
	1
	-4.4
	0.57
	0.19
	0.24
	0.01
	0
	0.26
	0.73

	NEO1
	6585
	ML-HG
	0.02
	0
	0
	0.8
	0.09
	0.15
	0.76
	0.1
	0
	0.27
	0.63

	NEO941
	6372
	ML-HG
	0.14
	1
	1
	-5
	0.19
	0.21
	0.6
	0.03
	0
	0.29
	0.68

	NEO570
	6369
	ML-HG
	2.86
	1
	1
	-0.6
	0.72
	0.15
	0.13
	0.01
	0
	0.19
	0.8

	NEO751
	6343
	ML-HG
	0.30
	1
	1
	-0.1
	0.62
	0.17
	0.21
	0.11
	0
	0.33
	0.56

	NEO852
	6308
	ML-HG
	0.19
	1
	1
	1
	0.44
	0.24
	0.32
	0.02
	0
	0.32
	0.66

	NEO855
	6302
	ML-HG
	1.38
	1
	1
	-0.4
	0.76
	0.13
	0.11
	0.02
	0
	0.27
	0.71

	NEO569
	6142
	ML-HG
	0.67
	1
	1
	-2.2
	0.64
	0.17
	0.19
	0.01
	0
	0.2
	0.79

	NEO598
	6075
	ML-HG
	0.73
	1
	1
	-0.5
	0.09
	0.15
	0.76
	0
	0
	0.17
	0.83

	NEO853
	6047
	ML-HG
	1.96
	1
	1
	-1.8
	0.88
	0.08
	0.04
	0.04
	0
	0.3
	0.66

	NEO3
	5965
	ML-HG
	0.03
	0
	0
	-1
	0.15
	0.16
	0.69
	0.14
	0
	0.28
	0.58

	NEO960
	5926
	ML-HG
	0.15
	1
	1
	-3.9
	0.75
	0.11
	0.14
	0.32
	0
	0.32
	0.36

	NEO645
	5870
	ML-HG
	0.21
	1
	1
	-0.4
	0.85
	0.09
	0.06
	0.09
	0
	0.33
	0.58

	NEO962
	5786
	ML-HG
	0.04
	0
	0
	-1.9
	0.07
	0.11
	0.82
	0.2
	0
	0.27
	0.53

	NEO601
	5753
	NL-EF
	0.08
	0
	0
	1.5
	0
	0.02
	0.98
	0.01
	0
	0.21
	0.78

	NEO790
	5662
	NL-EF
	0.69
	1
	0
	-4.2
	0.28
	0.16
	0.56
	0.25
	0
	0.29
	0.46

	NEO891
	5661
	NL-EF
	0.60
	1
	1
	1.1
	0.69
	0.14
	0.17
	0.11
	0
	0.35
	0.54

	NEO571
	5534
	NL-EF
	0.06
	0
	0
	-1.5
	0.11
	0.15
	0.74
	0.29
	0
	0.28
	0.43

	NEO23
	5533
	NL-EF
	3.34
	1
	1
	-3.4
	0.19
	0.27
	0.54
	0.17
	0
	0.35
	0.48

	NEO753
	5531
	NL-EF
	0.16
	1
	1
	-0.4
	0
	0.03
	0.97
	0.02
	0
	0.15
	0.83

	NEO942
	5491
	NL-EF
	0.89
	1
	1
	0.4
	0.7
	0.12
	0.18
	0.08
	0
	0.33
	0.59

	NEO29
	5489
	NL-EF
	0.53
	1
	1
	3.9
	0.7
	0.15
	0.15
	0.45
	0
	0.31
	0.24

	NEO564
	5468
	NL-EF
	0.08
	0
	0
	-2.6
	0.35
	0.18
	0.47
	0.13
	0
	0.32
	0.55

	NEO41
	5462
	NL-EF
	0.02
	0
	0
	1.4
	0.05
	0.13
	0.82
	0.13
	0
	0.32
	0.55

	NEO28
	5459
	NL-EF
	0.92
	1
	0
	2.7
	0.43
	0.2
	0.37
	0.22
	0
	0.3
	0.48

	NEO886
	5457
	NL-EF
	0.27
	1
	1
	-1.9
	0.7
	0.13
	0.17
	0.66
	0
	0.19
	0.15

	NEO866
	5456
	NL-EF
	1.52
	1
	1
	-0.5
	0.84
	0.09
	0.07
	0.72
	0
	0.19
	0.09

	NEO595
	5452
	NL-EF
	0.22
	1
	0
	-2.3
	0.53
	0.15
	0.32
	0.41
	0
	0.28
	0.31

	NEO757
	5452
	NL-EF
	0.13
	1
	0
	-0.3
	0.05
	0.11
	0.84
	0.03
	0
	0.27
	0.7

	NEO896
	5446
	NL-EF
	0.12
	1
	0
	-1.8
	0.01
	0.05
	0.94
	0.03
	0
	0.17
	0.8

	NEO945
	5445
	NL-EF
	1.38
	1
	1
	0.3
	0.01
	0.05
	0.94
	0.03
	0
	0.22
	0.75

	NEO888
	5383
	NL-EF
	0.06
	0
	0
	1.5
	0.09
	0.13
	0.78
	0.18
	0
	0.28
	0.54

	NEO933
	5337
	NL-EF
	0.52
	1
	1
	2.4
	0.65
	0.15
	0.2
	0.36
	0
	0.31
	0.33

	NEO744
	5333
	NL-EF
	0.22
	1
	0
	3.6
	0.03
	0.12
	0.85
	0.22
	0
	0.32
	0.46

	NEO795
	5333
	NL-EF
	0.03
	0
	0
	-1
	0.13
	0.16
	0.71
	0.2
	0
	0.33
	0.47

	NEO702
	5263
	NL-EF
	0.15
	1
	1
	-0.7
	0.52
	0.24
	0.24
	0.02
	0
	0.31
	0.67

	NEO7
	5242
	NL-EF
	0.01
	0
	0
	-1.1
	0
	0.04
	0.96
	0.03
	0
	0.23
	0.74

	NEO597
	5210
	NL-EF
	0.18
	1
	0
	0.5
	0.1
	0.14
	0.76
	0.31
	0
	0.29
	0.4

	NEO935
	5187
	NL-EF
	5.03
	1
	1
	-1.4
	0.09
	0.15
	0.76
	0.44
	0
	0.27
	0.29

	NEO865
	5179
	NL-EF
	0.09
	0
	0
	-3.2
	0.01
	0.06
	0.93
	0.06
	0
	0.23
	0.71

	NEO594
	5174
	NL-EF
	0.05
	0
	0
	-1.8
	0.47
	0.19
	0.34
	0.31
	0
	0.33
	0.36

	NEO961
	5137
	NL-EF
	0.02
	0
	0
	1.1
	0.24
	0.19
	0.57
	0.22
	0
	0.33
	0.45

	NEO599
	5134
	NL-EF
	0.19
	1
	0
	-2.6
	0.02
	0.11
	0.86
	0.08
	0
	0.24
	0.68

	NEO602
	5134
	NL-EF
	0.09
	0
	0
	-1.4
	0.25
	0.17
	0.58
	0.47
	0
	0.25
	0.28

	NEO566
	5130
	NL-EF
	0.02
	0
	0
	-3.2
	0.44
	0.17
	0.39
	0.38
	0
	0.28
	0.34

	NEO33
	5128
	NL-EF
	0.05
	0
	0
	-3.1
	0.07
	0.15
	0.78
	0.02
	0
	0.2
	0.78

	NEO898
	5080
	NL-EF
	3.8
	1
	1
	-4
	0.51
	0.13
	0.36
	0.21
	0
	0.3
	0.49

	NEO43
	5067
	NL-EF
	0.11
	1
	0
	1.9
	0.05
	0.14
	0.81
	0.17
	0
	0.36
	0.47

	NEO25
	4956
	NL-EF
	0.36
	1
	1
	1.1
	0.09
	0.16
	0.75
	0.08
	0
	0.33
	0.59

	NEO925
	4947
	NL-EF
	0.29
	1
	0
	-2.8
	0
	0.03
	0.97
	0.05
	0
	0.25
	0.7

	NEO943
	4614
	NL-EF
	1.75
	1
	1
	2.1
	0.03
	0.07
	0.9
	0.2
	0
	0.26
	0.54

	NEO580
	4611
	NL-EF
	0.01
	0
	0
	-1.3
	0.03
	0.09
	0.88
	0.09
	0
	0.28
	0.63

	NEO792
	4493
	NL-SP
	0.25
	1
	1
	-0.4
	0.04
	0.09
	0.87
	0.14
	0
	0.27
	0.59

	NEO876
	4338
	NL-SP
	0.05
	0
	0
	-2.4
	0.01
	0.08
	0.91
	0.16
	0
	0.31
	0.53

	NEO870
	4240
	NL-SP
	0.58
	1
	1
	2.2
	0.23
	0.26
	0.51
	0.37
	0
	0.33
	0.3

	NEO92
	4188
	NL-SP
	0.61
	1
	1
	-0.9
	0.82
	0.11
	0.07
	0.48
	0
	0.25
	0.27

	NEO737
	4106
	NL-SP
	0.24
	1
	1
	1
	0.77
	0.15
	0.08
	0.27
	0
	0.41
	0.32

	NEO738
	4103
	NL-SP
	1.21
	1
	1
	-0.3
	0.92
	0.05
	0.03
	0.73
	0
	0.17
	0.1

	NEO861
	4102
	NL-SP
	0.38
	1
	1
	0.5
	0.79
	0.11
	0.1
	0.74
	0
	0.17
	0.09

	NEO878
	4026
	NL-SP
	0.28
	1
	1
	-2.3
	0.45
	0.15
	0.4
	0.37
	0
	0.33
	0.3

	NEO872
	3979
	NL-SP
	0.08
	0
	0
	-0.1
	0.62
	0.15
	0.23
	0.44
	0
	0.3
	0.26

	NEO735
	3972
	NL-SP
	0.67
	1
	1
	2.5
	0.78
	0.11
	0.11
	0.76
	0.01
	0.16
	0.07

	NEO875
	3970
	NL-SP
	0.18
	1
	0
	1.6
	0.07
	0.11
	0.82
	0.18
	0
	0.27
	0.55

	NEO739
	3965
	NL-SP
	1.88
	1
	1
	0.9
	0.01
	0.04
	0.95
	0.02
	0
	0.15
	0.83

	NEO934
	3809
	NL-SP
	0.08
	0
	0
	2
	0.19
	0.15
	0.66
	0.29
	0
	0.31
	0.4

	NEO93
	3735
	NL-SP
	1.98
	1
	1
	-0.3
	0.26
	0.25
	0.49
	0.1
	0
	0.39
	0.51

	NEO860
	3697
	NL-SP
	0.20
	1
	0
	1.2
	0.55
	0.2
	0.25
	0.66
	0
	0.21
	0.13

	NEO857
	3637
	NL-SP
	0.04
	0
	0
	-1.9
	0.09
	0.17
	0.74
	0.26
	0
	0.31
	0.43

	NEO752
	3589
	NL-SP
	2.09
	1
	1
	1.8
	0.64
	0.12
	0.24
	0.31
	0
	0.31
	0.38

	NEO815
	3471
	NL-SP
	0.11
	1
	0
	4.3
	0.48
	0.24
	0.28
	0.33
	0.04
	0.42
	0.21

	NEO563
	3350
	NL-SP
	0.81
	1
	1
	3.6
	0.69
	0.14
	0.17
	0.59
	0.09
	0.19
	0.13

	NEO590
	3290
	NL-SP
	1.01
	1
	1
	2.9
	0.85
	0.07
	0.08
	0.84
	0.01
	0.11
	0.04

	NEO951
	3242
	NL-SP
	0.45
	1
	0
	1.7
	0.01
	0.06
	0.93
	0.2
	0
	0.34
	0.46

	NEO946
	3094
	NL-SP
	1.24
	1
	1
	2.2
	0.8
	0.1
	0.1
	0.28
	0.01
	0.37
	0.34
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Note: Dates in this supplementary note are consistently expressed as cal. BC, whilst in the rest of the supplements and manuscript, these are cal. BP.
[bookmark: _rgh7l9hg6y7e]Introduction
Previous analyses of the temporality of ancient genomes have produced coarse chronologies, which tend to mask possible short-term events such as those related to rapid population movement, pandemics or socio-cultural changes. Here, we adopted a Bayesian approach to investigate a high resolution chronology of the major demographic events we describe in this study. With this approach it is possible to unify radiocarbon results, detailed archaeogenetic information, and the high precision curve into one calibration process e.g. 1–13, thereby gaining much greater precision on the timing

We established a highly precise chronology for 81 radiocarbon dates from 64 Danish sites focusing on estimating the overlap and transition times between the different ancestries. The primary aims were to estimate; i) the timing of the arrival of Neolithic (Anatolian-derived) ancestry in Denmark; ii) the period of overlap with Mesolithic hunter-gatherer ancestry, and  iii) the total time span of Neolithic (Anatolian-derived) ancestry in Denmark. There were not sufficient Late Neolithic and Bronze Age samples  to estimate the period of overlap for this second transition in ancestry.

All the models and calibrated data presented in this analysis have been performed utilising OxCal v4.44,7,9,10 and forms of outlier analysis and the calibration dataset from Reimer et al.14, Intcal20. OxCal can accomplish automated ‘wiggle matching’ and calculate probability distributions for samples in sequences and phases. 

For the Bayesian approach, the models had to be defined first in OxCal in sequences and phases making use of all available information generated from the human remains (such as the genetic ancestries, or vertical and horizontal stratigraphy). Depending on the problems or questions that arose, boundaries were determined and incorporated into the model structure. The program first calculates the probability distribution of each radiocarbon result and then attempts to reconcile this information by a repeated sampling of the distribution of these dates with the information previously determined. Thus, it builds up a set of solutions consistent with the structure of the model6,10,14.  

A trapezoidal phase prior15,16 is used in a contiguous framework to model the transitional phases of the different ancestry groups. For the reconstruction of the movement of the Neolithic farmers we tested different models defining the phases by taking possible horizontal stratigraphies of the sampled material into consideration. Posterior beliefs are expressed as probability distributions known as ‘posterior density estimates’ and they are always given in italics. 
[bookmark: _8uc3mc1b0zg4]Materials
Of the 100 radiocarbon-dated individuals studied here, 81 were relevant for the questions outlined above, representing individuals with hunter-gatherer and Neolithic (Anatolian-derived) ancestries for use in the Bayesian models. The remaining data stem from Late Neolithic and Bronze Age individuals with Steppe-derived ancestry. 

We corrected the reservoir effect on bones with significantly elevated isotope values (δ13C -18.00 and δ15N +12.00) directly in the models using previously defined reservoir ages and calculated the DRE (diet reconstruction estimates) for the individual in 14C years based on the collagen isotope values (Allentoft et al. 2023, SI Note 8, SI Table III-IV); for a similar method see  17,18.

Reservoir ages affected predominantly samples with hunter-gatherer ancestry. The values for the Neolithic populations indicate a mainly terrestrial diet and in most cases there is no clear evidence for reservoir effects on human bones.  For combining radiocarbon dates related to the same individual we used the R_Combine() function. For four of the radiocarbon dates the X-Test failed (Viksø Mose /X-Test failed at 5% df=1 T=3.849(5% 3.8, Tudse Hage, X2-Test: df=1 T=7.510(5% 3.8), Dragsholm B X2-Test: df=3 T=24.652(5% 7.8). In those situations, the earlier dates were excluded from the models, as they likely exhibit contamination. 

Furthermore we excluded the earliest time points in our dataset (n=5), all from the Mesolithic Maglemose phase (7-8th millennium cal. BC, 9-19th millennium cal. BC) to calculate the time interval for the transition to Neolithic (Anatolian-derived) farmer ancestry more accurately.

[bookmark: _ti4nt826o8gg]OxCal Model Details and Outputs 
The datasets in Figs. S3.1 and S3.2 provide the OxCal model details and outputs for the Bayesian statistical framework of the analysis. OxCal´s chronological query language (CQL) was defined in Bronk Ramsey 9,10 and the model specifications are presented in this form. Figures S3.2 illustrates model outcomes, including the un-modelled and modelled calibrated ranges in their 68.2% and 95.4% probability. In order to test for unreliable chronological models or intrusive material, the agreement index A is calculated to exclude inconsistencies from a model with a threshold value of ~100%. This threshold value can be higher or it can decrease down to 60%. The agreement index A overall is calculated as a whole for the model5,  which is likewise ~100%, it should likewise not fall below 60%. These two indices represent a threshold value analogue to the 0.05 significance level in a χ²-test. Furthermore, a posterior outlier probability is calculated for each of the radiocarbon dates in the models and represented with the model outcomes in the datasets (Fig. S3.2).
[bookmark: _3iwku7nbmk0l]Estimating the Transition Phase and span of Neolithic farmer ancestry 
In this study, we used a trapezoidal phase prior15,16 instead of a uniform prior (for abrupt transition) for calculation the transitional time intervals because:

• The different phases can be overlapped, indicating transitional periods.
• Changes in the genetic ancestries across whole regions can be characterised as slow, non-instantaneous processes such as e.g. migrations. These processes probably lasted for a longer period of time

This framework assumes that the different phases and genetic ancestries (hunter-gatherer, European farmers) are contiguous to each other and thus also allows time periods representing phases of transition. The trapezoidal models are used to calculate the highest probability for the co-existence of the groups, e.g. the time interval from the earliest possible appearance of the first farmers with Anatolian-derived ancestry to the last appearance of Mesolithic hunter-gatherer DNA. Such a trapezoid model produces information across three components: first, a gradual increase (introductory period); then, a period of constant rate of activity (blooming period); and finally, a gradual decrease (period of decline)16. 

[bookmark: _xgxutjqki3vc]Results
A Bayesian trapezoidal model was applied on 81 radiocarbon dates with genomic data from altogether 64 individuals. The presented end model shows with Amodel 104.4 and Aoverall 90.2 at very high agreement. The resultant model for the end date of this transition shows very high agreement between Amodel=104.4 and Aoverall=90.2 (Fig. S3.2). 

The ages of individuals with hunter-gatherer ancestry were corrected with regional reservoir ages of between 350y and 250y (for the reservoir ages see Table S1 and Allentoft et al. 2022). After excluding the earliest Mesolithic individuals in our sequence (see above) the sequence starts with an individual from Røntest, which is calculated to 6217-5920 cal. BC (95.4%; 6079-5990 cal. BC, 68.2%). 

The hunter-gatherer genetic ancestry component disappears from Denmark at the transition from the 5th to the 4th millennium cal. BC. The last known hunter-gatherers in this phase are represented by the individuals from Rødhals and Ravnsbjerggård (Rødhals, 3961-3811 cal. BC, 68.2%; 4035-3769 cal. BC, 95.4% and Ravnsbjerggård 3965-3809 cal. BC, 68.2%; 4040-3716 cal. BC, 95.4%). 

The earliest known individual with Neolithic (Anatolian-derived) farmer genetic ancestry is from Viksø Mose (5050 +/- 15 BP, UCIA-232706). The time of death of this individual is thus calculated to 3934-3774 cal. BC (95.4%; 3880-3782 cal. BC, 68.2%), followed by the second oldest individual with this ancestry in our data, namely Tysmose II 3791-3645 cal. BC (95.4%; 3752-3653 cal. BC, 68.2 %).

The gradual increase or the introductory period of the Early European Farmers ancestry in Denmark proceeds within 4085-3796 cal. BC (95.4%; 3965-3824 cal. BC, 68.2%). The time intervals for the 95.4% probability of the latest Hunter-Gatherer ancestry and the early European farmer ancestry are overlapping, and the transition from the earliest possible European Farmer ancestry to the last possible Hunter-Gatherer ancestry spans 186-416 years (68.2%) and 93-579 years (95.4%) (Figs. S3.3-5). These values represent the maximum possible overlaps or co-existence of the two ancestry  groups. The final transition from hunter-gatherer ancestry to Neolithic (Anatolian-derived) ancestry occurs between 3735-3458 cal. BC (95.4%; 3668-3538, 68.2%). Within this time interval the last Hunter gatherer ancestry in Denmark disappears. Radiocarbon measurements for 38 individuals with Neolithic (Anatolian-derived) ancestry were utilised in these calculations. This ancestry component is present in Denmark until 2886-2619 cal. BC (95.4%; 2876-2737 cal. BC, 68.2%, Stenderup Hage, UBA-39152). The duration of the presence of Anatolian-derived ancestry is thus calculated to between 936-1010 years, 68.2% and to between 876-1100 years 95.4% (figure S8.6). In conclusion Neolithic (Anatolian-derived) ancestry was present for around 1000 years in Denmark before being replaced by the second population turnover introducing Steppe-derived DNA in the Late Neolithic.     

We note that in the Middle Neolithic, ~200-300 years after the disappearance of the last Mesolithic people of typical western hunter gatherer ancestry in Denmark a few individuals with Scandinavian peninsula hunter-gatherer ancestry reached the Danish coasts, as evident in our data. Vittrup Man belongs to this ancestry group. He died between 3368 and 3104 cal. BC (95.4%; 3363-3125 cal. BC, 68.2%).




Plot()
 {
  Sequence(Neolithisation Denmark)
  {
   Boundary("Start 1")
   {
    Start("Start of Start 1");
    Transition("Period of Start 1");
    End("End of Start 1");
   };
   Phase("Ancestry Group Hunter-Gatherer West")
   {
    Delta_R("DRE Røntestenen,AAR-11355", 350,40);
    R_Date("Røntesten,AAR-   11355",7542,42);
    Phase(Orehoved Sejlrende)
    {
     Delta_R("DRE Orehoved Sejlrende,UBA-37880", 273,18);
     R_Date("Orehoved Sejlrende,UBA-  37880",7505,36);
     Delta_R("DRE Orehoved Sejlrende, UBA-38222 ", 273,18);
     R_Date("Orehoved Sejlrende, UBA-38222",7415,53);
    };
    Delta_R("DRE Vedbæk Boldbaner,Ua-23792", 273,18);
    R_Date("Vedbæk Boldbaner,Ua-23792",7115,55);
    Delta_R("DRE Tybrind Vig,AAR-9342 ", 350,40);
    R_Date("Tybrind Vig,AAR-9342",6905,55);
    Delta R("DRE Tudse Hage,UBA-38242,273,18")
    R_Date("Tudse Hage,UBA-38242",6608,47);
    Delta_R("DRE Korsør Nor,K-4263", 273,18);
    R_Date("Korsør Nor,K-4263",6760,75);
    Delta_R("DRE Koed IV,UBA-35710", 350,40);
    R_Date("Koed IV,UBA-35710",6443,44);
    Delta_R("DRE Bodal K,UBA-38238", 273,18);
    R_Date("Bodal K,UBA-38238",6435,44);
    Phase(Bøgebakken, Vedbæk)
    {
     Delta_R("DRE Ua-23787", 273,18);
     R_Date("Ua-23787",6420,70);
     Delta_R("DRE UBA-35717", 273,18);
     R_Date("UBA-35717",6298,58);
     Delta_R("DRE Ua-23794", 273,18);
     R_Date("Ua-23794",6260,75)
     Delta_R("DRE Ua-23784", 273,18);
     R_Date("Ua-23784",6140,50);
     Delta_R("DRE Ua-23786", 273,18);
     R_Date("Ua-23786",6060,60);
    };
    Delta_R("DRE Koed I,UBA-39552",350,40);
    R_Date("Koed I,UBA-39552",6400,37);
    Delta_R("DRE Fannerup F, AAR-19687", 350,40);
    R_Date("Fannerup F, AAR-19687",6377,30);
    Phase(Dagsholm)
    {
     Delta_R("DRE AAR-8725", 273,18);
     R_Date("AAR-8725",6310,60);
     R_Combine Delta_R ("DRE A Dragsholm",273,18)
     {
      R_Date("AAR-7414-2",6209,40);
      R_Date ("NZA-15676",6208,60);
      R_Date("AAR-7414",6187,43);
      R_Date("NZA-15953",6115,60);
     };
     R_Combine Delta_R("DRE B Dragsholm", 273,18)
     {
      R_Date("NZA-15954",6030,55);
      R_Date("NZA-15678",6002,60);
     };
    };
    Delta_R("DRE Nederst,AAR-28401", 350,40);
    R_Date("Nederst,AAR-28401",6289,45);
    Delta_R("DRE Korsør Nor,AAR-10246", 273,18);
    R_Date("Korsør Nor,AAR-10246",6263,36);
    R_Combine Delta_R("DRE Holmegard-Djursland", 350,40)
    {
     R_Date("OxA-533",6080,80);
     R_Date("K-3559",6030,80);
    };
    Delta_R("DRE Havnø,UBA-39153", 350,40);
    R_Date("Havnø,UBA-39153",5947,33);
    Delta_R("DRE Fannerup E, UBA-35705", 350,40);
    R_Date("Fannerup E,UBA-35705",5911,43);
    Delta_R("DRE Fannerup F, AAR-28400", 350,40);
    R_Date("Fannerup F, AAR-28400",5821,37);
    Delta_R("DRE Bjørnsholm,UBA-35718", 375,40);
    R_Date("Bjørnsholm,UBA-35718",5792,41);
    Delta_R("DRE Norsminde,AAR-8556", 350,40);
    R_Date("Norsminde, AAR-8556",5800,35);
    Phase(Ertebølle)
    {
     Delta_R("DRE UBA-35704", 375,40);
     R_Date("UBA-35704",5611,53);
     Delta_R("DRE UBA-31308", 375,40);
     R_Date("UBA-31308",5690,34);
    };
    Delta_R("DRE Vængesø, K-3921", 350,40);
    R_Date("K-3921",5540,40);
    Delta_R("DRE Sølager, K-3921", 273,18);
    R_Date("Sølager, K-3921",5540,40);
    Delta_R("DRE Langø Skaldynge, UBA-37896", 273,18);
    R_Date("Langø Skaldynge UBA-37896",5496,57);
    Delta_R("DRE Rødhals,AAR-8552", 273,18);
    R_Date("Rødhals,AAR-8552",5360,50);
    Delta_R("DRE Ravnsbjerggård,AAR-10993", 260,40);
    R_Date("Ravnsbjerggård, AAR-10993",5308,43);
    R_Date("Dragsholm II/D, AAR-7416-2",5102,37);
   };
   Boundary("Transition 1/2")
   {
    Start("Start of Transition 1/2");
    Transition("Period of Transition 1/2");
    End("End of Transition 1/2");
   };
   Phase("Ancestry Group Farmer Central Europe")
   {
    R_Date("Viksø Mose, UCIA-232706",5050,15);
    R_Date("Tysmose II,UBA-35722",4959,43);
    R_Date("Roskilde Fjord,UBA-37910",4939,45);
    R_Date("Pandebjerg, UCIAMS-232705",4910,15);
    Phase(Rude)
    {
     R_Date("UBA-37877",4901,37);
     R_Date("UBA-37876",4838,29);
     R_Date("UCIAMS",4725,15);
    };
    R_Date("Sigersdal Mose,UBA-39125",4853,29);
    R_Date("Tissøe,UBA-39159",4846,53);
    R_Date("Lohals Nord,UBA-35699",4843,40);
    R_Date("Bygholm, grav I,UBA-38227",4836,35);
    R_Date("Grøfte A,UBA-38228",4828,35);
    R_Combine("Salpetermosen")
    {
     R_Date("AAR-21343",4789,25);
     R_Date("AAR-21344",4752,29);
    };
    R_Date("Dalmosegaard (Borre),UBA-39141",4774,52);
    R_Date("Sejerby (Sejerø,UBA-35721",4746,45);
    R_Date("Lundby-Falster,UBA-40439",4743,31);
    R_Date("Jorløse Mose,AAR-11122",4720,40);
    R_Date("Porsmose ,K-3748",4710,90);
    R_Date("Vig Femhøve, UBA-37893",4709,52);
    R_Date("Mandemarke, UBA-39554",4698,32);
    R_Date("Femhøve,UBA-37893",4709,52);
    R_Date("Lendemark,UBA-39554",4698,32);
    R_Date("Lundby-Falster,UBA-39128",4688,31);
    R_Date("Sludegård Sømose,UBA-39145",4688,56);
    R_Date("Læsten Mose,UBA-39151",4674,51);
    R_Date("Elkenøre,UBA-40440",4647,31);
    R_Date("Døjringe I,UBA-40108",4629,31);
    R_Date("Jørlundegaard,UBA-35714",4619,41);
    R_Date("Vibygårds Mose,UBA-39147",4573,33);
    R_Date("Storelyng (Øgårde boat III), K-3746",4570,60);
    Phase(Hunter-Gatherer Baltic)
    {
     R_Combine (Vittrup)
     {
      R_Date("UBA-39121",4565,29);
      R_Date("UBA-29904",4464,52);
     };
     Delta_R ("DRE Svinninge Vejle, UBA-37912",273,18);
     R_Date("Svinninge Vejle, UBA-37912", 4539,72);
    };
    R_Date("Storelyng Østrup,AAR-10248",4523,37);
    R_Date("Neverkær Mose I,UBA-38232",4518,33);
    R_Date("Avlebjerg,UBA-40443",4510,32);
    R_Date("Vanløse Mose II,AAR-10994",4485,41);
    R_Date("Kainsbakke,AAR-21424",4464,29);
    R_Date("Klokkehøj,UBA-35708",4086,42);
    R_Date("Stenderup Hage,UBA-39152",4072,61);
   };
   Span("Neolithic ancestry");
   Interval("Neolithic");
   Boundary("End 2")
   {
    Start("Start of End 2");
    Transition("Period of End 2");
    End("End of End 2");
   };
  };
 };

Figure S3.1. CQL code for the trapezoidal model of the Hunter-Gatherer West/European Farmer transition. 
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Figure S3.2. Model outcomes for the trapezoidal model of Hunter-Gatherer West/European Farmer transition. Green indicates modelled data, purple indicates phases.

Figure S3.3. Interval period for the Hunter-Gatherer West/European Farmer transition. This figure and figures S3.4-5 illustrate a period of constant rate of activity (blooming period); gradual increase (introductory period) and gradual decrease (period of decline) for the trapezoidal model transition Hunter-Gatherer West/European Farmer.[image: ]
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Figure S3.4. Modelled start date for the Hunter-Gatherer West/European Farmer transition.
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Figure S3.5. Modelled end date for the Hunter-Gatherer West/European Farmer transition.

[image: ]Figure S3.6. Duration of Neolithic ancestry in Denmark.
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[bookmark: _92nj6km600eq]Introduction
Stable isotope values for carbon (δ13C) and nitrogen (δ15N) in collagen in genetically characterised human bones and teeth from 100 individuals form the basis for the present overview on dietary variation in early prehistoric Denmark. All isotope values that we comment on in this chapter are released in Allentoft et al. (submitted) where they form part of the supplement chapters on radiocarbon dating and reservoir correction. However, a concise summary of the results are also provided in Supplementary Datas I and II in this study. We analyse data from skeletal material dated c. 10,500-3,000 cal. BP, which according to the local archaeological chronology spans the periods from the Early Mesolithic to the Middle Bronze Age. A tripartite chronological grouping stands out: 1) inland hunter-fisher-gatherers, 2) coastal fisher-hunter-gatherers, and 3) farmers. Integration of the dietary and genetic data for these individuals reveals co-relations that allow for hitherto unattainable insights into the prehistory of the region.
[bookmark: _c9s54rm8myhw]Material and methods
The dietary stable isotope values discussed in this study were measured on collagen from 40 samples of dentine, 60 of bone, and 12 samples of tooth or bone (some skeletons sampled more than once). 20 of the bone samples derived from the outer parts of petrous bones - excluding the otic capsule, which was reserved for DNA and strontium analyses. The carbon and nitrogen isotope values represent food composition over an interval of time, which generally lasted several years prior to the death of the individual in question1,2. A deeper understanding of individual dietary life histories can be reached via isotopic analyses of tooth increments, as will be elucidated in ongoing detailed investigations of skeletons from Vittrup (NEO033), Rødhals Man (NEO645) and Dragsholm Man (NEO962)3–5.
The isotope measurements were mainly produced at the 14C Centre at the University of Belfast. They were conducted according to standard protocols6, based on a modified Longin7 method 8. Ultra-filtering was standard procedure, and measuring uncertainty was within the generally accepted range of ±0.2‰ (1 sd). All are within the acceptable atomic C:N range of 2.9-3.6, and therefore show a low likelihood of diagenesis9,10. The full assemblage of isotopic measurements is available in Supplementary Data II.
Generally, δ13C values inform on the proportion of marine versus terrestrial protein, while δ15N values reflect the trophic level from which the proteins were acquired. Dietary interpretation demands reference measurements from potential major protein food sources, temporarily and geographically as closely as possible associated with the humans under study. A large and varied set of such data is available for Danish Mesolithic and Neolithic mammals and fish, but not to the same extent from plants (Allentoft et al. submitted)3,4,11–19. 
In addition, an understanding of the trophic-level enrichment factor for δ13C and δ15N values is mandatory for dietary interpretation of our assemblage of human isotope values20. An array of ecological studies on animals indicates that each trophic level shift results in an increase in isotope values of around 1 and 3-5‰, respectively, with variation due to such factors as species, biological age, quantity, quality and composition of diet and physiological stress e.g. 21–27. A δ15N increase in the order of 3.5‰ is seen in bone collagen of females and infants from three Danish Mesolithic sites, including mother-and-child burials from Tybrind Vig and Henriksholm-Bøgebakken grave 1912,28,29. In addition, a study based on hair from modern Indian children measured before and after weaning gave the result 3.3‰ 30. However, the actual diets of the studied individuals are not known. More direct measurements on human tissues suggest somewhat higher offsets. A compilation of studies based on present-day human hair samples suggests enrichment around 5.5‰ 31. Moreover, a controlled human diet study, based on red blood cell samples, suggests an enrichment factor as high as c. 6‰ 32.
Application of these different enrichment values will lead to differing interpretations of the human diet. The use of a relatively high δ15N enrichment factor will suggest lower proportions of fish consumption and probably also higher intake of plant proteins. Further complications in dietary interpretation result from the raised nitrogen values observed in local early prehistoric cereals17,19,33,34. These raised values are due to manuring that also affected the δ15N levels of domestic animals, which grazed on manured fields. It is beyond the scope of the present supplement to discuss in detail the consequences of these matters to human dietary isotope values, and we shall therefore satisfy noting that there is solid knowledge on widespread fishing activity (and consequently fish consumption) for most of the Mesolithic, Neolithic and Bronze ages e.g. 35–43.
[bookmark: _68d93balli5]Dietary variation versus cultural and genetic history
An overview of carbon and nitrogen isotope variation over time among humans from Denmark is given in Extended Data Fig. 6 in the main text (and reproduced below for convenience). A very dominant division is observed c. 5,900 cal. BP, which is the time when domesticates, pottery of Neolithic manufacture and immigrants of Anatolian ancestry turned up in the region44,45 (see discussion in main text).
Rødhals Man (NEO645) is coeval to this watershed episode. He is the latest dated individual in our assemblage of Danish humans who combines a dominantly marine dietary isotope signature with a western European hunter-gatherer ancestry4. Most noteworthy, Dragsholm Man (NEO962) of nearly the same date is also of local hunter-gatherer ancestry, even though his bone collagen dietary signature is that of a farmer (Figs. S4.1 and S4.2)5,46.
Figures S4.1 and S4.2 show a general development throughout the Mesolithic towards an increase in both δ13C and δ15N values. The latter trend results from a growing importance of protein from high trophic levels, common in aquatic food chains, whereas the former reflects an increase in consumption of marine protein. Both trends correlate with the rise in sea-level that changed the geographic character of the present-day Danish area from inland to archipelago cf. 47,67.
 [image: ]
Figure S4.1. δ13C values in Danish early prehistoric human bone and dentine, classed by genomic signature. A fundamental dietary and genetic change is seen at the transition from the Mesolithic to the Neolithic c. 5900 cal PC (dashed line). Four anomalous individuals are marked. Data from SI Table II.
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Figure S4.2. δ15N values in Danish humans of Early Mesolithic to Middle Bronze Age date, classed by genomic signature. Four dietary isotopically anomalous individuals are marked. Data from Supplementary Data II.
 
[bookmark: _5u0j8v5pp1dh]Mesolithic food composition
The earliest Danish individual of the present study, Koelbjerg (c. 10,500 cal. BP, NEO254), has remarkably low isotopic values. These may be typical of the period, since similar values are known from the second earliest human skeletal remains available from Denmark (Tømmerupgård)12. They can reflect a protein diet based on terrestrial plants and game in combination with freshwater sources. The terrestrial meat could, for instance, derive from elk, the bones of which are frequently found in local bogs and settlements of the period12,15,48,49. Evidence for freshwater food is seen in the period’s many barbed bone points from fish spears found in the lakes of the region50,51. The uncertainty as to trophic level enrichment, outlined above, complicates estimation of the relative importance of freshwater sources in Early Mesolithic diet12, which is therefore not included in this short supplementary.
The much higher δ15N values of all other Mesolithic individuals indicate a considerable dependence on higher-level aquatic protein sources. The low δ13C values among the individuals from the early and middle part of this period suggest that initially the nutrients of the wet element were of freshwater or highly brackish origin. From c. 9,000 to 5,900 cal. BP, the general trend was an increase in the proportion of proteins from genuinely marine environments.
One individual clearly stands out dietarily from all other Middle and Late Mesolithic members of our assemblage. It is from the site of Ravnsbjerggård in the Åmose Bog (NEO960). The protein food of this human was most likely derived from a mixture of freshwater food (fish, mollusks) and forest game. Similar dietary signatures are found in one other human (Tingbjerggård Vest) and several dogs of roughly the same date and deriving from the same bog (12 and unpublished data). The lack of a marine signal in their isotopes indicates a radical turn away from a long-existing settlement pattern that included prolonged seasonal stays at fishing sites by the sea12,52–54. The precise absolute age of these humans and dogs cannot presently be established due to problems in estimating freshwater reservoir effect on their radiocarbon dates (Supplementary Note 3). According to the relatively conservative estimate of the effect applied in Figs. S4.1 and S4.2 (250 years), they belong to a time shortly before the arrival of farming and immigrant farmers to the region. A larger correction factor (still within realistic limits) will make them coeval with the first farming societies of the region. Genetically the Ravnsbjerggård individual is of local hunter-gatherer ancestry. Our preliminary interpretation is that this person, as well as the chronologically and isotopically closely related humans and dogs from the Aamose, represent a social group that gave up its coastal territory – possibly due to impact (violence/diseases) from immigrant farmers.
As to vegetable ingredients in diet, our collagen-based isotope analyses have little to contribute. We know such components were on the menu e.g. 28, but their generally low protein content prevents them from leaving a clear signature. The relative importance to energy supply of carbohydrates and vegetable fats can, however, to some extent be resolved by modelling31, cf. 55,56.
[bookmark: _680umi4dt4e0]Neolithic and Bronze Age food composition
The stable isotope values seen in Figs. S4.1 and S4.2 imply a primarily terrestrial diet for nearly all of our Neolithic and Bronze Age individuals. Further nuances to this may, however, be added. Thus, other sources tell that domestic herbivores contributed significantly to the diet of those days’ inhabitants of Denmark in terms of meat as well as milk e.g. 57–60.
The δ13C values centre around -20‰, with a variation from c. -21‰ to -18‰. This would suggest a moderate intake of protein from marine sources, ranging from 0% up to some 20% - in accordance with the frequent observations of large fish weirs of Neolithic date along the coeval coasts61–63. To what extent freshwater sources contributed to diet can be estimated by modelling, as is the case with the proportion of cereal versus terrestrial animal protein cf. 31,64.
Among the 61 Neolithic and Bronze Age individuals, only one deviates significantly from the others in terms of dietary isotope values (Figs. S4.1 and S4.2). This is the individual from Svinninge Vejle (c. 5,100 cal. BP; NEO898). A large proportion of the protein intake of this person certainly derived from the sea, and his combination of δ13C and δ15N values suggests a protein diet dominated by marine mammals such as seals. This human also has a deviating genetic profile that is closely related to individuals of Neolithic age from eastern Sweden3. The latter are associated with the archaeological complex termed Pitted Ware Culture65, for which seals contributed importantly to diet e.g. 66. Our genetic and dietary analyses thus agree in pointing out this individual as a foreigner in Neolithic Denmark. 
Genetically Vittrup Man (NEO33) was of the same foreign ancestry as the Svinninge Vejle individual. This had no bearing on the isotopic values of his bone collagen, however (Figs. S4.1 and S4.2). His external background is nonetheless supported via measurements of strontium isotopes (Supplementary Note 5).
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[bookmark: _pu0kf34rkd4h]Introduction
Studies of human movement in the past have traditionally relied on exotic artefacts as a proxy for people. But artefacts can be copied, stolen, traded, or gifted and may not represent the actual movement of people. In the last 25 years or so, isotopic provenancing of human remains has become common practice in the investigation of burial populations and provides a direct way to look at human mobility1. Isotopes of oxygen, strontium, and lead have been used in such studies. A number of studies have been completed in Denmark2–8.
Strontium isotope analysis provides a robust means for examining past mobility. Strontium moves into humans from rocks and sediments through the food chain1,9,10 and is found primarily in the skeleton. Enamel forms during early childhood and has the strontium isotope ratio of the food consumed by the mother and during the first years of life. Enamel is largely inert. The strontium isotope ratio in the enamel usually remains unchanged during life and after death. The enamel thus can provide a chemical signal of place of birth. If an individual moved to a new location or was buried in a new place, the enamel isotope ratio may differ from the new location, allowing the designation of that individual as non-locally born. Because the same strontium isotope ratio can characterise several locations, it is difficult to determine the precise place of origin.
The strontium isotope ratio (87Sr/86Sr) varies among different kinds of rocks, based on their age and composition. The heavier isotope (87Sr) is formed by the radioactive decay of rubidium-87. Thus, older rocks and sediments with more rubidium have higher 87Sr/86Sr values, while younger materials with less rubidium are at the opposite end of the range with lower ratios e.g. 11. The proportion of 87Sr varies in the terrestrial ecosystem, but averages around 7% of total strontium; 86Sr is about 10%. Their ratio normally varies from about 0.700 in rocks with low Rb to 0.730 and much higher in high-Rb rocks that are billions of years old. Most measurements of human enamel fall in the range of 0.705 to 0.735. 
Strontium isotope analysis for information on prehistoric residential mobility requires samples of uncremated dental enamel. Powder for isotopic analysis is collected from the teeth by first burying the area to be sampled to remove possible surface contamination and then extracting a cusp or fragment. The powder is weighed and submitted for measurement. For this study, measurement of 87Sr/86Sr in the powder was done in the Geochronology and Isotope Geochemistry Laboratory (Dept. of Geological Sciences, University of North Carolina- Chapel Hill). Samples are dissolved in nitric acid and the strontium fraction purified by ion selective chromatography (Eichrom Sr resin) prior to analysis by TIMS on a VG Sector 54 mass spectrometer run in dynamic mode. Internal precision in the laboratory is consistently around 0.0007% standard error (or 1σ = 0.00006 in the ratio of a particular sample). Long-term, repeated measurements of SRM-987 are around 0.710260—an acceptable difference from the recognized value of 0.710250—and raw sample values from individual runs are standardised to the recognized value of SRM-987. 
Levels of strontium isotopes in human enamel and bone may vary from geological background for a number of reasons that include differential weathering of minerals in rock, atmospheric dust, and the deposition of eolian, alluvial, or glacial sediments on top of bedrock geology. Complex geological areas may have several different sources of 87Sr/86Sr contributing to human diets. Coastal populations are impacted by other phenomena. Marine foods, for example, have a constant strontium isotope ratio on average of 0.7092. The same ratio, 0.7092, may also be introduced by salt spray and rainfall in coastal areas. For these and other reasons, it is important to measure bioavailable levels of 87Sr/86Sr to ascertain local strontium isotope ratios12. 
Bioavailable strontium isotope ratios are those ratios actually available in the food chain. The bioavailable strontium isotopic signal (or baseline) of the place of burial can be determined in several ways: in human bone from the individuals whose teeth were analysed, from the bones of other humans or archaeological fauna at the site, or from modern fauna, water, soil extracts or vegetation in the vicinity13. This baseline information on isotope values across an area needs to be obtained in order to make useful and reliable statements about the origins of the human remains under study. Some baseline information is available for Denmark14,15 with a mean of 0.7092 and a range largely between 0.7078 and 0.7108. Samples for these baselines were taken at a large scale and, because of variation in the surface deposits across Denmark, measurement of baseline samples at the local level is essential. Local variation has indeed been discovered in some areas with denser sampling5,16, and there is an ongoing discussion on the Danish Sr baseline, which may possibly have to be revised16. In this study we do not rely on baseline values for our interpretations.
[bookmark: _92gehbyxo706]Results
One of the strengths of our project has been the availability of radiocarbon dates for all samples. Fig. S5.1 is a scatterplot of reservoir corrected age vs. 87Sr/86Sr value for 81 teeth out of  the 100 analysed samples from Denmark (see also Fig 4 in main text). There are few burials from the end of the Mesolithic, and (due to sampling limitations) in our dataset there are also relatively few individuals from the end of the Middle Neolithic from 4500 to 4000 uncal. BP. The plot has several interesting features. A dramatic change can be seen with the start of the Neolithic, as these data include both higher and lower values than before, and are generally somewhat higher. This would indicate a different mobility pattern, with many of the Neolithic individuals originating from more distant areas, or possibly from areas that were not utilised or settled in the Mesolithic. The variability in 87Sr/86Sr values continues in the later Neolithic as well after 2500 BC. 
It has been argued17 that the last hunters were more sedentary and the first farmers in prehistoric southern Scandinavia were more mobile and this graph may support such an interpretation. In addition, this pattern is very similar to what has been documented in the British Isles18. 
Two individuals show values above 0.714, one from the Mesolithic and one from the Neolithic period. These individuals may have originated from the Scandinavian Peninsula. There are three individuals between 0.712 and 0.714, all Neolithic, place of origin difficult to determine. There are also some individuals below 0.709 that may be non-local, but could also come from areas within Denmark, such as Limfjorden. 
Carbon isotopes indicate that later Mesolithic diets contained substantial amounts of marine food which would have had an 87Sr/86Sr value of 0.7092 and kept 87Sr/86Sr in Mesolithic humans low. Neolithic diets on the other hand did not include large quantities of marine foods (Supplementary Note 4) and imply little or no suppression of 87Sr/86Sr values. It is therefore surprising that the average 87Sr/86Sr values for the Neolithic is only slightly higher (Table S5.1). 
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Figure S5.1. Scatterplot of 14C age vs. 87Sr/86Sr value for 81 analysed samples from Mesolithic and Neolithic Denmark. The grey vertical line indicates the advent of the Neolithic c. 3900 cal. BC (c. 5,900 cal. BP). Data from Supplementary Table II (See also Fig 4 in the main text).

	Statistic
	All Samples
	Mesolithic
	Neolithic

	Mean
	0.710199
	0.70987
	0.71040

	Standard Deviation
	0.001
	0.0009
	0.001

	Minimum
	0.70835
	0.70937
	0.70835

	Maximum
	0.71588
	0.71446
	0.71588

	Count
	81
	31
	50


Table S5.1. Descriptive statistics for 87Sr/86Sr for all samples (both periods). Additionally, these are provided for the Mesolithic and Neolithic components of the sample. 

Table S5.1 provides descriptive statistics for all Mesolithic and Neolithic samples and for the two components of the sample combined. The very high 87Sr/86Sr value in one of the Mesolithic samples (0.714) affects the mean and s.d. for the entire Mesolithic group. These values for the Mesolithic recalculated without the high value are 0.70959 ± 0.0004.
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Figure S5.2. Boxplot of Sr isotope ratios for the main ancestry groups in our Danish dataset. See also figure 4 in the main text.

Fig. S5.2 shows the distribution of Sr isotope ratios for the Danish samples that could be genetically characterised (Vittrup (NEO33) excluded since it does not belong to one of the major groups). Higher variation as well as slightly higher medians for individuals with Neolithic farmer-related and steppe-related ancestry are suggested by the boxplot. This is supported by nonparametric significance tests. Both Median and Kruskal-Wallis tests suggest overall significant differences between ancestry groups, p=0.0378 resp p= 0.0304.
Pairwise testing between individuals with Mesolithic HG-ancestry and Neolithic farmer-related ancestry gave the following: Median test p=0.0211, Kolmogorov-Smirnov test p=0.0187, Kruskal-Wallis test p=0.0536. Only the K-W test was marginally insignificant. We are confident in concluding that the distribution of Sr isotope values are significantly different from those in the Mesolithic. Pairwise testing between the Eur_BA (Steppe-related ancestry) against the other two ancestry groups also showed significant differences in the distribution of values. Fig. S5.3 shows the spatial distribution of the three ancestry groups, all of which are concentrated in the more easterly parts of Denmark where bone preservation is better. The spatial distribution plots also allows us to evaluate the Sr values in direct comparison with the surface geology. In Denmark, the surficial geology comprises a mosaic of different glacial and post glacial sediments that is the result of sediment dispersal of multiple ice transgression reflecting ice movements from Norway, central Sweden, and the Baltic Sea area. Thus, together with local ice-bedrock interaction potential provides a variable source of different Sr values. While the samples representing each of the three ancestry groups are indeed clustered in the same eastern region, we cannot definitively conclude that the higher Sr-variation we observe in the Neolithic onwards is not a result of those groups simply occupying a wider spectrum of local surface geologies rather than being a signal of higher mobility. This is why we cautiously write in the main text that “This could suggest that the Neolithic farmers in Denmark occupied and/or consumed food from more diverse landscapes, or were more mobile than the preceding hunter-gatherers”.



[image: ]
Figure S5.3. Spatial Sr isotope ratios for the main ancestry groups in our Danish dataset. A) Mesolithic (HG_Europe_W); B) Early Neolithic (Farmer_EurCentral_MLN); C) Late Neolithic and Early Bronze Age (Eur BA). Modified soil classification as background map from GEUS. Predominate sediments: Brown colours refer to glacial moraine deposits. In eastern Denmark and east coast of Jylland these are rich in carbonates related to the local chalk bedrock. Red and orange colours refer to glacial outwash sediments. Violet colours refer to raised marine deposits and green colours to postglacial organic rich deposits often overlaying moraine deposits. The complex distribution of carbonate rich deposits with high Sr concentrations might influence the presence of bioavailable Sr. See https://data.geus.dk/pure-pdf/GEUS-R_2021_68_web.pdf for full legend.
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[bookmark: _wl5ga2l51arz]The Mesolithic-Neolithic transition: palynological evidence
Vegetation and landscape development in Denmark over the last 15000 years is well documented through a large number of pollen stratigraphic records from lakes, bogs and kettle holes1–5. The main drivers for vegetation changes through the Late Palaeolithic and Mesolithic periods were climate, soil conditions and the succession of various plant species6,7. So far, there is no unequivocal evidence of anthropogenic influence on the vegetation on a regional scale before the Neolithic period.
With the introduction of agriculture in Denmark c. 3900 cal. BC (5900 cal. BP) humans became a crucial driving force behind vegetation changes. Johannes Iversen was the first to demonstrate this in his groundbreaking publication on the expansion of Neolithic settlement (`landnam´: land-taking) in Denmark8. With the subsequent studies of Iversen9,10 and Troels-Smith11,12, the most important features of the Neolithic vegetation development on the fertile soils in eastern Denmark were clarified. First is the classic ‟elm declineʺ, which marks the beginning of the Neolithic in historic vegetation studies. The decline of elm is followed by a brief increase in the frequency of grass (Poaceae) and herb pollen, which are then followed by a longer-lasting maximum of birch (Betula), which coincides with the first occurrence of the grazing indicator ribwort plantain (Plantago lanceolata) and sporadic evidence of grain cultivation (occurrence of cereal pollen grains). Birch then declines, while hazel (Corylus) achieves high frequencies in the pollen records until the primary forest taxa reemerge.
Iversen originally interpreted the development as a relatively short sequence: 1) first the forest was cleared by burning and the land was cultivated, 2) after a few growing seasons, the soil was nutrient deficient and the fields were abandoned, after which a natural plant succession began. First with birch forest, where the farmers´ cattle grazed 3), but over time the birch was outcompeted by hazel in a natural order towards the re-establishment of the primary forest. However, as pollen records have been 14C dated and chronology has improved, we now know that this development extends over nearly a thousand years. Thus, it is not a single cycle of natural succession, but different stages of landscape utilisation and agricultural strategies that are expressed13,14. The phase division of the landnam period described by Iversen15 is of a general nature and there are significant variations from locality to locality.
To illustrate the vegetation development at the transition from the Mesolithic to the Neolithic in eastern Denmark, we use a new high-resolution and well-dated pollen diagram from Lake Højby, Northwest Zealand, covering the period 5000-2400 cal. BC16. In this study, a “Landscape-Reconstruction Algorithm” (LRA17,18) is used to reconstruct the vegetation changes in the catchment area of Lake Højby over a period of c. 2500 years. In the LRA, vegetation cover composition of the most common plants with wind-dispersed pollen types within the local area is estimated with the model LOVE (Local Vegetation Estimates17). This corrects for differences in pollen productivity and dispersal, as well as for changes in the regional background pollen rain, estimated from the regional vegetation composition, which has previously been estimated with the model REVEALS17 based on pollen data from six lakes on Zealand (see Fig. S6.1).
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Figure S6.1. Map showing the location of Lake Højby in Northwest Zealand (red), and the other six lakes (blue). These were used to estimate the regional vegetation composition with the LRA-REVEALS model.

The development in eastern Denmark will be compared with the development on the sandier and less nutrient-rich soils in western and northern Jutland, where the vegetation development deviates to some extent from the development in eastern Denmark.

[bookmark: _fpgv97xgs57g]Mesolithic
A succession of temperate deciduous forests started in Denmark around 7000cal. BC. This primary forest, often named the Atlantic primeval forest, consisted of a variety of trees, dominated by lime (Tilia), elm (Ulmus), oak (Quercus), alder (Alnus) and ash (Fraxinus). These shade-tolerant species gradually outcompeted the hazel and pine (Pinus) which dominated the older Boreal forests. On the nutrient-rich soils prevalent in eastern Jutland, Funen and Zealand, relatively low pollen proportions of light-demanding herb species have been registered. This indicates that the primary forest was relatively dense, with few and small open areas19. Modelling of the area distribution from Lake Højby shows that between 85 % and 90 % of the area was covered by primary forest (Fig. S6.2), which is in accordance with previous studies from eastern Denmark on a regional scale20. The open areas have primarily been concentrated around wetlands and along the coasts.
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Figure S6.2. Local vegetation cover percentages around Lake Højby, estimated from pollen assemblages using the LRA-LOVE model. Charcoal concentration and influx is also shown. Archaeological periods are indicated on the diagram: Meso, Mesolithic; Early TRB, Early Funnelbeaker Culture; Middle TRB, Middle Funnelbeaker Culture; Late TRB, Late Funnelbeaker Culture; SGC, Single Grave Culture.

On the sandier and less fertile soils in western and northern Jutland, the Boreal forest was similarly replaced by temperate deciduous forest of the same tree species as in the east, but the forest maintains a more open character with a field layer of grasses and heather. Modelling of pollen data from Lake Solsø (western Jutland), located on the leached meltwater plain, indicates a forest dominated by hazel and birch33.. The grassy openings covered between 20% and 30% of the landscape on a regional scale and up to 40% furthest to the west20. The openness was partly maintained by forest fires that occurred regularly in this region2. On the moraine areas in northern Jutland, the forest composition was similar to the primary forest in eastern Denmark, yet, with a more open character21,22.  
These different forest development sequences highlight the marked geographical variation in the forest composition in Denmark during the Atlantic period (7000-3900 cal. BC). A variation that can mainly be attributed to different soil conditions. A common feature of all the areas is a marked decrease in elm pollen around 4000 cal. BC. The decline of elm roughly coincides with traces of the first farmers detected in the archaeological record. Human activity has therefore been connected to the elm decline and especially leaf-feeding of cattle as the primary cause12. Today, however, elm disease is recognized to be the cause of the elm decline, which has now been detected over large parts of Europe and appears to have occurred over a very short number of years23–25.
[bookmark: _799zqmne4167]Early Funnel Beaker Culture (FBC) 3900-3500 cal. BC
With the occurrence of the first farmers, significant changes in forest composition were initiated. In Lake Højby, there is a marked decrease in lime, probably because the first farmers preferred the high-lying and drier soils also preferred by lime. With the clearing of the lime dominated forest, grasses, oak, alder, willow (Salix) and hazel temporarily increased, as a secondary succession in the cleared areas. Despite these major changes in the composition of the forest, only an insignificant change in the ratio between forest and open land is observed. The absence of species indicating grazing, such as ribwort plantain and sheep’s sorrel (Rumex acetosella) and other herbs associated with open and grazed landscapes indicates that large herds of free-ranging livestock were not common, despite the fact that the archaeological record contains bones of cows, pigs and sheep/goats26,27. Therefore, these animals were part of the earliest farming economies, but this did not significantly affect the vegetation composition in terms of openness. One possible explanation is that pigs, as well as sheep/goats, were the primary animals in the first century of the Neolithic, while cattle farming was less significant e.g. 13. From around 3800 cal. BC, the distinct increase in birch is caused by the farmers' clearing the forest with fire (Fig. S6.2). Birch has a competitive advantage on the newly burned areas, and the increase in birch cover follows an increase in the charcoal concentration in the lake sediments, suggesting that regular burning was used as an integrated agricultural strategy. This phase covers the period from 3800 to 3400 cal. BC. Repeated burning of the forest is also supported by pollen preserved under the oldest long barrows. Here, birch pollen dominates, many of which show signs of having been exposed to strong heat, demonstrating that the successional birch groves were burned in subsequent swidden episodes14.
Between 3650 cal. BC and the onset of the Middle FBC at 3500 cal. BC, deforestation and burning intensified and a very open landscape formed, with less than 15% tree cover locally around Lake Højby. At the same time, the first cereal pollen and grazing indicators such as ribwort plantain and sheep’s sorrel occur in the diagram. Studies of plant macrofossils from a number of Danish FBC archaeological sites show that a variety of cereals were grown such as einkorn, emmer, bread / dwarf wheat, as well as naked and hulled barley28,29. Macrofossil studies indicate that these cultivars were present from the beginning of the Neolithic. The extensive deforestation and burning observed at Lake Højby are seen in large parts of eastern Denmark, and resulted in a very open landscape, while this development is much less pronounced in western and northern Denmark13.
[bookmark: _hvt8odls6ht2]Middle FBC 3500-3200 cal. BC
Around Lake Højby the opening of the landscape only existed for a short time period before the forest increased. Especially hazel increased, whilst the open-ground taxa like grasses and ribwort plantain decreased (Fig. S6.2). Around 3400 cal. BC, birch declines markedly, which may indicate that swidden cultivation as an agricultural practice declined. The continued presence of grazing indicators (ribwort plantain and grasses) indicate that cattle had become a much more important part of the agricultural package. However, it also indicates that grazing pressure was not intensive enough to prevent regrowth of the forest on areas that had been cleared at the end of the previous period. In contrast, grazing pressure had been high enough to form a hazel-dominated forest as hazel, unlike birch, produces new shoots when browsed. It must be concluded that extensive ‟forest grazingʺ was common over a fairly large area. This strategy dominated for about 400 years and a similar vegetation development has been demonstrated in other studies in eastern Denmark. This development is also supported by pollen records from contemporary long barrows and dolmens14. Despite increasing forestation, the presence of cereal pollen shows local cultivation.
[bookmark: _l9q1b6bbsfq]Late FBC 3200-2800 cal. BC
The development that started in the Middle FBC culminated around 3000 cal. BC, where hazel reached a coverage of approximately 60% and the primary forest almost 40%. Thereafter, hazel is drastically reduced, and within only a hundred years hazel became an insignificant component of the forest composition. The former hazel-dominated landscape is transformed into open grazing land, dominated by grasses, ribwort plantain and sheep’s sorrel. In addition to this development, cereal cultivation seems to be intensified, a development that is supported by pollen studies of soil profiles below passage graves14.
A significant part of the grazing land was reforested with climax forest during the transition to the Single Grave Culture (SGC). A likely interpretation is that fields and grazing areas became more permanent, in contrast to the previous periods when agriculture was based on regular claiming of new land.
[bookmark: _yfaw4xrdj0cq]SGC 2800-2400 cal. BC
The development of permanent open grazing areas is observed at the transition to SGC in many regions. However, it is particularly pronounced in Northern and Western Jutland13. Here, the forest is cleared, creating the open and forest-poor landscape that has dominated the region until the 19th century AD. In eastern Denmark, there are several examples of deforestations in the SGC e.g. 30, but in many areas the forest dominated during the SGC, as we see at Lake Højby, and remained dominant until the Late Bronze Age31. During the SGC, barley became the most common cereal variety and the diversity of the crops grown seems to decline compared to previous periods32.
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