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[bookmark: _Hlk86213525][bookmark: _Hlk71578107]Relationship between the climate modes with intensity of the East Sakhalin Current and SST
[bookmark: _Hlk86071365]An empirical orthogonal function analysis conducted using sea-level data along the entire Okhotsk coast in 1965–1988 (Nakanowatari and Ohshima, 2014) suggested that the intensity of the northeasterly wind driving the East Sakhalin Current is associated with that of the wintertime Aleutian Low and Western Pacific (WP) mode. The intensity of Aleutian Low is generally represented by the North Pacific index (Trenberth and Hurrell, 1994) and the WP mode is one of the most prominent winter atmospheric circulation (or teleconnection) patterns in the North Pacific (Horel and Wallace, 1981). When both the WP index and North Pacific index are negative (i.e., deepening of Aleutian Low), the volume transport of the East Sakhalin Current increases (Nakanowatari and Ohshima, 2014). The seasonal mean of the volume transport also shows a negative correlation with SST during winter–spring in Pacific waters off the southwestern and southeastern Hokkaido (Kuroda et al., 2020a). These results imply that large-scale atmospheric circulation adjusts the intensity of the East Sakhalin Current with the smaller scale of the Okhotsk Sea shelf, and subsequently the oceanographic conditions around the Pacific shelf off the Hokkaido coast via its outflow water into the North Pacific (i.e., CO water). In fact, the SSTs in the abovementioned Pacific waters showed a decadal decreasing trend after 2000, in accordance with a decadal increasing trend exhibited by the East Sakhalin Current (Kuroda et al., 2020a) (Supplementary Fig. 1). Moreover, we confirmed a decreasing trend in the WP index after 2000 (NOAA website https://www.cpc.ncep.noaa.gov/data/teledoc/wp_ts.shtml), consistent with this implication.



The marine setting near site T3
Observations near site T3 (E16 in Fig. 1) showed that the highest phytoplankton biomass (dominated by diatoms) was observed during the period from March to April, and the highest zooplankton biomass during the period from April to June (Shinada et al., 2008). Costal Oyashio entrains into the shelf and slope area in Hidaka Bay in the surface above 100 m deep. Moreover, its volume transport of 0.4 to 0.5 sv was observed in March (Shimizu and Isoda, 1999). It is characterized by a cold temperature (<2℃), low salinity (<32.7), and low density (<26.2 σθ). An observational study in Funka Bay, to the west of Site T3, shows a negative relation between chlorophyll a concentration and sea surface temperature, thereby suggesting a close linkage between spring bloom and surface intrusion of CO water (Shinada et al., 1999). 
Below the CO water (200 to 300 m), there is a high density layer of approximately 26.8 σθ (Shimizu and Isoda, 1999), which probably originated from the OY intermediate water. Nishioka et al. (2011) suggested the importance of the winter Fe supply from subsurface waters on phytoplankton growth during spring in the OY; the Fe supply from the OY intermediate water can be the leading cause for the high biological production in this area. The substantial amount of Fe in the intermediate water may originate from the Northwest Okhotsk Sea, wherein the formation of cold dense shelf water (DSW: 26.8 to 27.0 σθ) caused by brine rejection during sea-ice formation (Martin et al., 1998; Gladyshev et al., 2000) produces the Okhotsk Sea Intermediate Water. The Okhotsk Sea Intermediate Water outflows from the Okhotsk Sea to the North Pacific through the Kuril Straits and the water spread to the subarctic and subtropical gyres via the OY Intermediate Water and North Pacific Intermediate Water layer (Yasuda 1997). Sugie et al. (2010) demonstrated that the Fe-limited condition in the OY during the spring bloom period suppressed the growth rate and nitrate drawdown rate of diatoms and increased the production of resting spores, suggesting that the phytoplankton community during the spring bloom period in the Oyashio region was often Fe-limited. An incubation experiment  has suggested that Coastal Oyashio water near the sea surface tends to be iron replete and macronutrient deficient during and after massive spring blooms because phytoplankton uptake exhausts macronutrients before iron (Nakayama et al., 2010).



Sediment core descriptions 
The retrieved cores T3 and MC4-1 consist mainly of hemipelagic sediment with cm-scale units of high-density sediments (Fig. 3 and Supplementary Fig. 3). The hemipelagic sediments are characterized by low-density, bioturbated grayish olive, massive olive-black, and massive grayish olive silty clay. High-density sediments are characterized by high bulk density and high magnetic susceptibility (Supplementary Fig. 3). A careful inspection of lithology, magnetic susceptibility, dry bulk density, and CT images of the cores T3 and MC4-1 revealed two turbidite layers in core MC4-1, and eight turbidite layers in core T3 (Fig. 3 and Supplementary Fig. 3). The boundaries of the layers were not observed by visual inspection of core splits because of significant bioturbation. Based on the similar dry bulk density profiles, consistent 14C dates at the uppermost depths (1070±55 for T3 and 1030±30 yr BP for MC4-1, Fig. 3), and Ko-c2 horizons (Fig. 3, below 32 cm for MC4-1 because of inclusions of the volcanic ash in the layer 30-32 cm (Supplementary Fig. 4), 33-37 cm for T3), we assumed that the turbidite layers, at a core depth of 28.0–33.0 cm of T3 MC4-1 and 26.0–33.0 cm of T3, are the same stratigraphic horizon and that loss of surface sediments during the core-retrieving process for the piston core T3 may be a few centimeters. 
Three ash layers were identified in the cores (Fig. 3 and Supplementary Fig. 3). Two are located between 33.1–37.4 cm and 369.7–372.9 cm in T3 which contain pumice (<10 mm diameter) and volcanic glass. The third tephra, around 106 cm of core T3, contains abundant volcanic glass. Similar glass was found both in and below the turbidite layer at 72.4–106.6 cm. We assumed the volcanic ash horizon was disturbed and partly removed by the turbidity current.
The lower ash layer (369.7–372.9 cm) was recognized as the Ko-g (Yamada, 1958; Katsui et al., 1989) (Supplementary Fig. 5), which erupted from the Mt. Komaga-Take at 6550 ± 50 cal BP (Nakamura and Hirakawa, 2004). In focusing on high-resolution records on the late Holocene, we used the upper 200 cm of the core T3 for analysis.



Detailed description of dating
The vertical profile of 137Cs showed a pulse at 8–10 cm and large fluctuations in 137Cs between the values of detection limit and 0.0017 Bq g-1 from 11 cm to 16 cm deep (Supplementary Fig. 5). This is likely due to heterogeneous vertical mixing of sediments caused by macro benthos. Moderate increases in 137Cs value were found at 13–15 cm, indicating that they were formed due to the downward transport of sediments with the upper high 137Cs values caused by macro benthos (Supplementary Fig. 5). The minor pulse in the 137Cs at 8–10 cm is most likely associated with the bomb-derived fall-out maximum in Japan in the 1964 (Hirose et al., 2008). However, moderate values were seen above the pulse, suggesting steady-state rapid mixing in the surface layer within a few cm (Robbins et al., 1977). Theoretical mixing modeling (Robbins et al., 1977) shows that steady-state rapid mixing in the surface layer redistribute bomb-derived 137Cs both upward and downward, resulting in an alteration of the original vertical profile with a sharp 137Cs pulse at 3 cm deep (Robbins et al., 1977). A strong steady-state mixing experiment (surface 6 cm layer) shows no longer sharp 137Cs pulse. Instead, it shows constant 137Cs values in the upper 7 cm and a rapid decrease in the values below the depth. In contrast, a moderate mixing experiment (surface 3 cm layer) causes the sharp 137Cs pulse to broaden and shift at 2.5 cm downward, as well as increase surface values in comparison with the original vertical profile. Our data shows a vertical profile pattern similar to the latter, suggesting moderate surface steady-state mixing at this site, probably less than 5 cm, which can produce the observed minor peak in 8–10 cm and the moderate values in the upper 8 cm.
[bookmark: _Hlk69839326]Prior to 14C Bayesian statistical method-based age modelling for deeper sediments, we removed older 14C dates in relation to sedimentary rework processes (Supplementary Table 2). There are several 14C dates with chronological reversals in the turbidite layers (Fig. 3 and Supplementary Table 2). The dates 1480 ± 20 yr BP at 19.5 cm, 1530 ± 25 yr BP at 28.0 cm,1950 ± 40 yr BP at 57.5 cm, 2090 ± 60 yr BP at 76.0 cm, and 2340 ± 35 yr BP at 96.5 cm are examples of this process, because, the samples were found in the turbidite layers or had an inclusion of turbidite layers (Fig. 3). There were also chronological reversals of dates 2460 ± 95 yr BP at 114 cm and 3200 ± 35 yr BP at 141 cm from the low-density sediments. The samples of turbidites and chronological reversal showed ~100 to ~200 years older 14C dates than the age-depth profiles connected by dates only from the low-density sediments (Fig. 3), indicating inclusions of reworked older carbon in these samples. 
[bookmark: _Hlk69839242]Since in general, tests of benthic foraminifera inhabiting deep water include more older carbon than planktonic foraminifera in the shallow water, it is possible that the ΔR value is higher than that in the surface water. Our approach to estimate ΔR is a direct estimation method that it can calculate from difference between a 14C date known for a calendar age in the core sample and a 14C date of MARINE13 corresponding to the calendar age. This approach has been used often in the calendar age-known tephra in core sediments (e.g., (Ikehara et al., 2011). 
[bookmark: _Hlk69840112]We estimated ΔR value from the difference between the CIC model (2)-based 14C age of 1840 CE (490 ± 23 yr BP in the MARINE13 dataset (Reimer et al., 2013)) at 16 cm for the core T3 MC4-1 with benthic foraminiferal 14C age of 1160 ± 25 yr BP at the same depth. We used 14C data in the 16 cm depth for the ΔR estimates because this level may be below the mixing layer, which is suggested by low or zero values of 137Cs. Therefore, it can be deduced that the level has no significant inclusions of modern nuclear bomb-derived 14C. We adopted ± 50 yrs as the ΔR error because a coral 14C record during the early 19th century (Hirabayashi et al., 2017) showed decadal changes in ΔR in the waters around the Kikai Island in the northwestern Pacific, which fluctuated within ± 50 yrs. We constructed age models for four subdivisions, with boundaries at 21.1 cm efd (Ko-c2), 54.5 cm efd (B-Tm), 311.8 cm efd (Ko-g), and 498.9 cm efd (the lowermost 14C age control: 8410 ± 45 yr BP), which were used as age constraints. Depositional models for the subdivisions mentioned above were calculated using the k value of 1 and interpolation of 0.2, yielding good agreement indices (a measure of overall agreement between the calibrated ages (prior distributions) and the model ages (posterior distributions)), i.e., Amodel = 120.7 (0–21.2 cm efd), 73.8 (Ko-c2–B-Tm), 131.2 (B-Tm–Ko-g), and 101.8 (below Ko-g) (Supplementary Fig. 7). All of the agreement indices were found to be above the accepted cut-off Amodel value of 60% (Bronk Ramsey, 2008). 
  Based on the model, event layer at 24.9 cm efd was dated at 1657 CE, which was consistent with an age of the tsunami event just below the level of Us-b tephra (1663 CE) in the sediments in the coast of southwestern Hokkaido near the T3 site (Takashimizu et al., 2013).
  Sedimentation rates (cm yr-1) were estimated from deference between two successive event-free depths allocated numerically during the Bayesian analysis of 14C dates and that between the two calibrated dates. Errors of SR were obtained from propagation of errors, the 2σ errors of given calibrated dates and those of the event-free depths. We used zero for the errors of the event free depths.




Estimation of marine-derived organic carbon fraction
To estimate the marine-derived organic carbon (OCmarine) fraction and its mass accumulation rates using an appropriate mixing model, we generated binary plots of δ13C and atomic C/N for the sediment samples in this study (Supplementary Fig. 13). The plots of sedimentary δ13C and C/N data showed a significant negative correlation (R=-0.61, P<0.01, N=98). The linear regression line of δ13C and C/N showed a slope consistent with that expected from a mixing line between two end members estimated by sedimentary data from Coastal Oyashio off the southeastern coast of Hokkaido (Usui et al., 2006). Therefore, we used two source mixing model to estimate marine-derived organic carbon fraction and the mass accumulation rates (Fig. 6). 


[image: ]
Supplementary Fig. 1. Winter sea surface temperature in the water off southwestern Hokkaido and normalized values of arrested topographic waves transport across 46° N east off the Sakhalin coast (Kuroda et al., 2020a). The integrated transport for winter was estimated by integrating from 1 October in the preceding year to 15 February. SST was estimated from areas north of 41° N and west of 133.3° E. Arrow denotes regime shift at 2015/2016 addressed here.

[image: ]
Supplementary Fig. 2. Core site shown in reference to the frequency of the Coastal Oyashio water appearance.
Core site T3 is located in the area with low frequency (30-40%) in the Coastal Oyashio intrusion, indicating the terminal area of the Coastal Oyashio. The frequency of the Coastal Oyashio water (temperature <2 °C and salinity <33) was obtained from temperature-salinity data for January–March (Kuroda et al., 2020b). Historical temperature-salinity data were collected from the National Oceanographic Data Center (World Ocean Database 2013) and the Japan Oceanographic Data Center. 



[image: ]
Supplementary Fig. 3. The same as Fig. 3, but for the full range of core T3. Horizontal shaded bands denote levels of turbidite layers. Solid rectangles right side of the CT image denote 14C dated levels. The downward increasing trend in dry bulk density profiles denotes a regression line of dry bulk density data without high values that is associated with volcanic ash materials. This trend may be formed by sediment consolidation effect. Turbidite layers identified from CT images were verified by higher values than the regression line.


[image: ]
Supplementary Fig. 4. Results of major element compositions of volcanic glasses for T3 and T3 MC4-1 core. Samples were obtained in a depth of (a, b) 30–32 cm for T3 MC4-1, (c, d) 33–37 cm for T3 sec. 4, (e, f) 7–20 cm for T3 sec.5, and (g, h) 76–79 cm for T3 sec.7. Data for standard volcanic glasses for Ko-c2, B-Tm, and Ko-g are also plotted based on Nakamura (2016).　

[image: ]
Supplementary Fig. 5. Radioactivity of 210Pb, 214Pb and 137Cs (a) and excess 210Pb (b) for core T3 MC4-1. A vertical error bar is shown with 1σ. Two regression lines in (b) were applied to dating using CIC model. CIC model (1) in Supplementary Fig. 6 was based on both two regression lines. CIC model (2) was based on the only lower regression line.
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Supplementary Fig. 6. Age-depth models obtained from different dating methods for the upper sediments in T3 MC4-1.
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Supplementary Fig. 7 14C dates and modelled dates obtained using software OxCal for the piston core T3 samples. 
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Supplementary Fig. 8. Temporal changes in marine-derived organic carbon.
A two source mixing model was applied to estimate the marine-derived organic carbon using atomic C/N ratio and δ13C. (‘Estimation of marine-derived organic carbon fraction’ in Supplementary Information for method details). 
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 Supplementary Fig. 9. Temporal changes in relative abundance of diatom species. Horizontal scale denotes % of the total diatom valves. 
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Supplementary Fig. 10. PCA biplots of scores of biogeochemical indices in the principle component (PC) 1 versus PC3 axes.
Chl-a: Chlorophyll a plus derivatives concentrations, SCEs: Steryl chlorine esters concentrations, chl a/pheo a: chlorophyll a/pheophytin a ratio, OC: total organic carbon concentrations, N: total nitrogen concentrations, C/N: molar ratio of organic carbon and nitrogen, opal: biogenic opal (bio-opal) concentration, δ15N: sedimentary stable nitrogen isotope ratio, and δ13C: organic carbon isotope ratio. 
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Supplementary Fig. 11. PCA biplots of scores of mineral compositions, dry bulk density, sedimentation rate, and bio-productivity indices in the principle component (PC) 1 versus PC2 axes.
Chl-a: Chlorophyll a plus derivatives concentrations, SCEs: Steryl chlorine esters concentrations, Bio-opal: biogenic opal concentration. Plagio: plagioclace, K+Cdummy:, K+C:,
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[bookmark: _Hlk69237982]Supplementary Fig. 12. PCA biplots of scores of biogeochemical parameters and diatom assemblage data. Percentages of diatom species in Supplementary Fig. 11 were used in this analysis. Same as Supplementary Fig. 11 for name of biogeochemical parameters. ‘res.’ after species name denotes resting spore. The first principal component (PC1) accounted for 20% of the variation, the second principal component (PC2) accounted for 14% of the variation, and the third principal component (PC3) accounted for 12% of the variation. Together, these components accounted for 46% of the variation.
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Supplementary Fig. 13. Binary plots of δ13C and atomic C/N of the sediment samples analyzed in this study, and end-members of terrestrial-derived and marine-derived organic matter from Usui et al. (2006). 
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