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SUPPLEMENTAL METHODS

We established three strict collection criteria to maximize the quality of black
moss samples for '*C measurement: mosses must be found in situ, show no evidence of
regrowth, and tops must be present. First, black mosses classified as in-situ were found in
a bedrock crevice, sheltered by surrounding rock. Additionally, the sampling areas were
void of lichens indicating very recent deglaciation (Smith, 1982). Black moss samples
that appeared to be transported through erosional and sedimentary processes and not in
original growth position with erect stems were not classified as in situ. Second, mosses
were inspected in the field for potential “moss regrowth”, i.e. green moss growing upon
black moss either by regeneration (La Farge et al., 2013) or growth of a new propagule
using the black moss as substrate, which would contaminate kill dates with young carbon.
Third, because glacier advances and recessions could damage the most recent growth at
acrocarpous moss apices, we determined if moss tops are intact or “tops present” in the
field and in the lab. If part of the moss other than the top is '*C dated, then the date would
not reflect the kill date of the moss. Collected mosses were frozen below -20°C within
eight hours of collection until processed.

Sample pretreatment of black mosses included acid-base-acid (IN HCIl and 1N
NaOH, 75°C) prior to combustion, and accelerated mass spectrometry *C dating were
performed at the University of California Irvine Keck Laboratory and the Center for
Accelerator Mass Spectrometry within Lawrence Livermore National Laboratory. We
applied the SHCal20 curve (Hogg et al., 2020) and summarized the temporal density of
all samples using sum probability distribution in Calib v.8.2 (Stuiver and Reimer, 1993).
We compared the sum probability distribution of all samples with two simulated sum
probability distributions to test the sensitivity to the calibration curve. We selected n=67
evenly spaced cal BP / calendar ages (every 22 years) from 1500 to 0 cal yr BP and
extracted the *C year from the SHCal20 curve. The *C ages were then calibrated using
SHCal20 and the sum probability distribution calculated. (Supplemental Fig. S2).

We calibrated previously published proxies for penguin colony abandonment,
radiocarbon ages of penguin remains (i.e. feather, bone, eggshell membrane) or penguin
prey (i.e. squid beak) for n=158 samples less than 2,050 years '“C age found in Appendix
B (Emslie, 1995, 2001; Emslie et al., 1998, 2003, 2011, 2013, 2018, 2020; Kalvakaalva



et al., 2020). We applied a marine reservoir correction (A R) of 700 + 50 years (Emslie,
2001) and A R =802 + 97 years calculated using published ages found in the
14CHRONO Marine20 Reservoir database (Reimer and Reimer, 2001). For this we
averaged reported A R values 813 + 40 and 873 + 39 (Berkman and Forman, 1996), and
669 + 50 (Bjorck et al., 1991). Our sensitivity analysis of the two AR reservoir age
corrections, revealed negligible differences.

The '°Be ages of select samples (n=9) less than 1500 years old from Kaplan et al.,
(2020) collected from moraines, erratics, supraglacial debris, and ice edges largely
coincide with peaks in kill dates. °Be ages reported in Kaplan et al. 2020 are relative to
the year collected. For a more accurate comparison with black moss radiocarbon ages,
which were relative to AD 1950, we subtracted 64 years (collection years was AD 2014
in Kaplan et al., (2020)) from each '°Be age.



Table S1. Samples of black mosses radiocarbon dated from this study, and other published sources (a=this study, b=Hall, 2007;
c=Hall, 2010; d=Guglielmin et al., 2016; e=Yu et al., 2016. We applied the SHCal20 curve (Hogg et al., 2020) to all black moss dates

in OxCal (version 4.4), except a modern sample indicated by *, reported in Fraction Modern (FM). SD=Standard Deviation.

Superscripts for collection year: 1=2020; 2=2019; 3=2014; 4=2011; 5=2009; 6=20006;

. . . 5°C  "“CDate+ Med. Age 2-o range
No.  Source Lab ID ID Region Latitude  Longitude (%) D (cal yr B‘(’;) (cal yr BgP)
1 a CAMS-184078 BON DM21 Anvers Island® -64.7769  -64.0422 -26.0 690 +20 600 558-660
2 a CAMS-184075 BON DMI0B  Anvers Island® -64.7773  -64.0414 -25.8  830+25 703 670-735
3 a CAMS-184079 BON DM24 Anvers Island® -64.7769  -64.0413 -25.5  800+35 694 576-736
4 a CAMS-184077 BON_DMI15 Anvers Island? -64.7771  -64.0413 -23.8  630+30 604 535-647
5 a CAMS-184076 BON _DM14 Anvers Island? -64.7771  -64.0411 244 740+ 30 645 562-680
6 a CAMS-184082 BON DM32B  Anvers Island’ -64.7772  -64.0400 -27.7 900 +25 757 685-896
7 a CAMS-184080 BON_DM25 Anvers Island? -64.7764  -64.0394 257  965+25 848 769-917
8 a CAMS-184081 BON_DM28 Anvers Island® -64.7764  -64.0391 -253 920+35 778 688-905
9 a CAMS-184083 GAM_DMI1 Anvers Island® -64.774 -64.0514 -25.0 1450+30 1309 1276-1361
10 a CAMS-184085 GAM_DM6 Anvers Island® -64.7743  -64.0474 -222 770+ 50 668 561-736
11 a CAMS-184086 GAM_DM11 Anvers Island® -64.773 -64.0473 -26.2  1025+35 863 797-958
12 a CAMS-184087 GAM_DM16 Anvers Island? -64.7746  -64.0469 -25.0 980+30 852 771-924
13 a UCIAMS-240437 GAM_DM10 Anvers Island? -64.7736  -64.0462 249 885+15 748 689-790
14 a UCIAMS-240432 GAM_DM21 Anvers Island? -64.7737  -64.0448 -255 855+15 709 677-762
15 a UCIAMS-240431 GAM_DM23 Anvers Island? -64.7734  -64.0438 -259 835+15 702 676-731
16. a CAMS-184084 GAM_DM2 Anvers Island? -64.7744  -64.0505 -25.5 1005 +30 856 796-928
17. a UCIAMS-240435 GAM_DM38 Anvers Island? -64.7725  -64.0404 249 875+15 737 682-787
18. a UCIAMS-240436 GAM_DM30 Anvers Island? -64.7722  -64.0384 248 870+15 732 680-770
19. a UCIAMS-240433 GAM_DM32 Anvers Island? -64.7721  -64.0366 252 910+15 762 732-795
20. a UCIAMS-240434 GAM_DM33 Anvers Island? -64.7722  -64.0353 255 920+15 771 732-878
21. a UCIAMS-240438 GAM_DM2 Anvers Island’ -64.7721  -64.0347 257 975+15 859 793-913
22. a UCIAMS-240426 RAS DMI1 Cape Rasmussen' -65.2471  -64.0811 233 1495+ 15 1335 1307-1363
23. a UCIAMS-240425 RAS DM2 Cape Rasmussen' -65.2471  -64.0812 248 1470+ 15 1324 1300-1354



24, a UCIAMS-240424 RAS DM5 Cape Rasmussen' -65.2468  -64.0809 240 1535+15 1367 1315-1410
25. a UCIAMS-240422 CHA DM4 Charles Point' -64.2375  -60.993 -23.8  590+15 545 525-623
26. a UCIAMS-240423 CHA _DMS5 Charles Point' -64.2374  -60.9928 245  625+15 608 545-630
* a UCIAMS-240421 CHA_DM3 Charles Point' -64.2369  -60.9947 -26.5 1.0666 +0.0015 FM modern
217. a UCIAMS-240450 COP _DM12 Robert Island' -62.3784  -59.6651 239 245+15 188 151-298
28. a UCIAMS-240439 COP_DM6 Robert Island' -62.3784  -59.6653 225 225415 191 146-285
29. a UCIAMS-240449 COP DMI11 Robert Island' -62.3783  -59.6652 -23.5  255+15 204 151-303
30. a UCIAMS-240442 COP_DM9 Robert Island' -62.3783  -59.6651 242  265+15 288 152-308
31. a UCIAMS-240441 COP_DMB8 Robert Island' -62.3783  -59.6652 -25.1  230+15 190 148-286
32. a UCIAMS-240445 COP_DMS5 Robert Island' -62.3777  -59.6799 223 210+15 196 142-283
33. a UCIAMS-240444 COP _DM15 Robert Island' -62.3775  -59.6668 -23.8 165+15 106 0-268
34. a UCIAMS-240443 COP DM13 Robert Island' -62.3774  -59.6667 240 215+15 194 144-283
35. a UCIAMS-240440 COP DM14 Robert Island' -62.3774  -59.6668 232 180+15 152 0-278
36. a UCIAMS-240451 COP_DM4 Robert Island' -62.3774  -59.6801 224 215415 194 144-283
37. a UCIAMS-240446 COP_DM3 Robert Island' -62.3771  -59.6806 227 160+15 102 0-264
38. a UCIAMS-240447 COP2_DMI Robert Island' -62.3746  -59.6735 222 160+15 102 0-264
39. a UCIAMS-240448 COP2_DM3 Robert Island' -62.3744  -59.6732 -23.8 245+15 188 151-298
40. e CAMS-170215 BON-DM-3 Anvers Island® -64.7783  -64.0429 670 £25 604 554-654
41. e CAMS-170214 BON-DM-2 Anvers Island® -64.7783  -64.0428 660 + 35 605 549-655
42, e CAMS-170216 BON-DM-4 Anvers Island® -64.7772  -64.0418 685 +£25 602 556-660
43, e CAMS-170213 BON-DM-1 Anvers Island® -64.7765  -64.0392 845 + 25 707 672-764
44, e CAMS-170218 BON-DM-6 Anvers Island® -64.7764  -64.0389 880 + 25 742 681-794
45. e CAMS-170220 BON-DM-8 Anvers Island® -64.7765  -64.0388 920 £25 773 727-901
46. e CAMS-170219 BON-DM-7 Anvers Island® -64.7764  -64.0389 945 +£25 803 736-905
47. c 0S-57859 Site-1A Norsel Pt. (Anvers 930 £ 30 785 728-905
Island)’
48. c 0S-57893 Site-2E Norsel Pt. (Anvers 790 £30 685 575-730
Island)’
49. c 0OS-57773 Site-3D Norsel Pt. (Anvers 1050 + 35 913 800-962

Island)’
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Table S2. Radiocarbon dates (<2050 '“C age) reflecting penguin colony abandonment used for the sum probability distribution.
Published penguin dates used to summarize penguin colony abandonment on the western Antarctic Peninsula include remains such as
bone, egg membrane, feather, squid beak collected from surfaces to 45 cm depth. The species include Pygoscelis papua, P. adeliae, P.
antarctica, and Pyschroteuthis from a) (Emslie, 1995, 2001); b) (Emslie et al., 1998; Emslie, 2001); ¢) (Emslie, 2001); d) (Emslie et
al., 2003); e) (Emslie et al., 2011); f) (Emslie et al., 2013); g) (Emslie et al., 2018); h) (Emslie et al., 2020); i) (Kalvakaalva et al.,
2020);

Sediment Age Error Median -6 2-6
ID Source Lab ID Site Species MCyr age (cal )
level (SD) max min
BP) yr BP)
1 f UGAMS 8853 Ardley Island P. papua 3 1450 25 204 370 3
2 f UGAMS 8852 Ardley Island P. papua 4 1250 25 Invalid
3 f UGAMS 8685 Ardley Island P. papua 6 1450 25 204 370 3
4 f UGAMS 8684 Ardley Island P. papua 7 1560 25 326 480 143
5 f UGAMS 8682 Ardley Island P. papua 8 2050 25 740 909 596
6 f UGAMS 8683 Ardley Island P. papua 8 1690 25 435 569 273
7 f UGAMS 8687 Ardley Island P. papua bottom 1530 25 295 466 110
8 f UGAMS 8688 Ardley Island P. papua bottom 1570 25 336 485 151
9 b CAMS 42378 Biscoe Point P. adeliae 1 1460 50 215 401 9
10 b CAMS 42007 Biscoe Point P. adeliae 1 1540 50 303 483 99
11 b CAMS 42370 Biscoe Point P. adeliae 1 1530 50 293 476 87
12 b CAMS 42371 Biscoe Point P. adeliae 2 1790 40 523 665 356
13 b CAMS 42377 Biscoe Point P. adeliae 1 1650 50 399 559 216
14 b CAMS 42379 Biscoe Point P. adeliae 1 1460 50 215 401 9
15 b CAMS 42372 Biscoe Point P. adeliae 1 1350 50 123 273 1
16 b CAMS 42373 Biscoe Point P. adeliae 1 1180 50 Invalid
17 b CAMS 42374 Biscoe Point P. adeliae 2 1600 40 360 512172
18 b CAMS 42375 Biscoe Point P. adeliae 2 1580 50 342 503 141
19 b CAMS 42376 Biscoe Point P. adeliae 3 1600 50 359 SIS 157
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Table S3. 1°Be surface exposure ages in Lm scaling from James Ross Island (Kaplan et al., 2020) used in this study (Fig. 3B). Ages in
Kaplan et al. 2020 were reported relative to the collection year (2014) and adjusted to the same scale as the black moss radiocarbon

ages (relative to AD 1950).

Lab ID Site Context Age 1-0 cal BP
JRI-14-30 James Ross Island ice edge/pond coverage? 100 10 36
JRI-14-43 James Ross Island moraine (expanded) 100 10 36
JRI-14-29 James Ross Island supraglacial debris/thrust ridge 120 10 56
JRI-14-42 James Ross Island supraglacial debris/thrust ridge 180 20 116
JRI-14-50 James Ross Island moraine (expanded) 220 20 156
JRI-14-28 James Ross Island moraine (expanded) 230 10 166
JRI-14-27 James Ross Island moraine (expanded) 310 20 246
JRI-14-41 James Ross Island end of left lateral/ice edge 420 20 356
JRI-14-02 James Ross Island moraine (expanded) 1440 70 1376
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Figure S1. Antarctic Peninsula sum probability distributions of black moss calibrated
radiocarbon dates from this study and published dates from Valle Klotz (n=4) and Valle Norte
(n=7), King George Island and Norsel Point, Anvers Island (Hall, 2007, 2010), Bonaparte Point
(n=7) and Galindez Island (n=1) (Yu et al., 2016), and Adelaide Island (Guglielmin et al., 2016)
with median calibrated ages (black points) and 2-c ranges (red bars) organized by latitude (north
to south) over the past 1500 years.
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Figure S2. Sum probability distributions of moss kill dates and evenly spaced events to test for a
calibration curve effect. A) Sum probability distribution of all published black moss calibrated
radiocarbon dates (black line) and B) a curve of evenly spaced pseudo events every 22 years to
detect the sensitivity of the calibration curve. The grey line represents the sum probability
distribution of n=67 evenly spaced cal BP ages between 1500 and 0 + 20 cal yr BP that were
converted to '“C year using the SHcal20 dataset (Hogg et al., 2020). The extracted '*C ages were
then calibrated using SHcal20.
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