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Fig. S1. Age Model and spliced core image for Lake E5 sedimentary record (adapted from Vachula et al., 2019). Red points represent the midpoints of the calibrated ranges (95 % CI) of accepted 14C ages. Pink points indicate 14C ages excluded from the model. Error bars indicate the 95% CI for calibrated ages. The inset shows the 210Pb profile used to date the uppermost sediments.


Table S1. Radiocarbon data used in Lake E5 age model. 
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Fig. S2. In situ U calibration data from Lake E5 (cyan) plotted with the Toolik lake calibration (black; Longo et al., 2016) used for spring lake temperature determinations. 
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Fig. S3. The date of ice-off (spring-time occurrence of 0% ice cover) plotted vs. U–inferred spring lake temperature from Toolik Lake surface sediment and annual concentration-weighted averages of sediment trap collections. The ice-out periods (spring-time period during which lake ice cover is between 95% and 0%) are plotted as gray dashed lines. Colder U–inferred spring lake temperatures correspond with later ice-off dates and longer icing-out periods. 
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Fig. S4. Lake E5 Alkenone stratigraphy including measurements of the U index, the RIK37 index and C37 Total. The U index was used to convert alkenone unsaturation into temperature via the calibration of Longo et al. (2016). The RIK37 index was used to test for the presence of species effects on the U-inferred temperature estimates. Values below 0.63 indicate no evidence for species effects. C37 Total is the summed concentration of the four 37-carbon alkenones (C37:4, C37:3a, C37:3b, and C37:2) normalized to g dry sediment. “Cal Kyr BP” refers to thousands of calibrated radiocarbon years before CE 1950. 
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Fig. S5. Four years of lake model output (red) compared with observations at Toolik Lake (blue). Modeled lake temperature at 1.5 m is compared here with observed lake temperature at 1 – 2.2 m depth. 
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Fig. S6. Mid-Holocene lake model simulation experiments. Each point represents a lake model simulation output variable (spring lake temperature or ice-off date) regressed against the winter-spring air temperature anomaly prescribed for the lake model input. Points marked with a red “x” were excluded from the regression as described in the text. The regression in the left panel (black dotted line; Fig. 2b) is used to scale our reconstructed spring lake temperatures with winter-spring air temperature. (Regressions that include the outlying MIROC simulation are shown by the gray dotted lines for reference). 




Table S2. Results of Monte Carlo analysis for warming events

	Warming Event
	ΔT (°C)
	Intervals Compared (ka)

	13.8 Ka
	2.2 ± 0.5 ***
	16.1-14.5 vs. 13.7-12.1

	5.8 Ka
	1.6 ± 0.6 ***
	7.9-6.0 vs. 5.7-4.2


*** Paired two-tailed T-test p << 0.01



Table S3. Results of OLS regression and Monte Carlo analysis for temperature trends.

	Trend
	Rate of Warming (°C/ka)

	11.7Ka-PI
	0.09 ± 0.04 ***

	8Ka-PI
	0.20 ± 0.08 ***


*** F-test p << 0.01
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Fig. S7. Alkenone-inferred cold season air temperatures at Lake E5 plotted as anomalies relative to the PI. The 3,000 year moving average (gray solid line) indicates a temperature minimum about ~7 Ka, which is robust to the averaging out of millennial and centennial variability. Temperature trends based on ordinary least squares regression for the whole Holocene, 8 Ka – PI, and 6 Ka – PI are indicated and discussed in the text.
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Accession 
Number



Depth 
(cmblf)



Sample Description Sample Use/Status Fraction 
Modern



Fm 
Error



14C Age
14C Age 
Error



Calibrated 



Range1



OS-118632		 25 PLANT	PARTS Age	Model	(accepted) 0.7044 0.0043 2,760 100 2,738-3,156
OS-118642		 25 INSECT	EGGS Age	Model	(accepted) 0.6901 0.0029 2,960 55 2,961-3,326
OS-123775		 45.5 PLANT	AND	INSECT	PARTS Age	Model	(accepted) 0.6580 0.0039 3,360 50 3,461-3,707
OS-123776		 56.5 INSECT	EGGS Age	Model	(accepted) 0.5307 0.0042 5,090 65 5,662-5,982
OS-118631		 70.5 PLANT	AND	INSECT	PARTS Age	Model	(accepted) 0.4899 0.0034 5,740 120 6,301-6,789
OS-123771		 80.5 PLANT	AND	INSECT	PARTS Age	Model	(accepted) 0.3360 0.0030 8,760 70 9,549-10,133
OS-112452		 94.2 PLANT	PARTS Age	Model	(accepted) 0.3026 0.0037 9,600 100 10,681-11,205
OS-118634		 96.5 UNIDENTIFED	LEAF Age	Model	(accepted) 0.3189 0.0040 9,320 290 9,703-11,283
OS-123768		 114.5 INSECT	EGGS Age	Model	(accepted) 0.2450 0.0026 11,300 85 13,022-13,316
OS-123779		 114.5 EPHIPPIA	AND	INSECT	PARTS Age	Model	(accepted) 0.2420 0.0045 11,400 150 13,003-13,549
OS-113019		 142.5 PLANT	PARTS Age	Model	(accepted) 0.2367 0.0110 11,550 370 12,706-14,393
OS-115775		 161 PLANT	PARTS Age	Model	(accepted) 0.1752 0.0019 14,000 90 16,650-17,328
OS-123780		 191.5 INSECT	PARTS Age	Model	(accepted) 0.1757 0.0073 13,950 330 16,071-17,793
OS-118250		 254 PLANT	PARTS Age	Model	(accepted) 0.1273 0.0186 16,550 1,200 17,736-23,080
OS-115834		 283.5 PLANT	PARTS Age	Model	(accepted) 0.0993 0.0149 18,550 1,200 20,071-25,404
OS-118653		 409 PLANT	PARTS Age	Model	(accepted) 0.0591 0.0027 23,600 980 26,074-29,891
OS-118633		 56.5 PLANT	PARTS Age	Model	(rejected) 0.4754 0.0039 5,980 170 6,467-7,247
OS-118260		 132 PLANT	PARTS Age	Model	(rejected) 0.2631 0.0302 10,750 920 10,296-15,122
OS-123781		 364.5 PLANT	AND	INSECT	PARTS Age	Model	(rejected) 0.1031 0.0159 18,250 1,200 19,691-25,091
OS-123767		 209.5 PLANT	AND	INSECT	PARTS Slump	Material 0.0264 0.0024 29,200 740 31,615-34,601
OS-123774		 213.5 WOOD Slump	Material 0.0204 0.0026 31,300 1,000 33,779-37,913
OS-123773		 213.5 PLANT	PARTS Slump	Material 0.0221 0.0022 30,600 800 33,399-36,311



1) Radiocarbon ages calibrated from Intcal13 (Reimer et al., 2013). Range represents highest and lowest ages within 95% confidence interval.
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OS-118632		 25 PLANT	PARTS Age	Model	(accepted) 0.7044 0.0043 2,760 100

2,738-3,156

OS-118642		 25 INSECT	EGGS Age	Model	(accepted) 0.6901 0.0029 2,960 55

2,961-3,326

OS-123775		 45.5 PLANT	AND	INSECT	PARTS Age	Model	(accepted) 0.6580 0.0039 3,360 50

3,461-3,707

OS-123776		 56.5 INSECT	EGGS Age	Model	(accepted) 0.5307 0.0042 5,090 65

5,662-5,982

OS-118631		 70.5 PLANT	AND	INSECT	PARTS Age	Model	(accepted) 0.4899 0.0034 5,740 120

6,301-6,789

OS-123771		 80.5 PLANT	AND	INSECT	PARTS Age	Model	(accepted) 0.3360 0.0030 8,760 70

9,549-10,133

OS-112452		 94.2 PLANT	PARTS Age	Model	(accepted) 0.3026 0.0037 9,600 100

10,681-11,205

OS-118634		 96.5 UNIDENTIFED	LEAF Age	Model	(accepted) 0.3189 0.0040 9,320 290

9,703-11,283

OS-123768		 114.5 INSECT	EGGS Age	Model	(accepted) 0.2450 0.0026 11,300 85

13,022-13,316

OS-123779		 114.5 EPHIPPIA	AND	INSECT	PARTS Age	Model	(accepted) 0.2420 0.0045 11,400 150

13,003-13,549

OS-113019		 142.5 PLANT	PARTS Age	Model	(accepted) 0.2367 0.0110 11,550 370

12,706-14,393

OS-115775		 161 PLANT	PARTS Age	Model	(accepted) 0.1752 0.0019 14,000 90

16,650-17,328

OS-123780		 191.5 INSECT	PARTS Age	Model	(accepted) 0.1757 0.0073 13,950 330

16,071-17,793

OS-118250		 254 PLANT	PARTS Age	Model	(accepted) 0.1273 0.0186 16,550 1,200

17,736-23,080

OS-115834		 283.5 PLANT	PARTS Age	Model	(accepted) 0.0993 0.0149 18,550 1,200

20,071-25,404

OS-118653		 409 PLANT	PARTS Age	Model	(accepted) 0.0591 0.0027 23,600 980

26,074-29,891

OS-118633		 56.5 PLANT	PARTS Age	Model	(rejected) 0.4754 0.0039 5,980 170

6,467-7,247

OS-118260		 132 PLANT	PARTS Age	Model	(rejected) 0.2631 0.0302 10,750 920

10,296-15,122

OS-123781		 364.5 PLANT	AND	INSECT	PARTS Age	Model	(rejected) 0.1031 0.0159 18,250 1,200

19,691-25,091

OS-123767		 209.5 PLANT	AND	INSECT	PARTS Slump	Material 0.0264 0.0024 29,200 740
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1) Radiocarbon ages calibrated from Intcal13 (Reimer et al., 2013). Range represents highest and lowest ages within 95% confidence interval.


