Supplementary material
Details of age-tuning by verifying age-controlling points
The ZLP δ18O time-sequence is problematic because of the relatively large dating errors. However, if one assumes that different cave records’ responses to regional and/or global climate changes are connected synchronously, in a local and/or broader region on millennial and multi-centennial time scales, as has been suggested by numerous comparative studies (e.g., Wang et al., 2001; Fleitmann et al., 2003, 2007; Dykoski et al., 2005; Sinha et al., 2005; Dong et al., 2010; Yang et al., 2010), then we can tune our stalagmite δ18O record to absolute and highly precise cave records, potentially yielding a more precise chronology for time series analysis. ZLP Cave is less than 360 km from Yamen and Dongge Caves (Fig. 1), which are all influenced by the East Asian monsoon (EAM) and Indian monsoon (IM), implying that they have common variation characteristics in response to circulation shifts.

Comparisons of the ZLP record to that of Dongge (DA and D4) and Yamen (Y1) Caves show that their general trends and patterns of significant abrupt climate events are mostly similar (Supplementary Fig. 2). At 626-610 mm on ZLP2, δ18O values rapidly rise from -12.5‰ to -10.2‰. Yamen Cave also presents a similar reversal with an amplitude of ~1‰ after a rapid warming process during the Bølling/Allerød (BA) period. Occasionally, the original date at 630 mm on ZLP2 was 14616±213 yr BP, consistent within errors with the interpolated age of Y1. Therefore, if the age model constructed from Yamen Cave is correct, dating at 630±1 mm on ZLP2 is most likely credible although with relatively large uncertainty. At 562±1 mm on ZLP2, δ18O values abruptly become positive by 2‰, corresponding to the Yamen record at 14100±60 yr BP. The abrupt change was defined as the timing of the Older Drays (Yang et al., 2010). Although the D4 record does not show that event clearly due to insufficient resolution, its variation trend could be discerned. Based on the above relationships, we pin 562±1 mm on ZLP2 to 14100±60 yr BP. δ18O values then gradually decrease from -11.4‰ to -14.1‰, coincident with the early Allerød warming period in the Yamen Cave record (-7.5‰ to -9‰), therefore we set 551±1 mm on ZLP2 to 13870±80 yr BP. As for the Younger Dryas (YD) event, both D4 and Y1 show concordant trends where δ18O values increase stepwise by over ~1‰ (Supplementary Fig. 2). Combing with the raw age (12901±538 yr BP at 431 mm on ZLP2) and similar variations (amplitudes greater than 2‰), we confirm that the heavier δ18O excursions fall into the YD event at an interval of 451-332 mm on ZLP2. However, the timing of the YD has a slight difference between the Y1 and D4 profiles: D4 yields dates that are older than Y1 by 150-200 years. This discrepancy may be caused by dating accuracy and/or analytical uncertainties. The average resolution of D4 is more than 10 years during the period between 13500 and 13000 yr BP, and the errors are relatively large; while Y1 has more precise dating and sufficient temporal resolution. We thus adopt the result of Y1 and tune the depth of 451±1 mm on ZLP2 to 12850±50 yr BP, together with other cave records (not shown).
The ZLP2 δ18O abruptly shifts from -9.7‰ to -12.6‰ at 336-322 mm, which is the transition from the YD to the Holocene with an age of 11601±250 yr BP. Similarly, the amplitudes of Y1 and D4 are also more than ~1.5‰ during this episode and therefore, we mark the date at 331±1 mm on ZLP2 as 11500±40 yr BP based on the Y1 dating and other published stalagmite records. As Dykoski et al. (2005) suggested, the four early Holocene events were correlated within dating uncertainty with those from Greenland. At 309-294 mm on ZLP2, the enrichment of δ18O values by ~3‰, indicative of a sharp climatic change, likely corresponds to the Preboreal Oscillation (PBO). This has also been well recorded in other studies (Bos et al., 2007; Bohncke and Hoek, 2007). At 240-228 mm, there is another climatic oscillation that shifts δ18O to heavier values by 2.4‰ (from -13.0‰ to -10.6‰). Although both cold events are recorded in Y1 and D4 (Supplementary Fig. 2), the temporal resolution of Y1 in this epoch is lower than that of D4. The other two events are the 9.2 ka event and 8.2 ka event, which left similar traces in ZLP Cave and prove that the same climate event can be recorded in different caves within a local region. For the 9.2 ka event, it was centered at 9165±75 yr BP in D4 (Dykoski et al., 2005), with an amplitude of ~1.3‰. At 739-714 mm on ZLP1, a dramatic shift towards heavier values (over ~3‰) occurs within several decades. Then, at 646-625 mm on ZLP1, the δ18O record shows a clear double-plunging structure with an amplitude of 2-3‰ dated to 8034±514 yr BP at 635±1 mm, similar to the 8.2 ka event observed in DA and D4 (Supplementary Fig. 2), as well as those defined from other palaeoclimatic proxies (not shown). Accordingly, we determine four age-control points during the early Holocene for ZLP1 and ZLP2 on the basis of the Dongge and Yamen Cave records, namely 11225±97, 10850±30, 9165±75 and 8260±64 yr BP, corresponding to depths of 304±1 mm on ZLP2, 234±1 mm on ZLP2, 734±1 mm on ZLP1 and 635±1 mm on ZLP1, respectively. 
Fig. 1 Composite records from the ZLP1 and ZLP2 subsamples with the identified overlapping interval through their main characteristics and tendencies. Upper curves are the δ18O records of ZLP1 and ZLP2 (five-point running average). The enlarged segment in the rectangle denotes the overlapping section between ZLP1 and ZLP2, and blue arrows reflect their similar variation trends. The bottom panel shows the δ13C excursions for ZLP1 and ZLP2. The rectangle again displays the overlapping portion.

Fig. 2 Age model correction by tuning ZLP to other high-resolution, precisely-dated cave records of the adjacent area. a: The composite curve for the ZLP1 and ZLP2 δ18O records with depth. b: The δ18O record of Dongge Cave (DA) (Wang et al., 2005). c: Yamen Cave (Y1) (Yang et al., 2010). d: Dongge Cave (D4) (Dykoski et al., 2005). e: New time sequences for ZLP. Several notable early Holocene anomalies are color-coded in the different stalagmite records: ice blue bars cover the Preboreal oscillation event and the boreal period, baby blue bars mark the 9.2 ka event, and yellow ones show the 8.2 ka event. Dashed lines represent variation trends for different time intervals of individual cave records.
Fig. 3 Micro-structure fabrics of the stalagmite ZLP. (a) Clear and continuous micro-bands are on average 0.3-0.4 mm thick, alternated with transparent and opaque sublayers. (b) Discrete and thin layers range from about 0.1 to 0.05 mm in thickness. (c) Unclear laminations with pure calcite constitution infer a low growth rate in this interval. (d) The polished surface is interrupted regularly by dark bands with naked debris and impurities.
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