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TABLE S1.1 Sampling locations of Pinus cembra with geographical information. Sample numbers and measures of population genetic diversity are given for
both nuclear and chloroplast microsatellite markers (simple-sequence repeats, n/cpSSRs).

Coordinates (WGS84) nSSRs cpSSRs

Range! Country? Code? Population Lat [°N] Long [°E] n Ar He n H Ap
A CH CHO1 Mirtschenalp 47.06331 9.16299 16 2.075 0.499 16 0.767

A CH CHO2 Neuenalp 47.17239 9.34640 16 2.121 0.529 16 0.642

A CH CHO3 Saflischtal 46.35504 8.11840 16 2.042 0.551 16 0.350

A CH CHO4 Kreuzboden 46.13763 7.95940 16 2.041 0.486 16 0.608

A CH CHO5 Forét de Derbellec 46.25377 7.60046 16 2.068 0.512 16 0.450

A CH CHO6 Siviez 46.12703 7.32625 16 2.068 0.564 16 0.533

A CH CHO7 Col du Pillon 46.32938 7.08306 16 2.007 0.491 16 0.750

A CH CHO8 Forét du Lapé 46.57040 7.20740 16 1.950 0.463 16 0.342

A CH CHO9 Rautialp 47.06733 9.00157 16 1.967 0.527 16 0.758

A CH CH10 Flumserberge 47.07208 9.21131 16 2.133 0.517 16 0.342

A CH CH11 Letziwald 46.46863 9.51580 16 2.158 0.537 16 0.675

A CH CH12 Sardonaalp 46.92467 9.29354 16 1.936 0.556 16 0.000

A CH CH13 Stazerwald 46.48736 9.87011 16 2.173 0.544 16 0.800

A CH CH14 God Baselgia 46.70583 10.10686 16 2.187 0.551 16 0.808 2
A CH CH15 Tamangur 46.67867 10.36182 16 2.193 0.544 16 0.842 1
A CH CH16 Alp Sadra 46.60235 10.35350 16 2.023 0.481 16 0.875

A CH CH17 Seeberg 46.67752 7.38468 16 2.060 0.508 16 0.425

A CH CH18 Sagiwald 46.43986 7.64257 16 2.031 0.532 16 0.342

A CH CH19 Arvengarten 46.58961 7.97150 16 2111 0.585 16 0.342

A CH CH20 Val d'Arpette 46.02252 7.07093 16 2.033 0.526 16 0.533

A CH CH22 Gulmen 47.22029 9.37534 16 2.038 0.542 16 0.600

A CH CH23 Darlux 46.62643 9.77351 16 2.099 0.528 16 0.667

A CH CH24 God Murter 46.64726 10.01337 16 2.145 0.535 16 0.492

A CH CH25 Saoseo 46.40209 10.12629 16 2.181 0.538 16 0.867

A CH CH26 Lago da Cavloc 46.38361 9.70708 16 2121 0.527 16 0.683

A CH CH27 Zervreila 46.57479 9.11754 16 2.089 0.511 16 0.667

A CH CH28 Lago Ritom 46.53440 8.68659 16 2.175 0.584 16 0.342

A CH CH29 Riederalp 46.38830 8.01961 16 2.141 0.535 16 0.533

A CH CH30 Hundsalp 46.74005 8.50902 16 1.868 0.464 16 0.817

A CH CH31 Riffelalp 46.00468 7.74887 16 2.099 0.565 16 0.525

A CH CH32 Sex carro 46.15798 7.07739 16 2.022 0.534 16 0.350

A CH CH33 Rochers des Rayes 46.53109 7.20163 16 1.993 0.521 16 0.342

A CH CH34 Val Cristallina 46.62063 8.84360 16 2.173 0.550 16 0.692

A CH CH35 Alpe di Sfii 46.26066 8.48857 16 2.180 0.572 16 0.617

A CH CH36 Val Masauna 46.94065 10.35628 16 2.164 0.540 16 0.800 1
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2.095
1.884
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2.139
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2.101
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2.140
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2.107
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2.138
2.208
2.134
2.147
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0.567
0.520
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0.552
0.569
0.578
0.510
0.524
0.560
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0.549
0.590
0.576
0.602
0.580
0.523
0.556
0.523
0.560
0.524
0.580
0.572
0.608
0.557
0.612
0.587
0.506
0.548
0.578
0.504
0.521
0.534
0.510
0.553
0.516
0.542
0.520
0.549
0.525
0.556
0.486
0.573

0.808
0.490
0.617
0.525
0.608
0.125
0.575
0.517
0.307
0.525
0.533
0.797
0.696
0.438
0.815
0.641
0.373
0.873
0.623
0.420
0.797
0.551
0.901
0.918
0.875
0.927
0.866
0.817
0.657
0.670
0.757
0.767
0.900
0.859
0.887
0.893
0.877
0.760
0.913
0.790
0.750
0.777
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47.62548
47.42600
47.54700
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47.04944
47.64500
47.44444
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44.07708
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47.56942
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46.51069
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46.75532
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10.38528
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10.52583
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6.66188

7.32874

10.59333
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7.35713
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13.16707
12.00737
14.66103
13.54166
11.46312
10.74445
11.03954
14.64619
12.21081
14.03319
14.75872
13.81461
12.62333
14.11114
14.25972
11.69523
14.58302
14.59516
12.61145
7.82682

13.86667
13.91250
12.94806
12.21026
5.89405

6.39855
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25
25
25
25
25
25
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25
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24
24
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25
24
25
25
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25
25
25
25
25
25
25
25
25
25
25
25
25
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24
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16
16
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2.121
2.156
2.167
1.940
2.244
2.078
2.094
2.156
2.057
2.200
2.189
2.197
2.209
2.049
2.199
2.270
2.297
2.177
2.232
2.204
2.117
2.118
2.062
2.284
2.115
2.258
2.038
2.149
2.215
2.315
2.231
2.155
2.187
2.265
2.189
2.296
2.183
2.206
2.310
2.239
2.182
1.866

0.536
0.618
0.455
0.553
0.553
0.500
0.594
0.498
0.595
0.545
0.551
0.552
0.540
0.568
0.563
0.637
0.584
0.549
0.540
0.506
0.520
0.488
0.571
0.512
0.616
0.534
0.515
0.599
0.581
0.555
0.518
0.544
0.570
0.579
0.536
0.577
0.536
0.550
0.571
0.587
0.478
0.513

25
25
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25
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0.793
0.713
0.866
0.689
0.800
0.687
0.687
0.731
0.830
0.760
0.808
0.779
0.773
0.803
0.721
0.850
0.823
0.887
0.907
0.895
0.933
0.743
0.827
0.823
0.867
0.880
0.827
0.833
0.860
0.943
0.883
0.867
0.903
0.901
0.877
0.850
0.858
0.875
0.768
0.732
0.747
0.645



A CH CH132
A CH CH133
A FR FR135
A FR FR136
A FR FR137
A FR FR138
A FR FR139
A FR FR140
A FR FR141
A IT 1T142
A IT 1T143
A IT IT144
A IT IT145
A IT IT146
A Total

C PL PO117
C SK SK118
C UK UK119
C RO RO120A
C RO RO121
C RO RO122
C RO R0O123
C RO RO124
C RO RO125
C RO RO126
C RO RO127A
C RO RO147
C RO R0O148
C SK SK149
C Total

Total

Gréachen
Turtmann
Magland

La Clusaz

Les Allues
Allevard
Saint-Firmin
Bramans

Bourg St. Maurice
Mazzo di Valtellina
Laghi Gemelli
Lago Fregiabolgia
Valtournenche
Cogne

Morskie Oko

Velka Studena Dolina
Kedryn Forest Reserve
Borsa (autochthonous)*
Neagra Sarului

Negoiu

Cindrel

Gentiana

Gemenele

Muntinul Mare

Valea Lala (autochthonous)*
Urdele

Piciorul Plescutei
Srbské Pleso

46.19908
46.21403
45.99879
45.89458
45.36318
45.38945
44.81694
45.18319
45.57434
46.25251
45.99655
46.02344
45.81137
45.59781

49.20000
49.17000
48.42000
47.58000
47.17000
47.10000
45.58000
45.38000
45.37000
45.36217
47.53806
45.35000
47.55295
49.13961

7.84875
7.71451
6.70615
6.46612
6.58825
6.13959
6.03931
6.82863
6.83790
10.30436
9.80084
9.85411
7.53695
7.36461

20.08000
20.20000
24.00000
24.63000
25.28000
25.20000
23.80000
22.87000
22.83000
23.67667
24.69722
23.67837
24.92163
20.07193

12
12
24
10
26
24
33
24
24
24
32
11
17
20

2766

11
17
17
5

19
17
7

7

16
25
19
24
6

33

223
2989

2.325
2.091
2.025
2.130
2.264
2.107
2.236
2.155
2.149
1.993
2.111
2.071
2.172
2.061

1.969
2.010
1.828
1.947
2.066
2.154
2.121
2.131
2.129
2.152
2.133
2.119
2.068
2.405

0.509
0.555
0.549
0.528
0.529
0.447
0.451
0.549
0.531
0.511
0.523
0.547
0.543
0.520

0.604
0.625
0.555
0.541
0.648
0.562
0.613
0.603
0.595
0.518
0.616
0.536
0.564
0.620

12
12
24
10
26
24
33
24
24
24
32
11
17
20

2767

10
17
16
5

19
17
7

7

16
25
19
24
6

33

221
2988

0.455
0.318
0.732
0.467
0.652
0.779
0.833
0.794
0.609
0.819
0.389
0.618
0.228
0.763

0.844
0.949
0.783
0.600
0.883
0.816
0.810
0.810
0.917
0.727
0.854
0.750
0.867
0.869
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n = sample size; Ar = allelic richness, He = expected heterozygosity, H = haplotypic diversity, A, = number of population-specific haplotypes
1 A = European Alps, C = Carpathians
2 AT = Austria, CH = Switzerland, FR = France, DE = Germany, IT = Italy, PL = Poland, RO = Romania, SK = Slovakia, UK = Ukraine
32 individuals, identified as putative Pinus peuce, were excluded in DESO (unpubl. data)
4several individuals identified as putative Pinus sibirica were excluded in RO120 and RO127 (Lendvay et al., 2014)



Lab procedures

Sampled needles were kept fresh, frozen, lyophilised, or in silica gel before disruption in 2-mL tubes
or 96-well plates using a Mixer Mill MM300 (Retsch, Haan, Germany). Optimally, fresh needles were
cut into pieces and lyophilised shortly after sampling in the field, while drying needles on silica-gel
gave low DNA yield.

The 11 nSSRs and 4 cpSSRs were genotyped in three multiplex PCRs, following the methods
described in Lendvay et al. (2014). All pertinent information on primers can be found in Table
$1.2.

Few individuals were subsequently removed from the total sample on the basis of their genotypes,
as they were identified as putatively Pinus sibirica (n=15; Lendvay et al., 2014), and possibly planted
Pinus peuce (n=2; unpubl. data). Further samples were excluded because of genotyping failure,



Table S1.2 Technical information on the nuclear and chloroplast microsatellite markers (simple-sequence repeats, SSRs).

Primer information

Conc. Conc.
Genome Original reference Locus MP!  Forward (5'—>3') [uM] Dye Reverse (5'—>3') [uM] Sizes [bp]
Nuclear Salzer et al. (2009) Pc7 1 TGGTCATGTTTCCTTATCAATTC 0.25 FAM TCGCAAACCATCTATTGACC 0.25 342-402
Pclb 1 CCACCATCTTGTTTTTGTGTTC 0.2 FAM TTCTCTCCACCCAGCCTAAA 0.2 164-222
Pc23 1 GGGCATCATTATTTTCTTACAA 0.2 VIC CTTGATATACCATGCCACAACC 0.2 195-285
Pc18 1 TTCCCAAAGACCATAGAACCA 0.2 NED TCATGAAATATTACGTCCCTTATCC 0.2 144-162
Pc22 1 TGTCCCCAGATGTAGTATAATCAA 0.4 PET GGTTCAACCCACCCATTCT 0.2 325-384
Pc35 1 CCCCTCGATTCGAAAATGAT 0.2 PET TTGGAATGTTGCAGTCCTGA 0.2 162-165
Lendvay et al. (2014) 287 2 AGTTGACTGTGCCGTCATATTG 0.08 FAM CGCATTCCCTAATGCCAAGC 0.08 288-324
BUG 2 CTTCAATGCGGCTTCAGAAT 0.1 FAM GAGTAGAAGAACAAGTTCTAAGTTTGG 0.1 101-133
HIM 2 GAAAGGTCACATGTTGCACG 0.03 FAM CACATTCTCCAGAGCACTCC 0.03 168-199
YAU 2 TCCTTGCCTCATTTTCATCG 0.1 ATTO550 AGCACAGTGAAGGTCACAGC 0.1 144-165
cQG 2 TGTCATGAAGAAATAACCAGGAGA 0.1 Yakima TTCCTAGTTTGGTGTGTGGTTG 0.1 169-179
Yellow
Chloroplast Vendramin et al. (1996) Pt15169 3 CTTGGATGGAATAGCAGCC 0.127 FAM GGAAGGGCATTAAGGTCATTA 0.127 131-141
Pt26081 3 CCCGTATCCAGATATACTTCCA 0.169 HEX TGGTTTGATTCATTCGTTCAT 0.169 105-109
Pt36480 3 TTTTGGCTTACAAAATAAAAGAGG 0.212 HEX AAATTCCTAAAGAAGGAAGAGCA 0.212 147-151
Pt63718 3 CACAAAAGGATTTTTTTTCAGTG 0.064 FAM CGACGTGAGTAAGAATGGTTG 0.064 91-98

1 MP = Multiplex PCR mix

Annealing Temperatures and commercial PCR mixes used:
Multiplex 1: 54°C, Multiplex PCR Kit (QIAGEN, No. 206145)
Multiplex 2: 58°C, Type-it Microsatellite PCR Kit (QIAGEN, N0.206243)
Multiplex 3: 55°C, Multiplex PCR Kit (QIAGEN, No. 206145)

PCR fragments were electrophoretically separated on an automated capillary sequencer (ABI 3100 and 3130; Applied Biosystems, Foster City), and using GeneMapper 3.7 and 5.0 (Applied
Biosystems) for visual allele calling.
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FIGURE S1.1 Locations of the 147 Pinus cembra stands sampled across the species' range. (a) Full
natural range and sampled locations (black dots); populations labelled for (b) western Alpine, (c)
eastern Alpine, and (d) Carpathian ranges; codes are detailed in Table S1.1, grey dots in (b) and (c)
mark unlabelled populations.
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FIGURE S1.2 Sample sizes, indicated by circle sizes, of the 147 Pinus cembra stands sampled across
the species' range; precise numbers are given in Table S1.1.




(a) Scenario 1 Scenario 2 Scenario 3
ty
t3

N4 N5 N4 N5
t,
\ N3/ N2 % N2 .
1
N1/ N3 0

EA WA MEA MWA C EA MEA WA MWA C EA WA MEA MWA C
(b) I ' I ’ I Scenario 3 prior

: : 1 Scenario 3 posterior
1 B . S SR . . S T 8 Dbserved data set

PC2 (6.0%)

o
T

-30 -20 -10 0 10 20

PC1 (75.2%)

FIGURE S1.3 (a) Alternative demographic scenarios S1-S3 tested in the Approximate Bayesian
Computation analyses (Cornuet et al., 2014). Nx refers to respective population sizes, with Na being
the ancestral population size; ti-ts mark time points of the separation of genetic clusters; regional
genetic clusters refer to Carpathians (C), Eastern Alps (EA), Mid-Eastern Alps (MEA), Mid-Western
Alps (MWA) and Western Alps (WA), following the population assignment by STRUCTURE at K =5
(Fig. S2.4d). (b) Principal component analysis (PCA) of summary statistics based on 10,000 simulated
datasets in DIYABC (scenario 3), with first two principal components (PCs) displayed
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Appendix 2 Genetic structure in Pinus cembra from the European Alps and the
Carpathians, based on nuclear and chloroplast microsatellite markers (simple-sequence
repeats, n/cpSSRs), and demographic analyses using nSSRs.

Assessment of spatial genetic structure

In STRUCTURE v. 2.3.4 (Pritchard et al., 2000), we chose the LOCPRIOR model (Hubisz et al.,
2009) together with the admixture and correlated allele frequencies options, given the low
level of genetic differentiation and preliminary trials. We ran 1,000,000 Markov Chain Monte
Carlo repetitions discarding 100,000 burn-in repetitions, with all other parameters set to
default values. For K = 1-10, we performed 10 iterations at each value of K and the results
were summarised using STRUCTURE HARVESTER v. 0.6.94 (Earl & vonHoldt, 2012). For
subsequent grouping of populations (e.g. demographic analysis), we used the plot of LnP(D)
as a function of K values to find the number of genetic clusters that best explains our data,
as described in the STRUCTURE documentation, accounting for the increasing sub-structuring
with increasing K (Janes et al., 2017). For visualisation, we subjected the STRUCTURE output
files to the greedy algorithm in CLumpP (Jakobsson & Rosenberg, 2007), as implemented in
CLUMPAK (Kopelman et al., 2015), and used this output for generating GIS-based maps in
ArcMap v. 10.8.1.14362 (ESRI Inc.).

For the analysis of cpSSR haplotypes, we used BAPS v. 6.0 (Corander et al., 2003) with
individuals also grouped according to their populations. We applied admixture analysis with
linked loci and repeated the analysis 10 times for each K = 2-10. The most probable number
of K was chosen based on the highest value of log(marginal likelihood). To assign each
population to the genetic clusters, we repeated the analysis 100 times at the most probable
K value. We then visualised the spatial distribution of cpSSR-based genetic clusters across
the species’ range using ArcMap (ESRI Inc.).

To explore genotypic variation across all individuals, and given the low population
differentiation, we carried out a discriminant analysis of principal components (DAPC) using
the dapc function of the ADEGENET R package v. 2.1.5 (Jombart, 2008), which transforms the
uncorrelated principal components and generates synthetic discriminant axes that maximise
between-population variation while minimising within-population variation (Jombart et al.,
2010). We conducted the DAPC with the population of each individual as prior information
and used the optim.a.score function to define the optimal number of principal components

(PCs) to retain based on the a-score statistics to avoid over-fitting problems.
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To test for isolation by distance, using geographic and linearised genetic distances Fst
/ (1 - Fst) (Rousset, 2000), we ran 999 permutations in a Mantel test with the VEGAN R
package v. 2.5-7 (Oksanen et al., 2020). Geographic distances were calculated from latitude
and longitude data of centroid populations with the distm function of the GEOSPHERE R
package v. 1.5.14 (Hijmans et al., 2021), and genetic distances were calculated based on
pairwise Fst values (Weir & Cockerham, 1984) as implemented with the genet.dist function

of the HIERFSTAT R package v. 0.5-10 (Goudet, 2005).

Demographic analysis

We inferred the demographic history of Swiss stone pine using Approximate Bayesian
Computation (ABC; Beaumont et al., 2002) implemented in DivABC 2.0 (Cornuet et al., 2014),
relying on the K = 5 genetic clusters identified in the STRUCTURE analysis (see above):
Carpathians (C), Eastern Alps (EA), mid-Eastern Alps (MEA), mid-Western Alps (MWA) and
Western Alps (WA). Given the high level of genetic admixture within each cluster, the DiyABcC
analysis only considered individuals with assignment probabilities of g 2 0.6 (n = 1876),
among which we randomly selected 50 individuals for demographic inference. We consider
this data restriction as a measure to limit the violation of model assumption (no gene flow),
at the cost of simplification. The genetic diversity parameters of the five genetic clusters
indicated a westward cline of decreasing diversity, which might be indicative of a
colonisation pattern; therefore, we took this into account when designing the demographic
scenarios.

A set of pilot simulations, performed to select the three final competing scenarios,
highlighted a good support for an ancient divergence of clusters C and EA from a common
ancestor at time t4, and a subsequent divergence of MWA from EA at time t3. The three final
scenarios tested thus differed only in the splitting times of WA and MEA from MWA as
follows (Fig. S1.3a): S1) WA and MEA split from MWA at time t, and t; respectively; S2) MEA
and WA split from MWA at time t; and t; respectively; S3) MEA and WA split from MWA at
time ty. In all scenarios, t# refers to time scale (scaled by generation time) and N# refers to
effective population size of the corresponding populations (i.e., C, EA, MEA, MWA, WA and
ancestral population “a”) during each time period.

For all simulations, the Generalised Stepwise Mutation model (GSM; Estoup et al.,

2002) with Single Nucleotide Indels (SNI) was used. Default priors were changed to obtain
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better posterior distributions based on the results from the pilot runs (Table S2.1). The
minimum and maximum priors for SSR mutation rate were set to 1x10°-7x104,
respectively. The mean number of alleles (A) and mean expected heterozygosity (He) were
used as summary statistics for single populations, and Hg, A, and the classification index for
population pairs. For each scenario, a million simulations were performed, after which the
most likely scenario was evaluated by comparing posterior probabilities, using logistic
regression. Goodness-of-fit was assessed for each scenario by model checking using the
principal component analysis (PCA) approach implemented in DIYABC, which measures the
discrepancy between simulated and empirical data. To date the demographic history, we

assumed a generation time of 40 years (Ulber et al., 2004).
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Figure S2.1 (a) Number of alleles and (b) difference between expected (He) and observed
heterozygosity (Ho) per nuclear microsatellite (simple-sequence repeat, nSSR) locus, calculated
across all samples. (c) Genotypic variation of individuals based on their nSSRs, using a discriminant
analysis of principal components (DAPC). The first two discriminant functions displayed summarise
16.4% and 11.9% of the total variance, respectively. The outlier population at the top right (labelled
125) refers to Muntinul Mare (RO126; see Table S1.1).



14

(b).cp haplotype G+

~ 400200 300
- L Kilometers

FIGURE S2.2 (a-h) Exemplary chloroplast haplotype distributions of Pinus cembra from the European
Alps and the Carpathians. Coloured circles symbolise haplotype frequencies normalised for sample
size per population, black dots indicate stands without respective haplotype occurrence.
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FIGURE S2.3 Likelihood LnP(D), giving the mean and the variance over 10 iterations, as a function of
the increasing number of genetic clusters K = 1-10 in the Bayesian analysis using STRUCTURE (Hubisz et
al., 2009; Pritchard et al., 2000), as determined by STRUCTURE HARVESTER (Earl & vonHoldt, 2012), for
nuclear microsatellite (simple-sequence repeat, SSR) data of Pinus cembra from the European Alps
and the Carpathians.
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FIGURE S2.4 Population-wise assignment probabilities for K = 2—7 inferred by the Bayesian analysis of
cluster assignment using STRUCTURE (Hubisz et al., 2009; Pritchard et al., 2000), as determined by
STRUCTURE HARVESTER (Earl & vonHoldt, 2012), for nuclear microsatellite (simple-sequence repeat,
nSSR) data of Pinus cembra stands from the European Alps and the Carpathians. Probabilities are
means over 10 iterations, as determined in CLuMPP (Jakobsson & Rosenberg, 2007). Circle sizes
indicate sample numbers.
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FIGURE S2.5 Population-wise assignment probabilities for K = 9 inferred by the Bayesian analysis of
clustering using BAPS (Corander et al., 2003) for chloroplast microsatellite (simple-sequence repeat, cpSSR)
data of Pinus cembra stands from the European Alps and the Carpathians. (a) All populations (cf. Fig. 2b in
main text), (b) clusters 4, 6 and 7 predominantly occurring in the eastern part of the range, (c) clusters 1-3
and 9, largely restricted to the western part of the range. STRUCTURE results for K = 2 based on nuclear
microsatellite (nSSR) data are given as small pie charts in the background in (b) and (c) to relate cpSSR
haplotype distribution to that of the two main nSSR clusters (Fig. S2.4a). Circle sizes indicate sample

numbers.
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FIGURE S2.6 (a-i) Population-wise assighment probabilities for individual genetic clusters at K =9
inferred by the Bayesian analysis of cluster assignment using BAPS (Corander et al., 2003) for
chloroplast microsatellite (simple-sequence repeat, cpSSR) data of Pinus cembra stands from the
European Alps and the Carpathians. Circle sizes indicate sample numbers. Coloured circles or
fractions refer to respective genetic cluster, black circles indicate remaining sampled populations.
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Figure S2.7 Patterns of isolation by distance using linearized pairwise genetic (Fst) and geographic
distances (km) between Pinus cembra stands from (a) both the European Alps and the Carpathians,
(b) the European Alps only, and (c) the Carpathians only. The Mantel correlations are highly
significant for (a) and (b) (range-wide: p < 0.001, r = 0.507; Alps: p < 0.001, r = 0.173), but not for (c)

(Carpathians: p=0.94, r=-0.196).
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Table S2.1 Analysis of molecular variance (AMOVA) for partitioning total genetic variation

among regions (Alps vs. Carpathians, East vs. West according to STRUCTURE clustering at

K = 2), among populations within regions, and within populations

Alps vs. Carpathians

East vs. West

Markers Source of variation df % variation % variation
nSSRs Among regions (Fcr) 1 2.87%** 2.23%*x

Among populations (Fsc) 145 5.37*** 4.79%**

Within populations 5831 91.75*** 92.98***

Overall Fst 0.082*** 0.070***
cpSSRs  Among regions (Fcr) 1 6.15%** 4.66%**

Among populations (Fsc¢) 145 5.87*** 4.71%%*

Within populations 2841 87.98*** 90.63***

Overall Fst 0.120*** 0.094***

*** = p <0.001; nuclear and chloroplast microsatellites (simple-sequence repeats; nSSRs and

cpSSRs), respectively; degrees of freedom (df)



Table S2.2 Posterior probability of each of the three tested scenarios and their 95% confidence

intervals (Cl) based on the logistic estimate according to DIYABC (Cornuet et al., 2014).

Posterior
Scenario  probability 95% ClI (lower-upper)
1 0.2102 0.1511-0.2693
2 0.0994 0.0672-0.1317
3 0.6903 0.6274-0.7532

Table S2.3 Estimation of parameters of the best scenario based on local linear regression using
DivABcC (Cornuet et al., 2014).
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Parameter Mean Median Mode Quantile
2.50% 5% 95% 97.50%
N1 1.64E+04 1.45E+04 8.86E+03 3.23E+03 4.14E+03 3.48E+04 3.73E+04
N2 7.42E+03 6.66E+03 4.77E+03 1.89E+03 2.42E+03 1.54E+04 1.72E+04
N3 9.02E+03 8.37E+03 6.47E+03 2.16E+03 2.81E+03 1.74E+04 1.86E+04
N4 2.95E+04 2.94E+04 3.04E+04 1.15E+04 1.39E+04 4.59E+04 4.79E+04
N5 4.95E+04 4.98E+04 5.11E+04 1.88E+04 2.27E+04 7.55E+04 7.77E+04
t 6.60E+02 6.31E+02 6.29E+02 1.33E+02 1.94E+02 1.21E+03 1.36E+03
ta 1.65E+03  1.63E+03  1.58E+03  5.06E+02  6.33E+02  2.74E+03  2.86E+03
t3 5.25E+03 5.31E+03 5.27E+03 2.23E+03 2.76E+03 7.50E+03 7.74E+03
Na 4.82E+02 4.72E+02 1.99E+02 3.31E+01 5.66E+01 9.44E+02 9.72E+02
pmic_1 1.42E-04 1.24E-04 1.08E-04 5.69E-05 6.43E-05 2.87E-04 3.45E-04
pmic_1 2.40E-01 2.49E-01 3.00E-01 1.30E-01 1.45E-01 3.00E-01 3.00E-01
snimic_1 2.13E-06 1.15E-06 1.40E-08 1.73E-08 2.71E-08 7.38E-06 8.46E-06




Table S2.4 Model checking for the best scenario (S3; see Fig. 2d in main text) of DIYABC analysis
(Cornuet et al., 2014).

Proportion
Summary statistics Observed value (simulated<observed)
Mean number of alleles in WA 5.6364 0.426
Mean number of alleles in MWA 5.4545 0.526
Mean number of alleles in MEA 5.3636 0.439
Mean number of alleles in EA 6.6364 0.4365
Mean number of alleles in C 7.6364 0.6155
Mean expected heterozygosity in WA 0.4942 0.2355
Mean expected heterozygosity in MWA 0.5378 0.4405
Mean expected heterozygosity in MEA 0.5055 0.2985
Mean expected heterozygosity in EA 0.5412 0.2965
Mean expected heterozygosity in EA 0.6102 0.559
Mean number of alleles (WA&MWA) 6.5455 0.456
Mean number of alleles (WA&MEA) 6.5455 0.436
Mean number of alleles (WA&EA) 7.9091 0.5315
Mean number of alleles (WA&C) 8.6364 0.5955
Mean number of alleles (MWA&MEA) 6.2727 0.4175
Mean number of alleles (MWAREA) 7.5455 0.4735
Mean number of alleles (MWA&C) 8.3636 0.57
Mean number of alleles (MEA&EA) 7.5455 0.453
Mean number of alleles (MEA&C) 8.3636 0.556
Mean number of alleles (EA&C) 8.7273 0.511
Mean expected heterozygosity (WA&MWA) 0.532 0.3665
Mean expected heterozygosity (WA&MEA) 0.5125 0.2805
Mean expected heterozygosity (WA&EA) 0.5297 0.2645
Mean expected heterozygosity (WA&C) 0.5766 0.4205
Mean expected heterozygosity (MWA&MEA) 0.5418 0.402
Mean expected heterozygosity (MWAREA) 0.5563 0.3765
Mean expected heterozygosity (MWAR&C) 0.5884 0.474
Mean expected heterozygosity (MEA&EA) 0.5359 0.291
Mean expected heterozygosity (MEA&C) 0.5865 0.4585
Mean expected heterozygosity (EA&C) 0.5919 0.442
Classification index (WA&MWA) 0.9284 0.2935
Classification index (WA&MEA) 0.8932 0.2525
Classification index (WA&EA) 0.9513 0.2075
Classification index (WA&C) 1.0926 0.358
Classification index (MWA&WA) 0.9808 0.475
Classification index (MWA&MEA) 1.0016 0.4475
Classification index (MWA&EA) 1.1201 0.5005
Classification index (MWA&C) 1.2296 0.5775
Classification index (MEA&WA) 0.9375 0.397
Classification index (MEA&MWA) 0.9493 0.3345
Classification index (MEA&EA) 0.9422 0.2005
Classification index (MEA&C) 1.1802 0.515
Classification index (EA&WA) 1.0733 0.2915
Classification index (EA&KMWA) 1.1419 0.3475
Classification index (EA&MEA) 1.0847 0.2695
Classification index (EA&C) 1.0656 0.3465
Classification index (C&WA) 1.424 0.6775
Classification index (C& MWA) 1.3965 0.548
Classification index (C&MEA) 1.4947 0.7335

Classification index (C&EA) 1.2663 0.6445
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Appendix 3 Pollen and macrofossil records with respective geographic and temporal
information, and list of references used to compile palaeoecological evidence on Pinus
cembra (cf. Fig. 3 in main text)

Complementary information on palaeoecological methods

Pinus cembra-type pollen grains can be distinguished morphologically from Pinus sylvestris-
type (including species from the subgenus Pinus or Diploxylon). However, many
publications—especially older—do not differentiate between the two pollen types. In
Europe, Pinus peuce also produces Pinus subgenus Haploxylon-type pollen like P. cembra,
but the two species show clearly separated ranges and are unlikely to overlap in their
postglacial occurrences.

The empirical limit is defined as the start of a closed curve in a pollen diagram, i.e.,
the presence of the same pollen type in consecutive samples and is conventionally
interpreted as establishment of first local stands for wind-pollinated taxa (Birks & Tinner,
2016; Lang, 1994). Here, we defined the empirical limit as reached when P. cembra pollen
was present in at least five consecutive samples that span at least 500 years.

References

Birks, H.J.B. & Tinner, W. (2016). European tree dynamics and invasions during the
Quaternary. In Krumm, F., & Vitkov3, L. (Eds.), Introduced tree species in European
forests: opportunities and challenges (pp. 22-43). Freiburg: European Forest Institute.

Lang, G. (1994) Quartdre Vegetationsgeschichte Europas, Jena: Gustav Fischer.
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Table S3.1 Pollen records used for the compilation of palaeobotanical data of Swiss stone pine (Pinus
cembra) presented in Fig. 3.

Empirical limi
Coordinates (WGS84) mpirical fimit

(cal. BP)?
Site name Country Lat [°N] Long [°E] Elevation reached older References?
[m asl.] than
Dortmunder Hitte Austria 47.21091 11.00155 1915 9000 Heuberger
(1977);
Hittemann &
Bortenschlager
(1987)
Egelsee Austria 47.61312 12.17047 549 14200 WahImuller
(1985)
Grosses Uberling Austria 47.172222 13.9 1750 17000 Krisai et al.
Schattseit-Moor (1991)
Grinsee Austria 46.862778 10.478056 1840 10700 Welten (1982b)
Reschenscheideck
Katzenloch Austria 47.341667 11.125 1220 10300 Wahlmiiller
(1985)
Kirchbichl Austria 47.511111 12.090278 512 12500 Wahlmdiiller
(1985)
Lake Jeserzersee Austria 46.629167 14.03333 593 18200 Schmidt et al.
(2012)
Langsee Austria 46.7625 14.41944 548 19000 Huber et al.
(2010)
Moosalmmoor Austria 47.75 13.517 740 12800 Draxler (1977)
Schwarzsee Austria 46.87 10.47833 1725 14700 Welten (1982b);
Reschenscheideck van der Knaap &
Ammann (1997)
Schwemm Austria 47.66033 12.29357 664 16400 Oeggl (1988)
Seefelder See Austria 47.3216 11.19205 1200 12600 Wahlmiiller
(1985)
Tauernmoos Austria 47.16688 12.65191 2100 11700 Krisai (2006)
Cejéské jezero Czech 48.94215 16.96778 175 11900 Brizova (2009)
Republic
Cin-Can-Tau Czech 50.518 15.203 265 14700 Svoboda et al.
Republic (2018)
Darko Czech 49.64229 15.86933 622 13500 Rolecek et al.
Republic (2020)
Hrabanovska Czech 50.21691 14.83009 184 16900 Petr & Novak
cernava Republic (2014)
Plesné jezero Czech 48.776944 13.86258 1105 16000 Jankovska
Republic (2006);
Prazakova et al.
(2006)
VIci dal Czech 50.523 15.077 310 12100 Svoboda et al.
Republic (2018)
Canard France 45.061489 5.931187 2055 4600 Ponel, de
Beaulieu, &
Tobolski (1992)
Cristol Lake France 44993611 6.5902778 2250 7300 Nakagawa (1998)
Lac des Boites France 45.056 5.885 1560 5000 Nakagawa (1998)
Lac des Lauzons France 44782521 6.281765 2180 11600 Ponel et al.
(2011)
Lac du Lait France 45.314444 6.815556 2180 9000 Genries et al.
(2009b)
Lac du Thyl France 45.240556 6.499722 2038 8900 Genries et al.
(2009a)
Lac Long Inférieur France 44.057778 7.45 2114 10300 de Beaulieu
(1977)
Lac Miroir France 44.635278 6.793889 2210 4900 Nakagawa (1998)



Plateau de Prarion
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Dura-Moor
Fersina

Lago Basso
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Lago di Annone
Lago inferiore di
Sangiatto

Lago Piccolo di
Avigliana

Malschétscher
Hotter
Palughetto

Paul 19-14

Pian di Gembro
Rinderplatz
Schwarzsee
Sommersuss
Tagliamento
amphitheater (Lago
di Ragogna)
Torveraz

Totenmoos

Tourbiére de
Champlong
Jasiel

Jasto

Puscizna
Rekowiarska
Roztoki
Tarnawa Wyzna

France

France
Hungary

Hungary
Italy

Italy
Italy

Italy
Italy

Italy
Italy

Italy
Italy

Italy
Italy

Italy

Italy
Italy
Italy
Italy
Italy
Italy

Italy
Italy

Italy

Italy
Italy
Poland

Poland
Poland

Poland
Poland

45.884722

44.391111

48.4

47.8802222
46.04073389

46.01896
45.8573889

45.76172
46.47063

46.63895
46.047222

46.42272

45.269

45.82128
46.3193

45.05436

46.666111
46.10237
45.56
46.158
46.64569
46.66644

46.76073
46.177

45.695278

46.53

45.82638

49.3705

49.783333
49.47882

49.74255
49.11284

6.749444

6.404167

20.4

20.0123056
9.87896194

11.0387
9.990833

7.18191
10.33554

11.45624
11.118889

9.29314

11.739

9.351819
8.287

7.38985

11.458333
12.40049
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11.48973
11.43005

11.67907
13.002

6.860556

11.026

7.64379

21.8875

21.46667
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21.54422
22.82548

1857
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191
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de Beaulieu,
Kostenzer, &
Reich (1993)

de Beaulieu
(1977)

Willis et al.
(1997)

Paté et al. (2020)
Furlanetto et al.
(2018)

Griger (1968)
Ravazzi et al.
(2012)

Pini et al. (2017)
Welten (1982b);
van der Knaap &
Ammann (1997)
Seiwald (1980)
Fuganti, Bazzoli,
& Morteani
(1998); Gruger &
Morteani (2013)
Wick & Tinner
(1997)
Kaltenrieder et
al. (2009, 2010)
Wick (1996)

van Vugt et al. (in
prep.)

Finsinger &
Tinner (2006);
Finsinger et al.
(2006, 2008,
2011); Vescovi et
al. (2007); Lane
etal. (2012)
Seiwald (1980)

Vescovi et al.
(2007)

Ravazzi et al.
(2014)

Pini (2002)
Seiwald (1980)
Seiwald (1980)
Seiwald (1980)
Monegato et al.
(2007)

Miras et al.
(2006); Millet et
al. (2008)

Heiss, Kofler, &
Oeggl (2005)
Brugiapaglia
(1996)
Szczepanek
(1987)

Harmata (1995)
Obidowicz (1989,
1990, 1993)
Harmata (1987)
Ralska-
Jasiewiczowa
(1989)
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Poland
Romania

Romania

Romania
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Romania

Romania

Romania
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Romania

Slovakia

Slovakia
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Slovenia

Switzerland

Switzerland

Switzerland

Switzerland

Switzerland

Switzerland
Switzerland

Switzerland

Switzerland

Switzerland

Switzerland

Switzerland

Switzerland

Switzerland

Switzerland

Switzerland

49.73807
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47.573333

47.1125
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45.385
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Tinner et al.
(1999)

Welten (1982b)

Dietre et al.
(2014)

Rey et al. (2013)
Gobet et al.
(2003, 2005);
Henne et al.
(2011)

Gobet et al.
(2003, 2005);
Henne et al.
(2011)

Tinner &
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Welten (1982a)
Ammann (1976,
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Valsecchi &
Tinner (2010);
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Welten (1982a);
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Welten (1982a);
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1 Empirical limit defined as at least 5 samples with presence in a row spanning at least 500 years, i.e. 5 samples AND 500

years

2 See Appendix 3 for a full bibliography
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Table $3.1 Macrofossil records used for the compilation of palaeobotanical data of Swiss stone pine
(Pinus cembra) presented in Fig. 3.

Coordinates (WGS84)

First occurrence

(cal. BP)?
Site name Country Lat [°N] Long [°E] Elevation reached older References
[m asl.] than
Kohltratten- Drescher-
Moor Austria 47.043 14.421 1199 13600 Schneider (2008)
Aigue Agnelle France 44.73333333  6.883333333 2280 9200 Ali et al. (2005)
Lac des Finsinger et al.
Grenouilles France 44.09825 7.48358 1994 6600 (2021)
Genries et al.
Lac du Lait France 45.31444444  6.815555556 2180 9000 (2009b)
Blarquez et al.
Lac du Loup France 45.1875 6.537777778 2035 11300 (2010)
Genries et al.
Lac du Thyl France 45.24055556  6.499722222 2038 8500 (2009a)
Carcaillet &
Blarquez (2017);
Finsinger et al.
Lake Miroir France 44.634 6.792 2214 11400 (2019)
Queyras: Aigue
Agnelle Valley France 44.73333333  6.883333333 2200 6800 Talon (2010)
Saint-Michel-de
Maurienne France 45.25 6.5 1960 5900 Carcaillet (1998)
Tinée :
Restefond France 44.31666667 6.8 2650 3500 Talon (2010)
Ubaye: Upper
Ubaye Valley France 44.6 6.866666667 2430 6600 Talon (2010)
Nagy-forras Hungary 47.88022222 20.01230556 685 14600 Paté et al. (2020)
Fuganti, Bazzoli, &
Morteani (1998);
Griger &
Fersina Italy 46.047222 11.118889 191 12000 Morteani (2013)
Wick & Tinner
Lago Basso Italy 46.42272 9.29314 2250 10300 (1997)
Lago di
Colbricon
Inferiore Italy 46.28361111 11.76555556 1914 11000 Leys et al. (2014)
Monegato et al.
Lago di Ragogna  Italy 46.177 13.002 188 18000 (2007)
Lago inferiore di van Vugt et al. (in
Sangiatto Italy 46.3193 8.287 1990 10500 prep.)
Blarquez,
Bremond, &
Lago Perso Italy 4490583333  6.797222222 2000 7000 Carcaillet (2010)
Tourbiére de Brugiapaglia
Champlong Italy 45.82638 7.64379 2320 9000 (1996)
Lake Brazi (Taul
dintre Brazi) Romania 45.39638889 22.90166667 1740 10000 Orban et al. (2018)
Lake Lia Romania 45.35202778  22.87758333 1910 11800 Orban et al. (2018)
Preluca Wohlfarth et al.
Tiganului Romania 47.816 23.528 730 14100 (2001)
Popradské
pleso Slovakia 49.15487 20.078 1513 6300 Carter et al. (2020)
Sivarna Slovakia 49.313 20.663 610 13200 Jankovska (1984)
Hofstetter et al.
Balladrum Switzerland  46.15919 8.74872 390 16100 (2006)
Feld Alp
Holzmatten Switzerland  46.659167 8.004167 2148 6300 Lotter et al. (2006)
Vescovi et al.
Foppe Switzerland  46.4575 8.79424 1470 14000 (2018)
Gola di Lago Switzerland  46.1044 8.965 985 12600 Hohn et al. (2022)
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10.257277
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9.84504
7.97638
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2343
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2363
2363

1791

1768
1940

8900

10700
10800

7200
10400

8200
10400

9300

10300

10400

9200

30

Tinner & Theurillat
(2003)

Tinner, Ammann,
& Germann
(1996); Tinner &
Kaltenrieder
(2005);
Kaltenrieder,
Tinner, &
Ammann (2005)
Heiri et al. (2003)
Schworer, Henne,
& Tinner (2014);
Schworer et al.
(2014, 2015)
Thole et al. (2016)
Finsinger & Tinner
(2007)

Dietre et al. (2014)
Dietre et al. (2014)
Gobet et al. (2003,
2005); Henne et
al. (2011)

Gobet et al. (2003,
2005); Henne et
al. (2011)

Wick et al. (2003)

1 Indicating the age of first occurrence of Pinus cembra macrofossil in the record

2See reference list in Appendix 3 for a full bibliography
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