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Figure S11. Causes and consequences of Alpine summer hydroclimate changes over the
Holocene. On the top, prominent climatological phases are shown that are characteristic for the
past 9,000 years in central Europe and the Alpine arc, including the African Humid Period, the 8.2
and 4.2 ka Events, the Roman Warm Period (RWP), the Medieval Warm Period (MWP), the Late
Antique Little Ice Age (LALIA), and the Little Ice Age (LIA). (a) Our 60 TRSI-based JJA
scPDSI reconstruction from the European Alps (dark blue) and its 500-year low-pass filter
(smoothed line). (b) Horizontal bars refer to prominent archaeological phases that are
characteristic for the past 9,000 years in central Europe and the Alpine arc, including periods of
increased human population (brown), migrations (red), humans crossing the Schnidejoch Pass in
the Swiss Alps (pink), pile dwelling cultures on the pre-alpine lakes (purple), and Linear Pottery
Culture (LBK).
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Figure S15. Relationship between 6'30 corrected series and samples’ elevation over the past
9,000 years. (a) Sampled tree’s elevation and a time-series length of each tree. (b) Series mean
5'%0 and a time-series length of each tree. Each floating bar represents one 8'%0 series and has a
length indicating the length of the sample series. (¢) Arithmetic means of the series’ means (in
green, as in (b)) and of the series’ elevation (in orange, as in (a)). (d) Scatterplot showing the
overall relationship between the mean §'%0 values of each series and sampled tree’s elevation.
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Figure S16. Relationship between §'80 corrected series and cambial age over the past 9,000
years. (a) Temporal distribution of all trees and their cambial age. (b) Series’ mean §'*0 and a
time-series length of each tree. Each floating bar represents one §'®0 series and has a length
indicating the length of the sample series. (¢) Arithmetic means of the series’ means (in green, as
in (b)) and of the series’ cambial age (in orange, as in (a)). (d) Scatterplot showing the overall
relationship between the mean §'30 values of each series and cambial age.
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Figure S17. Relationship between 30 corrected series and sample replication over the past
9,000 years. (a) Series’ mean §'30 and a time-series length of each tree, the colours represent the
29 sampling sites. Each floating bar represents one 8'%0 series and has a length indicating the
length of the sample series. (b) Series’ mean §'%0 and a time-series length of each tree, the colours
represent the two species LADE (red) and PICE (cyan). Each floating bar represents one §'%0
series and has a length indicating the length of the sample series. (¢) Arithmetic means of the
series’ means (in green, as in (b)) and of the sample replication (in orange, as in (a)). (d) Scatterplot
showing the overall relationship between the mean §'*0 and sample replication.
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Figure S18. Comparison between an inverse JJA TRSI scPDSI (red line) and a JJA Alpine
scPDSI. The JJA TRSI scPDSI with a five-year resolution (in red) and the JJA Alpine scPDSI
(23) with annual resolution (thin blue) and a five-year mean (thick blue) in the past 200 years.
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Figure S19. Correlations of the reconstructed scPDSI with monthly climate variables and
precipitation isotopes: temperature (first row), precipitation (second row) and scPDSI (third row).
The climate parameters are averaged over 46—47° N and 7.55-12.25° E. The correlations are
computed using the raw data for 1900-2000 CE (left column) and 1950-2000 (central column),
and using the first-time difference for 1950-2000 CE (right column). Non-significant correlations
(p >0.05) are shown in red, while significant correlations are shown in blue. The last line is the
correlation of the reconstructed tree-ring §'%0 values with monthly values of §'30 of precipitation,
measured at the Grimsel Pass (CH) station for the period 1970-2015, using five-year interpolation.
Non-significant correlations (p >0.05) are shown in red, while significant correlations are shown
in blue.
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Figure S20. Different error types of the chronology. (a) scPDSI reconstruction (in blue) and the
total error as roots of the sum of the single errors squared (light blue). (b) The four errors that were
calculated: biological error (in green), analytical error (in red), calibration error (in light green),

and geographical error (in light blue).
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Figure S21. Comparison of the scPDSI TRSI and annual precipitation and summer
temperature reconstructions from the Alps. Comparison with 17 reconstructions of July
temperatures and annual precipitation from the Alpine region used by Hancock et al (75) and the
TRSI scPDSI of this study. The reconstructions used are publically available on: https://lipdverse.
org/HoloceneHydroclimate/0_7 0/
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Figure S22. Multi-millennial scPDSI reconstruction from this study (in black) compared
with previously published water isotope-based precipitation records from speleothem across
Europe (in blue): (a) Basura Cave record from Italy (89), (b) Closani Cave record from Romania
(90), (c) Strasna Cave record from Croatia (97), (d) Rio Martino Cave record from Italy (36).
Negative values of the speleothem records indicate drier conditions, and positive values reflect
wetter periods. In our reconstruction, negative scPDSI values indicate higher §'®0O values, while
positive values indicate lower §'%0 values.
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Figure S23. Multi-millennial tree-ring (TR) 80 from this study (in black) compared with

previously published water isotope from fluid (fi) inclusion from cave Milandre Cave record
from Switzerland (in red) (20): (a) 5°H from fluid inclusion, (b) §'*0 from fluid inclusion. Note
the inverse scale of tree-ring §'%0 values.



Supplementary tables S1—4

Table S1. Characteristics of the 29 sampling sites, with number of trees and samples (each
sample constitutes of a block of five years).

latitude

longitude

elevation

sample-

Site Place DMS DMS aspect [m] type N. Samples N. Trees
Ahrntal Kofler Alm 46.95 12.1 S 2177.5 subfossil 26 1
Ahrntal Moaralm 47.033333 12.083333 SE 1995 subfossil 567 16
Ahrntal Starklalm 47.05 12.116667 S 2080 subfossil 87 4

D eferjlggem Hirschbichl 46.9 12.25 E 2140 subfossil 36 1
Haslital Um:crflzrrglet 46.566667 8.216667 E 1950 subfossil 649 19
Unteraarglet
scher,
Haslital ~ Rezentprobe e scco67 8.283333 SSE 1977 recent 7 3
n Nordufer
Grimselstau
see
Kaunertal — © a‘éﬁ;‘;‘e’ra‘l 46.883333  10.716667 E 2295 subfossil 581 15
Kaunertal Gepit:fhfer 46.866667  10.733333 W 2167.5 subfossil 73 3
Kaunertal Ombrr"mete 46.816667 10.7 NE 21475 subfossil 190 6
Langtaufers Sandbichl 46.816667 10.7 NwW 2335 subfossil 55 2
Zermatt,
Mattertal Findelenglet 46.05 7.783333 N 2315 subfossil 80 2
scher
Morteratsch 46416667  9.933333 W 2045 subfossil 150 3
gletscher
Otztal Ebenalm 47.016667 10.95 NE 2115 subfossil 431 11
Otztal Gurgler Alm 46.85 11 w 2175 subfossil 94 3
Otztal Gurgler 46.85 11.016667 NW 2060 subfossil 128 3
Zirbenwald
Passeier Timmeltal 46.9 11.133333 S 2117.5 subfossil 117 3
Paznaun Bielerhohe 46.916667 10.1 N 2175 subfossil 40 1
Radurschltal Miseri 46.9 10.616667 N 22525 dry-dead 80 2
Rojental 46.8 10.466667 SE 2400 subfossil 103 2
Ultental Fiechtsee 46.466667 10.833333 N 2110 subfossil 1317 28
Ultental Welﬁllr’nmnna 46.466667  10.816667 NE 2330 subfossil 80 2

Val Glacier du .

CHerens  Mont Mine 46033333 7.916667 NNE 1995 subfossil 655 12
Val Rezentprobe ¢ o667 7.55 WSW 1965 recent 98 2

d’Hérens n Ferpecle

Val Roseg Rezenlfpmbe 46.433333 9.85 E 2158.5 recent 146 5

Val Roseg Tscgfg fgle 46.4 9.883333 NW 2162.5 subfossil 629 14

Vinschgau ~ Marzoneral 40 sg3333 10.95 N 2125 subfossil 316 9

m/B



Marzoneral

Vinschgau m/C 46.583333 10.95 N 2120 subfossil 126
Vinschgau Marzm‘/’geml 46.583333 10.95 N 2125 subfossil 381
Vinschgau Marlfl‘/’geral 46.583333 10.95 N 2105 subfossil 130

Table S2. Crossdating statistics of the tree-ring width series included in the Eastern Alpine
Conifer Chronology (EACC, (15, 92)) and utilized for the §'%0 measurements. Calculations were
carried out using the program WinTSAP. Overlap: no. of years; Glk.: Gleichlaufigkeit; Sign. Glk.:
pointer interval Gleichldufigkeit; t-valueBP and t-valueH: t-values after Baillie and Pilcher as well

as Hollstein; dating: BCE dates are indicate by “-“ and include a year 0.

Reference Overlap Glk. Sign. Date Date
Sample Glk. t-valuesr | t-valueu . . .

chronology [n] (%] %] first ring | lastring
ahmo04 EACC 539 65 86 12.2 14.7 -2133 -1595
ahmo05k EACC 160 71 84 9.9 9.0 -571 -412
ahmo07 EACC 195 75 90 9.5 11.9 -1789 -1595
ahmoll EACC 374 64 79 11.0 11.4 -3403 -3030
ahmo19 EACC 210 72 86 10.0 10.4 -641 -432
ahmo25 EACC 213 69 82 9.3 8.5 -3604 -3392
ahmo40 EACC 191 71 81 8.7 8.5 -1270 -1080
ahmo54 EACC 133 67 69 3.7 3.9 -973 -841
ahmo56 EACC 376 61 68 5.4 5.0 -4556 -4181
ahmo59 EACC 270 75 90 16.6 16.2 845 1114
ahmo60 EACC 143 72 82 8.2 10.6 -245 -103
ahmo61 EACC 349 70 79 10.1 10.7 -1151 -803
ahmo63 EACC 345 66 74 11.9 12.0 -1119 -775
ahmo70 EACC 185 78 86 12.3 12.7 117 301
ahmo75 EACC 175 76 90 11.4 12.3 450 624
ahmo81 EACC 259 73 88 11.8 12.2 -1581 -1323
ahst03 EACC 290 76 86 15.1 15.0 307 596
ahst04 EACC 162 60 59 4.5 4.0 713 874
ahst06 EACC 306 63 82 11.3 11.5 -2624 -2319
ahst11 EACC 257 67 84 9.7 9.0 -102 154
bih17 EACC 270 61 76 7.6 8.2 -3975 -3706
eba011 EACC 108 71 85 6.1 6.6 -1235 -1128
eba018 EACC 286 65 81 8.5 9.3 -1512 -1227
eba019 EACC 277 72 89 12.5 13.7 -1675 -1399
eba027 EACC 115 72 82 7.7 9.4 -1363 -1249
eba028 EACC 153 64 82 5.3 6.1 -2502 -2350
eba032 EACC 105 73 90 6.7 7.3 -1237 -1133
eba035 EACC 365 61 70 7.2 7.1 -714 -350
eballl EACC 316 69 88 11.0 11.4 768 1083
eballl EACC 620 68 85 17.2 18.0 -4841 -4222
eball8 EACC 113 65 75 3.3 3.6 -1339 -1227
ebal24 EACC 443 67 77 13.2 13.2 -6080 -5638




fpcr01 EACC 336 67 79 11.2 11.8 1680 2015
fpcr06 EACC 160 64 80 7.1 7.2 1856 2015
g25 EACC 292 62 84 6.7 6.7 625 916

g48 EACC 427 71 86 11.2 11.7 317 743

go4 EACC 539 67 82 11.0 10.0 157 695

gdm03 EACC 338 75 87 15.5 17.1 -4702 -4365
gdm08 EACC 261 70 89 11.1 13.0 -3938 -3678
gdm101 EACC 403 71 88 15.5 14.9 -5748 -5346
gdm102 EACC 318 72 90 11.9 12.5 -4516 -4199
gdm103k EACC 368 63 72 8.0 8.3 -6179 -5812
gdm105 EACC 372 65 74 7.6 8.5 -4348 -3977
gdm13 EACC 330 69 84 11.5 13.1 -3274 -2945
gdm18 EACC 289 73 91 14.2 15.1 -3034 -2746
gdm21 EACC 150 72 82 9.9 10.8 -6170 -6021
gdm23 EACC 158 68 82 5.4 6.3 -3020 -2863
gdm26 EACC 126 62 64 3.9 3.9 -2438 -2313
gdm27k EACC 198 65 75 5.9 6.0 -3817 -3620
gdm32 EACC 254 75 93 13.5 14.4 -2664 -2411
gdm44k EACC 190 76 93 12.0 11.3 -2881 -2692
gdm46 EACC 252 71 84 10.7 11.1 -3605 -3354
ggual2 EACC 184 70 88 8.3 11.1 -2140 -1957
ggua22 EACC 132 70 85 5.7 7.1 -1090 -959
ggua25 EACC 190 66 78 5.9 5.7 -6286 -6097
gli110 EACC 434 65 78 11.9 11.7 -3562 -3129
glil3 EACC 231 63 79 8.9 8.3 -2843 -2613
gli27 EACC 155 74 93 12.2 11.4 -489 -335
gli35 EACC 192 75 89 12.7 13.1 -2747 -2556
gli40 EACC 303 66 83 8.1 8.5 1089 1391
gli42 EACC 120 63 76 7.0 6.2 -138 -19

gp022 EACC 236 68 83 8.5 7.1 -951 -716
gp025k EACC 97 66 76 3.8 4.3 1063 1159
gp107 EACC 142 66 91 6.5 6.8 616 757

gp129 EACC 96 65 83 4.3 4.3 -733 -638
gp184k GP-1A* 62 71 69 3.5 4.7 -798 -737
hib22 EACC 189 64 67 5.8 6.5 -3699 -3511
kofl02k EACC 135 68 77 5.1 6.4 -3351 -3217
Ifs04 EACC 352 69 75 11.8 12.3 -1144 -793
IfsO5 EACC 281 73 89 12.3 12.5 -506 -226
mazb01 EACC 184 63 73 7.4 6.4 1438 1621
mazb12 EACC 329 70 85 14.0 13.7 -5984 -5656
mazb24 EACC 303 71 84 14.1 14.8 -2273 -1971
mazb52k EACC 425 69 88 17.0 18.5 -976 -552
mazb53 EACC 311 72 84 14.0 15.0 -827 -517
mazb62 EACC 302 64 83 8.0 7.9 -781 -480
mazb63 EACC 365 74 85 16.8 17.3 -1667 -1303
mazb65 EACC 148 76 81 11.6 10.0 -1257 -1110
mazb72 EACC 313 74 86 14.0 13.4 -816 -504
mazc01k EACC 370 78 89 18.2 15.2 -321 48

mazc07k EACC 432 79 95 25.4 25.4 -245 186




mazcl4 EACC 253 79 88 16.0 16.1 1536 1788
mazcl5 EACC 177 73 90 14.4 14.5 1517 1693
maze04k EACC 116 62 68 4.8 4.7 1548 1663
maze06 EACC 311 76 91 15.9 15.2 934 1244
maze09 EACC 166 60 69 4.1 3.8 -1464 -1299
maze20 EACC 219 75 93 13.1 13.5 671 889

maze22 EACC 414 60 60 6.9 6.7 -1049 -636
maze24 EACC 283 72 83 12.8 13.2 123 405

maze32 EACC 252 63 87 9.6 10.7 1336 1587
maze34k EACC 112 70 88 7.5 8.1 -1153 -1042
maze52 EACC 274 67 80 8.0 7.6 -108 165

maze62k EACC 174 66 74 4.9 4.1 1604 1777
maze73 EACC 117 68 84 5.0 5.1 -1094 -978
maze75 EACC 409 71 89 19.9 16.4 200 608

maze77 EACC 574 76 87 22.8 21.2 -203 370

mazf04 EACC 276 67 88 11.9 12.0 -717 -442
mazf08 EACC 326 71 87 12.3 12.6 -686 -361
mazf10 EACC 381 69 83 13.4 13.3 -1006 -626
mis095 EACC 393 73 92 14.6 16.0 1495 1887
mis164 EACC 207 70 87 8.1 8.1 1275 1481
mm11-5 EACC 553 69 87 18.5 22.0 -6861 -6309
mm602 EACC 258 68 79 9.7 9.8 -6450 -6193
mm605 EACC 743 70 86 21.0 20.6 -6955 -6213
mm606 EACC 649 62 74 10.1 9.8 -6881 -6233
mm608k EACC 190 66 80 8.0 9.3 -6386 -6197
mm619 EACC 558 72 92 18.7 19.0 -6935 -6378
mm624k EACC 164 64 62 4.0 3.3 -6331 -6168
mm626 EACC 143 63 71 34 2.8 -6343 -6201
mm633 EACC 369 63 77 12.8 133 -6781 -6413
mm903 EACC 311 69 83 7.5 8.8 -6559 -6249
mm907k EACC 239 72 85 10.1 10.3 -5497 -5259
mm914 EACC 197 79 95 16.9 16.3 1076 1272
mort05k EACC 225 74 92 11.9 11.8 1272 1496
mort06 EACC 226 66 86 9.9 9.5 852 1077
mort07 EACC 433 71 85 16.0 16.3 1008 1440
rt04 EACC 265 65 79 10.5 11.6 -3458 -3194
rt06 EACC 327 64 68 9.3 9.4 -6300 -5974
tah38 EACC 297 68 81 11.7 10.2 -371 -75

tah39 EACC 231 67 84 7.4 8.2 498 728

tah41 EACC 236 64 75 7.0 5.9 147 382

tsc134k EACC 270 65 76 7.9 7.6 -4188 -3919
tsc147 EACC 207 65 77 7.9 7.1 -4945 -4739
tsc154 EACC 206 69 84 8.2 8.5 -4948 -4743
tsc157k EACC 492 58 67 5.4 5.6 -5494 -5003
tsc160 EACC 596 66 79 9.4 9.6 -5474 -4879
tsc173k EACC 302 67 79 7.7 8.2 -5001 -4700
tsc178 EACC 155 66 82 6.9 7.1 -4875 -4721
tsc182 EACC 431 64 69 9.0 8.9 -5336 -4906
tsc189 EACC 442 68 73 12.0 9.4 -5367 -4926




tsc211 EACC 144 66 85 7.7 7.8 -4207 -4064
tsc221 EACC 117 63 74 4.5 3.7 -4012 -3896
tsc223 EACC 190 60 70 5.4 4.6 -4156 -3967
uall9 EACC 246 69 74 7.1 7.5 -2322 -2077
ual2b EACC 114 56 3.1 34 19 -3789 -3676
ual28 EACC 133 68 78 6.8 6.8 -1910 -1778
ual34 EACC 237 72 87 12.9 10.9 -2715 -2479
ual74k EACC 294 71 79 12.9 13.8 -1752 -1459
ual78 EAAC® 89 67 70 3.1 3.5 -2340 -2252
ualdl EACC 103 64 88 5.8 7.1 -2583 -2481
ua210 EAAC* 134 66 70 5.4 4.5 -1351 -1218
ua2ll EACC 336 67 78 9.1 8.7 -3045 -2710
ua344 EACC 89 70 87 6.9 6.7 -6109 -6021
ua345 EACC 191 72 81 11.0 11.9 -5751 -5561
ua346k EACC 369 72 86 17.2 17.8 -5705 -5337
ua401 EACC 244 76 90 11.9 12.6 -2707 -2464
ua405 EACC 417 71 86 14.1 13.7 -4225 -3809
ua408 EACC 92 70 88 7.2 7.1 -1384 -1293
ua4l3 EACC 198 65 77 7.2 8.3 -2659 -2462
ua4l4 EACC 93 68 82 5.4 6.1 -3869 -3777
ua423 EACC 218 74 88 12.5 11.7 -5865 -5648
ua437k EACC 155 58 63 5.4 4.6 -4676 -4522
uazr01 EACC 175 68 86 7.9 8.9 1841 2015
uazr02 EACC 230 69 82 9.6 10.2 1786 2015
ulfioo4 EACC 181 68 72 8.4 8.1 -2225 -2045
ulfioos EACC 251 66 79 7.7 8.2 -3222 -2972
ulfio1o EACC 222 69 77 8.4 8.4 -2948 -2727
ulfio12 EACC 274 66 84 8.0 8.3 -3181 -2908
ulfio22 EACC 258 72 87 13.1 11.0 554 811

ulfio34 EACC 372 71 81 13.1 9.8 -3732 -3361
ulfio37 EACC 292 62 79 6.2 6.1 -4556 -4265
ulfio3s EACC 97 77 92 8.6 8.7 -1206 -1110
ulfi039k EACC 238 65 77 6.0 6.8 -4765 -4528
ulfio44 EACC 336 73 86 14.9 15.6 -5698 -5363
ulfio47 EACC 524 71 87 21.8 21.6 -4120 -3597
ulfio53 EACC 585 64 84 13.0 13.8 -5053 -4469
ulfio55 EACC 477 64 85 12.3 9.9 593 1069
ulfio56 EACC 324 57 66 7.3 6.9 -1976 -1653
ulfio57 EACC 189 66 77 5.0 4.6 -4744 -4556
ulfioe3 EACC 360 71 86 14.6 14.3 -2477 -2118
ulfioe6 EACC 457 71 82 15.7 15.8 -1863 -1407
ulfioe7 EACC 241 67 79 12.7 11.9 -530 -290
ulfioe9 EACC 329 66 76 8.1 8.4 -2477 -2149
ulfio71 EACC 241 74 83 13.2 14.1 -697 -457
ulfio79 EACC 227 67 78 10.8 10.9 -457 -231
ulfio84 EACC 166 70 88 9.9 9.7 1024 1189
ulfiods EACC 366 70 86 15.4 15.9 516 881

ulfiooo EACC 216 60 70 3.8 2.8 1249 1464
ulfioo9 EACC 251 70 88 13.8 13.8 1437 1687




ulfil04 EACC 368 70 79 13.2 13.3 -289 78

ulfil07 EACC 631 70 86 19.6 18.9 -4007 -3377
ulfil09 EACC 558 70 83 16.5 15.0 -6027 -5470
uwba02 EACC 405 72 79 13.5 15.5 -6108 -5704
uwba03 EACC 487 66 80 13.8 12.0 -5520 -5034
vrr03 EACC 196 62 77 6.8 5.5 1819 2014
vrr05 EACC 255 64 84 8.7 9.0 1760 2014
vrr07 EACC 150 70 78 5.9 6.5 1865 2014
zer1001 EACC 436 65 86 14.3 13.5 1165 1600
zer1401 EACC 410 68 86 15.2 14.6 936 1345

* site chronology Gepatschferner — Iron Age, § EACC Larix decidua only chronology, # EACC
Pinus cembra only chronology.

Table S3. Statistical information of the calibration model (1901-2018), the verification
period (1850-1900) and the full period (1850-2000). Each column represents a different
measure of the relationship between the climate target and proxy variable along with, where
appropriate, a correlation Pearson correlation factor (r), a coefficient of determination (R2), a p-
value (p), reduction of error (RE), coefficient of efficiency (CE), Durbin-Watson statistic (DW),
and Durbin's h-statistic (DE).

window T e R oW DE
12%%%' 0.85 0.72 Z'Oolg’e' 0.72 0.72 2.42 0.9 20
076 057 0010 057 057 265 098 10
12%5(’)%‘ 0.79 0.63 1'60475e' 0.63 0.63 2.03 0.98 30

Table S4. Comparison of our JJA scPDSI reconstruction with warm-season precipitation-
related and temperature records. Paleoclimatic records from Europe. Pearson correlation factor
(r) values were computed from 1500 CE to the present. Abbreviations: TR, tree-ring; MXD,
maximum latewood density; scPDSI, self-calibrated Palmer Drought Severity Index; SPEI,
Standardized Precipitation-Evapotranspiration Index, original, unfiltered; Precip., precipitation;
Temp., temperature. GHD grape harvest starting dates. SPI, Standardized Precipitation Index.
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