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Supplementary Text
1. Geological setting
The Toirano cave system is located in the province of Savona, Italy (44˚08’ N, 8˚12’ E), consisting of Bàsura, Columbo, and Santa Lucia caves. Bàsura cave, about 200 m above sea level, is composed of two main passages connected with a 50-m artificial tunnel1 (Supplementary Fig. 3a). Two stalagmites, BA14-1 and BA18-4 (Supplementary Fig. 4), were collected for this study. The host rock is a Triassic limestone of Monte San Pietro (Briançon series) with dolomitic intervals. The vegetation comprises grasses with Brachypodium ramosum and Tuberaria guttata and forests consisting of Pinus halepensis, Lamiaceae shrubland, as well as multiple enclaves of olive groves. About 20% of the surface is covered by 0-20 cm-think soil (Supplementary Fig. 3d and e).

2. Interpretation of δ18O in stalagmites
The stalagmite oxygen isotope composition is controlled by both temperature and δ18O of the dripwater when the stalagmite deposited at near isotopic equilibrium conditions. The Hendy test2 (Methods) has been commonly used for isotopic equilibrium investigation; studies3,4 strongly suggested the necessity of replication test to verify the climatic significance of stalagmite δ18O. For the in-cave replication test, the overlapping period of our stalagmites is too short (707-752 yr BP) to conduct. The inter-cave replication test with stalagmite δ18O records from caves in the Alps, Italy, and Spain (Supplementary Fig. 9) indicates that the Bàsura stalagmite δ18O reflects the characteristics of meteoric precipitation.
Monitoring of the dripwater rate near the sites of BA14-1 and BA18-4 in Bàsura cave from April 2019 to February 2020 shows that the drip rate peak in December, which is a slightly delayed response to the precipitation peak in November. Dripwater rate records show a high correlation with monthly precipitation records, with r = 0.81 (n = 11, p < 0.1) at BA14-1 and r = 0.84 (n = 11, p < 0.1) at BA18-4, suggesting that the rate respond rather quickly to meteoric precipitation events. Evaporation and transpiration, however, cause the loss of over 50% of annual precipitation in Europe5. European stalagmites hence document recharge-weighted δ18O (i.e., winter precipitation δ18O, δ18Op)6-9. In the Mediterranean realm, up to 70% of the annual precipitation is lost by evapotranspiration10, suggesting that δ18Op in rainy seasons predominately controls stalagmite δ18O.
The observational winter (December-February, DJF) European δ18Op data, from the Global Network of Isotope in Precipitation (GNIP) under the International Atomic Energy Agency (IAEA)(https://www.iaea.org/services/networks/gnip), reveal a strong positive correlation with winter (DJF) temperature9, with 0.1–0.3‰ increase in δ18Op per ˚C. Several studies, instead, suggested a small temperature effect on Mediterranean stalagmite δ18O11,12. This ostensible inconsistency is attributed to the fact that the temperature effect on δ18Op (0.1–0.3‰ per ˚C) is approximately counterbalanced by the temperature effect of the water-carbonate oxygen isotope fractionation (~ –0.24‰ per ˚C)13,14. Instrumental data from the Genoa meteorological station shows a positive correlation (r = 0.54 ± 0.02, n = 326, p < 0.05; 1964–1995 C.E.) of 0.2 ± 0.02‰ per ˚C between Genoa δ18Op and temperature. The local temperature effect here is likely counterbalanced by water-carbonate oxygen isotope fractionation and the stalagmite data reflect the “source effect” and “amount effect”11,12,15,16.
The “source effect” encompasses the influences from various moisture sources on δ18Op, which can be estimated using the deuterium excess (d-excess)17,18. High d-excess values usually reflect low humidity in the semi-close oceanic source region due to substantial kinetic isotope fractionation during fast evaporation. Moisture sourced from the Mediterranean Sea hence features high d-excess values of ~22‰ (ref. 18) compared to Atlantic-sourced moisture with low values of ~10‰ (ref. 19). An average annual precipitation d-excess value of 11.1 ± 2.5‰ (n = 90; 1961–2012 C.E.) from 266 meteorological stations in northern Italy20 and of 10.0 ± 2.1‰ (1962–1995 C.E.; n = 27) in Genoa station suggests predominantly Atlantic-sourced precipitation rather than Mediterranean-sourced in the study region. The DJF d-excess values of Genoa rainwater indeed show no significant correlation with DJF precipitation amount, NAO index21, and the CPC East Atlantic (EA) index (1962–1995 C.E.), suggesting that the effect of changing moisture sources on rainwater composition is not clear. Wind direction analysis (1985–2015 C.E.; data from Meteoblue, University of Basel, Switzerland) expresses ~50% land breezes and ~20% sea breezes at Toirano, suggesting less contribution of Mediterranean-sourced rainwater. These evidences show that the moisture source in Toirano region is mainly from Atlantic, suggesting that the alteration of moisture source regions could not dominate the δ18Op. The change in δ18O of surface water in Atlantic/Mediterranean could also contribute to the source effect. However, the low-resolved existing records hamper further investigation while this might be relatively small on decadal to centennial scales22.
The “amount effect” infers a negative relationship between rainfall amount and δ18Op owing to the extent of vapor-water δ18O fractionation in air mass17. Instrumental data show a correlation coefficient of –0.29 between monthly Genoa δ18Op data and rainfall amount (n = 324, p < 0.1; 1964–1995 C.E.) with a gradient of –0.70 ± 0.13‰ per 100 mm. Stronger westerlies usually lead to more precipitation and more Atlantic-sourced rainwater, resulting in more negative δ18Op. An exception are Genova cyclones, the most frequent winter cyclone type originating in the Gulf of Genova23, which leads to intense rainfall of Mediterranean-sourced moisture in the study area. However, the cyclones could result in extreme negative δ18Op of –11 to –23‰ (ref. 24) due to a strong amount effect. Since the δ18Op difference between Atlantic-sourced δ18Op (–8.5‰) and Mediterranean-soured δ18Op (–4.6‰) is only ~4‰ (ref. 24), the strong Mediterranean-sourced precipitation events caused by Genoa cyclones hardly result in an increase of δ18Op. In fact, the intensity and frequency of Genoa cyclones are strongly related to the strength of the Azores High25, which controls the westerlies in Europe. Accordingly, the source effect on local δ18Op is hence relatively small and Mediterranean stalagmite δ18O can be in general considered to be governed by rainfall amount, consistent with the previous studies11,12,26-30.
Baldini et al.9 showed a correlation of 0.41 between the NAO index21 and Genoa δ18Op and –0.74 between the NAO index21 and Genoa precipitation amount from December to March during 1962–1995 C.E. This suggests that the Genoa δ18Op could be modulating in a negative way by southerly shifted westerlies and associated increasing precipitation (or/and decreasing temperature) under the negative NAO index. Surprisingly, stalagmite BA18-4 δ18O reveals a correlation of –0.46 (n = 85, 95%) with the winter (DJF) NAO index21 from 1825-1979 C.E., suggesting the studied region was instead located in a positive-NAO correlated region at this time window. We argue that the variable correlations between Genoa δ18Op (or stalagmite δ18O) and the NAO index21 (r = 0.41 from 1962–1995 C.E.; r = –0.45 from 1825–1979 C.E) can be attributed to the non-stationary NAO behavior (Supplementary Movie 1), i.e., the migration of the Azores High and Icelandic Low that changes the NAO-affected region in mainland Europe31. An unclear correlation between Toirano precipitation and the NAO index in the early 20th century (Fig. 2c, blue line) also suggests that the Toirano region was temporally located in the positive NAO-correlated region. Taken together, these observations suggest that δ18Op and eventually stalagmite δ18O, via modulation by the “amount effect” and minor “source effect,” reflect the westerly variability and the large-scale atmospheric circulation, with negative/positive δ18O values corresponding to strong/weak westerlies and high/low rainfall amount, partly supported by the Sr/Ca data (Supplementary Text 3; Supplementary Data 3).

3. Interpretation of stalagmite Sr/Ca


Stalagmite Sr/Ca could vary under different regional hydroclimatic and cave conditions32. The processes include incongruent weathering of carbonate source, selective leaching of Sr from minerals, dissolution of dolomite, stalagmite crystallography, in addition to hydroclimate controls32-37. In general, stalagmite Sr/Ca can be considered as an indicator of cave hydrology variations via the mechanism of prior calcite precipitation (PCP)32-35. Dry/wet conditions are expected to enhance/reduce CO2 degassing and result in a long/short residence time of the infiltrated water in the epikarst and promote/depress PCP, leading to high/low Sr/Ca in dripwater and stalagmite. The reported Sr/Ca water-carbonate distribution coefficient (DSr), (Sr/Ca)carbonate /(Sr/Ca)water , ranges from 0.1–0.2 for calcite33 and 0.8–2.0 for aragonite34. This could consequently lead to both negative (DSr < 1) and positive (DSr > 1) aragonite Sr/Ca shifts in response to hydroclimate. Hence, our aragonitic BA14-1 Sr/Ca data cannot be regarded as an indicator of effective precipitation. The pattern of BA14-1 Sr/Ca, however, shows some similarity with δ18O (Supplementary Fig. 8), with a correlation coefficient of 0.4 ± 0.02 (n = 368, p < 0.1). Since precipitation source changes cannot alter Sr/Ca, the covariation between Sr/Ca and δ18O suggests that precipitation amount could have simultaneously driven Sr/Ca and δ18O in Bàsura stalagmites.
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[bookmark: OLE_LINK3]Supplementary Figure 1. Map of the study area. Triangles (caves) and circles (lakes) are the sites mentioned in main text. Pink and cyan zones denote the conceptual position of high-pressure (Azores High) and low-pressure (Icelandic Low) centers during boreal winter (December-February) based on NCAR/NCEP Reanalysis v3 (https://www.esrl.noaa.gov/) from 1950-2019 C.E. Arrows show the prevailing westerly winds. This map was generated using Ocean Data View. The quoted sites are listed in Supplementary Table 1.
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Supplementary Figure 2. Regional climate dynamics. a Correlation of winter (December-February) precipitation and NAO index21 during 1950–2019 C.E. A positive/negative NAO index indicates large/small pressure contrast between Icelandic Low and Azores High. b as a, but with East Atlantic (EA) index (data from Climate Predict Center, https://www.cpc.ncep.noaa.gov/data/teledoc/ea.shtml). The positive/negative EA index corresponds to low/high pressure anomaly near 52.5˚N, 27.5˚W. c Correlation of September-February (rainy season) precipitation at the Genoa station with 850 mb zonal wind speed during 1836–2008 C.E. d as c, but with sea-level pressure (SLP). The correlation coefficient is shown by the color bar. All correlations are significant at 90% confidence level. (Climate data from NCAR/NCEP Reanalysis v3, https://www.esrl.noaa.gov/). Maps are generated using KNMI climate explorer (https://climexp.knmi.nl/).
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Supplementary Figure 3. Location and images of Bàsura cave. a Locations of Bàsura cave and the Genoa meteorological station. This map was generated using Ocean Data View. b Simplified plan view of the cave with the stalagmite sampling sites (stars). Dashed lines represent a 50-m artificial tunnel, connecting two main passages. c A chamber in Bàsura cave. d and e are photographs out of cave.
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Supplementary Figure 4. Stalagmites BA14-1 and BA18-4. a Polished halved stalagmite BA14-1 and the scanning electron microscopic images, showing needle-shaped aragonite crystals at three arbitrarily selected layers (1, 2 and 3). b as a, but for BA18-4 with scanning electron microscopic images of calcite crystals and their rhombohedral cleavages at two arbitrarily selected layers (4 and 5). Black and red lines respectively indicate layers for Hendy test2 and U-Th dating. Subsamples for measurements of oxygen isotope and Sr/Ca ratios with different resolution were drilled from the central deposition axis (blue line).
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Supplementary Figure 5. Stalagmite chronology. Age models for stalagmites a BA14-1 and b BA18-4 were built with 230Th dates by StalAge methods38. Black solid and red dashed lines mark the chronology and 2-sigma envelopes, respectively.


[image: ]
Supplementary Figure 6. Bàsura stalagmite δ18O series. a BA18-4 δ18O series. b BA14-1 δ18O series. c The composite ∆18O series.
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Supplementary Figure 7. Hendy test. Hendy test2 on 13 individual layers of stalagmite BA14-1 (Supplementary Fig. 4a). The small two-sigma variability of ± 0.08–0.21‰ in δ18O for coeval subsamples of the same growth layers suggests negligible kinetic isotope fractionation.
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Supplementary Figure 8. Bàsura 18O and Sr/Ca records. Comparisons of 18O (dark blue) and Z-score of Sr/Ca (orange). Blue bars indicate 230Th ages with 2-sigma errors.


[image: ]
Supplementary Figure 9. Comparison of Bàsura ∆18O record with other proxy records from the western Mediterranean region. a Flood record from Lake Savine, northern Italy39. b Stalagmite trace element-inferred rainfall index record from Corchia cave, northern Italy40. c Stalagmite uranium concentrations from Corchia cave, northern Italy41. d Stalagmite δ18O record from Kaite cave, Spain15. e Stalagmite δ18O record from Buraca Gloriosa, Portugal26. The inconsistency of Bàsura and Buraca Gloriosa records during 1.4-1.8 kyr BP could be attributed to the age uncertainties or resampling biases of this composite Gloriosa records. f Stalagmite δ18O record from Gueldaman GLD1 cave, Algeria27. All dark blue lines express Bàsura ∆18O record. The light-blue shadow backgrounded Bàsura ∆18O shows the ranges of 2-sigma age uncertainties. Upward trend of all records indicates wet/warm climate. Cyan/pink shaded areas denote the intervals of 5.4–3.5 and 2.2–1.2 kyr BP.
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Supplementary Figure 10. Comparison of Bàsura 18O with other stalagmite proxy records from the eastern Mediterranean and northern Africa. a δ13C record from Sofular cave, Turkey42. b δ18O record from Jeita cave, Lebanon28. c δ18O record from Soreq cave, Israel29. d Speleothem δ18O-based rainfall index record from Charra cave, northern Africa43. e δ18O record from Wintimdouine cave, Morocco44. All dark blue lines express Bàsura ∆18O record. The light-blue shadow backgrounded Bàsura ∆18O shows the ranges of 2-sigma age uncertainties. Upward trend of all records indicates wet/warm climate. Cyan/pink shaded areas denote the intervals of 5.4–3.5 and 2.2–1.2 kyr BP.
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Supplementary Figure 11. Comparison of Bàsura ∆18O with other stalagmite proxy records from central and northern Europe. a δ18O record from Korallgrottan cave, Sweden45. b Growth rate-based precipitation record from Roaring cave, Scottland46. c δ18O record from Trio cave, Hungary47. d δ18O record from Strašna peć cave, Croatia48. All dark blue lines express Bàsura ∆18O record. The light-blue shadow backgrounded Bàsura ∆18O shows the ranges of 2-sigma age uncertainties. Upward trend of all records indicates wet/warm climate. Cyan/pink shaded areas denote the intervals of 5.4–3.5 and 2.2–1.2 kyr BP.


[image: ]
Supplementary Figure 12. Bàsura ∆18O record with timing of Mediterranean cultural events. Dark blue horizontal bars denote 230Th dates with 2-sigma errors. Black numbers highlight prominent dry periods at 5.2 and 4.8–4.1 kyr BP. Light brown arrows show the timing of cultural demise in Mesopotamia/Egypt.
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Supplementary Figure 13. Reanalysis data. a Leading empirical orthogonal function (EOF) 1 of Sep–Feb precipitation, representing an East Atlantic (EA) teleconnection. b EOF2 of Sep–Feb precipitation, showing a North Atlantic Oscillation (NAO) teleconnection. Data source: NCAR/NCEP Reanalysis v3 (https://www.esrl.noaa.gov/), 1836–2008 C.E. Maps were generated using KNMI climate explorer (https://climexp.knmi.nl/).
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Supplementary Figure 14. Bàsura ∆18O and North Atlantic Oscillation (NAO). Comparison of Bàsura ∆18O record (dark blue) and 19-year moving average NAO index49 (orange) from 1049–1969 C.E. Noted the correlation coefficient between ∆18O-inferred paleo-rainfall and NAO that is reported in the main text is inverted due to the anti-phased relationship between precipitation and ∆18O record. Horizontal bars denote 230Th dates with 2-sigma errors for Bàsura ∆18O record.
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Supplementary Figure 15. Shift of precipitation domains over Europe. Three-hundred-year running correlation analysis between the Bàsura record and a North Atlantic Oscillation (NAO) index50, b principal component analysis (PCA) result based on glacier activity reconstructions from alpine lake sediments in Norway51, c stalagmite δ18O records from Bunker cave, Germany52, and d stalagmite δ18O from Spannagel cave, Austria53.
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Supplementary Table 1. Information and references# of cited records in this study.



Name Location Region Latitude (˚N) Longtitude (˚E) Material References



Lake SS1220 Kangerlussuaq SW Greenland 67 -51 Lake sediment 1Olsen et al., 2012




Braya Sø / Lake E Kangerlussuaq SW Greenland 67 -50.7 Lake sediment 2D’Andrea et al., 2011



Korallgrottan Cave Caledonian mountain NW Sweden 64.9 14 Stalagmite 3Sundqvist et al., 2010




Scotland dunes Scotland Scotland 58 -6.6 Costal dunes 4Gilbertson et al., 1999



Undarsmosse bog Plain of Halland Sweden 55.7 13 Peat bog 5de Jong et al., 2006



Scotney Marsh Lydd S England 51 0.9 Marshes 6Spencer et al., 1998



MSMB Mont-Saint-Michel Bay N France 48.7 -1.5 Estuary sediment 7Sorrel et al., 2012



Seine Estuary Seine Estuary N France 49.4 0.2 Estuary sediment 7Sorrel et al., 2012



Nerfloen Lake Nerfloen W Norway 61.9 6.9 Lake Sediment 8Vasskog et al., 2012



Roaring Cave Uamh an Tartair 
 NW Scotland 58.2 -5 Stalagmite 9Baker et al., 2015



Bunker Cave Sauerland W Germany 51.4 7.7 Stalagmite 10Fohlmeister et al., 2012




Spannagel Cave Zillertal Alps W Austria 47.1 11.7 Stalagmite 11Fohlmeister et al., 2013




Trio Cave Bácsbokod S Hungary 46.1 19.2 Stalagmite 12Demény et al., 2019



Lake Savine Haute-Maurienne NW Italy 45.2 6.9 Lake Sediment 13Sabatier et al., 2017




Strašna peć Cave Dugi otok Island Croatia 44 15 Stalagmite 14Lončar et al., 2019




Corchia Cave Tuscany N Italy
 44 10.2 Stalagmite 15Regattieri et al.,  2014; 16Isola et al., 2018




Kaite Cave Burgos N Spain 43 -3.7 Stalagmite 17Domínguez-Villar et al., 2017



Sofular Cave Kabalaklı NW Turkey 41.4 31.9 Stalagmite 18Fleitmann et al., 2009



Buraca Gloriosa Mendiga W Portugal 39.5 -8.8 Stalagmite 19Thatcher et al., 2020



Gueldaman Cave Babor N Algeria 36.4 4.6 Stalagmite 20Ruan et al., 2016



Jeita Cave Jeita Lebanon 33.95 35.65 Stalagmite 21Cheng et al., 2015



Charra Cave Timengass
 N Morroco 33.8 -4.2 Stalagmite 22Ait Brahim et al., 2019



Soreq Cave Judean W Jerusalem 31.5 35 Stalagmite/Stalactite 23Bar-Matthews et al., 2011



Wintimdouine Cave Tadrat W Morroco 30.8 -9.5 Stalagmite 24Sha et al., 2020
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