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V|qwkhvlv

414 Lqwurgxfwlrq

D jhqhudo frqvhqvxv h{lvwv wkdw wkh HduwkÖv shdwodqgv duh d fulwlfdo frpsrqhqw lq wkh joredo fduerq f|foh dv wkh|
dfw dv erwk orqj0whup vlqnv iru dwprvskhulf fduerq glr{lgh +FR5, dqg vljqlilfdqw vrxufhv iru phwkdqh +FK7,
+Jrukdp 4<<4/ PdfGrqdog hw do1 5339/ Pdwwkhzv 5333/ \x 5344,1 Shdw dffxpxodwlrq ryhu pdq| ploohqqld kdv
exlow xs shdw ghsrvlwv rq doo frqwlqhqwv/ zklfk uhsuhvhqw lpsruwdqw whuuhvwuldo uhvhuyrluv iru fduerq1 Prvw ri wklv
fduerq lv vwruhg lq kljk0odwlwxgh shdwodqgv lq d uhvhuyrlu wkdw fryhuv 618 ploolrq np5 dqg frpsulvhv fd1 788
shwdjudp +Sj, F +Jrukdp 4<<4,1 Wkh exlogxs ri wklv qruwkhuq shdwodqg fduerq uhvhuyrlu surgxfhg d joredo qhw
folpdwlf frrolqj hiihfw ryhu wkh Krorfhqh shulrg dv FR5 xswdnh e| shdw dffxpxodwlrq h{fhhghg wkh uhohdvh ri
FK7 iurp shdw ghfrpsrvlwlrq +Iuronlqj hw do1 5339/ Iuronlqj ) Urxohw 533:,1 Pruhryhu/ hduwk v|vwhp prghov
uhyhdo wkdw shdwodqgv zhuh lqioxhqflqj wkh joredo dwprvskhulf FR5 frqfhqwudwlrq wkurxjkrxw wkh Krorfhqh
+Zdqj hw do1 533</ Nohlqhq hw do1 5343,1 Srodu lfh0fruh uhfrugv vkrz wkdw wkh dwprvskhulf frqfhqwudwlrq ri FR5

urvh iurp 593 sduw shu ploolrq e| yroxph +sspy, e| ;333 |hduv djr wr d suh0lqgxvwuldo ohyho ri 5;3 sspy
+Lqghup¡koh hw do1 4<<</ Prqqlq hw do1 5334,/ pdlqo| gulyhq e| FR 5 rxwjdvvlqj iurp fdoflxp fduerqdwh
+FdFR6, frpshqvdwlrq ri wkh ghhs rfhdq +Eurhfnhu hw do1 5334/ Zdqj hw do1 533<, dqg FdFR6 suhflslwdwlrq lq
vkdoorz pdulqh zdwhuv +l1h1 exlogxs ri frudo uhhiv/ Ulgjzhoo hw do1 5336/ Nohlqhq hw do1 5343,1 H{shulphqwv zlwk
wkh folpdwh0fduerq f|foh prgho FOLPEHU50OSM lqglfdwh wkdwwkh dwprvskhulf FR5 frqfhqwudwlrq ryhu wklv
shulrg zrxog kdyh ulvhq ixuwkhu zlwkrxw wkh frqwhpsrudqhrxv irupdwlrq ri shdwodqgv +Nohlqhq hw do1 5343,1
Krzhyhu/ doo wkhvh prgho vwxglhv rqo| lqfrusrudwhg gdwd iurp qruwkhuq shdwodqgv/ dowkrxjk 44( ri wkh joredo
shdwodqg duhd lv orfdwhg lq wkh wurslfv +Sdjh hw do1 5344,1 Wkh reylrxv uhdvrq iru wklv lqfrpsohwh frqvlghudwlrq
lv wkdw wkh orqj0whup fduerq f|folqj ri wurslfdo shdwodqgv lv wrr srruo| xqghuvwrrg wr surylgh uholdeoh gdwd vhwv1

Ghwhuplqlqj wkh orqj0whup lqioxhqfh ri wurslfdo shdwodqgvrq dwprvskhulf juhhqkrxvh jdv frqfhqwudwlrqv dqg
wkh HduwkÖv udgldwlyh exgjhw uhtxluhv urexvw uhfrqvwuxfwlrqv ri wkh fxpxodwlyh jurzwk ri wkh fduerq srro lq
wurslfdo shdwodqgv dv zhoo dv lwv sdvw fduerq edodqfh1 Wkh uhfrqvwuxfwlrq ri sdvw fduerq edodqfh lwvhoi ghshqgv
rq zhoo frqvwudlqhg hvwlpdwhv ri orqj0whup fkdqjhv lq shdwodqg fryhu/ udwhv ri fduerq xswdnh ghulyhg iurp shdw0
fruhv/ dqg phdvxuhphqwv ri qdwxudo phwkdqh uhohdvh +h1j1 Iuronlqj ) Urxohw 533:,1 Txdqwli|lqj wkh orqj0whup
fduerq g|qdplfv ri wurslfdo shdwodqgv zloo qrw rqo| ohdg wr dehwwhu xqghuvwdqglqj ri wkh elrvskhulf frqwurov dqg
lpsdfwv rq wkh HduwkÖv folpdwh v|vwhp gxulqj wkh Odwh Txdwhuqdu|/ exw zloo lqgluhfwo| surylgh fulwlfdo gdwd iru
dvvhvvlqj wkh srvvleoh uhvsrqvh ri wkh wurslfdo shdw0fduerq edodqfh wr ixwxuh joredo folpdwh fkdqjh1

Wkh odujhvw nqrzq frqfhqwudwlrq ri wurslfdo shdwodqgv duh irxqg lq htxdwruldo Vrxwkhdvw Dvld/ vshflilfdoo| rq
Shqlqvxodu Pdod|vld/ dqg wkh lvodqgv ri Vxpdwud/ Eruqhr/ dqg Qhz Jxlqhd +Dqghuvrq 4<;6,1 Wkh shdwodqgv lq
wklv uhjlrq duh hvwlpdwhg wr h{whqg ryhu 57;/333 np5/ dq duhd fruuhvsrqglqj wr 89( ri doo wurslfdo shdwodqgv
+Sdjh hw do1 5344,1 Iru frpsdulvrq wklv duhd lv htxdo wr wkh vl}h ri zhvwhuq Jhupdq|1 Sdjh hw do1 +5344, hvwlpdwhg
wkdw 9;18 Sj F/ duh vwruhg lq wkh shdw vrlov ri Vrxwkhdvw Dvld dydoxh htxlydohqw wr 44047( ri wkh joredo shdw0
fduerq srro +Sdjh hw do1 5344,1 Wklv pdvv ri fduerq lv htxlydohqw wr fd1 65 ssp ri dwprvskhulf FR5 ru ;( ri
wkh fxuuhqw frqfhqwudwlrq ri FR5 lq wkh dwprvskhuh Ñ kljkoljkwlqj wkh joredo vljqlilfdqfh riwkh htxdwruldo
shdwodqgv ri Vrxwkhdvw Dvld lq wkh fduerq f|foh1 Wkh pdmru remhfwlyhv ri wklv grfwrudo wkhvlv wkhuhiruh duh wr
uhfrqvwuxfw wkh fkurqrorj|/ jhrjudsklf glvwulexwlrq/ dqgudwh dw zklfk wklv wurslfdo fduerq uhvhuyrlu ghyhorshg
dv zhoo dv wkh idfwruv wkdw jryhuqhg lwv jurzwk1
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415 Vwxg| duhd

Wklv wkhvlv irfxvhv rq wkh Vrxwkhdvw Dvldq shdwodqgv ri Eruqhr/ Vxpdwud/ dqg Shqlqvxodu Pdod|vld/ dq duhd wkdw
vsdqv d glvwdqfh ri 5933 np iurp <8£ H wr 44<£ H dqg 4583 np iurp 918£ Q wr 8£ V +Ilj1 4,1 Wklv uhjlrq krogv
derxw 48</333 np5 ri shdwodqgv/ zklfk jhqhudoo| rffxu lq wkh orzodqgv dw hohydwlrqv ri ohvv wkdq 83 p dqg duh
prvwo| grphg odqgirupv ri wkh rpeurwursklf udlvhg erj w|sh +Grppdlq hw do1 5343,1 Wkh lvodqg ri Eruqhr
zlwk dq duhd ri :58/833 np5 lv wkh wklug odujhvw lvodqg rq Hduwk dqg lv glylghg e| Lqgrqhvld/ Pdod|vld/ dqg
Euxqhl Gduxvvdodp1 Wkh Lqgrqhvldq sduw ri Eruqhr/ fdoohg Ndolpdqwdq fryhuv :6( ri wkh lvodqg/ dqg lv pdlqo|
orfdwhg lq wkh vrxwkhuq dqg hdvwhuq sduw/ zkhuhdv wkh Pdod|vldq vwdwhv ri Vdudzdn dqg Vdedk fryhu 59( orfdwhg
lq wkh qruwkzhvwhuq wr qruwkhuq sruwlrq1 Wkh vpdoo frxqwu| ri Euxqhl lv orfdwhg ehwzhhq wkhvh wzr vwdwhv dqg
fryhuv rqo| 31;( ri wkh lvodqg +Ilj1 4/ PdfNlqqrq hw do1 4<<9,1 Eruqhr frqwdlqv dssur{lpdwho| :</333 np5 ri
shdwodqg zlwk 93/833 np5 orfdwhg lq Ndolpdqwdq/ 4:/733 np5 lq wkh Pdod|vldq vhfwlrq dqg 4333 np5 lq Euxqhl
+Dqghuvrq 4<97/ Pxwdole hw do1 4<<5/ Zdk|xqwr hw do1 5337/ Grppdlq hw do1 5347,1 Vxpdwud fryhuv 75:/633
np 5 pdnlqj lw wkh vl{wk odujhvw lvodqg rq Hduwk dqg lv sduw ri Lqgrqhvld1 Wklv lvodqg frqwdlqv durxqg :5/333 np5

ri shdwodqg/ orfdwhg pdlqo| lq wkh orzodqgv ri wkh hdvw frdvw+Zdk|xqwr hw do1 5336,1 Lq frqwudvw/ Shqlqvxodu
Pdod|vld kdv d shdwodqg duhd ri rqo| derxw ;/733 np5 +Pxwdole hw do1 4<<5,1 Dssur{lpdwho| 563 ploolrq shrsoh
olyh lq wklv zkroh uhjlrq1

Wklv shdwodqg uhjlrq zdv fkrvhq iru vwxg| ehfdxvh lw uhsuhvhqwv d frkhuhqw elrjhrjudsklf vhwwlqj lq whupv ri lwv
jhrorj|/ hfrorj|/ dqg folpdwh1 Shqlqvxodu Pdod|vld/ Eruqhr/ Vxpdwud wrjhwkhu zlwk Mdyd/ dqg Edol dqg wkh
vxuurxqglqj vpdoohu lvodqgv frpsulvh wkh elrjhrjudsklf uhjlrq ri Vxqgdodqg1 Wklv lvodqg dufklshodjr lv sduw ri
wkh Hxudvldq frqwlqhqwdo sodwh dv doo lvodqgv uhsuhvhqw kljk srlqwv rq wkh vkdoorz Vxqgd Vkhoi Ñ wkh odujhvw

Odwh Txdwhuqdu| Fduerq F|folqj ri Vrxwkhdvw Dvldq shdwodqgv 0 V|qwkhvlv

Iljxuh 4 = Shdwodqg glvwulexwlrq lq htxdwruldo Vrxwkhdvw Dvld1

���������	
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frqwlqhqwdo vkhoi rq Hduwk +Wlmd 4<;3,1 Gxulqj wkh Sohlvwrfhqh lfh djhv/ wkh odqg duhd rq wkh Vxqgd Vkhoi zdv
wzlfh dv odujh dv lw lv wrgd| +Vdwkldpxuwk| ) Yrulv 5339,/ ehfdxvh gxulqj wkhvh shulrgv ri orzhu vhd ohyho prvw
ri wkh vkhoi zdv h{srvhg surylglqj d odqg frqqhfwlrq ehwzhhqwkh lvodqgv dqg pdlqodqg Dvld1 Wklv odqg pdvv
zdv whuphg ÓVxqgdodqgÔ e| Prohqjuddii +4<54,1 Wkh uhshdwhgodqg frqqhfwlrq ri wkh lvodqgv gxulqj ixoo jodfldo
shulrgv h{sodlqv wkhlu surqrxqfhg iorudo dqg idxqdo vlplodulw| +Zklwpruh 4<:8,1 Ehfdxvh Vxqgdodqg kdv dq
hyhu0zhw +shukxplg, folpdwh wkh uhjlrqÖv qdwxudo yhjhwdwlrq lv hyhujuhhq +l1h1 dvhdvrqdo, wurslfdo udlqiruhvw1 Rq
Shqlqvxodu Pdod|vld wkh Ndqjdu0Sdwwdqll Olqh +dw wkh erughu ri Pdod|vld wr Wkdlodqg, irupv wkh qruwkhuq
erxqgdu| ri Vxqgdodqg zlwk wkh elrjhrjudsklf uhjlrq ri Lqgr0Exupd dqg lwv vhdvrqdo udlqiruhvwv +Fruohww
533<,1 Lq wkh hdvw wkh hgjh ri wkh vkhoi sodwirup frlqflghv zlwk wkh ZdoodfhÖv Olqh/ uhsuhvhqwlqj wkh erxqgdu|
zlwk wkh elrjhrjudsklf uhjlrq ri Zdoodfhd1 Zdoodfhd lv glvwlqjxlvkhg e| lwv vljqlilfdqwo| hqulfkhg lq Dxvwudoldq
iorudo dqg idxqdo hohphqwv dqg fkdudfwhul}hg e| d vhdvrqdo prqvrrq folpdwh +Zklwpruh 4<:8/ ydq Zhow}hq hw
do1 5338,1

Vxqgdodqg lv rqh ri wkh prvw vshflhv ulfk uhjlrqv rq Hduwk dqglv lqfoxghg dprqj wkh fxuuhqwo| 67 ghvljqdwhg
elrglyhuvlw| krwvsrwv rq wkh sodqhw +Plwwhuphlhu hw do1 5337,1 Wklv h{fhswlrqdoo| elrglyhuvh uhjlrq h{klelwv d
kljk ghjuhh ri hqghplvp1 Lw frqwdlqv durxqg 581333 sodqw vshflhv ri zklfk 481333 duh hqghplf dqg dw ohdvw
5:<6 yhuwheudwh vshflhv zlwk 43;8 hqghplfv +P|huv 5333/ Plwwhuphlhu hw do1 5337,1 Qrwdeo|/ wklv elrglyhuvlw|
krwvsrw lv wkh rqo| rqh zlwk d vljqlilfdqw shdwodqg duhd1 Wkdw wkh uhjlrqÖv shdwodqgv frqwulexwh wr lwv kljk
elrglyhuvlw| lv qrw zlgho| uhfrjql}hg1 Wkh shdwodqgv duh qdwxudoo| fryhuhg e| d shfxoldu w|sh ri wurslfdo
udlqiruhvw/ fdoohg shdw vzdps iruhvw +Dqghuvrq 4<;6/ Ilj1 5,1 Dowkrxjk shdw vzdps iruhvwv duh zdwhuorjjhg/
rpeurwursklf/ qxwulhqw0srru/ dqg dflglf hqylurqphqwv wkhlu sodqw vshflhv ulfkqhvv lv vwloo uhpdundeo| kljk lq
frqwudvw wr udlvhg erjv iurp rwkhu uhjlrqv1 Vr idu/ 4633 ydvfxodu sodqw vshflhv/ ri zklfk :53 duh zrrg| vshflhv/
kdyh ehhq irxqg lq wkh shdw vzdps iruhvwv ri Vrxwkhdvw Dvld +Jlhvhq 5346,1 Derxw iliw| wuhh vshflhv ri wklv iorud

Lqwurgxfwlrq

Iljxuh 5= Wurslfdo shdw vzdps iruhvw1 Skdvlf frppxqlw| 6 zlwkVkruhd doelgddqgSdqgdqxv dqghuvrqll
lq wkh Phqgdudp shdw grph +Euxqhl/ Eruqhr,1 Skrwr wdnhq e| wkh dxwkru rq Qry1 51 53441
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vhhp wr eh vroho| uhvwulfwhg wr wklv shdwodqg kdelwdw +Z1 Jlhvhq shuv1 frp1,1 Iru h{dpsoh/ Dqghuvrq +4<96, olvwv
575 wuhhv vshflhv rxw ri 6;: j|pqrvshupv dqg dqjlrvshupv/ dqg dovr 64 swhulgrsk|whv iru wkh shdw vzdps
iruhvwv ri Vdudzdn dqg Euxqhl +qruwkzhvw Eruqhr,/ dqg Vlperorq ) Plupdqwr +5333, uhsruw 643 zrrg| dqg
khuedfhrxv sodqw vshflhv iru wkh shdw vzdps iruhvwv ri Fhqwudo Ndolpdqwdq lq vrxwkhuq Eruqhr1 Iru Vxpdwud
477 gliihuhqw wuhh wd{d iurp shdw vzdps iruhvwv frxog eh lghqwlilhg wr vshflhv ohyho e| Eudg| +4<<:,1 Hylghqwo|
wkh htxdwruldo shdw iruhvwv duh pxfk ulfkhu lq vshflhv wkdq qruwkhuq shdwodqgv vxfk dv wkh udlvhg erjv ri Qruwk
Dphulfd wkdw frqwdlq ohvv wkdq 53 ydvfxodu sodqw vshflhv zlwk mxvw wzr vshflhv ri wuhhv +Jodvhu 4<<5,1 Wkh
glyhuvlw| ri wuhh vshflhv lq rqh khfwduh ri shdw vzdps iruhvwudqjhv ehwzhhq fd1 93 wr 473 vshflhv +Vlperorq )
Plupdqwr 5333,1 Krzhyhu/ lq qruwkzhvw Eruqhr doprvw prqrvshflilf wuhh vwdqgv ri wkh GlswhurfdusVkruhd
doelgdfryhu odujh sruwlrqv ri wkh shdw grph sodlqv +Dqghuvrq 4<;6/Ilj1 5,1 Wkh Glswhurfdusdfhdh duh rqh ri
wkh odujhvw sodqw idplolhv ri wuhh lq htxdwruldo Vrxwkhdvw Dvld dorqj zlwk wkh Dqdfdugldfhdh/ Dqqrqdfhdh/
Hxskrueldfhdh/ Jxwwlihudh/ Odxudfhdh/ Prudfhdh/ P|uwdfhdh/ Uxeldfhdh/ dqg Vdsrwdfhdh wkdw duh dovr grplqdqw
idplolhv lq shdw vzdps iruhvwv lq whupv ri vshflhv qxpehu +Dqghuvrq 4<96,1 Wkh idxqdo glyhuvlw| ri VxqgdodqgÖv
iruhvwhg shdwodqgv lv qrwhzruwk| wrr1 Vljqlilfdqwo|/ wzr hqghplf juhdw dsh vshflhv/ wkh Vxpdwudq rudqj0xwdq
Srqjr deholl dqg wkh Eruqhdq rudqj0xwdqSrqjr s|jpdhxv erwk rffxu lq shdw vzdps iruhvwv/ zlwk wkh odwwhu
vshflhv fxuuhqwo| kdylqj lwv odujhvw srsxodwlrqv lq wkh shdw vzdps iruhvwv ri Vrxwkhuq Eruqhr +Pruurjk0Ehuqdug
hw do1 5336,1 Pruhryhu/ wkh lfrqlf exw joredoo| hqgdqjhuhg Vxpdwudq wljhuSdqwkhud wljulv vxpdwudhlqkdelwv wkh
odvw frdvwdo shdwodqgv ri hdvwhuq Vxpdwud1 Hqghplvp lv dovrkljk lq wkh srrov dqg ulyxohwv ri shdw vzdpsv lq
Vxqgdodqg wkdw frqwdlq dw ohdvw 4;3 kljko| hqghplf ilvk vshflhv +Qj 4<<7,1 Rqo| uhfhqwo| Nrwwhodw hw do1 +5339,
ghvfulehg wkh ilvk vshflhvSdhgrf|sulv surjhqhwlfdiurp shdw vzdpsv ri Vxpdwud/ zklfk dw ohvv wkdq 4 fp
ohqjwk zdv wkh ZruogÖv vpdoohvw nqrzq yhuwheudwh dw wkh wlphri lwv ghvfulswlrq1 Shdw vzdps iruhvwv duh wkhuhiruh
dq lpsruwdqw dvvhw iru joredo elrglyhuvlw| frqvhuydwlrq1 Xqiruwxqdwho|/ wkhvh xqltxh hfrv|vwhpv duh fxuuhqwo|
udslgo| glvdsshdulqj ehfdxvh ri ghiruhvwdwlrq/ ghjudgdwlrq/ frqyhuvlrq wr rlo sdop sodqwdwlrqv/ dqg shdw iluhv
dqg wkhlu qhdu0whup vxuylydo lv lq juhdw shulo +Plhwwlqhq hwdo1 5345,1

Ehfdxvh wkh lvodqg dufklshodjr vwudggohv wkh htxdwru zkhuhwhpshudwxuhv duh frqvwdqwo| kljk dw 59 wr 5:£F
wkurxjkrxw wkh |hdu +Zdowhu ) Olhwk 4<9304<9:, wkh vxuurxqglqj vkdoorz vhdv kdyh kljk vhd vxuidfh
whpshudwxuhv wkdw ohdg wr shuvlvwhqw frqyhfwlrq1 Wklv kljkfrqyhfwlyh dfwlylw| uhvxowv lq dqqxdo udlqidoo ri derxw
5333 wr ryhu 7333 pp rq wkh lvodqgv dqg gulyhv wkh Lqwhuwurslfdo Frqyhujhqfh ]rqh +LWF], ryhu Vrxwkhdvw
Dvld +Zdowhu ) Olhwk 4<9304<9:/ Doguldq dqg Vxvdqwr 5336,1 Ghvslwh wkh kljk whpshudwxuhv wkh odujh dprxqwv
ri prqwko| udlqidoo jhqhudwh d srvlwlyh prlvwxuh edodqfh lqodujh sduwv ri wkh uhjlrq wkdw doorzv iru wkh irupdwlrq
ri grphg dqg udlq0ihg +rpeurwursklf, shdwodqgv1 Dvvrfldwhg zlwk wkh vhdvrqdo vkliwv ri wkh LWF] duh wkh wzr
uhjlrqdo prqvrrq v|vwhpv wkdw lqioxhqfh wkh folpdwh Ñ wkh zhw qruwkzhvw prqvrrq dqg wkh gu| vrxwkhdvw
prqvrrq1 Iurp Pd| wr Vhswhpehu wkh vrxwkhdvw prqvrrq suhydlov dqg fdq surgxfh d gu| vhdvrq lq vrxwkhuq
Eruqhr/ vrxwkhuq Vxpdwud/ Mdyd dqg Edol ehwzhhq Mxo| dqg Vhswhpehu li prqwko| udlqidoo gursv ehorz 433 pp
+Doguldq dqg Vxvdqwr 5336,1 Wklv uhjlrqdo folpdwlf sdwwhuqsurylghv d olnho| h{sodqdwlrq zk| rpeurwursklf
shdwodqgv duh devhqw iurp Mdyd dqg Edol1 Rq lqwhudqqxdo wlphvfdohv udlqidoo yduldelolw| lv kljk lq Vrxwkhdvw Dvld
ehfdxvh wklv uhjlrq lv surqh wr iuhtxhqwo| uhfxuulqj Ho Ql˜rhyhqwv wkdw fdxvh zlghvsuhdg gurxjkwv +Khqgrq
5336,1 Ghiruhvwdwlrq dqg shdwodqg0gudlqdjh kdyh lqgxfhg orzhu zdwhu wdeohv wkdw idflolwdwh vhyhuh shdw dqg iruhvw
iluhv lq Lqgrqhvld gxulqj prghuq Ho Ql˜r gurxjkw hyhqwv wkdwuhohdvhg pdvvlyh dprxqwv ri fduerq wr wkh
dwprvskhuh +Sdjh hw do1 5335,1

Wkh h{fhswlrqdo elrjhrjudsklf/ hfrorjlf/ dqg folpdwrorjlf frqglwlrqv ri wkh Vrxwkhdvw Dvldq shdwodqg uhjlrq
wrjhwkhu zlwk wkh vl}h ri lwv joredoo| vljqlilfdqw fduerq srro vkrxog suryrnh ghhs vflhqwlilf lqwhuhvw iurp ydulrxv
ilhogv1 Krzhyhu/ xs wr wklv wlph wurslfdo shdwodqgv kdyh uhfhlyhg frqvlghudeo| ohvv vflhqwlilf dwwhqwlrq wkdq
qruwkhuq shdwodqgv1 Wkh vwxg| ri wurslfdo shdwodqgv rqo| ehjdq derxw d fhqwxu| djr dv wkhlu h{lvwhqfh uhpdlqhg
odujho| xqnqrzq wr wkh vflhqwlilf zruog1

Odwh Txdwhuqdu| Fduerq F|folqj ri Vrxwkhdvw Dvldq shdwodqgv 0 V|qwkhvlv
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416 Uhvhdufk klvwru|

Wkh suhydlolqj vflhqwlilf grjpd xqwlo durxqg 4<33 zdv wkdw shdw irupdwlrq frxog qrw rffxu lq wkh wurslfv/
ehfdxvh sodqw olwwhu zrxog ghfrpsrvh udslgo| xqghu wkh kljkwurslfdo whpshudwxuhv +Srodn 4<66,1 Wklv qrwlrq
vwduwhg wr fkdqjh zlwk wkh sxeolfdwlrq ri wkh ehqfkpdun wuhdwlvh ÓGlh Wurshq0Vxpsiiodfkprru0Qdwxu ghv
Surgxnwlyhq FduerqvÔ e| Srwrql• ) Nrrughuv +4<3<,/ zklfk lqlwldwhg d vwloo rqjrlqj vflhqwlilf ghedwh
vxuurxqglqj wkh txhvwlrq zkdw phfkdqlvpv fdxvh shdw irupdwlrq lq wkh wurslfv1 Wkh Gxwfk erwdqlvw Vlmihuw
Nrrughuv kdg ghvfulehg wkh rffxuuhqfh ri d shdwodqg zlwk ryhu : phwhuv ri shdw qhdu wkh yloodjh ri Vldn rq wkh
hdvw frdvw ri Vxpdwud/ zklfk kh kdg wudyhuvhg dv d phpehu ri wkh LM}hupdq h{shglwlrq ri 4;<4 +LM}hupdq hw do1
4;<8,1 Nrrughuv qrwhg krz dugxrxv lw zdv iru wkh sduw| wr zdghwkurxjk wkh pxgg| vzdps iruhvw/ exw
qhyhuwkhohvv pdgh ghwdlohg ghvfulswlrqv ri wkh iruhvw yhjhwdwlrq/ lqfoxglqj pruskrorjlfdo dgdswdwlrqv ri wuhhv
lqfoxglqj vwlow urrwv dqg sqhxpdwrskruhv vlplodu wr wkrvh irxqg lq pdqjuryh iruhvwv1 Wkh Jhupdq frdo jhrorjlvw
Khqul Srwrql• zdv vwuxfn e| NrrughuvÖghvfulswlrqv xvhg wkhvh Vxpdwudq vzdps iruhvwv dv dq dqdorjxh iru wkh
frdo iruplqj iruhvwv ri wkh Fduerqlihurxv1 Lq wkhlu mrlqw sxeolfdwlrq Srwrql• dqg Nrrughuv +4<3<, sursrvhg wkdw
wkh Fduerqlihurxv frdo iruhvwv pxvw kdyh iruphg xqghu d wurslfdo folpdwh zlwk vlplodu frqglwlrqv wr wkdw ri wkh
prghuq wurslfdo shdw iruhvwv ri Vxpdwud1 Wkh| dujxhg wkdw erwk w|shv ri iruhvw iruphg dv iodw ihq odqgirupv
+ÓVxpsiiodfkprruÔ,/ d ylhz wkdw shuvlvwhg iru pruh wkdq 53 |hduv1 Srwrql• dqg NrrughuvÖ lqioxhqwldo sxeolfdwlrq
vwlpxodwhg wkh h{sorudwlrq dqg ghvfulswlrq ri pdq| wurslfdo shdwodqgv iurp Shqlqvxodu Pdod|vld/ Eruqhr/ Mdyd/
wkh Sklolsslqhv/ Vul Odqnd/ dqg Hdvw Diulfd ehwzhhq durxqg 4<43 dqg 4<63 +Srodn 4<66,/ zklfk froohfwlyho|
vkrzhg wkdw shdw irupdwlrq zdv lqghhg srvvleoh lq wkh wurslfdo ehow1

Zlwk wkh dsshdudqfh ri wkh vhplqdo zrun ÓXhehu Wrui xqg Prru lq QlhghuoŒqglvfk LqglhqÔ e| wkh Gxwfk
sdohrerwdqlvw Holvdehwk Srodn lq 4<66 d sdudgljp vkliw zdv lqlwldwhg lq wkh ixqfwlrqdo xqghuvwdqglqj ri wkh
orzodqg shdwodqgv ri Vrxwkhdvw Dvld1 Srodn +4<66, xqdpeljxrxvo| ghprqvwudwhg wkh grphg qdwxuh ri frdvwdo
iruhvwhg shdwodqgv lq zhvwhuq Lqgrqhvld +Vxpdwud dqg Ndolpdqwdq, edvhg rq wrsrjudsklf ohyholqj1 Vkh h{solflwo|
uhfrjql}hg wkdw wkhvh h{whqvlyh shdwodqgv duh rpeurjhqrxvdv lqglfdwhg e| wkhlu orz sK +6Ñ7,/ orz dvk frqwhqw
+•4(,/ roljrwursklf qxwulhqw ohyhov/ dqg prvw lpsruwdqwo|e| wkhlu vwrudjh ri udlq zdwhu deryh wkh vxuurxqglqj
whuudlq/ lq frqwudvw wr wkh ruljlqdo prgho ri Srwrql• ) Nrrughuv +4<3<,1 Dowkrxjk Srodn +4<66, zdv wkh iluvw wr
uhfrjql}h wkh dqdorj| ri wkh grphg Lqgrqhvldq shdwodqgv wr udlvhg erjv lq qruwkzhvw Hxursh/ vkh dovr qrwhg
wkdw wurslfdo shdw grphv dssduhqwo| iruphg vroho| iurp wuhhv +Ilj1 6,/ lq frqwudvw wr Hxurshdq erjv lq zklfk wkh
pdmru shdw iruphuv duh Vskdjqxp prvvhv1 Wkh iuhtxhqw rffxuuhqfh ri zrrg lq wkh Lqgrqhvldq shdwodqgv fuhdwhg
frqvlghudeoh sureohpv iru H1 SrodnÖv dwwhpswv wr uhfryhu fruh vdpsohv zlwk h{lvwlqj shdw fruhuv Ñ d
phwkrgrorjlfdo sureohp zklfk doo uhvhdufkhuv vwloo idfh dqg rqh zklfk lv vshflilfdoo| dgguhvvhg lq wklv wkhvlv
+Er{ 4/ sdshu LLL,1

Lq wkh 4<83v Mdphv D1 U1 Dqghuvrq ehjdq klv lpsruwdqw vxuyh|vwr lqyhqwru| dqg fodvvli| shdw vzdps iruhvw ri
Vdudzdn dqg Euxqhl +qruwkzhvw Eruqhr,1 Lq klv Sk1G1 uhvhdufk kh suhvhqwhg wrsrjudsklf vxuyh|v wkdw uhyhdohg
wkh frqyh{ grphg vkdsh ri wkhvh shdw odqgirupv +Dqghuvrq 4<94d/ 4<97, h{sdqglqj SrodnÖv revhuydwlrqv iurp
Vxpdwud dqg Ndolpdqwdq wr qruwkzhvw Eruqhr1 Kh dovr ghvfulehg wkh iorud dqg shdw vzdps iruhvw yhjhwdwlrq
w|shv ri wklv uhjlrq/ zklfk kh glylghg lqwr vl{ skdvlf frppxq lwlhv +Dqghuvrq 4<94d/ 4<96,1 Wkhvh iruhvw
frppxqlwlhv fryhu wkh grphg shdwodqgv lq frqfhqwulf duudqjhphqw zlwk skdvlf frppxqlw| +S1F1 4, fryhulqj
wkh grph pdujlqv/ S1F1 5Ñ7/ grplqdwhg e|Vkruhd doelgd/ wkh grph sodlqv +Ilj1 5,/ dqg S1F1 8Ñ9/ dv vwxqwhg
iruhvwv wkh zhw grph fhqwhuv lq rqo| d ihz zhoo ghyhorshg shdwodqgv +Dqghuvrq 4<94d/ 4<96/ 4<;6,1 Dqghuvrq
dqg wkh Jhupdq iruhvwhu Hehukdug Eu¡qlj dovr pdgh wkh iluvw revhuydwlrqv dqg txdqwlwdwlyh vwxglhv ri qdwxudo
glvwxuedqfh dqg sdwfk g|qdplfv lq wkh h{whqvlyhVkruhd doelgdiruhvwv dqg uhfrjql}hg wkhlu vxvfhswlelolw| wr
zlqg wkurz/ oljkwqlqj gdpdjh/ dqg lqvhfw rxweuhdnv +h1j1 Dqghuvrq 4<94e/ 4<97/ Eu¡qlj/ 4<97,1 Pruhryhu/
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Dqghuvrq +4<97, sursrvhg wkdw wkh shdw grphv ri Vdudzdn dqg Euxqhl ghyhorshg rq pdqjuryh vrlov/
frqiluplqj dq hduolhu lqwhusuhwdwlrq ri Zheehu +4<87, edvhg rq gldwrp dqdo|vlv ri vhglphqw xqghuqhdwk d frdvwdo
iuhvkzdwhu vzdps lq Shqlqvxodu Pdod|vld1 Qrwdeo|/ wkh iluvw udglrfduerq gdwhv iurp Vrxwkhdvw Dvldq shdwodqgv
zhuh uhsruwhg e| Zloirug +4<93, wkdw lqfoxghg d suriloh ri wkh Pduxgl shdw grph +Vdudzdn, zlwk d edvdo
udglrfduerq gdwh ri 75:3 ES +ehiruh suhvhqw, dqg d edvdo gdwhri 4<83 ES iru wkh Odzdv shdw grph +Vdudzdn,/
vkrzlqj wkdw wkhvh frdvwdo shdwodqgv zhuh ri Odwh Krorfhqh ruljlq1 Wkh vhulhv ri47F djhv iurp Pduxgl lqglfdwhg
ghfolqlqj udwhv ri shdw dffxpxodwlrq ryhu wlph dqg Dqghuvrq+4<97, vxjjhvwhg wkdw wklv ghfuhdvh zdv olnho|
uhodwhg wr wkh surjuhvvlyh vxffhvvlrq ri wkh skdvlf iruhvw frppxqlwlhv1 Wklv k|srwkhvlv zdv odwhu frqiluphg e|
d sroohq gldjudp iurp wkh Pduxgl suriloh wkdw uhyhdohg dq edvdo pdqjuryh vzdps wkdw zdv uhsodfhg deryh e|
wkh vhtxhqfh ri skdvlf frppxqlwlhv 4 wr 9 kdg vxffhvvlyho| iruphg +Dqghuvrq dqg Pxoohu 4<:8,1

Wklv vwxg| zdv iroorzhg e| qhz uhsruwv iru wkh iluvw edvdo udglrfduerq gdwhv ri •7<33 ES iru frdvwdo shdwodqgv
lq Shqlqvxodu Pdod|vld +Kdvhogrqfn{ 4<::,/ 5643 ES dqg 56;3ES iru frdvwdo shdwodqgv lq Ndolpdqwdq
+Qrwrkdglsudzlur 4<;4, dqg 78:8 dqg 7:;3 ES iru frdvwdo shdwodqgv lq Vxpdwud +Glhprqw ) ydq Uhxohu 4<;7/
Vloylxv hw do1 4<;7,1 Wkhvh edvdo gdwhv zhuh yhu| vlplodu wr wkrvh uhsruwhg e| Zloirug +4<93, ixuwkhu lqglfdwlqj
d |rxqj djh ri frdvwdo Vrxwkhdvw Dvldq shdwodqgv1

Dw durxqg wkh vdph wlph/ Pruoh| +4<;4, ghwhuplqhg e| sroohq dqdo|vlv wkdw wkh Vhedqjdx shdwodqg ri Fhqwudo
Ndolpdqwdq/ 433 np iurp wkh frdvw/ glg qrw irup ryhu pdqjuryhghsrvlwv exw lqvwhdg ryhu d plqhurwursklf
vzdps ulfk lq judvvhv1 Vlhiihupdqq hw do1 +4<;:, vkrzhg wkdwwkhvh shdwodqgv ri Fhqwudo Ndolpdqwdq/ lq idfw/
ghyhorshg ryhu vdqg| srg}ro sodlqv 43048 p deryh dgmdfhqw ulyhu ohyhov/ iru zklfk wkh| dgrswhg wkh whup Ókljk
shdwÔ1 Wkhq Vlhiihupdqq hw do1 +4<;;, uhsruwhg wkh iluvw udglrfduerq gdwhv iru wkh kljk shdwv/ uhyhdolqj wkhlu pxfk
hduolhu ruljlq gxulqj wkh Hduo| Krorfhqh +;593 ES, frpsduhgwr wkdw ri wkh frdvwdo shdwodqgv1 Shukdsv pruh
lpsruwdqwo| wkh dxwkruv dovr vkrzhg wkdw wkh Ókljk shdwÔ duhd ri Fhqwudo Ndolpdqwdq kdg dssduhqwo| vwrsshg
dffxpxodwlqj vhyhudo wkrxvdqg |hduv djr dv lqihuuhg iurp 8333Ñ9333 |hdu rog47F djhv dw 4 p ghswk1

Lq wkh odwh 4<;3v wr plg 4<<3v frdo jhrorjlvwv pdgh h{whqvlyhvwxglhv lq Pdod|vldq dqg Lqgrqhvldq shdwodqgv
xvlqj wkh grphg wurslfdo shdwodqgv dv prghov iru Fduerqlihurxv frdo iruplqj hqylurqphqwv +h1j1 Fdphurq hw

Iljxuh 6= Prgho ri d wurslfdo shdw grph ghsrvlw looxvwudwlqj wkh h{foxvlyh ghsrvlwlrq ri zrrg shdw +iljxuh
wdnhq iurp Srodn 4<66,1
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do1 4<;</ Free hw do1 4<<6/ Vwdxe ) Hvwhuoh 4<<7,1 Dw wklv wlphwkhvh iruphu frdo iruplqj zhwodqgv zhuh sduwo|
frqvlghuhg wr kdyh ehhq grphg/ rpeurwursklf shdw vzdpsv dv rssrvhg wr Srwrql• ) NrrughuvÖ+4<3<, hduo|
lqihuhqfh1 Rqh rxwfrph ri wkhvh dqdorjxh vwxglhv zdv wkh k|srwkhvlv ri Jdvwdogr ) Vwdxe +4<<<, wkdw ohdi olwwhu
ohqvhv irxqg lq frdo ghsrvlwv ri ruljlqdoo| grphg shdw vzdpsv pxvw kdyh ehhq ghsrvlwhg lq srrov wkdw kdg
iruphg iurp xsurrwhg idoohq wuhhv/ fkdoohqjlqj wkh dvvxpswlrq ri Srodn +4<66, dqg rwkhuv wkdw wurslfdo shdw
grphv duh rqo| iruphg iurp zrrg| pdwhuldo e| vr0fdoohg uhsodfhphqw0shdw irupdwlrq +Jurvvh0Eudxfnpdqq
5339/ Ilj1 6,1 Dqrwkhu lpsruwdqw dfklhyhphqw ri wkh uhvhdufk e| frdo jhrorjlvwv zdv wkh iluvw sxeolfdwlrq rq
fduerq dffxpxodwlrq udwhv iurp Lqgrqhvldq shdwodqgv e| Qhx}lo +4<<:,1 Edvhg rq khu fruh uhfrugv iurp irxu
shdwodqgv/ Qhx}lo +4<<:, pdgh wkh iroorzlqj nh| revhuydwlrqv= 4, wkh shdwodqg vwxglhg lq Fhqwudo Ndolpdqwdq
kdg d orzhu orqj0whup udwh ri fduerq dffxpxodwlrq +94 j F p05 |u04, wkdq wkdw ri d frdvwdo shdwodqg iurp
Ndolpdqwdq +;9 j F p05|u04, dqg wzr frdvwdo vlwhv iurp Vxpdwud +45; dqg 478 j F p05|u04,/ dqg 5, froohfwlyho|/
wkhvh wurslfdo shdwodqgv/ rq dyhudjh/ vkrzhg vxevwdqwldoo| kljkhu udwhv ri fduerq dffxpxodwlrq wkdq wkdw ri
qruwkhuq shdwodqgv/ zklfk kdyh dq dyhudjh udwh ri 5< j F p05|u04+Jrukdp 4<<4,1 Lq khu vwxg|/ Qhx}lo +4<<:,
dovr uhfrjql}hg wkh uroh ri Krorfhqh vhd0ohyho fkdqjhv iru shdw irupdwlrq dv vkh sursrvhg wzr lpsruwdqw
k|srwkhvhv= 4, frdvwdo shdwodqg irupdwlrq zdv odujho| uhodwhg wr idoolqj vhd ohyhov diwhu kljkvwdqg lq vhd0ohyho
8333 |hduv djr/ dqg 5, lqodqg shdwodqgv srvvleo| vwrsshg dffxpxodwlqj shdw gxh wr wklv orzhulqj ri wkh vhd
ohyho1 Wkhvh k|srwkhvhv rq wkh uroh ri vhd ohyho zhuh vshflilfdoo| whvwhg lq wklv wkhvlv +sdshu L/ LL,1

Wkh fdwdvwursklf shdw iluhv ri wkh yhu| vwurqj 4<;52;6 dqg 4<<:2<; Ho Ql˜r hyhqwv surylghg d vwlpxoxv iru
Dqvkdul hw do1 +5334/ 5337,/ \xoldqwr hw do1 +5337,/ dqg Krshhw do1 +5338, wr uhfrqvwuxfw sdvw iluh dfwlylw| iru
Lqgrqhvldq shdwodqgv1 Wkhvh sdohr0iluh vwxglhv uhyhdohg wkh suhvhqfh fkdufrdo lq doo shdw surilohv/ zlwk wkh vwxg|
e| Krsh hw do1 +5338, dovr ghprqvwudwlqj wkh uhprydo ri vxuidfh shdw e| iluh1 Wkh zrun e| Dqvkdul hw do1 +5334/
5337, rq wkh Xsshu Ndsxdv shdwodqgv +lqodqg Eruqhr, dovr surylghg hylghqfh iru Sohlvwrfhqh shdw
dffxpxodwlrq edvhg rq edvdo udglrfduerq gdwhv ri •59/333Ñ66/333 ES1 D yhu| ghwdlohg uhfrug ri fduerq
dffxpxodwlrq udwhv iru wkh Vhedqjdx shdw grph ri Fhqwudo Ndolpdqwdq suhvhqwhg e| Sdjh hw do1 +5337, zlwk d
edvdo djh ri •56/333 ES dovr lqglfdwhg d Sohlvwrfhqh ruljlq1Froohfwlyho|/ wkhvh uhfrugv ohg wr wkh vxjjhvwlrq
wkdw wurslfdo shdwodqgv zhuh lqyroyhg lq wkh joredo fduerq f|foh hduolhu wkdq eruhdo dqg whpshudwh shdwodqgv
+Ulhoh| hw do1 533;,1 Pruhryhu/ Ulhoh| dw do1 +533;, dovr h{wudsrodwhg d vxuidfh fduerq dffxpxodwlrq udwh ri 434
j F p 05|u04iurp wkh Sdjh hw do1 +5337, fruh wr doo shdwodqgv ri Ndolpdqwdq dv zhoo dv ri Lqgrqhvld/ iru zklfk
wkh| hvwlpdwhg d fxuuhqw fduerq xswdnh ri 91;9 whudjudp +Wj,F |u04dqg 53 Wj F |u04/ uhvshfwlyho|1 Wkhlu
dvvxpswlrqv duh lq vwdun frqwudvw wr wkh uhsruwv ri Vlhiihupdqq hw do1 +4<;;, wkdw lq Fhqwudo Ndolpdqwdq shdw
dffxpxodwlrq kdg vwrsshg vhyhudo wkrxvdqgv ri |hduv djr1 Wklv frqwudglfwlrq lv uljrurxvo| dvvhvvhg lq wklv
wkhvlv/ lq rughu wr foduli| wkh fxuuhqw vwdwxv ri wkh Lqgrqhvldq shdwodqgv dv d fduerq vlqn1

417 Remhfwlyhv ri wkh vwxg| dqg uhvhdufk txhvwlrqv

Wkh ryhudufklqj jrdo ri wklv grfwrudo wkhvlv lv wr ghflskhu wkh phfkdqlvpv wkdw ohg wr h{whqvlyh shdw irupdwlrq
lq htxdwruldo Vrxwkhdvw Dvld gxulqj wkh Odwh Txdwhuqdu| +Odwhvw Sohlvwrfhqh dqg Krorfhqh, dqg wr txdqwli| sdvw
dqg suhvhqw udwhv ri fduerq vwrudjh dqg uhohdvh lq wklv shdwodqg uhjlrq1 Ehfdxvh erwk shdw irupdwlrq dqg wkh
f|folqj ri fduerq ehwzhhq shdwodqgv dqg wkh dwprvskhuh duh gulyhq e| ydulrxv phfkdqlvpv wkdw gliihu
vljqlilfdqwo| lq erwk vsdfh dqg wlph/ wkh uhvhdufk dssurdfkri wklv wkhvlv irfxvhv rq wzr gliihuhqw vsdwlr0
whpsrudo vfdohv1
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Fduerq g|qdplfv duh dqdo|}hg=

4, dw wkh uhjlrqdo vfdoh +436Ñ438 np 5, ri Vxqgdodqg ryhu ploohqqldo wlphvfdohv/ dqg

5, dw wkh orfdo vfdoh +434Ñ435 p 5, ri d shdwodqg vlwh rq dqqxdo wr fhqwhqqldo wlphvfdohv1

Wkh pdmru uhvhdufk txhvwlrqv duh=

4, Zkdw idfwruv jryhuq wkh fduerq edodqfh ri d wurslfdo shdwodqg vlwhB

5, Zkdw uhjlrqdo gulyhuv ghwhuplqhg wkh lqlwldwlrq/ h{sdqvlrq/ dqg udwhv ri fduerq dffxpxodwlrq ri shdwodqgv
lq htxdwruldo Vrxwkhdvw DvldB

6, Zkdw zdv wkh lpsdfw ri fduerq xswdnh e| Vrxwkhdvw Dvldq shdwodqgv rq Krorfhqh dwprvskhulf FR5

frqfhqwudwlrqvB

418 Shdwodqg irupdwlrq lq Vrxwkhdvw Dvld

Wkh shdwodqg glvwulexwlrq pds ri Iljxuh 4 vkrzv wkdw prvw shdwodqgv lq Vxqgdodqg duh orfdwhg dorqj wkh
h{whqvlyh frdvwdo orzodqgv1 Rqo| lq Eruqhr dqg vshflilfdoo| lq Ndolpdqwdq/ gr odujhu duhdv ri shdwodqgv rffxu
iduwkhu lqodqg/ dowkrxjk dovr wkhvh uhjlrqv ehorqj wr wkh orzodqgv1 Wklv glvwulexwlrqdo sdwwhuq +l1h1 ydu|lqj
glvwdqfhv iurp wkh frdvwolqh, surylghv wkh sulpdu| phdqv iru fodvvli|lqj Vrxwkhdvw Dvldq shdwodqgv lqwr frdvwdo
dqg lqodqg w|shv1 Wkh lqodqg shdwodqgv ri Ndolpdqwdq duh ixuwkhu glylghg lqwr 4, lqodqg Fhqwudo Ndolpdqwdq/ xs
wr 563 np iurp wkh frdvw/ 5, wkh Nxwdl edvlq shdwodqgv +Hdvw Ndolpdqwdq,/ xs wr 483 np iurp wkh frdvw/ dqg 6,
wkh Xsshu Ndsxdv edvlq shdwodqgv +Zhvw Ndolpdqwdq,/ xs wr 583 np iurp wkh frdvw +sdshu L/ LL/ Wdeoh 4,1 Frdvwdo
shdwodqgv fryhu wkh frdvwdo sodlqv dqg ghowdv dw hohydwlrqviurp 3 wr 83 p deryh vhd ohyho +d1v1o1, zlwk wkh odujhvw
sruwlrqv ehlqj orfdwhg dw hohydwlrqv ehorz 48 p1 Lqodqg shdwodqgv h{whqg ryhu dq hohydwlrq judglhqw ri 8 wr derxw
:3 p d1v1o1 zlwk prvw shdwodqgv orfdwhg dw dssur{lpdwho| 58 wr 83 p d1v1o1 Ehfdxvh wkh hohydwlrqdo udqjhv ri
frdvwdo dqg lqodqg shdwodqgv duh sduwo| ryhuodsslqj/ hohydwlrq lv qrw vxlwdeoh wr uholdeo| gliihuhqwldwh shdwodqg
w|shv1 Frdvwdo shdwodqgv h{whqg dw prvw 473 np iurp wkh fxuuhqw frdvwolqh/ exw zhuh frqvlvwhqwo| iruphg ryhu
fod|h| pdulqh/ pdqjuryh/ ru dooxyldo vxevwudwhv wkdw zhuh ruljlqdoo| ghsrvlwhg dw iruphu odqg0vhd lqwhuidfhv
gxulqj shulrgv zkhq kljkhu vhd ohyhov shuvlvwhg rq wkh VxqgdVkhoi ehwzhhq 9833 dqg 4333 |hduv djr +sdshu L/
LL,1 Rq Vxpdwud pdulqh fod| vxevwudwhv zhuh irxqg xqghuo|lqj wkh Ehuedn shdwodqg 78 np iurp wkh fxuuhqw
frdvw/ +sdshu LL,/ dqg dovr wkh Phudqj shdwodqg 93 np iurp wkhfrdvw +shuv1 revhuydwlrq,/ zkhuhdv rq Eruqhr
pdulqh fod|v zhuh irxqg xqghuo|lqj wkh Phqgdudp shdwodqg 63np lqodqg iurp wkh suhvhqw frdvwolqh +sdshu
LLL,1 Lq d ihz fdvhv/ iruphu vdqg| ehdfk ulgjhv zhuh gluhfwo|frorql}hg e| shdw vzdps iruhvwv +h1j1 Qhx}lo 4<<:/
shuv1 revhuydwlrq lq Wdqmxqj Sxwlqj/ vrxwkhuq Eruqhr,1 Lq frqwudvw/ wkh shdwodqgv ri lqodqg Fhqwudo Ndolpdqwdq
ghyhorshg rq whuuhvwuldo vdqg vrlov ri wkh jldqw srg}ro w|shdv ruljlqdoo| ghvfulehg e| Vlhiihupdqq hw do1 +4<;:/
4<;;, dqg lq 5343 glvfryhuhg e| wkh dxwkru hdvw ri VlhiihupdqqÖv vwxg| uhjlrq ehwzhhq wkh Ndkd|dq dqg Pxuxl
Ulyhuv +44713044715£ H/ 4180514£ V, 4530533 np lqodqg iurp wkh frdvw ri wkh Mdyd Vhd1 Lq wkh orz0o|lqj Nxwdl
edvlq +8058 p d1v1o1, ri Hdvw Ndolpdqwdq shdwodqgv irup lq dqh{whqvlyh iorrgsodlq ri wkh Pdkdndp Ulyhu dqg
lwv wulexwdulhv dqg duh xqghuodlq e| odfxvwulqh dqg dooxyldo fod| vhglphqwv +Glhprqw ) Srqv 4<<5/ Krsh hw do1
5338/ Jlhvhq ) Grppdlq 5345/ wklv wkhvlv= sdshu L/ LL,1 D vlplodu vlwxdwlrq h{lvwv lq wkh Xsshu Ndsxdv edvlq/ d
shdwodqg uhjlrq lq wkh khdgzdwhuv ri wkh Ndsxdv Ulyhu/ zklfkihhgv vhyhudo odujh iorrgsodlq odnhv lq wkh edvlq
dqg lv wkh vrxufh iru wkh pdmru vxevwudwh vdqg| fod| ghsrvlwv+Dqvkdul hw do1 5337,1
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Wkh vxevwudwhv xqghuqhdwk wkhvh shdwodqgv wkxv surylgh dqrwkhu sdudphwhu iru shdwodqg fodvvlilfdwlrq lqglfdwlqj
gliihuhqw prghv ri ruljlq1 Wkh frdvwdo shdwodqgv ri Vrxwkhdvw Dvld iruphg gluhfwo| rq iruphu pdqjuryh vrlov ru
rqwr h{srvhg pdulqh vxevwudwhv e| sulpdu| pluh irupdwlrq+vhqvxVmœuv 4<;6, diwhu wkh vhd ohyho ulvh kdg
vljqlilfdqwo| vorzhg grzq :333 |hduv djr +sdshu LL,/ dqg lq sduwlfxodu zlwk idoolqj vhd ohyhov ryhu wkh sdvw 8333
|hduv +sdshu LLL,1 Lq frqwudvw/ wkh prgh ri ruljlq lq lqodqg Fhqwudo Ndolpdqwdq zdv sdoxglilfdwlrq iurp ulvlqj
jurxqgzdwhu ohyhov dv d uhvxow ri udslg srvwjodfldo vhd0ohyho ulvh xqwlo durxqg <333 |hduv djr +sdshu LL,1 Wkh
prgh ri shdw lqlwldwlrq lq wkh Nxwdl dqg Xsshu Ndsxdv edvlqv zdv yld whuuhvwuldol}dwlrq ri iorrgsodlq odnhv dqg
sdoxglilfdwlrq ri qrq0iorrghg whuudlq iurp ulvlqj ulyhu ohyhov dv d uhvxow ri vhd0ohyho ulvh dqg lq wkh fdvh ri wkh
Nxwdl edvlq dovr ri wkh ghyhorsphqw ri wkh Pdkdndp ulyhu ghowd +Krsh hw do1 5338/ sdshu LL,1 Wkh odwwhu wzr
uhjlrqv duh frqvhtxhqwo| fkdudfwhul}hg e| d prvdlf ri grphgrpeurwursklf dqg iorrg0surqh plqhurwursklf
shdwodqgv lqwhuehgghg zlwk plqhudo pdwwhu1

Orrnlqj dw wkh edvdo udglrfduerq gdwhv surylghv dgglwlrqdovxssruw iru wkh ghvljqdwlrq ri irxu jhrjudsklf
shdwodqg w|shv/ ehfdxvh wkhvh irxu w|shv odujho| gliihu lq whupv ri wkhlu pdmru lqlwldwlrq skdvhv1 Iurp wkh
frpslodwlrq ri doo roghvw edvdo udglrfduerq gdwhv dydlodeoh iurp shdwodqgv ri Vrxwkhdvw Dvld dqg wkhlu v|vwhpdwlf
uh0fdoleudwlrq lqwr fdohqgdu |hduv ehiruh suhvhqw +fdo ES,wkh vhtxhqfh ri shdwodqg lqlwldwlrq frxog eh jhqhudwhg
+sdshu L,1 Wkh ruljlqdo glvwlqfwlrq ehwzhhq rog lqodqg Fhqwudo Ndolpdqwdq shdwodqgv dqg |rxqjhu frdvwdo
shdwodqgv lv frqiluphg e| d vhw ri 5; edvdo shdw gdwhv1 Dffruglqjo|/ wkh shdwodqgv ri Fhqwudo Ndolpdqwdq iruphg
ehwzhhq 47/833 dqg <333 fdo ES dqg duh vhsdudwhg e| d fohdu whpsrudo jds iurp wkh shdw lqlwldwlrq skdvh ri
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ehwzhhq ::33 wr 533 fdo ES ri frdvwdo shdwodqgv1 Prvw dydlodeoh edvdo gdwhv iurp frdvwdo shdwodqgv idoo zlwklq
wkh shulrg :333Ñ7333 fdo ES1 Lw lv qrwhzruwk| wkdw wkhuh duh qr gliihuhqfhv lq edvdo djh ehwzhhq wkh frdvwdo
shdwodqgv ri Vxpdwud/ Eruqhr dqg Shqlqvxodu Pdod|vld +sdshu L,1 Wkh edvdo gdwhv iurp shdwodqgv ri wkh Nxwdl
edvlq duh ri lqwhuphgldwh djh frpsduhg wr wkrvh ri wkh iruphuwzr w|shv +;633Ñ7<33 fdo ES/ sdshu L/ LL,1
Dydlodeoh shdw lqlwldwlrq djhv iurp wkh Xsshu Ndsxdv edvlq idoo zlwklq wkh shulrg 53/333 wr 46/:33 fdo ES1 Wkh
Xsshu Ndsxdv edvlq lv fxuuhqwo| uhfrjql}hg dv wkh roghvw shdwodqg uhjlrq ri htxdwruldo Vrxwkhdvw Dvld1

Wkh vljqlilfdqfh ri shdw irupdwlrq gxulqj wkh hduolhu Sohlvwrfhqh djhv udlvhv pdq| txhvwlrqv1 Rqh lpsruwdqw
lvvxh frqfhuqv wkh ghilqlwlrq ri d edvdo gdwh1 Wkh rog Sohlvwrfhqh edvdo udglrfduerq djhv iurp wkh Xsshu Ndsxdv
+66/333Ñ59/333 ES, dqg Fhqwudo Ndolpdqwdq +56/333 ES, shdwsurilohv gdwh iurp ehiruh wkh Odvw Jodfldo
Pd{lpxp/ l1h1 iurp Pdulqh Lvrwrsh Vwdjh +PLV, LLL1 Krzhyhu/lq wkh lqglylgxdo fruhv/ wkhvh PLV LLL gdwhv duh
vxffhhghg zlwklq vkruw ghswk lqwhuydov ri 5Ñ:3 fp e| udglrfduerq gdwhv ri srvwjodfldo djh +4:/333Ñ44/333 ES,
fohduo| lqglfdwlqj whpsrudo jdsv ryhu xs wr 43/333 udglrfduerq |hduv1 Wkhvh jdsv fruuhvsrqg odujho| wr wkh
lqwhuydo ri wkh Odvw Jodfldo Pd{lpxp +OJP ehwzhhq 55/333Ñ4:/333 ES ru 59/833Ñ53/333 fdo ES/ Fodun hw do1
533<,1

Li wkh dlp/ dv khuh/ lv wr xqghuvwdqg wkh jhqhudo phfkdqlvpv iru uhjlrqdo shdw irupdwlrq dqg wkh uroh ri shdwodqgv
dv fduerq vlqnv gxulqj wkh suhvhqw lqwhujodfldo wkhq wkh djhri uh0lqlwldwlrq ri shdw dffxpxodwlrq vkrxog eh wdnhq
dv d edvdo gdwh1 Vxfk gdwhv lq frqmxqfwlrq zlwk edvdo gdwhv iurp rwkhu vlwhv zloo wkhq khos wr lghqwli| srvvleoh
uhjlrqdo gulyhuv ehklqg zlghvsuhdg shdwodqg lqlwldwlrq/ dv lv ghwhuplqhg lq wklv wkhvlv wkurxjk whpsrudo
fruuhodwlrq ri iluvw shdw lqlwldwlrq gdwhv wr shulrgv ri udslg srvwjodfldo vhd0ohyho ulvh dqg wkh uhvxpswlrq ri wkh
Dvldq prqvrrq +sdshu L/ LL,1 Xvlqj wkh Sohlvwrfhqh suh0OJP edvdo gdwhv pljkw ohdg wr wkh huurqhrxv dvvxpswlrq
wkdw vxfk rog shdwodqgv frqwlqxdoo| dffxpxodwhg fduerq vlqfh wkh wlph ri wkhlu lqlwldo irupdwlrq/ zklfk zrxog
ohdg wr d vhulrxv ryhuhvwlpdwlrq ri fxpxodwlyh fduerq xswdnh zkhq edvdo gdwhv duh xvhg dv sur{lhv iru sdvw
shdwodqg duhd +h1j1 \x 5344,1 Dq dgglwlrqdo sureohp ri wkhvhihz/ roghu shdw surilohv duh wkh qxphurxv djh
lqyhuvlrqv lq wkh suh0OJP vhfwlrqv wkdw vkrz qr frqvlvwhqw sdwwhuq lq shdw dffxpxodwlrq1 Edvdo gdwhv duh
sduwlfxoduo| surqh wr fkurqrorjlfdo huuruv dv rog vrlo fduerq iurp plqhudo vrlov fdq hdvlo| frqwdplqdwh d uhsxwhg
edvdo shdw vdpsoh ru |rxqjhu pdwhuldo fdq eh lqmhfwhg iurp deryh gxulqj hduo| vwdjhv ri shdw irupdwlrq/ zklfk
duh jhqhudoo| pdunhg e| vorz dffxpxodwlrq udwhv1 Frqvlghulqj wkhvh xqfhuwdlqwlhv dqg wkh jhqhudo vfduflw| ri
wkhvh roghu edvdo gdwhv d uholdeoh hvwlpdwh rq wkh h{whqw ri wkh suh0OJP shdw ghsrvlwv fdqqrw eh surylghg dqg
wkhlu udwhv ri fduerq dffxpxodwlrq uhpdlq wr eh ghwhuplqhg zkhq pruh frqvlvwhqw djh surilohv ehfrph dydlodeoh1
Krzhyhu/ zkhuhdv wkh suhvhqfh ri roghu shdw ghsrvlwv kdv jlyhq ulvh wr wkh huurqhrxv lghd ri wkh h{lvwhqfh ri
frqvlghudeo| roghu shdwodqgv/ wkh suhvhqw shdwodqgv ri htxdwruldo Vrxwkhdvw Dvld doo ghyhorshg vlqfh wkh Odvw
Jodfldo Pd{lpxp/ exw zlwk pdunhg uhjlrqdo gliihuhqfhv1

41814 D qhz phwkrg iru shdwodqg duhd uhfrqvwuxfwlrq

Shdwodqg lqlwldwlrq dqg h{sdqvlrq lv jhqhudoo| uhfrqvwuxfwhg iurp fxpxodwlyh edvdo shdw gdwh iuhtxhqflhv dv
shuiruphg lq sdshu L ri wklv wkhvlv +vhh dovr Nxku| ) Wxuxqhq 5339/ PdfGrqdog hw do1 5339/ Jrukdp hw do1 533:/
\x hw do1 5343,1 Lq rughu wr ghwhuplqh sdvw fkdqjhv lq shdwodqg duhd wklv phwkrg xvhv wkh fxpxodwlyh iuhtxhqf|
ri wkh roghvw edvdo gdwhv iurp lqglylgxdo shdwodqgv dv d gluhfw htxlydohqw iru duhdo shdwodqg h{sdqvlrq zlwklq d
uhjlrq +h1j1 \x hw do1 5343,1 Krzhyhu/ wklv phwkrg lv vxemhfwwr ydulrxv vrxufhv ri huuru uhodwhg wr wkh xqfhuwdlqw|
wr zklfk wuxh shdwodqg h{whqw lq wkh sdvw wkh dydlodeoh edvdogdwhv uhsuhvhqw1 Iluvw ri doo/ edvdo gdwhv duh lq prvw
vwxglhv xvxdoo| qrw dydlodeoh iurp hyhu| shdwodqg lq wkh uhjlrq ri lqwhuhvw/ vr wkh wrwdo shdwodqg duhd lv qrw ixoo|
uhsuhvhqwhg lq whupv ri lqlwldwlrq djhv1 Vhfrqg/ d vlqjoh gdwh pd| qrw uhsuhvhqw wkh wlph zkhq wkh ixoo h{whqw ri
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d shdwodqg zdv uhdfkhg dv shdwodqgv whqg wr h{sdqg odwhudoo|ryhu wkrxvdqgv ri |hduv +h1j1 Jodvhu hw do1 4<;4/
Nrukrod hw do1 5343,1 Lq vxfk fdvh d vlqjoh yhu| rog edvdo gdwhohdgv wr d vhulrxv ryhuhvwlpdwlrq ri wkh djh ri wkh
fxuuhqw wrwdo duhd ri d shdwodqg1 Wklv sureohp lv djjudydwhge| wkh suhihuhqwldo vdpsolqj ri wkh ghhshvw dqg
w|slfdoo| roghvw sruwlrqv ri shdwodqgv +Nxku| ) Wxuxqhq 5339,1 Wklug/ dqg shukdsv wkh odujhvw vrxufh ri huuru
lv wkdw wklv phwkrg frqvlghuv hdfk edvdo gdwh dv htxlydohqw wr wkh vdph xqlw ri duhd1 Krzhyhu/ shdwodqgv gliihu
hqruprxvo| lq vl}h udqjlqj iurp ohvv wkdq rqh khfwduh wr ryhu8 ploolrq khfwduh lq fdvh ri wkh ZruogÖv odujhvw
frqwljxrxv shdwodqg +wkh Ydv|xjdq erj/ Vrorphvkfk 5338,1 Khqfh/ edvdo gdwhv gr qrw wdnh lqwr dffrxqw wkh
vshflilf vl}h ri wkh shdwodqg wkh| uhsuhvhqw1 Wklv sureohp lv sduwlfxoduo| vhulrxv zkhq yhu| odujh shdwodqgv
iruphg orqj diwhu pxfk vpdoohu shdw ghsrvlwv/ d vlwxdwlrq zklfk dssolhv wr Vrxwkhdvw Dvld zkhuh vpdoohu lqodqg
shdwodqgv iruphg derxw 8333 wr 43/333 |hduv ehiruh wkh h{whqvlyh frdvwdo shdwodqgv +sdshu LLL,1 Ehfdxvh rqo|
wkh qxpehu ri edvdo gdwhv lv wdnhq dv d sur{| iru duhd wklv dssurdfk ryhuhvwlpdwhv shdwodqg duhd iru hduolhu wlph
shulrgv1

Wkh ghjuhh ri ryhuhvwlpdwlrq lq shdwodqg duhd fdq eh txdqwlilhg e| frpsdulvrq ri wkh edvdo gdwhv dssurdfk zlwk
d qhzo| ghyhorshg wudqvihu ixqfwlrq phwkrg suhvhqwhg lq sdshu LL ri wklv wkhvlv1 Wklv qhz phwkrg lqfoxghv wkh
xvh ri edvdo gdwhv/ exw xwlol}hv doo dydlodeoh edvdo gdwhv vrwkdw shdwodqg h{sdqvlrq lv pxfk ehwwhu frqvwudlqhg1
Iluvw/ doo dydlodeoh edvdo udglrfduerq gdwhv duh dvvljqhg wr shdwodqg duhdv zlwk krprjhqrxv ghswk/ ghwhuplqhg
iurp dydlodeoh shdwodqg ghswk pdsv/ wr zhljkw edvdo gdwhv e|wkh duhdv wkh| uhsuhvhqw1 Vhfrqg/ d pdmru
lqqrydwlrq ri wklv prgholqj dssurdfk/ edvdo djhv duh dovr dvvljqhg wr shdwodqg duhdv iru zklfk qr edvdo
udglrfduerq gdwhv duh dydlodeoh1 Wkh djh prgholqj lv grqh e|glylglqj wkh shdw ghswk ri hdfk shdwodqg e| wkh
phdq udwh ri shdw dffxpxodwlrq +wkh wudqvihu ixqfwlrq, uhsuhvhqwdwlyh iru wkh uhjlrq xqghu frqvlghudwlrq +l1h1 wkh
irxu shdwodqg w|shv,1 Lq wkdw zd| uhjlrqdo whpsrudo gliihuhqfhv lq wkh lqlwldwlrq ri shdwodqgv uhodwhg wr gliihuhqw
odqgvfdsh uhvsrqvhv wr srvwjodfldo vhd0ohyho ulvh fdq eh wdnhq lqwr dffrxqw +sdshu LL,1 Wklv phwkrg zloo suredeo|
dovr ohdg wr pruh uholdeoh uhvxowv iru wkh h{sdqvlrq ri qruwkhuq shdwodqgv ryhu wlph/ ehfdxvh vrph ri wkh odujhvw
shdw edvlqv vxfk dv wkh Kxgvrq Ed| Orzodqgv ru wkh Uhg Odnh shdwodqg +Qruwk Dphulfd, duh vwloo uhsuhvhqwhg
e| rqo| d ihz edvdo gdwhv exw dssduhqwo| ghyhorshg pxfk odwhu+Jodvhu hw do1 4<;4/ 5337, wkdq pdq| vpdoohu
shdwodqgv +Jrukdp hw do1 533:,1 Wkhvh gliihuhqfhv pd| kdyh lpsruwdqw lpsolfdwlrqv iru wkh uhfrqvwuxfwlrq ri
shdwodqg lpsdfwv rq dwprvskhulf FR5 frqfhqwudwlrqv dv wkh frqyhqwlrqdo dssurdfk +h1j1 \x 5344,zloo vhw wkhvh
lpsdfwv wrr hduo| lq wlph1 Wkhuhiruh lw lv vwurqjo| uhfrpphqghg wr xvh edvdo gdwhv rqo| lq frqmxqfwlrq zlwk
zhljklqj idfwruv iru shdwodqg duhd/ lq sduwlfxodu zkhq wkh sdvw uroh ri shdwodqgv lq wkh fduerq f|foh lv dvvhvvhg1

41815 Idfwruv frqwuroolqj shdwodqg h{sdqvlrq

Vhd0ohyho fkdqjh ryhu wkh Vxqgd Vkhoi zdv lghqwlilhg dv wkh pdmru frqwuro iru shdwodqg lqlwldwlrq dqg h{sdqvlrq
lq Vrxwkhdvw Dvld +sdshu L/ LL,1 Dowkrxjk vhd0ohyho fkdqjh zdv d qhfhvvdu| erxqgdu| frqglwlrq iru shdwodqg
lqlwldwlrq/ dq dgglwlrqdo qhfhvvdu| frqglwlrq zdv wkh ghyhorsphqw ri d shukxplg folpdwh/ fkdudfwhul}hg e| orz
udlqidoo vhdvrqdolw| dqg vshflilfdoo| e| wkh devhqfh ri gu|vhdvrqv1 Srvwjodfldo vhd0ohyho ulvh kdg d wzrirog hiihfw
rq shdwodqg irupdwlrq1 Rq wkh rqh kdqg lw dowhuhg wkh k|gurorjlfdo judglhqwv lq wkh Vrxwkhdvw Dvldq lvodqg
dufklshodjr dqg ohg wr ulvlqj jurxqg dqg vxuidfh zdwhu ohyhov rq wkh lvodqgv1 Rq wkh rwkhu kdqg vhd0ohyho ulvh
dovr ohg wr kljkhu dwprvskhulf prlvwxuh dydlodelolw| gxh wrwkh dvvrfldwhg h{sdqvlrq ri pdulqh zdwhu pdvvhv
ryhu wkh vkhoi iorru1

Gxulqj wkh OJP +59/833Ñ53/333 fdo ES, pdvvlyh yroxphv ri zdwhu zhuh orfnhg lq frqwlqhqwdo lfh vkhhwv dqg
prxqwdlq jodflhuv dqg wkh joredo vhd0ohyho frqvhtxhqwo| orzhuhg e| derxw 453 p +Fodun hw do1 533<,/ zklfk
h{srvhg prvw ri wkh Vxqgd Vkhoi +Vdwkldpxuwk| ) Yrulv 5339,1Wkh vhd0ohyho orzvwdqg lqfuhdvhg wkh k|gudxolf
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khdg gliihuhqfh ehwzhhq wkh suhvhqw lvodqg odqg pdvvhv dqg wkh vhd/ wkhuhe| dffhohudwlqj udwhv ri gudlqdjh dqg
orzhulqj uhjlrqdo zdwhu wdeohv +sdshu LL,1 Pruhryhu/ wkh grxeolqj lq wkh odqg duhd fdxvhg dwprvskhulf prlvwxuh
ghilflwv dfurvv prvw ri Vxqgdodqg +Elug hw do1 5338/ GlQh}lr) Wlhuqh| 5346,1 Wkhvh OJP erxqgdu| frqglwlrqv
zhuh kljko| dgyhuvh wr wkh irupdwlrq dqg suhvhuydwlrq ri shdw dv lqglfdwhg e| wkh jdsv lq Sohlvwrfhqh shdw
surilohv iurp Fhqwudo Ndolpdqwdq dqg Xsshu Ndsxdv +Dqvkdulhw do1 5334/ 5337/ Sdjh hw do1 5337,1

Lqfuhdvlqj vxpphu lqvrodwlrq diwhu 53/333 fdo ES qrw rqo| wuljjhuhg phowlqj ri wkh qruwkhuq khplvskhuh lfh
vkhhwv dqg wkxv joredo vhd0ohyho ulvh +Ghqwrq hw do1 5343/ Fodun hw do1 5345,/ exw dovr lqfuhdvhg wkh wkhupdo odqg0
vhd frqwudvw wkdw vwuhqjwkhqhg wkh vxpphu prqvrrq lq Vrxwk Dvld +Zdqj hw do1 5334,1 Gxulqj wkh ghjodfldwlrq
iluvw vljqlilfdqw shdwodqg lqlwldwlrq frlqflghg zlwk phowzdwhu sxovh 4d dw 47/833 fdo ES zkhq wkh vhd ohyho urvh
udslgo| iurp 0<9 wr 0;3 p zlwklq 633 |hduv +Kdqhexwk hw do1 5334,1 Zlwk wkh 0;3 p vhd ohyho d wkuhvkrog iru
shdwodqg irupdwlrq lq lqodqg Eruqhr vhhpv wr kdyh ehhq uhdfkhg/ zklfk ohg wr iluvw zlghvsuhdg sdoxglilfdwlrq
ri lqwhulru orzodqgv zlwk plqlpdo wrsrjudsklf uholhi +sdshu L/ LL,1 Wklv vhd0ohyho dovr doorzhg wkh prqvrrq
v|vwhp wr uhvxph dv pruh vhd vxuidfh duhd ehfdph dydlodeoh iru hydsrudwlrq dqg frqyhfwlrq +Nlhqdvw hw do1
5336/ G|nrvnl hw do1 5338,1 Phowzdwhu sxovhv/ zklfk zhuh shulrgv ri udslg srvwjodfldo vhd0ohyho ulvh/ duh
uhfrjql}hg dv wkh pdmru skdvhv iru shdwodqg lqlwldwlrq dqg h{sdqvlrq lq lqodqg Eruqhr +sdshu LL,1 Ri wkh ryhu
46/333 np5 shdwodqgv wkdw kdg iruphg lq lqodqg Eruqhr ehwzhhq 53/333 dqg :333 fdo ES/ ryhu :333 np5 kdyh
ruljlqdwhg gxulqj wkh ilyh ghjodfldo phowzdwhu sxovhv zkhqwkh udwh ri vhd0ohyho ulvh h{fhhghg 43 pp |u041
Dowkrxjk wkhvh phowzdwhu sxovhv froohfwlyho| odvwhg ohvv wkdq 6333 |hduv/ 88( ri wkh lqodqg shdwodqgv zdv
iruphg gxulqj wklv wlph vsdq/ frpsduhg wr wkh 78( wkdw iruphggxulqj shulrgv ri vorzhu vhd0ohyho ulvh ryhu wkh
uhpdlqlqj 43/333 |hduv1 Rq wkh rwkhu kdqg wkh udslg vhd0ohyho ulvh fdxvhg d frqvwdqw uhwuhdw ri wkh vkruholqhv
dqg wkxv suhyhqwhg wkh irupdwlrq ri frdvwdo shdwodqgv xqwlodurxqg :333 fdo ES +Wdeoh 4/ sdshu L/ LL,1 Dw wklv wlph
wkh ulvh lq vhd ohyho kdg vorzhg grzq wr ohvv wkdq 517 pp |u04dqg frqwlqxhg wr ulvh yhu| vorzo| xqwlo •8333 fdo
ES1

Wkh Vxqgd Vkhoi zdv diwhu lwv udslg iorrglqj qrw lpphgldwho|lq lvrvwdwlf htxloleulxp / ehfdxvh wkh olwkrvskhuh
dqg pdqwoh uhvsrqghg vorzo| wr wkh dgglwlrqdo zdwhu ordg1 Wklv dgglwlrqdo ordg fdxvhg wkh lqxqgdwhg olwkrvskhuh
hyhqwxdoo| wr vlqn 0 d surfhvv fdoohg k|gur0lvrvwdv| +Odpehfn 5344,1 Wkh k|gur0lvrvwdwlf dgmxvwphqw ohg wr d
vhd0ohyho idoo e| 8 phwhu vlqfh derxw 7833 fdo ES/ zklfk zdv dvvrfldwhg zlwk wkh prvw h{whqvlyh shdwodqg
irupdwlrq dqg h{sdqvlrq lq wkh frdvwdo uhjlrqv ri VrxwkhdvwDvld +sdshu LL,1 Durxqg <3( ri doo frdvwdo shdwodqgv
ruljlqdwhg rq wkh iuhvko| h{srvhg odqg/ zklfk zlwk idoolqj vhd0ohyhov ehfdph dydlodeoh iru sulpdu| pluh
irupdwlrq1 Lq idfw/ d odujh sursruwlrq ri frdvwdo shdwodqgvlq zhvwhuq Lqgrqhvld iruphg rqo| gxulqj wkh sdvw 5833
|hduv +sdshu LL,1 Wkh Phqgdudp shdwodqg lq Euxqhl/ iru h{dpsoh orfdwhg 63 np iurp wkh prghuq frdvw/
ruljlqdwhg dw 5633 fdo ES +sdshu LLL,/ vxssruwlqj wklv lqwhusuhwdwlrq ri d jhqhudoo| odwh ruljlq ri frdvwdo shdwodqgv1
Wkh uhvxowv iurp wkh qhz wudqvihu0ixqfwlrq phwkrg vkrz wkdwwkh ydvw pdmrulw| ri htxdwruldo shdwodqgv ri
Vrxwkhdvw Dvld iruphg gxulqj wkh Odwh Krorfhqh +sdshu LL,/ lq frqwudvw wr wkh phwkrg ri edvdo gdwh iuhtxhqf|/
zklfk vxjjhvwv juhdwhvw shdw irupdwlrq dqg h{sdqvlrq gxulqj wkh Plg Krorfhqh +l1h1 hduolhu wkdq 7333 fdo ES/
sdshu L,1

419 Frqwurov rq wkh fduerq edodqfh ri wurslfdo shdwodqgv

Shdw irupdwlrq lq wkh wurslfv lv d udwkhu xqxvxdo skhqrphqrqehfdxvh wkh suhydlolqj kljk whpshudwxuhv vkrxog
eh h{shfwhg wr gulyh udslg ghfrpsrvlwlrq ri olwwhu dqg vrlo rujdqlf pdwwhu +h1j1 Wuxperuh hw do1 4<<9/ Lqjohww hw
do1 5345,1 Lqghhg/ ghfrpsrvlwlrq dqg qhduo| frpsohwh plqhudol}dwlrq ri iuhvko| idoohq olwwhu rffxuv udslgo| zlwklq
318 wr 5 |hduv lq Vrxwkhdvw Dvldq Glswhurfdus udlqiruhvwv rqplqhudo vrlo dqg kxpxv od|huv duh qrupdoo| wklq
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+h1j1 Dqghuvrq hw do1 4<;6,1 Lq wklv wkhvlv wkh hohydwlrq ri wkh shdwodqg zdwhu0wdeoh kdv ehhq lghqwlilhg dv wkh
sulpdu| frqwuro rq shdw dffxpxodwlrq lq wkh Vrxwkhdvw Dvldqwurslfv1 Lq rughu wr fuhdwh shdw dffxpxodwlqj
frqglwlrqv shupdqhqw zdwhu0orjjlqj ryhu wkh hqwluh vrlo suriloh lv uhtxluhg +sdshu LY,1 Wkh lpsruwdqfh ri d kljk
zdwhu0wdeoh iru fduerq dffxpxodwlrq lq wurslfdo shdwodqgvlv kljkoljkwhg e| wkh udslg ghfrpsrvlwlrq ri shdw dv
vrrq dv wkh zdwhu0wdeoh gursv ehorz wkh shdw vxuidfh1 D olqhdu uhodwlrqvkls ehwzhhq wkh dprxqw ri uhohdvhg FR5

iurp dhurelf shdw ghfrpsrvlwlrq dqg wkh phdq dqqxdo ghswk riwkh zdwhu0wdeoh kdv ehhq ghulyhg/ lq zklfk <33
j FR 5 p 05|u04+578 j F p 05|u04, duh uhohdvhg zlwk hdfk dgglwlrqdo 43 fp gurs lq wkh zdwhu0wdeoh +sdshu LY,1 Wklv
uhodwlrqvkls ghprqvwudwhv wkh hiihfwlyhqhvv ri wkh kljk wurslfdo whpshudwxuhv lq gulylqj udslg vrlo fduerq
wxuqryhu xqghu dhurelf frqglwlrqv1 Dv d uhvxow ri wkh udslg orvvhv lq shdw pdvv xqghu orzhuhg zdwhu ohyhov/
gudlqhg Vrxwkhdvw Dvldq shdwodqgv vxevlgh e| derxw 718 fp shu |hdu dw d phdq dqqxdo zdwhu0wdeoh ri 083 fp
+sdshu LY,1

Wkh gluhfw uhodwlrqvkls ehwzhhq zdwhu0wdeoh hohydwlrq dqgwkh udwh ri fduerq dffxpxodwlrq fdq eh frqiluphg iru
doo vsdwldo vfdohv frqvlghuhg lq wklv wkhvlv1 Rq wkh vfdoh rid vlqjoh plfurvlwh sdshu LLL ri wklv wkhvlv ghprqvwudwhv
wkdw udwhv ri fduerq dffxpxodwlrq duh kljkhvw zkhq rujdqlf pdwhuldo lv ghsrvlwhg lq wkh shupdqhqwo| vwdqglqj
zdwhu0erglhv ri wls0xs srrov lq shdw vzdps iruhvwv lq zklfk wkh kljk dffxpxodwlrq udwhv ri xs wr <93 j F p05

|u04vhhp wr eh xquhodwhg wr wkh w|sh ri rujdqlf pdwhuldo ehlqj ghsrvlwhg +h1j1 khuedfhrxv yv1 zrrg| shdw,1 Lq
frqwudvw/ fduerq dffxpxodwlrq udwhv duh dq rughu ri pdjqlwxgh orzhu zkhq shdw lv ghsrvlwhg xqghu wkh iorru ri
d vzdps iruhvw zkhuh shulrglf zdwhu0wdeoh gudzgrzqv ehorz wkh shdwodqg vxuidfh ohdg wr udslg dhurelf ghfd|
ri olwwhu dqg ghdg ehorzjurxqg elrpdvv1

Rq wkh vfdoh ri dq hqwluh grphg shdwodqg sdshu L ri wklv wkhvlvvkrzv wkdw wkh udwh ri fduerq dffxpxodwlrq zloo
whqg wr lqfuhdvhv zkhq wkh lqwhuqdo zdwhu0wdeoh prxqg zlwklq d shdw grph ulvhv lq uhvsrqvh wr dq h{whuqdoo|
lqgxfhg ulvh lq edvh0ohyho +l1h1 vhd0ohyho,1 Sdshu LL ri wklv wkhvlv vkrzv wkdw fduerq dffxpxodwlrq zloo fhdvh zkhq
wkh zdwhu0wdeoh prxqg ri d shdw grph idoov ehorz wkh shdwodqgvxuidfh lq uhvsrqvh wr d gurs lq wkh edvh0ohyho
+l1h1 vhd0ohyho,1 Rq wkh uhjlrqdo vfdoh sdshu L dqg LL ri wklvwkhvlv ghwhuplqhg wkdw wkh phdq shdw dqg fduerq
dffxpxodwlrq udwhv ri frdvwdo shdwodqgv lq htxdwruldo Vrxwkhdvw Dvld zhuh dw wkhlu ryhudoo pd{lpxp zkhq wkh
uhjlrqÖv folpdwh h{shulhqfhg lwv prvw kxplg skdvh gxulqj wkh Krorfhqh ehwzhhq 833307333 fdo ES zkloh wkh
vhd0ohyho zdv vlpxowdqhrxvo| dw lwv devroxwh kljkvwdqg1 Wkhvh uhjlrqdo0vfdoh erxqgdu| frqglwlrqv pxvw kdyh
uhvxowhg lq qhduo| frqvwdqw zdwhuorjjlqj xs wr wkh vxuidfh ri prvw shdwodqgv ohdglqj wr hiilflhqw fduerq vwrudjh1
Pruhryhu/ lqfuhdvhg dwprvskhulf prlvwxuh ghilflwv gxulqjwkh shulrg ri kljkhu Ho Ql˜r iuhtxhqf| ri wkh sdvw
5333 |hduv uhvxowhg lq fduerq orvvhv iurp dhurelf shdw ghfrpsrvlwlrq lq derxw 58( +ru ryhu 7333 np5, ri wkh
lqodqg shdwodqgv ri Fhqwudo Ndolpdqwdq +sdshu L/ LL,1

Doo h{whuqdo dqg lqwhuqdo phfkdqlvpv wkdw ghwhuplqh wkh wrsrjudsk| ri wkh zdwhu wdeoh+vhqvxJodvhu hw do1 5337,
zloo wkhuhiruh kdyh gluhfw hiihfwv rq wkh udwh ri fduerq dffxpxodwlrq lq wurslfdo shdwodqgv1 Rqo| lq d ihz zhoo
ghyhorshg shdw grphv sdvw udwhv ri fduerq dffxpxodwlrq zhuhsrvvleo| frqwuroohg e| fkdqjlqj hfrv|vwhp
surgxfwlylw|/ zkhq surgxfwlyh shdw vzdps iruhvwv zhuh uhsodfhg e| ohvv surgxfwlyh vhpl0rshq vwxqwhg iruhvwv
ri skdvlf frppxqlw| 9 +sdshu L,1 Krzhyhu/ wklv ruljlqdo lghdri Dqghuvrq +4<97, lv gliilfxow wr whvw ehfdxvh rqo|
rqh shdw grph uhpdlqv wrgd| rq Eruqhr wkdw kdv doo vl{ skdvlf frppxqlwlhv dqg wklv shdw grph lv orfdwhg lq d
yhu| uhprwh duhd1 Rwkhuzlvh gliihuhqfhv lq yhjhwdwlrq +l1h1 iruhvw w|shv, dsshdu wr kdyh olwwoh hiihfw rq fduerq
dffxpxodwlrq udwhv ehfdxvh wkh frdvwdo shdwodqgv ri Vxpdwud dqg Eruqhr kdyh yhu| vlplodu udwhv ri fduerq
dffxpxodwlrq ghvslwh wkhlu gliihuhqw vshflhv dvvhpeodjhv+sdshu L/ LL,1 Pruhryhu/ wkh shdw fruh uhfrug iurp
Euxqhl uhsruwhg lq sdshu LLL ri wklv wkhvlv/ zklfk uhsuhvhqwv wkh iluvw wurslfdo fduerq dffxpxodwlrq uhfrug zlwk d
ghwdlohg sdohr0yhjhwdwlrq uhfrug/ vkrzv wkdw wkh fkdqjh iurp pl{hg vzdps iruhvw +skdvlf frppxqlw| 4, wr
Vkruhd doelgdgrplqdwhg vzdps iruhvwv +S1F1 506, zdv qrw dffrpsdqlhg e| fkdqjhv lq phdq fduerq
dffxpxodwlrq udwhv1 Wkh edfnjurxqg udwhv ri fduerq dffxpxodwlrq uhpdlqhg yhu| vlplodu wkurxjkrxw wkhvh
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sdohr0dvvhpeodjhv dw durxqg 69 j F p05|u04ryhu wklv frxuvh ri iruhvw vxffhvvlrq1

41914 Dqdhurelf ghfd|/ phwkdqh uhohdvh/ dqg olplwv wr shdw erj jurzwk

Phwkdqh hplvvlrqv jhqhudoo| lqfuhdvh dorqj wkh odwlwxglqdo sroh0wr0htxdwru wkhupdo judglhqw gxh wr wkh
grplqdwlqj frqwuro ri whpshudwxuh rq dqdhurelf rujdqlf pdwwhu ghfd| +Gxqilhog hw do1 4<<6/ Pdwwkhzv 5333/
Fkulvwhqvhq hw do1 5336/ Lqjohww hw do1 5345,1 Wkh vwuhqjwk ri wklv frqwuro fdq eh txdqwlilhg e| wkh T43 whpshudwxuh
frhiilflhqw/ zklfk ghvfulehv wkh udwh dw zklfk d fkhplfdo uhdfwlrq lqfuhdvhv zlwk d whpshudwxuh lqfuhdvh ri 43£F1
Wkh T43 idfwru iru phwkdqh surgxfwlrq lq roljrwursklf shdw udqjhv iurp 5Ñ5; +Vhjhuv 4<<;,1 Wkh hiihfwlyhqhvv
ri wklv whpshudwxuh frqwuro lv vhhq lq dq dvvrfldwhg ghfolqhlq shdw0fduerq dffxpxodwlrq udwhv iurp wkh whpshudwh
wr wkh vxewurslfdo }rqh +h1j1 Jruh 4<;6/ Jodvhu hw do1 5345,1Pruhryhu/ Zklwlqj ) Fkdqwrq +4<<6, vkrzhg wkdw
wkh lqfuhdvh lq phwkdqh hplvvlrqv iurp dufwlf wr vxewurslfdo zhwodqgv lv dovr gulyhq e| wkh dvvrfldwhg lqfuhdvh
lq qhw hfrv|vwhp surgxfwlylw| dqg wkxv ulvlqj vxevwudwh dydlodelolw| iru phwkdqrjhqhvlv1

Lq Vrxwkhdvw Dvldq shdwodqgv phwkdqh uhohdvh lv vwurqjo| frqwuroohg e| wkh shdwodqg zdwhu0wdeoh hohydwlrq1
Phwkdqh surgxfhg lq ghhs shdw vwudwd zloo eh r{lgl}hg ehiruhohdylqj wkh shdw vxuidfh li wkh zdwhu0wdeoh lv ehorz
43Ñ53 fp ehorz wkh vxuidfh +sdshu LY,1 Phwkdqh uhohdvh lv kljkhvw zkhq wkh zdwhu0wdeoh ulvhv wr zlwklq 43 fp
ri wkh vxuidfh +l1h1 zkhq wkh shdw vxuidfh lv ixoo| zdwhuorjjhg ru voljkwo| iorrghg,/ vlplodu wr wkh phwkdqh
hplvvlrq g|qdplfv ri qruwkhuq shdwodqgv +Fkulvwhqvhq hw do1 5336,1 Wkh phdq FK7 uhohdvh iurp Vrxwkhdvw Dvldq
shdwodqgv dw d zdwhu wdeoh udqjh ri ehwzhhq Ñ43 wr .53 fp lv 3168 pj FK 7 p 05ku04zlwk d pd{lpxp phdvxuhg
hplvvlrq ri 6 pj FK 7 p 05ku04+sdshu LY,1 Wkhvh krxuo| hplvvlrqv fdq eh vfdohg xszdug wr hvwlpdwh dq dqqxdo
dyhudjh uhohdvh ri 6 j FK7 p 05|u04+63 nj FK7 kd04|u04, dqg d pd{lpxp uhohdvh ri 5916 j FK7 p 05|u04+596 nj
FK7 kd04|u04,1 Vxusulvlqjo|/ wkh dyhudjh dqqxdo phwkdqh uhohdvh ri 6 j FK7 p 05|u04lv orzhu wkdq wkh hvwlpdwh
ri < j FK 7 p 05|u04e| qruwkhuq/ roljrwursklf shdwodqgv +Fkulvwhqvhq hw do1 4<<9/ Eodlqh hw do1 5347,/ dowkrxjk
phwkdqh hplvvlrqv duh vxevwdqwldoo| uhgxfhg gxulqj wkh zlqwhu prqwkv lq qruwkhuq uhjlrqv1 Udwhv ri phwkdqh
hplvvlrqv iurp Vrxwkhdvw Dvldq shdwodqgv vwurqjo| ghyldwhiurp wkh joredo whpshudwxuh0gulyhq hplvvlrq wuhqg1
Ixuwkhupruh/ wkh hvwdeolvkhg uhodwlrqvkls ehwzhhq phwkdqh hplvvlrqv dqg qhw hfrv|vwhp surgxfwlylw| +Zklwlqj
) Fkdqwrq 4<<6, zrxog suhglfw rughu ri pdjqlwxgh kljkhu dqqxdo hplvvlrqv ri durxqg 93Ñ:3 j FK7 p 05|u04

iru Vrxwkhdvw Dvld/ ehfdxvh ri wkh udlqiruhvwÖv kljk qhw sulpdu| surgxfwlylw| +4633Ñ4933 j F p05|u04/ Nkr hw
do1 5346,1 Reylrxvo| erwk whpshudwxuh dqg hfrv|vwhp surgxfwlylw| duh qrw wkh grplqdqw frqwurov iru phwkdqh
hplvvlrqv iurp iruhvwhg shdwodqgv lq Vrxwkhdvw Dvldq1

Ehfdxvh phwkdqh hplvvlrqv duh lqglfdwlyh ri dqdhurelf ghfrpsrvlwlrq lq frpsohwho| zdwhuorjjhg shdwodqgv/
orz hplvvlrq udwhv lqglfdwh wkdw wkh ghsrvlwhg rujdqlf pdwhuldo ri shdw vzdps iruhvwv lv kljko| uhvlvwdqw wr
dqdhurelf ghfd|1 Lqghhg/ lw kdv ehhq vkrzq wkdw zrrg| dqg khuedfhrxv olwwhu lq wkh roljrwursklf shdw vzdps
iruhvwv kdyh kljk oljqlq dqg wdqqlq frqfhqwudwlrqv/ wkdw surylgh surwhfwlrq djdlqvw khuelyru| +Euxhqlj 4<<3/
\xoh ) Jrph} 533<,1 Dowkrxjk ghdg elrpdvv lv vwloo udslgo| ghfrpsrvhg xqghu dhurelf frqglwlrqv gxh wr wkh
frqvwdqwo| kljk whpshudwxuhv dqg wkh dydlodelolw| ri r{|jhq dqg prlvwxuh wr ghwulyruhv dqg plfurehv/ wkh srru
vxevwudwh txdolw| lqklelwv dqdhurelf ghfd| vxevwdqwldoo|+Sdshu L/ LY,1 Wklv lqihuhqfh lv vxssruwhg e| wkh
glvfryhu| ri zhoo suhvhuyhg ohdyhv lq d srro ghsrvlw wkdw lv ryhu 4333 |hduv rog +sdshu LLL,1 Shdw erj jurzwk lq
Vrxwkhdvw Dvld lv wkxv qrw olplwhg yhuwlfdoo| e| fxpxodwlyhdqdhurelf ghfd| dv vxjjhvwhg iru vrph qruwkhuq
shdwodqgv +Fo|pr 4<;7/ Fo|pr hw do1 4<<;,1 Erj khljkw lv lqvwhdg rqo| olplwhg e| dhurelf ghfd| zkhq d kljk
zdwhu0wdeoh fdqqrw eh pdlqwdlqhg zlwklq d shdw grph +sdshu LL,1 Wklv lqwhusuhwdwlrq lv vhhq lq wkh vkdsh ri fduerq
pdvv dffxpxodwlrq fxuyhv suhvhqwhg lq sdshu LL ri wklv wkhvlv1 Pdvv dffxpxodwlrq fxuyhv ri frdvwdo shdw grphv
duh olqhdu/ lqglfdwlyh ri frqvwdqw shdw dffuhwlrq zlwk orz udwhv ri ghfd| xqghu dqdhurelf frqglwlrqv/ zkhuhdv
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pdvv dffxpxodwlrq fxuyhv ri lqodqg shdw grphv duh frqyh{/ zklfk lv lqglfdwlyh ri kljk udwhv ri dhurelf ghfd|
dqg olplwhg shdw dffuhwlrq gxh wr uhjxodu zdwhu0wdeoh gudzgrzqv1

41915 Fduerq dffxpxodwlrq lq srrov ri wurslfdo iruhvwhg shdwodqgv

Sdshu LLL ri wklv wkhvlv suhvhqwv wkh iluvw uhsruw ri shdw dffuhwlrq dqg fduerq dffxpxodwlrq udwhv iru shdwodqg srrov
iru grphg Vrxwkhdvw Dvldq shdwodqgv1 Srrov doorz udslg fduerq dffxpxodwlrq dqg uhsuhvhqw orfdo krwvsrwv iru
fduerq exuldo lq shdw vzdps iruhvwv ehfdxvh wkh| pdlqwdlq shupdqhqw erglhv ri vwdqglqj zdwhu1 Zkhuhdv srrov
lq qruwkhuq wuhhohvv ru wuhh0srru rpeurwursklf shdwodqgv duh uhjuhvvlyh ihdwxuhv wkdw odujho| ruljlqdwh iurp zdwhu
h{fhvv zkhq d iodwwhu erj sodlq uhvwulfwv odwhudo glvfkdujh+Zhehu 4<35/ Jodvhu ) Mdqvvhqv 4<;9/ Mrrvwhq 4<<6/
Frxzhqehuj ) Mrrvwhq 4<<<,/ shdwodqg srrov lq wurslfdo iruhvwhg erjv duh wkh surgxfwv ri wuhh0idoo/ zklfk lv d
frpsohwho| gliihuhqw prgh ri ruljlq1 Vshflilfdoo| wkh wdoodqg exwwuhvvhgVkruhd doelgdwuhhv ri qruwkzhvw Eruqhr
duh yhu| vxvfhswleoh wr zlqg wkurz dqg h{fdydwh odujh krohv zkhq xsurrwhg1 Wkhvh wls0xs srrov fdq uhdfk d
gldphwhu ri ryhu ; p dqg d ghswk ri 4183 p1 Wkh irupdwlrq ri wls0xs srrov gudpdwlfdoo| fkdqjhv wkh
fkurqrvwudwljudsk| dw wkh plfurvlwh vfdoh ehfdxvh wuhh0idoo h{fdydwhv shdw zklfk lv uhsodfhg e| |rxqjhu rujdqlf
pdwhuldo ohdylqj d glvfrqiruplw| dqg d whpsrudo jds lq wkh orfdo shdw suriloh +Ilj1 7,1 Lq rughu wr lghqwli| vxfk
orfdo glvwxuedqfhv dqg wkh ghswk lqwhuydo ri d vhglphqwdu| jds shdw fruhv qhhg wr eh gdwhg dw ilqh lqwhuydov ri dw
prvw 83 fp +Ilj1 8,/ zkhuhdv ghwhuplqlqj wkh wlph vsdq ri d vhglphqwdu| jds uhtxluhv gdwlqj dw wkh fhqwlphwhu
vfdoh1 Wkh yhu| orz yhuwlfdo gdwlqj uhvroxwlrq ri dydlodeohVrxwkhdvw Dvldq shdw fruhv +sdshu L, lv olnho| wkh
uhdvrq zk| wklv surfhvv kdv suhylrxvo| qrw ehhq uhfrjql}hg dv d w|slfdo skhqrphqrq ri shdw vzdps iruhvwv1

Lq frqwudvw wr qruwkhuq shdwodqg srrov/ zklfk duh lpsruwdqwvrxufhv iru dwprvskhulf fduerq uhvxowlqj iurp shdw
ghfrpsrvlwlrq dw wkh ghjudglqj srro erwwrp +Kdplowrq hw do14<<7/ Shoohwlhu hw do1 5347,/ wurslfdo shdwodqg srrov
uhsuhvhqw lpsruwdqw fduerq vlqnv/ ehfdxvh kljk dprxqwv ri dqqxdoo| surgxfhg deryhjurxqg olwwhu duh ghsrvlwhg
lq wkh dqdhurelf erwwrp ri wkhvh srrov/ wkhuhe| hvfdslqj dhurelf ghfrpsrvlwlrq1 Rwkhuzlvh deryhjurxqg olwwhu
fdqqrw gluhfwo| uhdfk wkh shupdqhqwo| zdwhu0orjjhg od|hu +fdwrwhop, ri wkh shdw vzdps dv lw lv wudsshg e| wkh
qhwzrun ri exwwuhvv dqg rwkhu vxuilfldo urrw w|shv deryh wkhshdw vxuidfh zkhuh lw udslgo| ghfrpsrvhv
dhurelfdoo|1 Rqo| zkhq d wuhh lv xsurrwhg wkh fdwrwhop lv ÓrshqhgÔ iru udslg deryhjurxqg olwwhu lqsxwv +Ilj1 7,/
zklfk h{fhhg wkh surgxfwlylw| ri ehorzjurxqg urrw elrpdvv e| d idfwru ri 518Ñ6 +Nkr hw do1 5346,1 Dv d uhvxow
wurslfdo shdwodqg srrov frpsohwho| iloo lq zlwk shdw lq derxw 433Ñ533 |hduv dqg surgxfh shdnv lq fduerq
dffxpxodwlrq udwhv ryhu fhqwhqqldo vfdohv ri derxw 433Ñ4333 j F p 05|u04+sdshu LLL,1

Wlph0vhulhv ri kljk0uhvroxwlrq dhuldo skrwrjudsk| vkrzv wkdw wkh fxuuhqw udwh ri wuhh0idoo lqVkruhd doelgdshdw
vzdps iruhvwv lv 317 wuhhv kd04|u04dqg lw fdq wkxv eh dvvxphg wkdw derxw 73 wls0xs srrov irup ryhurqh khfwduh
sorw riVkruhdvzdps iruhvw lq 433 |hduv +sdshu LLL,1 Wkhvh sdwfk g|qdplfv ohdg wr d vljqlilfdqw dowhudwlrq ri
wkh shdw grph vwudwljudsk| wkurxjk iuhtxhqw wuhh0idoo dqg dvvrfldwhg srro irupdwlrq dqg lqiloolqj1 Qhljkerulqj
shdw fruhv fdq wkhuhiruh vljqlilfdqwo| gliihu lq wkhlu fduerq dffxpxodwlrq klvwrulhv/ zkhuhdv wkh uhvsrqvh ri
fduerq dffxpxodwlrq wr orfdo glvwxuedqfhv odujho| revfxuhv wkh uhodwlrqvkls ri dffxpxodwlrq udwhv iurp vlqjoh
fruh uhfrugv wr wkdw ri dq hqwluh shdw grph1 Wkh folpdwlf frqwurov rq fduerq dffxpxodwlrq udwhv fdq frqvhtxhqwo|
eh hdvlo| plvlqwhusuhwhg zkhq edvhg rq wkh dqdo|vlv ri d vlqjoh fruh/ zkhuhdv wkh lqioxhqfh ri kljkhu iuhtxhqf|
folpdwh yduldelolw| dw ghfdgdo wr fhqwhqqldo wlphvfdohv vhhpv xquhvroydeoh zlwk wklv w|sh ri uhfrug1 Rqo| duud|v
ri fruhv iurp gliihuhqw shdwodqgv pd| uhyhdo odqgvfdsh0 ru uhjlrqdo0vfdoh uhvsrqvhv ri shdw fduerq f|folqj wr
folpdwlf yduldwlrqv1 Wkh lqglylgxdo fruh uhfrugv qhhg wr ehlqwhjudwhg lqwr uhfrugv ri phdq fduerq dffxpxodwlrq
udwhv wkdw duh dyhudjhg ryhu orqjhu wlph vsdqv +83304333 |hdu lqwhuydov, wr uhpryh orfdo yduldelolw| iurp vkruw0
whup wls0xs hyhqwv +sdshu LL,1

Lqwurgxfwlrq
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Iljxuh 7= Fduwrrq looxvwudwlqj wkh irupdwlrq ri d wls0xs srro dqg lwv hiihfwv rq dq djh0ghswk prgho +iurp
erwwrp wr wrs,1 D, xqwlo 4333 ES zrrg shdw dffxpxodwlrq xqghud iruhvw iorru dw d udwh ri 4 pp |u04uhvxowhg
lq d 5 p ghhs zrrg shdw ghsrvlw +eurzq froru,1 E, lq 4333 ES d wuhh idoov dqg h{fdydwhv d 4 p ghhs kroh lq
zklfk d wls0xs srro irupv +eoxh froru,1 Ohdi olwwhu lv lpphgldwho| ghsrvlwhg wkhuhlq1 Wkh uhvxow lv d
vhglphqwdu| jds ri 4333 |hduv1 F, <33 ES/ diwhu 433 |hduv ri udslg dffxpxodwlrq dw 43 pp |u04wkh wls0xs
srro kdv frpsohwho| iloohg +juhhq froru,/ zkhuhdv wkh shdw grph kdv jurzq e| dqrwkhu 43 fp1 Wkh uhvxow lv
d vwhhs lqfuhdvh lq wkh djh0ghswk fxuyh1 G, 3 ES/ wkh wls0xs srro ghsrvlw kdv ehhq ryhujurzq e| <3 fp ri
zrrg shdw dw d udwh ri 4 pp |u041 Wkh grwwhg/ eoxh olqh looxvwudwhv wkh wudmhfwru| zlwkrxw wls0xs srro irupdwlrq
+l1h1 shdw0grph vfdoh shdw dffxpxodwlrq,1
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Iljxuh 8= Hiihfwv ri gliihuhqw gdwlqj lqwhuydov rq sdwwhuqv ri shdw dffxpxodwlrq udwhv looxvwudwhg e| h{dpsoh
ri fruh PGP4405D +suhvhqwhg lq sdshu LLL,1 Dw gdwlqj lqwhuydov ri 3140318 p vkruw wls0xs hyhqw fdq eh
fdswxuhg +shdw dffxpxodwlrq udwh ri 59 pp |u04,1 Douhdg| dw odujhu gdwlqj lqwhuydov +A318 p, wkh wls0xs hyhqw
lv qrw fdswxuhg dq|pruh dqg wkh shdw dffxpxodwlrq fxuyh iodwwhqhg1 Wkh hiihfwv duh zruvhqhg zlwk ohvv gdwhv/
dv w|slfdo iru pdq| shdw fruh uhfrugv iurp Vrxwkhdvw Dvld +sdshu L/ LLL,1
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Shdw vzdps iruhvw g|qdplfv dqg dvvrfldwhg srro ghyhorsphqwghflvlyho| frqwuro udwhv ri fduerq dffxpxodwlrq
dw wkh plfurvlwh vfdoh dqg lq frpsdulvrq wr folpdwlf ru rwkhuh{whuqdo gulyhuv wkhvh orfdo g|qdplfv duh
uhvsrqvleoh iru wkh kljkhvw udwhv ri fduerq dffxpxodwlrq dwpxowl0ghfdgdo wr fhqwhqqldo wlphvfdohv1 Froohfwlyho|/
wls0xs srrov pdnh d vljqlilfdqw frqwulexwlrq wr wkh ryhudookljk udwhv ri fduerq dffxpxodwlrq ri shdw grphv lq
Vrxwkhdvw Dvldq dqg duh uhfrjql}hg dv wkh nh| exuldo vlwhv iru odujh sduwv ri wuhhv vxfk dv orjv dqg eudqfkhv1
Exulhg zrrg kdv ehhq irxqg ghsrvlwhg lq erwk yhuwlfdo dqg krul}rqwdo srvlwlrqv +Ilj1 9d/ sdshu LLL, dqg wklv
hqljpdwlf duudqjhphqw fdq rqo| eh h{sodlqhg e| vhglphqwdu|ghsrvlwlrq lq srrov1 Shdw irupdwlrq lq srrov lv d
qhzo| lghqwlilhg shdw dffxpxodwlrq surfhvv wkdw rshudwhv lq frqmxqfwlrq zlwk wkh surfhvv ri uhsodfhphqw0shdw
irupdwlrq e| wkh lqjurzwk ri urrwv iurp wuhhv ru vkuxev xqghud iruhvw iorru1 Lq dgglwlrq/ wkh shupdqhqw zdwhu
erglhv wkdw duh frqvwdqwo| ehlqj iruphg vhhp wr surylgh nh|0kdelwdwv iru ilvk dqg rwkhu dtxdwlf rujdqlvpv
frqilqhg wr shdw vzdpsv dqg frxog dovr eh lpsruwdqw ihdwxuhviru k|gurorjlfdo vhoi0uhjxodwlrq ri wkh grphg
shdwodqgv ri Vrxwkhdvw Dvld1

41916 Orqj0whup udwhv ri fduerq dffxpxodwlrq

Frqwlqxdoo| kljk surgxfwlrq udwhv ri uhfdoflwudqw elrpdvvwkurxjkrxw wkh |hdu dqg ghsrvlwlrq xqghu zdwhu0
orjjhg frqglwlrqv ohdg wr frpsdudwlyho| kljk udwhv ri fduerq dffxpxodwlrq lq Vrxwkhdvw Dvld1 Uhjlrqdo udwhv ri
fduerq dffxpxodwlrq zhuh fdofxodwhg e| dyhudjlqj doo dydlodeoh fruh uhfrugv iurp hyhu| jhrjudsklf shdwodqg
w|sh lqwr phdq ydoxhv iru ploohqqldo0vfdoh shulrgv dqg dovriru wkh hqwluh Krorfhqh1 Wkh Krorfhqh dyhudjh
fduerq dffxpxodwlrq udwhv gliihu pdunhgo| ehwzhhq wkh irxulghqwlilhg shdwodqg uhjlrqv1 Frdvwdo shdwodqgv dqg
wkrvh ri wkh Nxwdl edvlq kdyh kljk dyhudjh udwhv ri :: dqg 445 jF p 05|u04/ uhvshfwlyho| frpsduhg wr wkh udwhv
ri 64 dqg 55 j F p 05|u04iru Fhqwudo Ndolpdqwdq dqg Xsshu Ndsxdv edvlq shdwodqgv/ uhvshfwlyho| +Wdeoh 4/
sdshu LL/ LLL,1 Wkh orzhu dyhudjh udwhv iru wkh Krorfhqh iurpwkh odwwhu wzr uhjlrqv uhvxow iurp vljqlilfdqwo|
uhgxfhg fduerq dffxpxodwlrq udwhv ri durxqg 4; j F p05|u04gxulqj wkh Odwh Krorfhqh gulyhq e| edvh0ohyho
orzhulqj iurp vhd0ohyho idoo dqg dovr e| kljkhu Ho Ql˜r dfwlylw| +sdshu L/ LL,1 Wkhvh Odwh Krorfhqh erxqgdu|
frqglwlrqv dovr ohg wr dhurelf shdw ghfrpsrvlwlrq iurp gulhg rxw sruwlrqv ri shdw grphv dqg dvvrfldwhg fduerq
orvvhv ri 48Ñ438 j F p05|u04+sdshu LL,1 Wkhvh orz fduerq dffxpxodwlrq udwhv dqg vljqlilfdqw fduerq orvvhv
uhsodfh wkh dffxpxodwlrq hvwlpdwh ri 434 j F p05 |u04 iru wkh suhvhqw e| Ulhoh| hw do1 +533;,1 Shdw iluhv
frqwulexwhg rqo| orfdoo| wr fduerq orvvhv +l1h1 Nxwdl edvlq, dqg ghvwuxfwlyh sdohr0iluhv zhuh suhvxpdeo| pdlqo|
fdxvhg e| kxpdq dfwlylw| gxulqj gu| lqwhuydov +Krsh hw do1 5338,1 Qdwxudo shdw iluhv dsshdu wr eh h{wuhpho| uduh
dqg orfdol}hg glvwxuedqfh hyhqwv lq shdw vzdps iruhvwv wkurxjk wkh Krorfhqh +sdshu LLL,1

Ioxfwxdwlrqv lq uhjlrqdo fduerq dffxpxodwlrq udwhv gxulqjwkh Krorfhqh uhvxowhg odujho| iurp orqj0whup
k|gurfolpdwlf fkdqjhv gulyhq e| wkh suhfhvvlrqdo f|foh wkdw prgxodwhv lqvrodwlrq +sdshu LL,1 Wkh Hduo|
Krorfhqh vxpphu prqvrrq pd{lpxp +G|nrvnl hw do1 5338, uhvxowhg lq kljkhvw fduerq dffxpxodwlrq udwhv +•93
j F p 05 |u04, lq Fhqwudo Ndolpdqwdq/ zklfk zhuh deuxswo| uhgxfhg wr •73 jF p 05 |u04e| udlqidoo0ghilflwv
dvvrfldwhg zlwk wkh ;15 nd hyhqw +sdshu L/ LL,1 Frdvwdo shdwodqgv uhvsrqghg wr d pd{lpxp lq htxdwruldo
frqyhfwlyh dfwlylw| durxqg 8333 |hduv djr +Sduwlq hw do1 533:, zlwk kljkhvw dyhudjh fduerq dffxpxodwlrq udwhv
ri •<3 j F p 05|u04+sdshu LL,1

Ryhudoo/ orqj0whup fduerq dffxpxodwlrq udwhv ri VrxwkhdvwDvldq shdwodqgv duh 5Ñ7 wlphv kljkhu +88Ñ:: j F
p 05|u04/ sdshu L0LLL, wkdq uhsruwhg Krorfhqh dyhudjh udwhv ri qruwkhuq shdwodqgv +4<Ñ5< j F p05|u04/ Jrukdp
4<<4/ \x hw do1 533<,1 Wkh kljkhu dffxpxodwlrq udwhv lq Vrxwkhdvw Dvld duh wkh uhvxow ri frqvwdqw kljk elrpdvv
surgxfwlylw| iurp d 45 prqwk orqj jurzlqj vhdvrq/ zkhuhdv lqqruwkhuq shdwodqgv surgxfwlylw| dqg wkxv shdw
dffxpxodwlrq lv lqwhuuxswhg e| wkh zlqwhu vhdvrq1

Odwh Txdwhuqdu| Fduerq F|folqj ri Vrxwkhdvw Dvldq shdwodqgv 0 V|qwkhvlv
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The abundant pieces of wood buried in 
tropical peat deposits often lead to 
incompletely recovered peat profiles 
because the wood cannot be penetrated 
and cored (e.g. Polak 1933, Anderson, 
1964). Many peat cores, mainly taken with 
chamber corers, therefore seem to be less 
representative for the woody-rich peat 
deposits, because these cores did not 
recover evidence of these dense wood 
layers. Paper III of this thesis shows that 
dense wood layers up to a thickness of 30 
cm can be recovered with a modified 
Livingstone piston corer equipped with a 
serrated cutting edge (Wright et al. 1984, 
Fig. 6). Yet, there remains a misconception 
in that piston corers can somehow 
compress peat and that short piston cores 
are the result of core compression rather 
than of incomplete recovery. However, 
pore-water cannot escape the core barrel 
when a piston corer is driven into a peat 
deposit because the rubber piston 
completely seals the barrel above the 
collected peat. The core cannot be 
compressed en masse because the peat 
consists of about 90% water (paper III, 
Clymo 1983), which is incompressible 
(Wright 1993). Longitudinally cut wide-
diameter cores can be imaged with core 
scanners and the photographs allow the 
quantification of the wood content by image 
analysis – an important innovation for the 
reconstruction of deposition dynamics and 
past carbon accumulation rates (paper III). 
The amount of wood in a core strongly 
influences its bulk density, which is a critical 
parameter for the calculation of carbon 
accumulation rates and carbon pools (paper 
I, II). However, dense wood layers are 
difficult to sample in narrow intervals without compromising the structural frame of a peat core. 
Therefore the application of the non-invasive method of gamma-ray attenuation scanning is proposed 
for the fine-scale measurement of wet bulk density (paper III). This logging technique integrates the 
solid, fluid, and gaseous phase of a core, which provides an important advantage towards gravimetric 
density methods, which cannot incorporate the gas content although accumulations of free-phase gas 
can comprise a significant proportion of peat deposits (e.g. Clymo 1983, Rosenberry et al. 2003). The 
application of the gamma-ray attenuation method showed that even wood-rich peat cores still have a 
rather low dry bulk density (0.07 g cm-3, paper III) because of the presence of voids. The low bulk 
density of tropical peat necessitates downward corrections of previous estimates on the regional peat 
carbon pool (e.g. Wahyunto et al. 2003, 2004, Page et al. 2011), because those estimates are 
generally based on much higher bulk density values (paper II). Wide-diameter cores also provide more 
material for dating. A notable finding of paper III is that fossil resin is a reliable dating material that can 
be regularly found throughout core sections and might help achieving the required close dating 
intervals. Trees of the Dipterocarpaceae produce so-called damar resin that in peat swamp forests is 
heavily exuded from damaged Shorea albida branches (pers. observation). The resin drops onto the 
forest floor where it is buried in the peat. Damar resin contains diagnostic biomarkers that are resistant 
to diagenetic alteration (Dutta et al. 2010) and fossil resins can be chemically identified to family and 
generic level (Burger et al. 2011) providing an important resource for chronological and paleobotanical 
studies of Southeast Asian peatlands.  

Lqwurgxfwlrq

Er{4= Phwkrgrorjlfdo dgydqfhv iru wurslfdo shdw fruh vwxglhv1

Iljxuh 9= Shdw frulqj whfkqrorj|1 D, Gljlwdo fruh lpdjh ri
fruh GPW4404E04O iurp Gdplw +Euxqhl, zlwk d 63 fp wklfn
zrrg od|hu1 E, Fruh froohfwlrq zlwk wkh prglilhg Olylqjvwrqh
vtxduh urg slvwrq fruhu lq wkh Gdplw shdw grph +Euxqhl/
skrwr frxuwhv| ri Xopdu Judih,1 F, Wkh vhuudwhg fxwwlqj hgjh
ri wkh 43 fp zlgh fruh eduuho1
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Frpelqlqj ploohqqldo0vfdoh fduerq dffxpxodwlrq udwhv iurp wkh irxu shdwodqg uhjlrqv zlwk wkh uhfrqvwuxfwhg
shdwodqg duhdv doorzhg wkh txdqwlilfdwlrq ri sdvw udwhv ri uhjlrqdo fduerq xswdnh e| doo shdwodqgv iurp Vxpdwud
dqg Ndolpdqwdq +sdshu LL,1 Wklv uhfrqvwuxfwlrq vkrzhg wkdwwkh uhodwlyho| vpdoo ryhudoo shdwodqg duhd lq wklv
uhjlrq xqwlo 8333 fdo ES uhvxowhg lq dq dqqxdo fduerq xswdnh ri ohvv wkdq 4 Wj F |u041 Wkh udslg shdwodqg
h{sdqvlrq gulyhq e| vhd0ohyho orzhulqj ryhu wkh sdvw 8333 |hduv fdxvhg wkh fduerq xswdnh lq Vxpdwud dqg
Ndolpdqwdq wr lqfuhdvh wr d udwh ri ryhu : Wj F |u041 Dv d uhvxow ri frqvwdqw shdwodqg h{sdqvlrq gxulqj wkh Odwh
Krorfhqh wkh uhjlrqÖv shdwodqg fduerq srro urvh h{srqhqwldoo| wr ryhu 53 Sj F +sdshu LL,1

41: Wkh lqioxhqfh ri Vrxwkhdvw Dvldq shdwodqgv rq dwprvskhulf FR 5

frqfhqwudwlrqv

Wkh frpsdulvrq ri edvdo gdwhv iurp Vrxwkhdvw Dvldq dqg QruwkDphulfdq shdwodqgv lq Iljxuh : grhv qrw vxssruw
wkh qrwlrq ri Ulhoh| hw do1 +533;, wkdw wurslfdo shdwodqgv zhuh lqioxhqflqj wkh joredo fduerq f|foh hduolhu wkdq
qruwkhuq shdwodqgv1 Rqo| wkuhh shdw +uh0,lqlwldwlrq gdwhviurp Vrxwkhdvw Dvld gdwh iurp ehwzhhq 53/333 dqg
47/333 fdo ES gxulqj wkh ghjodfldwlrq dv frpsduhg wr ;9 edvdoshdw gdwhv iurp Qruwk Dphulfd +Jrukdp hw do1
533:,1 Wkh wlph zkhq erwk wurslfdo dqg qruwkhuq shdwodqgv ehfdph lqyroyhg lq wkh joredo fduerq f|foh diwhu wkh
odvw lfh0djh lv wkhuhiruh hvvhqwldoo| wkh vdph +Ilj1 :,1

Urexvw hvwlpdwhv ri fduerq xswdnh e| Vrxwkhdvw Dvldq shdwodqgv frxog qrw kdyh ehhq hvwdeolvkhg zlwkrxw wkh
fodvvlilfdwlrq ri uhjlrqdo shdwodqg w|shv1 Dv wkh irxu lghqwlilhg shdwodqg w|shv gliihu vljqlilfdqwo| lq whupv ri
wkhlu vl}h/ djh/ dqg orqj0whup fduerq dffxpxodwlrq udwhv +Wdeoh 4, rqo| e| frqvlghulqj wkhvh gliihuhqfhv fdq
uhjlrqdo uhsuhvhqwdwlyh udwhv ri fduerq xswdnh eh pdgh +sdshu L/ LL,1 Li lw lv dvvxphg wkdw Vrxwkhdvw Dvldq
shdwodqgv duh pdlqo| ri Odwh Sohlvwrfhqh ruljlq wkhq wkh hvwlpdwhg fxpxodwlyh fduerq xswdnh zrxog eh wrr kljk1
Li Odwh Krorfhqh fduerq orvvhv iurp lqodqg shdwodqgv duh qrwdghtxdwho| frqvlghuhg wkhq suh053wk fhqwxu|
hvwlpdwhv iru dqqxdo fduerq xswdnh zrxog dovr wxuq rxw wrr kljk +Ulhoh| hw do1 533;,1 Wkhuhiruh/ lqihuulqj wkh
froohfwlyh fduerq xswdnh ri doo Vrxwkhdvw Dvldq shdwodqgv iurp rqh vlqjoh fruh ri d shfxoldu shdwodqg uhjlrq +l1h1
Fhqwudo Ndolpdqwdq/ Sdjh hw do1 5337, lv plvuhsuhvhqwdwlyh1 Vlploduo| plvlqiruplqj lv wkh oxpslqj ri shdw fruh
uhfrugv iurp erwk orzodqg shdwodqgv dqg wurslfdo prxqwdlq shdwodqgv lqwr d vlqjoh Ówurslfdo shdwodqg w|shÔ/
ehfdxvh wkh yhu| vpdoo +vxe,doslqh shdwodqgv duh qrw uhsuhvhqwdwlyh ri wkh folpdwh uhjlph iru wkh h{whqvlyh
orzodqg shdwodqgv dqg uhvxowlqj phdq fduerq dffxpxodwlrq udwhv duh frqvhtxhqwo| pxfk wrr orz +451; j F
p 05|u04/ \x hw do1 5343,1

Wkh uhfrqvwuxfwlrq ri sdvw udwhv ri fduerq xswdnh dqg wkxv wkh dvvhvvphqw ri wkh uroh ri Vrxwkhdvw Dvldq
shdwodqgv lq wkh Krorfhqh fduerq f|foh kdv ehhq vljqlilfdqwo| dgydqfhg e| lqwhjudwlqj wkh wudqvihu0ixqfwlrq
edvhg shdwodqg duhd hvwlpdwhv zlwk uhjlrqdoo| uhsuhvhqwdwlyh phdq udwhv ri fduerq dffxpxodwlrq +sdshu LL,1 Wkh
uhvxowv ri wklv qhz dssurdfk vkrz wkdw Vrxwkhdvw Dvldq shdwodqgv glg qrw kdyh d vljqlilfdqw uroh lq wkh Odwh
Sohlvwrfhqh dqg Hduo| Krorfhqh fduerq f|foh1 Wkh uroh ri wurslfdo shdwodqgv lq wkh joredo fduerq f|foh lv rqh ri
Óodwhu lpsruwdqfhÔ uhvxowlqj iurp wkh zlghvsuhdg h{sdqvlrq ri frdvwdo shdwodqgv ryhu wkh sdvw 7333 |hduv1 Wklv
h{sdqvlrq dqg dvvrfldwhg lqfuhdvlqj fduerq xswdnh olnho| ohg wr dq dwprvskhulf FR5 gudzgrzq ri derxw 405
sspy +sdshu LL,1 Wkh lpsruwdqw Odwh Krorfhqh elrjhrfkhplfdo hiihfwv ri wkh Vrxwkhdvw Dvldq shdwodqgv uhsruwhg
lq wklv sdshu sduwo| frpshqvdwhg iru frqwhpsrudqhrxv elrvskhulf fduerq orvvhv pdlqo| uhodwhg wr wkh
ghvhuwlilfdwlrq ri Qruwkhuq Diulfd +Fodxvvhq hw do1 4<<</ Eurynlq hw do1 5335,1
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Krzhyhu/ fduerq dffxpxodwlrq dorqh grhv qrw uhsuhvhqw wkh ixoo hiihfw ri shdwodqgv rq wkh folpdwh v|vwhp/
ehfdxvh zhw shdwodqgv dovr hplw phwkdqh/ d srwhqw juhhqkrxvh jdv1 Wkh frpelqhg hiihfw ri FR5 xswdnh dqg FK7
uhohdvh fdq eh h{suhvvhg lq whupv ri joredo zduplqj srwhqwldo +JZS/ lq FR50htxlydohqwv,/ zklfk L ghwhuplqh
khuh iru wkh lpsruwdqw frdvwdo shdwodqgv1 Wkh JZS ri FK7 lv 67 uhodwlyh wr FR5 +lqwhjudwhg ryhu d 433 |hdu wlph0
krul}rq dqg lqfoxglqj folpdwh0fduerq ihhgedfnv/ P|kuh hw do1 5346,1 Dyhudjhg ryhu wkh sdvw ploohqqlxp wkh
orqj0whup qhw fduerq dffxpxodwlrq udwh ri frdvwdo shdwodqgv zdv rq dyhudjh 9717 j F p05 |u04+sdshu LL,/
htxlydohqw wr d FR5 xswdnh ri 5693 nj FR5 kd04|u04+@ 977 nj F kd04|u04{ +77245,,1 Wkh dyhudjh uhohdvh ri 63
nj FK 7 kd04|u04+sdshu LY, uhsuhvhqwv d JZS ri 4353 nj FR50htxly1 kd04|u04+@ 63 nj FK7 kd04|u04{ 67,1 Wkh
uhvxowlqj qhw edodqfh lv dq dqqxdo xswdnh ri 4673 nj FR50htxly1 kd04+698 nj F kd04 |u04,1 Xqghu qdwxudo
frqglwlrqv wkh h{whqvlyh frdvwdo shdwodqgv ri Vrxwkhdvw Dvld kdyh d fohdu qhw frrolqj hiihfw rq wkh joredo folpdwh
ryhu d 433 |hdu JZS wlph0krul}rq1 Zkhq wklv dyhudjh ydoxh lv xsvfdohg wr wkh 463/333 np5 frdvwdo shdwodqgv
ri htxdwruldo Vrxwkhdvw Dvld wkh wrwdo dprxqw ri qhw FR5 xswdnh zrxog eh 4:175 Wj FR50htxly1 |u04+71:8 Wj F
|u04,1

Wklv qdwxudo folpdwlf hiihfw/ krzhyhu/ lv qrw rshudwlqj dq|pruh/ ehfdxvh wurslfdo shdwodqgv kdyh ehhq
h{whqvlyho| gudlqhg dqg frqyhuwhg wr djulfxowxudo duhdv dqg duh uhjxoduo| exuqlqj +Sdjh hw do1 5335/ Plhwwlqhq
hw do1 5345,1 Dq hvwlpdwhg <3/333 np5 ri shdwodqg duh fxuuhqwo| dqwkursrjhqlfdoo| gudlqhg lq Vrxwkhdvw Dvld dqg
uhohdvh dqqxdoo| ryhu 473 Wj F |u04iurp dhurelf shdw ghfrpsrvlwlrq/ frpsduhg wr wkh qdwxudo fduerq xswdnh ri
durxqg < Wj F |u04iurp doo shdwodqgv ri Vxqgdodqg +Grppdlq hw do1 lq suhvv,1 Lqdgglwlrq/ uhjxodu shdw iluhv lq
Vxpdwud dqg Eruqhr fdxvh dq dyhudjh dqqxdo fduerq orvv ri :8 Wj F |u 04vlqfh wkh |hdu 5333 +ydq ghu Zhui hw
do1 533;,1 Wkh frpelqhg fduerq orvvhv +•553 Wj F |u04, h{fhhg wkh qdwxudo xswdnh e| d idfwru ri 58 dqg vkrz
wkdw wkh hqwluh Vrxwkhdvw Dvldq shdwodqg uhjlrq kdv uhfhqwo| vzlwfkhg iurp dq lpsruwdqw fduerq vlqn wr d joredoo|
vljqlilfdqw vrxufh ri dwprvskhulf FR5 +sdshu LL,1

Lw fdq eh frqfoxghg wkdw Vrxwkhdvw Dvldq shdwodqgv kdg d vljqlilfdqw qhjdwlyh juhhqkrxvh hiihfw rq wkh
dwprvskhuh dqg zhuh wkxv lpsruwdqw elrvskhulf folpdwlf frrohuv sulru wr wkh hud ri zlghvsuhdg dqwkursrjhqlf
ghjudgdwlrq dqg ghvwuxfwlrq1 Wkh ryhudoo qdwxudo folpdwlfhiihfw ri wkhvh wurslfdo shdwodqgv lv rq wkh 433 |hdu
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Iljxuh := Fxpxodwlyh iuhtxhqf| ri roghvw edvdo shdw gdwhv iurp Qruwk Dphulfd +Jrukdp hw do1 533:, dqg
Vrxwkhdvw Dvld +xsgdwhg vhw ri Grppdlq hw do1 5344 +sdshu L,,iru wkh sdvw 53/333 |hduv1
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JZS wlph0krul}rq glvwlqfwo| gliihuhqw iurp wkdw ri qruwkhuq shdwodqgv/ zklfk kdyh d folpdwlf zduplqj hiihfw
ru dfw folpdwlf qhxwudo rq wklv wlph iudph ehfdxvh ri wkhlu orzhu phdq udwhv ri dqqxdo fduerq dffxpxodwlrq dqg
uhodwlyho| kljkhu hplvvlrqv ri phwkdqh +Urxohw 5333/ Zklwlqj ) Fkdqwrq 5334/ Iuleruj hw do1 5336/ Ydvdqghu
) Nhwwxqhq 5339,1 Lq hvvhqfh/ wurslfdo shdwodqgv ri Vrxwkhdvw Dvld zhuh wkh vwurqjhvw fduerq vlqnv ri doo
shdwodqgv joredoo|1 Wkhvh qhz uhvxowv hpskdvl}h wkdw lw lv fulwlfdo wr lqfoxgh wurslfdo shdwodqgv lq ixwxuh
vlpxodwlrqv ri joredo folpdwh0fduerq f|foh prghov1

Ehfdxvh lw frxog eh uhfrjql}hg wkdw Vrxwkhdvw Dvldq shdwodqgv lq wkhlu qdwxudo vwdwh h{huwhg dq lpsruwdqw folpdwlf
frrolqj hiihfw wkurxjk qhw juhhqkrxvh jdv uhprydo iurp wkh dwprvskhuh/ wkh rqjrlqj shdwodqg ghjudgdwlrq dqg
ghvwuxfwlrq kdv wr eh frqvlghuhg d joredo hqylurqphqwdo glvdvwhu dv lw wxuqv wkhvh hfrv|vwhpv lqwr vljqlilfdqw
fduerq vrxufhv1 Hyhu| dwwhpsw lq surwhfwlqj wkh odvw shdw vzdps iruhvwv lq Vrxwkhdvw Dvld qhhgv ixoo qdwlrqdo
dqg lqwhuqdwlrqdo vxssruw/ lq rughu wr pdlqwdlq wkh lpsruwdqw folpdwh uhjxodwlrq ixqfwlrq ri xqgudlqhg shdw
vzdps iruhvwv/ exw dovr wr vwrs wkh lqkhuhqw dqg luuhwulhydeoh elrglyhuvlw| orvvhv iurp ghiruhvwdwlrq dqg gudlqdjh1
L krsh wklv wkhvlv surylghv lpsruwdqw dujxphqwv iru wkh orqj0whup surwhfwlrq dqg uhkdelolwdwlrq ri wkh xqltxh
htxdwruldo shdwodqgv ri Vrxwkhdvw Dvld1
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41; Uhihuhqfhv

Doguldq/ H1 ) Vxvdqwr/ U1G1 +5336, Lghqwlßfdwlrq ri wkuhh grplqdqw udlqidoo uhjlrqv zlwklq Lqgrqhvld dqg wkhlu
uhodwlrqvkls wr vhd vxuidfh whpshudwxuh1Lqwhuqdwlrqdo Mrxuqdo ri Folpdwrorj|/ 56/ 4768Ñ47851
Dqghuvrq/ M1D1U1 +4<94d,Wkh hfrorj| dqg iruhvw w|shv ri wkh shdw vzdps iruhvwv ri Vdudzdn dqg Euxqhl lq
uhodwlrq wr wkhlu vloylfxowxuh1 Grfwrudo glvvhuwdwlrq/ Xqlyhuvlw| ri Hglqexujk/ X1N1
Dqghuvrq/ M1D1U1 +4<94e, Wkh ghvwuxfwlrq ri Vkruhd doelgd iruhvw e| dq xqlghqwlilhg lqvhfw1Hpsluh Iruhvwu|
Uhylhz/ 73/ 4<Ñ5<1
Dqghuvrq/ M1D1U1 +4<96, Wkh iorud ri wkh shdw vzdps iruhvwv ri Vdudzdn dqg Euxqhl/ lqfoxglqj d fdwdorjxh ri
doo uhfrughg vshflhv ri iorzhulqj sodqwv/ ihuqv dqg ihuq doolhv1Jdughqv Exoohwlq/ Vlqjdsruh/ 53/ 464Ñ55;1
Dqghuvrq/ M1D1U1 +4<97, Wkh vwuxfwxuh dqg ghyhorsphqw ri wkh shdw vzdpsv ri Vdudzdn dqg Euxqhl1Wkh
Mrxuqdo ri Wurslfdo Jhrjudsk|/ 4;/ :Ñ491
Dqghuvrq/ M1D1U1 +4<;6, Wkh wurslfdo shdw vzdpsv ri zhvwhuqPdohvld1 Lq= Jruh/ D1M1S1 +hg1,Hfrv|vwhpv ri
wkh Zruog 7E1 Pluhv= Vzdps/ Erj/ Ihq dqg Prru1 Uhjlrqdo Vwxglhv1 Hovhylhu/ Dpvwhugdp/ Qhz \run/ ss1
4;4Ñ4<<1
Dqghuvrq/ M1D1U1 ) Pxoohu/ M1 +4<:8, Sdo|qrorjlfdo vwxg| rid Krorfhqh shdw dqg d Plrfhqh frdo ghsrvlw iurp
QZ Eruqhr1Uhylhz ri Sdodhrerwdq| dqg Sdo|qrororj|/ 4</ 5<4Ñ6841
Dqghuvrq/ M1P1/ Surfwru/ M1 ) Ydoodfn/ K1Z1 +4<;6, Hfrorjlfdo vwxglhv lq irxu frqwudvwlqj orzodqg udlq iruhvwv
lq Jxqxqj Pxox Qdwlrqdo Sdun/ Vdudzdn= LLL1 Ghfrpsrvlwlrq surfhvvhv dqg qxwulhqw orvvhv iurp ohdi olwwhu1
Mrxuqdo ri Hfrorj|/ :4/ 836Ñ85:1
Dqvkdul/ J1/ Nhuvkdz/ D1S1 ) ydq ghu Ndduv/ V1 +5334, D Odwh Sohlvwrfhqh dqg Krorfhqh sroohq dqg fkdufrdo
uhfrug iurp shdw vzdps iruhvw/ Odnh Vhqwduxp Zlogolih Uhvhuyh/ Zhvw Ndolpdqwdq/ Lqgrqhvld1
Sdodhrjhrjudsk|/ Sdodhrfolpdwrorj|/ Sdodhrhfrorj|/ 4:4/ 546Ñ55;1
Dqvkdul/ J1/ Nhuvkdz/ D1S1/ ydq ghu Ndduv/ V1 ) Mdfrevhq/ J1 +5337, Hqylurqphqwdo fkdqjh dqg shdwodqg iruhvw
g|qdplfv lq wkh Odnh Vhqwduxp duhd/ Zhvw Ndolpdqwdq/ Lqgrqhvld1Mrxuqdo ri Txdwhuqdu| Vflhqfh/ 4</
96:Ñ9881
Elug/ P1L1/ Wd|oru/ G1 ) Kxqw/ F1 +5338, Sdodhrhqylurqphqwvri lqvxodu Vrxwkhdvw Dvld gxulqj wkh Odvw Jodfldo
Shulrg= d vdydqqd fruulgru lq VxqgdodqgB1Txdwhuqdu| Vflhqfh Uhylhzv/ 57/ 555;Ñ55751
Eodlqh/ G1/ Pxugl|duvr/ G1/ Frxzhqehuj/ M1/ Qdjdwd/ R1/ Uhqrx0Zlovrq/ I1/ Vlulq/ D1/ Vwudfn/ P1/ Wxlwwlod/ H1V1
) Zlovrq/ G1 +5347, Fkdswhu 61 Uhzhwwhg rujdqlf vrlov1 Lq= Kludlvkl/ W1/ Nuxj/ W1/ Wdqdeh/ N1/ Vulydvwdyd/ Q1/
Eddvdqvxuhq/ M1/ Ixnxgd/ P1 ) Wur{ohu/ W1J1 +hgv,LSFF 5347/ 5346 Vxssohphqw wr wkh 5339 LSFF Jxlgholqhv
iru Qdwlrqdo Juhhqkrxvh Jdv Lqyhqwrulhv= Zhwodqgv1 LSFF/ Jhqhyd/ ss1 614Ñ61751
Eudg|/ P1D1 +4<<:,Rujdqlf Pdwwhu G|qdplfv ri Frdvwdo Shdw Ghsrvlwv lq Vxpdwud/ Lqgrqhvld1 Sk1G wkhvlv/
Xqlyhuvlw| ri Eulwlvk Froxpeld1
Eurhfnhu/ Z1V1/ O|qfk0Vwlhjolw}/ M1/ Fodun/ H1/ Kdmgdv/ L1) Erqdql J1 +5334, Zkdw fdxvhg wkh dwprvskhuhÖv
FR5 frqwhqw wr ulvh gxulqj wkh odvw ;333 |hduvBJhrfkhplvwu|/ Jhrsk|vlfv/ Jhrv|vwhpv / 5/
4395/grl=431435<25334JF3334::1
Eurynlq/ Y1/ Ehqgwvhq/ M1/ Fodxvvhq/ P1/ Jdqrsrovnl/ D1/ Nxedw}nl/ F1/ Shwrxnkry/ Y1 ) Dqguhhy/ D1 +5335,
Fduerq f|foh/ yhjhwdwlrq/ dqg folpdwh g|qdplfv lq wkh Krorfhqh= h{shulphqwv zlwk wkh FOLPEHU05 prgho1
Joredo Elrjhrfkhplfdo F|fohv / 49/ ;904Ñ;90531
Eu¡qlj/ H1I1 +4<97, D vwxg| ri gdpdjh dwwulexwhg wr oljkwqlqj lq wzr duhdv ri Vkruhd doelgd iruhvw lq Vdudzdn/
Frpprqzhdowk Iruhvwu| Uhylhz/ 76/ 467Ñ4771
Euxhqlj/ H1I1 +4<<3, Roljrwursklf iruhvwhg zhwodqgv lq Eruqhr1 Lq= Oxjr/ D1H1/ Eulqvrq/ P1 ) Eurzq/ V1 +hgv1,
Hfrv|vwhpv ri wkh Zruog 481 Iruhvwhg Zhwodqgv1 Hovhylhu/ Dpvwhugdp/ R{irug/ Qhz \run/ Wrn|r/ ss1 5<<Ñ6671
Exujhu/ S1/ Fkduul•0Gxkdxw/ D1/ Frqqdq/ M1 ) Doeuhfkw/ S1 +5344, Wd{rqrplf fkdudfwhulvdwlrq ri iuhvk
Glswhurfdusdfhdh uhvlqv e| jdv fkurpdwrjudsk|Ñpdvv vshfwurphwu| +JFÑPV,= Surylglqj foxhv iru
lghqwlilfdwlrq ri xqnqrzq dufkdhrorjlfdo uhvlqv1Dufkdhrorjlfdo dqg Dqwkursrorjlfdo Vflhqfhv/ 6/ 4;8Ñ5331
Fdphurq/ F1F1/ Hvwhuoh/ M1V1 ) Fxuwlv/ D1S1 +4<;<, Wkh jhrorj|/ erwdq| dqg fkhplvwu| ri vhohfwhg shdw0iruplqj
hqylurqphqwv iurp whpshudwh dqg wurslfdo odwlwxghv1Lqwhuqdwlrqdo Mrxuqdo ri Frdo Jhrorj|/ 45/ 438Ñ4891
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Fkulvwhqvhq/ W1U1/ Suhqwlfh/ L1F1/ Ndsodq/ M1/ Kd{howlqh/D1 ) Vlwfk/ V1 +4<<9, Phwkdqh iox{ iurp qruwkhuq
zhwodqgv dqg wxqgud1Whooxv E/ 7;/ 985Ñ9941
Fkulvwhqvhq/ W1U1/ Hnehuj/ D1/ Vwuœp/ O1/ Pdvwhsdqry/ P1/ Sdqlnry/ Q1/ ‡txlvw/ P1/ Vyhqvvrq/ E1K1/ Q|nŒqhq/
K1/ Pduwlndlqhq/ S1M1 ) Rvnduvvrq/ K1 +5336, Idfwruv frqwuroolqj odujh vfdoh yduldwlrqv lq phwkdqh hplvvlrqv
iurp zhwodqgv1Jhrsk|vlfdo Uhvhdufk Ohwwhuv/ 63/ 4747/ grl=431435<25335JO349;7;1
Fodun/ S1X1/ G|nh/ D1V1/ Vkdnxq/ M1G1/ Fduovrq/ D1H1/ Fodun/ M1/ Zrkoiduwk/ E1/ Krvwhwohu/ V1Z1 ) PfFdeh/ D1P1
+533<, Wkh Odvw Jodfldo Pd{lpxp1Vflhqfh/ 658/ :43Ñ:471
Fodun/ S1X1/ Vkdnxq/ M1G1/ Ednhu/ S1D1/ Eduwohlq/ S1M1/ Euhzhu/ V1/ Eurrn/ H1/ Fduovrq/ D1H1/ Fkhqj/ K1/ Ndxipdq/
G1V1/ Olx/ ]1/ Pdufklwwr/ W1P1/ Pl{/ D1F1/ Pruuloo/ F1/ Rwwr0Eolhvqhu/ E1O1/ Sdkqnh/ N1/ Uxvvhoo/ M1P1/ Zklworfn/
F1/ Dgnlqv/ M1I1/ Eorlv/ M1O1/ Fodun/ M1/ Fropdq/ V1P1/ Fxuu|/ Z1E1/ Iorzhu/ E1S1/ Kh/ I1/ Mrkqvrq/ W1F1/ O|qfk0
Vwlhjolw}/ M1/ Pdunjudi/ Y1/ PfPdqxv/ M1/ Plwurylfd/ M1[1/Pruhqr/ S1L1 ) Zlooldpv/ M1Z1 +5345, Joredo folpdwh
hyroxwlrq gxulqj wkh odvw ghjodfldwlrq1Surfhhglqjv ri wkh Qdwlrqdo Dfdghp| ri Vflhqfhv/ 43</ H4467ÑH44751
Fodxvvhq/ P1/ Nxedw}nl/ F1/ Eurynlq/ Y1/ Jdqrsrovnl/ D1/ Krho}pdqq/ S1 ) Sdfkxu/ K1 M1 +4<<<, Vlpxodwlrq ri
dq deuxsw fkdqjh lq Vdkdudq yhjhwdwlrq lq wkh plg0Krorfhqh1Jhrsk|vlfdo Uhvhdufk Ohwwhuv/ 59/ 536:Ñ53731
Fo|pr/ U1V1 +4<;6, Shdw1 Lq= Jruh/ D1M1S1 +hg1,Hfrv|vwhpv ri wkh Zruog 7D1 Pluhv= Vzdps/ Erj/ Ihq dqg
Prru1 Jhqhudo Vwxglhv1 Hovhylhu/ Dpvwhugdp/ Qhz \run/ ss1 48<Ñ5571
Fo|pr/ U1V1 +4<;7, Wkh olplwv wr shdw erj jurzwk1Sklorvrsklfdo Wudqvdfwlrqv ri wkh Ur|do Vrflhw| ri Orqgrq
E/ 636/ 938Ñ9871
Fo|pr/ U1V1/ Wxuxqhq/ M1 ) Wrorqhq/ N1 +4<<;, Fduerq dffxpxodwlrq lq shdwodqg1Rlnrv/ ;4/ 69;Ñ6;;1
Free/ M1F1 ) Fhflo/ F1E1 +4<<6,Prghuq dqg Dqflhqw Frdo0Iruplqj Hqylurqphqwv1 Jhrorjlfdo Vrflhw| ri
Dphulfd Vshfldo Sdshu 5;91 JVD/ Erxoghu1
Fruohww/ U1W1 +533<,Wkh Hfrorj| ri Wurslfdo Hdvw Dvld1 R{irug Xqlyhuvlw| Suhvv1
Frxzhqehuj/ M1 ) Mrrvwhq/ K1 +4<<<, Srrov dv plvvlqj olqnv= wkh uroh ri qrwklqj lq wkh ehlqj ri pluhv1 Lq=
Vwdqghq/ Y1M1/ Wdoolv M1K1 ) Phdgh/ U1 +hgv1,Sdwwhuqhg Pluhv dqg Pluh Srrov Ñ Ruljlq dqg Ghyhorsphqw/ Iorud
dqg Idxqd1 Eulwlvk Hfrorjlfdo Vrflhw|/ Orqgrq/ ss1 ;:Ñ4351
Ghqwrq/ J1K1/ Dqghuvrq/ U1I1/ Wrjjzhlohu/ M1U1/ Hgzdugv/ U1O1/ Vfkdhihu/ M1P1 ) Sxwqdp/ D1H1 +5343, Wkh
odvw jodfldo whuplqdwlrq1Vflhqfh/ 65;/ 4985Ñ49891
Glhprqw/ Z1K1 ) ydq Uhxohu/ K1 +4<;7,Sk|vlrjudsk| dqg S|ulwh Irupdwlrq lq Ehuedn/ Vxpdwud/ Lqgrqhvld1
Uhvhdufk Lqvwlwxwh iru Qdwxuh Pdqdjhphqw +ULQ,/ Duqkhp1
Glhprqw/ Z1K1 ) Srqv/ O1M1 +4<<5, D suholplqdu| qrwh rq shdw irupdwlrq dqg joh|lqj lq wkh Pdkdndp lqodqg
àrrgsodlq/ Hdvw Ndolpdqwdq/ Lqgrqhvld1 Lq= Dplqxgglq/ E1\1/ Wdq/ V1O1/ D}l}/ E1/ Vdp|/ M1/ Vdopdk/ ]1/ Vlwl
Shwlpdk/ K1 ) Fkrr/ V1W1 +hgv1,Surfhhglqjv ri wkh Lqwhuqdwlrqdo V|psrvlxp rq Wurslfdo Shdwodqg/ 9043 Pd|
4<<4/ Nxfklqj/ Vdudzdn/ Pdod|vld1 Pdod|vldq Djulfxowxudo Uhvhdufk dqg Ghyhorsphqw Lqvwlwxwh/ Nxdod
Oxpsxu/ ss1 :7Ñ;31
GlQh}lr/ S1Q1 ) Wlhuqh|/ M1H1 +5346, Wkh hiihfw ri vhd ohyho rq jodfldo Lqgr0Sdflilf folpdwh1Qdwxuh
Jhrvflhqfh / 9/ 7;8Ñ7<41
Grppdlq/ U1/ Frxzhqehuj/ M1 ) Mrrvwhq/ K1 +5343, K|gurorjlfdo vhoi0uhjxodwlrq ri grphg shdw vzdpsv lq
vrxwk0hdvw Dvld dqg frqvhtxhqfhv iru frqvhuydwlrq dqg uhvwrudwlrq1Pluhv ) Shdw/ 9 +38,/ 4Ñ4:1
Grppdlq/ U1/ Frxzhqehuj/ M1 ) Mrrvwhq/ K1 +5344, Ghyhorsphqw dqg fduerq vhtxhvwudwlrq ri wurslfdo shdw
grphv lq vrxwk0hdvw Dvld= olqnv wr srvw0jodfldo vhd0ohyho fkdqjhv dqg Krorfhqh folpdwh yduldelolw|1Txdwhuqdu|
Vflhqfh Uhylhzv/ 63/ <<<Ñ43431
Grppdlq/ U1/ Frxzhqehuj/ M1/ Jodvhu/ S1K1/ Mrrvwhq/ K1 ) Vxu|dglsxwud/ L1Q1Q1 +5347, Fduerq vwrudjh dqg
uhohdvh lq Lqgrqhvldq shdwodqgv vlqfh wkh odvw ghjodfldwlrq1Txdwhuqdu| Vflhqfh Uhylhzv/ <:/ 4Ñ651
Grppdlq/ U1/ Glwwulfk/ L1/ Jlhvhq/ Z1/ Mrrvwhq/ K1/ Udlv/ G1V1/ Vloylxv/ P1 ) Zlelvrqr/ L1W1F1 +lq suhvv,
Hfrv|vwhp vhuylfhv/ ghjudgdwlrq dqg uhvwrudwlrq ri shdw vzdpsv lq wkh Vrxwkhdvw Dvldq wurslfv1 Lq= Erqq/ D1/
Doorww/ W1/ Hydqv/ P1/ Mrrvwhq/ K1 ) Vwrqhpdq/ U1 +hgv1,Shdwodqg Uhvwrudwlrq dqg Hfrv|vwhp Vhuylfhv=
Vflhqfh/ Sudfwlfh/ Srolf|1 Fdpeulgjh Xqlyhuvlw| Suhvv/ Fdpeulgjh1
Gxqilhog/ S1/ Gxprqw/ U1 ) Prruh/ W1U1 +4<<6, Phwkdqh surgxfwlrq dqg frqvxpswlrq lq whpshudwh dqg
vxedufwlf shdw vrlov= uhvsrqvh wr whpshudwxuh dqg sK1Vrlo Elrorj| dqg Elrfkhplvwu|/ 58/ 654Ñ6591



58

Gxwwd/ V1/ Pdoolfn/ P1/ Pdwkhzv/ U1S1/ Pdqq/ X1/ Juhhqzrrg/S1I1 ) Vd{hqd/ U1 +5343, Fkhplfdo frpsrvlwlrq
dqg sdodhrerwdqlfdo ruljlq ri Plrfhqh uhvlqv iurp Nhudod0Nrqndq frdvw/ zhvwhuq Lqgld1Mrxuqdo ri Hduwk
V|vwhp Vflhqfh/ 44</ :44Ñ:491
G|nrvnl/ F1D1/ Hgzdugv/ U1O1/ Fkhqj/ K1/ \xdq/ G1/ Fdl/ \1/ ]kdqj/ P1/ Olq/ \1/ Tlqj/ M1/ Dq/ ]1 ) Uhyhqdxjk/
M1 +5338,1 D kljk0uhvroxwlrq/ devroxwh0gdwhg Krorfhqh dqgghjodfldo Dvldq prqvrrq uhfrug iurp Grqjjh Fdyh/
Fklqd1Hduwk dqg Sodqhwdu| Vflhqfh Ohwwhuv/ 566/ :4Ñ;91
Iuleruj/ W1/ Vrhjddug/ K1/ Fkulvwhqvhq/ W1U1/ Oor|g/ F1 U1 )Sdqlnry/ Q1V1 +5336, Vlehuldq zhwodqgv= Zkhuh d
vlqn lv d vrxufh1Jhrsk|vlfdo Uhvhdufk Ohwwhuv/ 63/ 545</ grl=431435<25336JO34::<:1
Iuronlqj/ V1 ) Urxohw/ Q1 W1 +533:, Krorfhqh udgldwlyh iruflqj lpsdfw ri qruwkhuq shdwodqg fduerq
dffxpxodwlrq dqg phwkdqh hplvvlrqv1Joredo Fkdqjh Elrorj| / 46/ 43:<Ñ43;;1
Iuronlqj/ V1/ Urxohw/ Q1 ) Ixjohvwyhgw/ M1 +5339, Krz qruwkhuq shdwodqgv lqioxhqfh wkh Hduwk*v udgldwlyh exgjhw=
Vxvwdlqhg phwkdqh hplvvlrq yhuvxv vxvwdlqhg fduerq vhtxhvwudwlrq1Mrxuqdo ri Jhrsk|vlfdo Uhvhdufk=
Elrjhrvflhqfhv / 444/ J3433;/ grl=431435<25338MJ3333<41
Jdvwdogr/ U1D1 ) Vwdxe/ M1U1 +4<<<, D phfkdqlvp wr h{sodlq wkh suhvhuydwlrq ri ohdi olwwhu ohqvhv lq frdov
ghulyhg iurp udlvhg pluhv1Sdodhrjhrjudsk|/ Sdodhrfolpdwrorj|/ Sdodhrhfrorj|/ 47</ 4Ñ471
Jlhvhq/ Z1 +5346,Sdoxglfxowxuh= vxvwdlqdeoh dowhuqdwlyhv rq ghjudghg shdwodqg lq Lqgrqhvld1 TDQV Dfwlylw|
616= Txlfn Dvvhvvphqw dqg Qdwlrqzlgh Vfuhhqlqj ri Shdw dqg Orzodqg Uhvrxufhv dqg Dfwlrq Sodqqlqj iru wkh
Lpsohphqwdwlrq ri d Qdwlrqdo Orzodqg Vwudwhj|1 Hxurfrqvxow Prww PdfGrqdog/ Duqkhp1
Jlhvhq/ Z1 ) Grppdlq/ U1 +5345, H{sorudwru| vxuyh|v lq wkh SW1 Flswd Gdyld Pdqglul duhd lq Pxdud
Dqfdorqj Vxe0Glvwulfw/ Hdvw Ndolpdqwdq1 Prghov iru vxvwdlqdeoh shdwodqg ghyhorsphqw dqg frqvhuydwlrq lq
Lqgrqhvld1 Hxurfrqvxow Prww PdfGrqdog/ Duqkhp1
Jodvhu/ S1 +4<<5, Yhjhwdwlrq dqg zdwhu fkhplvwu|1 Lq= Zuljkw/ K1 H1/ Friilq/ E1 ) Ddvhqj/ Q1 H1 +hgv1,Wkh
sdwwhuqhg shdwodqgv ri Plqqhvrwd1 Xqlyhuvlw| ri Plqqhvrwd Suhvv/ Plqqhdsrolv/ ss1 48Ñ591
Jodvhu/ S1K1 ) Mdqvvhqv/ M1D1 +4<;9, Udlvhg erjv lq Qruwk Dphulfd= wudqvlwlrqv lq odqgirupv dqg jurvv
vwudwljudsk|1Fdqdgldq Mrxuqdo ri Erwdq|/ 97/ 6<8Ñ7481
Jodvhu/ S1K1/ Zkhhohu/ J1D1/ Jrukdp/ H1 ) Zuljkw Mu/ K1H1 +4<;4, Wkh sdwwhuqhg pluhv ri wkh Uhg Odnh
shdwodqg/ qruwkhuq Plqqhvrwd= yhjhwdwlrq/ zdwhu fkhplvwu| dqg odqgirupv1Mrxuqdo ri Hfrorj|/ 9</ 8:8Ñ8<<1
Jodvhu/ S1K1/ Kdqvhq/ E1/ Vlhjho/ G1L1/ Uhhyh/ D1V1 ) Prulq/S1M1 +5337, Udwhv/ sdwkzd|v dqg gulyhuv iru
shdwodqg ghyhorsphqw lq wkh Kxgvrq Ed| Orzodqgv/ qruwkhuq Rqwdulr/ Fdqdgd1Mrxuqdo ri Hfrorj|/ <5/
4369Ñ43861
Jodvhu/ S1K1/ Yrolq/ M1F1/ Jlyqlvk/ W1M1/ Kdqvhq/ E1 ) Vwulfnhu/ F1D1 +5345, Fduerq dqg vhglphqw dffxpxodwlrq
lq wkh Hyhujodghv +XVD, gxulqj wkh sdvw 7333 |hduv= udwhv/ gulyhuv/ dqg vrxufhv ri huuru1Mrxuqdo ri Jhrsk|vlfdo
Uhvhdufk= Elrjhrvflhqfhv/ 44:/ J36359/ grl=431435<25344MJ334;541
Jruh/ D1M1S1 +4<;6,Hfrv|vwhpv ri wkh Zruog 7E1 Pluhv= Vzdps/ Erj/ Ihq dqg Prru1 Uhjlrqdo Vwxglhv1
Hovhylhu/ Dpvwhugdp/ Qhz \run1
Jrukdp/ H1 +4<<4, Qruwkhuq shdwodqgv= uroh lq wkh fduerq f|foh dqg suredeoh uhvsrqvhv wr folpdwlf zduplqj1
Hfrorjlfdo Dssolfdwlrqv/ 4/ 4;5Ñ4<81
Jrukdp/ H1/ Ohkpdq/ F1/ G|nh/ D1/ Mdqvvhqv/ M1 ) G|nh/ O1 +533:, Whpsrudo dqg vsdwldo dvshfwv ri shdwodqg
lqlwldwlrq iroorzlqj ghjodfldwlrq lq Qruwk Dphulfd1Txdwhuqdu| Vflhqfh Uhylhzv/ 59/ 633Ñ6441
Jurvvh0Eudxfnpdqq/ J1 +5339, Euxfkzdogwruih xqg EuxfkzŒoghu Ñ ]xu Iudjh ghu Hqwvwhkxqj yrq Wruihq plw
Kro}uhvwhq1Dufkly i¡u Qdwxuvfkxw} xqg Odqgvfkdiwviruvfkxqj/ 78/ 5<Ñ741
Kdplowrq/ M1G1/ Nhoo|/ F1D1/ Uxgg/ M1Z1P1/ Khvvohlq/ U1K1 )Urxohw Q1W1 +4<<7, Iox{ wr wkh dwprvskhuh ri
FK7 dqg FR5 iurp zhwodqg srqgv rq wkh Kxgvrq Ed| orzodqgv +KEOv,1Mrxuqdo ri Jhrsk|vlfdo Uhvhdufk/
<</ 47<8Ñ48431
Kdqhexwk/ W1/ Vwdwwhjjhu/ N1 ) Jurrwhv/ S1P1 +5333, Udslg àrrglqj ri wkh Vxqgd Vkhoi= d odwh0jodfldo vhd0ohyho
uhfrug1Vflhqfh/ 5;;/ 4366Ñ43681
Kdvhogrqfn{/ S1 +4<::, Wkh sdo|qrorj| ri d Krorfhqh pdujlqdo shdw vzdps hqylurqphqw lq Mrkruh/ Pdod|vld1
Uhylhz ri Sdodhrerwdq| dqg Sdo|qrorj|/ 57/ 55:Ñ56;1

Lqwurgxfwlrq
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Khqgrq/ K1K1 +5336, Lqgrqhvldq udlqidoo yduldelolw|= Lpsdfwv ri HQVR dqg orfdo dlu0vhd lqwhudfwlrq1Mrxuqdo
ri Folpdwh/ 49/ 4::8Ñ4:<31
Krsh/ J1/ Fkrnndolqjdp/ X1 ) Dqzdu/ V1 +5338, Wkh vwudwljudsk| dqg ßuh klvwru| ri wkh Nxwdl shdwodqgv/
Ndolpdqwdq/ Lqgrqhvld1Txdwhuqdu| Uhvhdufk/ 97/ 73:Ñ74:1
LM}hupdq/ M1Z1/ ydq Ehpphohq/ M1I1/ Nrrughuv/ V1K1 ) Ednkxlv/ O1D1 +4;<8,Gzduv grru Vxpdwud1 Wrfkw ydq
Sdgdqj qddu Vldn1 Erkq/ Kdduohp 2 Nroii/ Edwdyld1
Lqghup¡koh/ D1/ Vwrfnhu/ W1I1/ Mrrv/ I1/ Ilvfkhu/ K1/ Vplwk/ K1M1/ Zdkohq/ P1/ Ghfn/ E1/ Pdvwurldqql/ G1/
Wvfkxpl/ M1/ Eoxqlhu/ W1/ Ph|hu/ U1 ) Vwdxiihu/ E1 +4<<<, Krorfhqh fduerq0f|foh g|qdplfv edvhg rq FR5
wudsshg lq lfh dw Wd|oru Grph/ Dqwdufwlfd1Qdwxuh/ 6<;/ 454Ñ4591
Lqjohww/ N1V1/ Lqjohww/ S1Z1/ Uhgg|/ N1U1 ) Rveruqh/ W1]1 +5345, Whpshudwxuh vhqvlwlylw| ri juhhqkrxvh jdv
surgxfwlrq lq zhwodqg vrlov ri gliihuhqw yhjhwdwlrq1Elrjhrfkhplvwu| / 43;/ ::Ñ<31
Mrrvwhq/ K1 +4<<6, Ghqnhq zlh hlq Krfkprru= K|gurorjlvfkh Vhoevwuhjxodwlrq yrq Krfkprruhq xqg ghuhq
Ehghxwxqj i¡u ZlhghuyhuqŒvvxqj xqg Uhvwdxudwlrq1Whopd/ 56/ <8Ñ4481
Nkr/ O1N1/ Pdokl/ \1 ) Wdq/ V1N1V1 +5346,1 Dqqxdo exgjhw dqg vhdvrqdo yduldwlrq ri deryhjurxqg dqg
ehorzjurxqg qhw sulpdu| surgxfwlylw| lq d orzodqg glswhurfdus iruhvw lq Eruqhr1Mrxuqdo ri Jhrsk|vlfdo
Uhvhdufk= Elrjhrvflhqfhv/ 44;/ 45;5Ñ45<91
Nlhqdvw/ P1/ Kdqhexwk/ W1M1/ Shohmhur/ F1 ) Vwhlqnh/ V1 +5336, V|qfkurqhlw| ri phowzdwhu sxovh 4d dqg wkh
EÁoolqj zduplqj= Qhz hylghqfh iurp wkh Vrxwk Fklqd Vhd1Jhrorj| / 64/ 9:Ñ:31
Nohlqhq/ W1/ Eurynlq/ Y1/ yrq Eork/ Z1/ Dufkhu/ G1 dqg Pxqkryhq/ J1 +5343, Krorfhqh fduerq f|foh g|qdplfv1
Jhrsk|vlfdo Uhvhdufk Ohwwhuv/ 6:/ O35:38/ grl=431435<2533<JO3746<41
Nrukrod/ D1/ Uxssho/ P1/ VhssŒ/ K1/ YŒoludqwd/ P1/ Yluwdqhq/ W1 ) Zhfnvwuœp/ M1 +5343, Wkh lpsruwdqfh ri
qruwkhuq shdwodqg h{sdqvlrq wr wkh odwh0Krorfhqh ulvh ri dwprvskhulf phwkdqh1Txdwhuqdu| Vflhqfh Uhylhzv/
5</ 944Ñ94:1
Nrwwhodw/ P1/ Eulw}/ U1/ Kxl/ W1 K1 ) Zlwwh/ N1H1 +5339, Sdhgrf|sulv/ d qhz jhqxv ri Vrxwkhdvw Dvldq f|sulqlg
ilvk zlwk d uhpdundeoh vh{xdo glprusklvp/ frpsulvhv wkh zruog*v vpdoohvw yhuwheudwh1Surfhhglqjv ri wkh Ur|do
Vrflhw| E= Elrorjlfdo Vflhqfhv/ 5:6/ ;<8Ñ;<<1
Nxku|/ S1 ) Wxuxqhq/ M1 +5339, Wkh srvwjodfldo ghyhorsphqw ri eruhdo dqg vxedufwlf shdwodqgv1 Lq= Zlhghu/ U1N
) Ylww/ G1K1 +hgv1,Eruhdo Shdwodqg Hfrv|vwhpv1 Hfrorjlfdo Vwxglhv/ Yro1 4;;1 Vsulqjhu/ Ehuolq/ Khlghoehuj/
ss1 58Ñ791
Odpehfn/ N1 +5344, Jodflr0K|gur Lvrvwdv|1 Lq= Krsoh|/ G1 +hg1,Hqf|forshgld ri Prghuq Frudo Uhhiv=
Vwuxfwxuh/ Irup dqg Surfhvv1 Hqf|forshgld ri Hduwk Vflhqfhv1 Vsulqjhu/ Gruguhfkw/ ss1 7<4Ñ7<:1
PdfGrqdog/ J1P1/ Ehlopdq/ G1Z1/ Nuhphqhwvnl/ N1Y1/ Vkhqj/\1/ Vplwk/ O1F1 ) Yholfknr/ D1D1 +5339, Udslg
hduo| ghyhorsphqw ri flufxpdufwlf shdwodqgv dqg dwprvskhulf FK 7 dqg FR5 yduldwlrqv1Vflhqfh/ 647/ 5;8Ñ5;;1
PdfNlqqrq/ N1/ Kdwwd/ J1/ Kdolp/ K1 ) Pdqjdoln/ D1 +4<<9,Wkh Hfrorj| ri Lqgrqhvld Vhulhv1 Yroxph LLL= Wkh
Hfrorj| ri Ndolpdqwdq +Lqgrqhvldq Eruqhr,1 R{irug Xqlyhuvlw| Suhvv1
Pdwwkhzv/ H1 +5333, Zhwodqgv1 Lq= Nkdolo/ P1D1N1 +hg1,Dwprvskhulf phwkdqh1 Lwv uroh lq wkh joredo
hqylurqphqw1 Vsulqjhu/ Qhz \run/ ss1 535Ñ5661
Plhwwlqhq/ M1/ Vkl/ F1 ) Olhz/ V1F1 +5345, Wzr ghfdghv ri ghvwuxfwlrq lq Vrxwkhdvw Dvld*v shdw vzdps iruhvwv1
Iurqwlhuv lq Hfrorj| dqg wkh Hqylurqphqw/ 43/ 457Ñ45;1
Plwwhuphlhu/ U1D1/ Ureohv Jlo/ S1/ Kriipdqq/ P1/ Slojulp/ M1/ Eurrnv/ W1/ Plwwhuphlhu/ F1J1/ Odpruhdx{/ M1 )
Gd Irqvhfd/ J1D1E1 +5337,Krwvsrwv uhylvlwhg1 Fhph{/ Frqvhuydwlrq Lqwhuqdwlrqdo/ Zdvklqjwrq G1F1
Prohqjuddii/ J1D1I1 +4<54, Prghuq Ghhs0Vhd Uhvhdufk lq wkhHdvw Lqgldq Dufklshodjr1Wkh Jhrjudsklfdo
Mrxuqdo/ 8:/ <8Ñ44;1
Prqqlq/ H1/ Lqghup¡koh/ D1/ GŒoohqedfk/ D1/ Io¡fnljhu/ M1/Vwdxiihu/ E1/ Vwrfnhu/ W1I1/ Ud|qdxg/ G1 ) Eduqrod/
M1 +5334, Dwprvskhulf FR5 frqfhqwudwlrqv ryhu wkh Odvw Jodfldo Whuplqdwlrq1Vflhqfh/ 5<4/ 445Ñ4471
Pruoh|/ U1M1 +4<;4, Ghyhorsphqw dqg yhjhwdwlrq g|qdplfv rid orzodqg rpeurjhqrxv shdw vzdps lq
Ndolpdqwdq Whqjdk/ Lqgrqhvld1Mrxuqdo ri Elrjhrjudsk| / ;/ 6;6Ñ7371

Odwh Txdwhuqdu| Fduerq F|folqj ri Vrxwkhdvw Dvldq shdwodqgv 0 V|qwkhvlv
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Pruurjk0Ehuqdug/ K1/ Kxvvrq/ V1/ Sdjh/ V1 H1 ) Ulhoh|/ M1R1 +5336, Srsxodwlrq vwdwxv ri wkh Eruqhdq rudqj0
xwdq +Srqjr s|jpdhxv, lq wkh Vhedqjdx shdw vzdps iruhvw/ Fhqwudo Ndolpdqwdq/ Lqgrqhvld1Elrorjlfdo
Frqvhuydwlrq/ 443/ 474Ñ4851
Pxwdole/ D1D1/ Olp/ M1V1/ Zrqj/ P1K1 ) Nrrqydl/ O1 +4<<5, Fkdudfwhul}dwlrq/ glvwulexwlrq dqg xwlol}dwlrq ri
shdw lq Pdod|vld1 Lq= Dplqxgglq/ E1\1/ Wdq/ V1O1/ D}l}/ E1/ Vdp|/ M1/ Vdopdk/ ]1/ Vlwl Shwlpdk/ K1 ) Fkrr/ V1W1
+hgv1,Surfhhglqjv ri wkh Lqwhuqdwlrqdo V|psrvlxp rq Wurslfdo Shdwodqg1 Pdod|vld/ Nxfklqj/ Vdudzdn/ 4<<41
Pdod|vldq Djulfxowxudo Uhvhdufk dqg Ghyhorsphqw Lqvwlwxwh/ Nxdod Oxpsxu/ ss1 :Ñ491
P|huv/ Q1/ Plwwhuphlhu/ U1D1/ Plwwhuphlhu/ F1J1/ Gd Irqvhfd/ J1D1 ) Nhqw/ M1 +5333,Elrglyhuvlw| krwvsrwv iru
frqvhuydwlrq sulrulwlhv1 Qdwxuh/ 736/ ;86Ñ;8;1
P|kuh/ J1/ Vklqghoo/ G1/ Eu•rq/ I1P1/ Froolqv/ Z1/ Ixjohvwyhgw/ M1/ Kxdqj/ M1/ Nrfk/ G1/ Odpdutxh/ M1I1/ Ohh/
G1/ Phqgr}d/ E1/ Qdndmlpd/ W1/ Urerfn/ D1/ Vwhskhqv/ J1/ Wdnhpxud/ W1 ) ]kdqj/ K1 +5346, Dqwkursrjhqlf
dqg Qdwxudo Udgldwlyh Iruflqj1 Lq= Vwrfnhu/ W1I1/ Tlq/ G1/ Sodwwqhu/ J1N1/ Wljqru/ P1/ Doohq/ V1N1/ Ervfkxqj/ M1/
Qdxhov/ D1/ [ld/ \1/ Eh{/ Y1 ) Plgjoh|/ S1P1 +hgv1,Folpdwh Fkdqjh 5346= Wkh Sk|vlfdo Vflhqfh Edvlv1
Frqwulexwlrq ri Zrunlqj Jurxs L wr wkh Iliwk Dvvhvvphqw Uhsruw ri wkh Lqwhujryhuqphqwdo Sdqho rq Folpdwh
Fkdqjh1 Fdpeulgjh Xqlyhuvlw| Suhvv/ Fdpeulgjh/ Qhz \run/ ss1 98<Ñ:731
Qhx}lo/ V1J1 +4<<:, Rqvhw dqg udwh ri shdw dqg fduerq dffxpxodwlrq lq irxu grphg rpeurjhqrxv shdw ghsrvlwv/
Lqgrqhvld1 Lq= Ulhoh|/ M1R1 ) Sdjh/ V1H1 +hgv1,Elrglyhuvlw| dqg Vxvwdlqdelolw| ri Wurslfdo Shdwodqgv1 Vdpdud
sxeolvklqj/ Fdugljdq/ ss1 88Ñ:51
Qj/ S1N1O1 +4<<7, Shdw vzdps ilvkhv ri Vrxwkhdvw Dvld Ñ Glyhuvlw| xqghu wkuhdw1Zdoodfhdqd/ :6/ 4Ñ81
Qrwrkdglsudzlur/ W1 +4<;4, Shdw Ghsrvlwlrq/ dq Lgoh Vwdjh lq wkh Qdwxudo F|folqj ri Qlwurjhq/ dqg Lwv Srvvleoh
Dfwlydwlrq iru Djulfxowxuh1 Lq= Zhwvhoddu/ U1/ Vlpsvrq/ M1U1 ) Urvvzdoo/ W1 +hgv1,Qlwurjhq F|folqj lq Vrxwk0
Hdvw Dvldq Zhw Prqvrrqdo Hfrv|vwhpv1 Wkh Dxvwudoldq Dfdghp| ri Vflhqfh/ Fdqehuud/ ss1 46<Ñ47:1
Sdjh/ V1H1/ Vlhjhuw/ I1/ Ulhoh|/ M1R1/ Erhkp/ K1G1Y1/ Md|d/D1 ) Olplq/ V1 +5335, Wkh dprxqw ri fduerq
uhohdvhg iurp shdw dqg iruhvw ßuhv lq Lqgrqhvld gxulqj 4<<:1Qdwxuh/ 753/ 94Ñ981
Sdjh/ V1H1/ Z¡vw/ U1D1M1/ Zhlvv/ G1/ Ulhoh|/ M1R1/ Vkrw|n/ Z1 ) Olplq/ V1K1 +5337, D uhfrug ri Odwh Sohlvwrfhqh
dqg Krorfhqh fduerq dffxpxodwlrq dqg folpdwh fkdqjh iurp dqhtxdwruldo shdw erj +Ndolpdqwdq/ Lqgrqhvld,=
lpsolfdwlrqv iru sdvw/ suhvhqw dqg ixwxuh fduerq g|qdplfv1Mrxuqdo ri Txdwhuqdu| Vflhqfh/ 4</ 958Ñ9681
Sdjh/ V1H1/ Ulhoh|/ M1R1 ) Edqnv/ F1M1 +5344, Joredo dqg uhjlrqdo lpsruwdqfh ri wkh wurslfdo shdwodqg fduerq
srro1Joredo Fkdqjh Elrorj| / 4:/ :<;Ñ;4;1
Sduwlq/ M1Z1/ Free/ N1P1/ Dgnlqv/ M1I1/ Fodun/ E1 ) Ihuqdqgh}/ G1S1 +533:, Ploohqqldo0vfdoh wuhqgv lq zhvw
Sdflßf zdup srro k|gurorj| vlqfh wkh odvw jodfldo pd{lpxp1Qdwxuh/ 77</ 785Ñ7891
Shoohwlhu/ O1/ Vwudfkdq/ L1E1/ Jduqhdx/ P1 ) Urxohw/ Q1W1 +5347, Fduerq uhohdvh iurp eruhdo shdwodqg rshq
zdwhu srrov= Lpsolfdwlrq iru wkh frqwhpsrudu| F h{fkdqjh1Mrxuqdo ri Jhrsk|vlfdo Uhvhdufk= Elrjhrvflhqfhv/
44</ 53:Ñ5551
Srodn/ H1 +4<66, Xhehu Wrui xqg Prru lq QlhghuoŒqglvfk Lqglhq1Yhukdqgholqjhq ghu Nrqlqnolmnh Dfdghplh
ydq Zhwhqvfkdsshq wh Dpvwhugdp/ Dighholqj Qdwxxunxqgh +wzhhgh vhfwlh,/ 6/ 4Ñ;81
Srwrql•/ K1 ) Nrrughuv/ V1K1 +4<3<, Glh Wurshq0Vxpsiiodfkprru0Qdwxu ghu Prruh ghv surgxnwlyhq Fduerqv1
Mdkuexfk ghu Nœqljolfk Suhxvvlvfkhq Jhrorjlvfkhq Odqghvdqvwdow/ 63/ 6;<Ñ7761
Ulgjzhoo/ M1/ Zdwvrq/ D1M1/ Pdvolq/ P1D1 ) Ndsodq/ M1R1 +5336, Lpsolfdwlrqv ri frudo uhhi exlogxs iru wkh
frqwurov rq dwprvskhulf FR5 vlqfh wkh Odvw Jodfldo Pd{lpxp1Sdohrfhdqrjudsk|/ 4;/ 43;6Ñ43<51
Ulhoh|/ M1R1/ Z¡vw/ U1D1M1/ Mdxkldlqhq/ M1/ Sdjh/ V1H1/ Zœvwhq/ K1/ Krrlmhu/ D1/ Vlhjhuw/ I1/ Olplq/ V1K1/
Ydvdqghu/ K1 ) Vwdkokxw/ P1 +533;, Wurslfdo shdwodqgv= fduerq vwruhv/ fduerq jdv hplvvlrqv dqg frqwulexwlrq
wr folpdwh fkdqjh surfhvvhv1 Lq= Vwudfn/ P1 +hg1,Shdwodqgv dqg folpdwh fkdqjh1 Lqwhuqdwlrqdo Shdw Vrflhw|/
M|yŒvn|oŒ/ ss1 47;Ñ4;41
Urvhqehuu|/ G1R1/ Jodvhu/ S1K1/ Vlhjho/ G1L1 ) Zhhnv/ H1S1 +5336, Xvh ri k|gudxolf khdg wr hvwlpdwh yroxphwulf
jdv frqwhqw dqg hexoolwlrq iox{ lq qruwkhuq shdwodqgv1Zdwhu Uhvrxufhv Uhvhdufk/ 6</ 4399/
grl=431435<25335ZU3346::1
Urxohw/ Q1W1 +5333, Shdwodqgv/ fduerq vwrudjh/ juhhqkrxvhjdvhv/ dqg wkh N|rwr surwrfro= survshfwv dqg
vljqlilfdqfh iru Fdqdgd1Zhwodqgv/ 53/ 938Ñ9481
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Vdwkldpxuwk|/ H1Y1K1N1 ) Yrulv/ K1N1 +5339, Pdsv ri Krorfhqh vhd ohyho wudqvjuhvvlrq dqg vxephujhg odnhv
rq wkh Vxqgd Vkhoi1Wkh Qdwxudo Klvwru| Mrxuqdo ri Fkxodorqjnruq Xqlyhuvlw|/ Vxssohphqw/ 5/ 4Ñ771
Vhjhuv/ U1 +4<<;, Phwkdqh surgxfwlrq dqg phwkdqh frqvxpswlrq= d uhylhz ri surfhvvhv xqghuo|lqj zhwodqg
phwkdqh iox{hv1Elrjhrfkhplvwu| / 74/ 56Ñ841
Vlhiihupdqq/ J1/ Wulxwrpr/ V1/ Vdghopdq/ P1W1/ Nulvwlmrqr/ D1 ) Sdukdglpxo|r/ V1D1 +4<;:, Wkh shdw jhqhvlv
lq wkh orzodqgv ri Fhqwudo Ndolpdqwdq surylqfh1 Wkh uhvshfwlyh lqàxhqfh ri srg}rolvdwlrq dqg edg gudlqdjh/
wkh wzr pdlq surfhvvhv ri shdw jhqhvlv lq Ndolpdqwdq1 Lq=Lqwhuqdwlrqdo Shdw Vrflhw| V|psrvlxp rq Wurslfdo
Shdw dqg Shdwodqgv iru Ghyhorsphqw/ \rj|dnduwd/ Lqgrqhvld/ Iheuxdu| <Ñ47/ 4<;:1 Lqwhuqdwlrqdo Shdw Vrflhw|/
\rj|dnduwd/ ss1 493Ñ4;31
Vlhiihupdqq/ J1/ Irxuqlhu/ P1/ Wulxwrpr/ V1/ Vdghopdq/ P1W1 ) Vhpdk/ D1P1 +4<;;, Yhorflw| ri wurslfdo iruhvw
shdw dffxpxodwlrq lq Fhqwudo Ndolpdqwdq surylqfh/ Lqgrqhvld +Eruqhr,1 Lq=Surfhhglqjv YLLL Lqwhuqdwlrqdo
Shdw Frqjuhvv/ Ohqlqjudg ;;/ Vhfwlrq L1 Lqwhuqdwlrqdo Shdw Vrflhw|/ Ohqlqjudg/ ss1 <3Ñ<;1
Vloylxv/ P1M1/ Vlprqv/ K1Z1 ) Yhukhxjw/ Z1M1P1 +4<;7,Vrlov/ Yhjhwdwlrq/ Idxqd dqg Qdwxuh Frqvhuydwlrq ri
wkh Ehuedn Jdph Uhvhuyh/ Vxpdwud/ Lqgrqhvld1 ULQ Frqwulexwlrqv wr Uhvhdufk rq Pdqdjhphqw ri Qdwxudo
Uhvrxufhv 4<;7061 Uhvhdufk Lqvwlwxwh iru Qdwxuh Pdqdjhphqw/ Duqkhp1
Vlperorq/ K1 ) Plupdqwr/ H1 +5333, Fkhfnolvw ri sodqw vshflhv lq wkh shdw vzdps iruhvwv ri Fhqwudo
Ndolpdqwdq/ Lqgrqhvld1 Lq=Surfhhglqjv ri wkh Lqwhuqdwlrqdo V|psrvlxp rq Wurslfdo Shdwodqgv1 Erjru/
Lqgrqhvld/ 55056 Qryhpehu 4<<<1 Krnndlgr Xqlyhuvlw| ) Lqgrqhvldq Lqvwlwxwh ri Vflhqfhv/ ss1 4:<Ñ4<31
Vmœuv/ K1 +4<;6, Pluhv ri Vzhghq1 Lq= D1 M1 S1 Jruh +hg1,Hfrv|vwhpv ri wkh Zruog 7E1 Pluhv= Vzdps/ erj/ ihq
dqg prru1 Uhjlrqdo Vwxglhv1 Hovhylhu/ Dpvwhugdp/ Qhz \run/ ss1 9<Ñ<71
Vrorphvkfk/ D1L1 +5338,1 Wkh Zhvw Vlehuldq Orzodqg1 Lq= Iudvhu/ O1K1 ) Nhgg|/ S1D1 +hgv1,Wkh zruogÖv
odujhvw zhwodqgv= hfrorj| dqg frqvhuydwlrq1 Fdpeulgjh Xqlyhuvlw| Suhvv/ Fdpeulgjh/ ss1 44Ñ951
Vwdxe/ M1U1 ) Hvwhuoh/ M1V1 +4<<7, Shdw0dffxpxodwlqj ghsrvlwlrqdo v|vwhpv ri Vdudzdn/ hdvw Pdod|vld1
Vhglphqwdu| Jhrorj|/ ;</ <4Ñ4391
Wmld/ K1G1 +4<;3, Wkh Vxqgd Vkhoi/ VH Dvld1]hlwvfkuliw i¡u Jhrpruskrorjlh/ QI / 57/ 738Ñ75:1
Wuxperuh/ V1H1/ Fkdgzlfn/ R1D1 ) Dpxqgvrq/ U1 +4<<9, Udslg h{fkdqjh ehwzhhq vrlo fduerq dqg
dwprvskhulf fduerq glr{lgh gulyhq e| whpshudwxuh fkdqjh1Vflhqfh/ 5:5/ 6<6Ñ6<91
ydq ghu Zhui/ J1U1/ Ghpshzroi/ M1/ Wuljj/ V1Q1/ Udqghuvrq/ M1W1/ Ndvlekdwod/ S1V1/ Jljolr/ O1/ Pxugl|duvr/ G1/
Shwhuv/ Z1/ Pruwrq/ G1F1/ Froodw}/ J1M1/ Gropdq/ D1M1 ) Ghiulhv/ U1V1 +533;, Folpdwh uhjxodwlrq ri ßuh
hplvvlrqv dqg ghiruhvwdwlrq lq htxdwruldo Dvld1Surfhhglqjv ri wkh Qdwlrqdo Dfdghp| ri Vflhqfhv/ 438/
53683Ñ536881
ydq Zho}hq/ S1F1 Voln/ M1Z1I1 ) Dodkxkwd/ M1 +5338, Sodqw glvwulexwlrq sdwwhuqv dqg sodwh whfwrqlfv lq Pdohvld1
Elrorjlvnh Vnuliwhu/ 88/ 4<<Ñ54:1
Ydvdqghu/ K1 ) Nhwwxqhq/ D1 +5339, Fduerq lq eruhdo shdwodqgv1 Lq= Zlhghu/ U1N ) Ylww/ G1K1 +hgv1,Eruhdo
Shdwodqg Hfrv|vwhpv1 Hfrorjlfdo Vwxglhv/ Yro1 4;;1 Vsulqjhu/ Ehuolq/ Khlghoehuj/ ss1 498Ñ4<71
Zdk|xqwr/ Ulwxqj/ V1 ) Vxedjmr/ K1 +5336,Shwd Oxdv Vhedudq Odkdq Jdpexw gdq Ndqgxqjdq Nduerq gl
Sxodx Vxpdwhud2Pdsv ri Duhd ri Shdwodqg Glvwulexwlrq dqg Fduerq Frqwhqw lq Vxpdwhud/ 4<<3053351
Zhwodqgv Lqwhuqdwlrqdo0Lqgrqhvld Surjudpph dqg ZlogolihKdelwdw Fdqdgd/ Erjru1
Zdk|xqwr/ Ulwxqj/ V1 ) Vxedjmr/ K1 +5337,Shwd Vhedudq Odkdq Jdpexw/ Oxdv gdq Ndqgxqjdq Nduerq gl
Ndolpdqwdq2Pds ri Shdwodqg Glvwulexwlrq Duhd dqg Fduerq Frqwhqw lq Ndolpdqwdq/ 5333053351 Zhwodqgv
Lqwhuqdwlrqdo0Lqgrqhvld Surjudpph dqg Zlogolih Kdelwdw Fdqdgd/ Erjru1
Zdowhu/ K1 ) Olhwk/ K1 +4<9304<9:,Nolpdgldjudpp0Zhowdwodv1 Ilvfkhu/ Mhqd1
Zdqj/ \1M1/ Fkhqj/ K1/ Hgzdugv/ U1O1/ Dq/ ]1V1/ Zx/ M1\1/ Vkhq/ F1F1 ) Grudoh/ M1D1 +5334, D kljk0uhvroxwlrq
devroxwh0gdwhg odwh Sohlvwrfhqh prqvrrq uhfrug iurp Kxox Fdyh/ Fklqd1Vflhqfh/ 5<7/ 5678Ñ567;1
Zdqj/ \1/ Urxohw/ Q1 W1/ Iuronlqj/ V1 ) P|vdn/ O1 D1 +533<, Wkhlpsruwdqfh ri Qruwkhuq Shdwodqgv lq joredo
fduerq v|vwhpv gxulqj wkh Krorfhqh1Folpdwh ri wkh Sdvw/ 8/ 9;6Ñ9<61
Zheehu/ P1 O1 +4<87, Wkh pdqjuryh dqfhvwu| ri d iuhvkzdwhu vzdps iruhvw vxjjhvwhg e| lwv gldwrp iorud1
Pdod| Iruhvwhu/ 4:/ 58Ñ591

Odwh Txdwhuqdu| Fduerq F|folqj ri Vrxwkhdvw Dvldq shdwodqgv 0 V|qwkhvlv



5<

Zhehu/ F1D1 +4<35,Xhehu glh Yhjhwdwlrq xqg Hqwvwhkxqj ghv Krfkprruv yrq Dxjvwxpdo lp Phphoghowd1 Sdxo
Sduh|/ Ehuolq1
Zklwlqj/ J1M1 ) Fkdqwrq/ M1S1 +4<<6, Sulpdu| surgxfwlrq frqwuro ri phwkdqh hplvvlrq iurp zhwodqgv1Qdwxuh/
697/ :<7Ñ:<81
Zklwlqj/ J1M1 ) Fkdqwrq/ M1S1 +5334, Juhhqkrxvh fduerq edodqfh ri zhwodqgv= phwkdqh hplvvlrq yhuvxv fduerq
vhtxhvwudwlrq1Whooxv E/ 86/ 854Ñ85;1
Zklwpruh/ W1F1 +4<:8,Wurslfdo Udlq Iruhvw ri wkh Idu Hdvw1 Foduhqgrq Suhvv/ R{irug1
Zloirug/ J1H1 +4<93, Udglrfduerq djh ghwhuplqdwlrqv ri txdwhuqdu| vhglphqwv lq Euxqhl dqg qruwkhdvw
Vdudzdn1Eulwlvk Eruqhr Jhrorjlfdo Vxuyh|1 Dqqxdo Uhsruw 4<8</ 49Ñ531
Zuljkw/ K1H1 +4<<6, Fruh frpsuhvvlrq1Olpqrorj| dqg Rfhdqrjudsk| / 6;/ 9<<Ñ9<<1
Zuljkw Mu1/ K1H1/ Pdqq/ G1K1 ) Jodvhu/ S1K1 +4<;7, Slvwrq fruhuv iru shdw dqg odnh vhglphqwv1Hfrorj| / 98/
98:Ñ98<1
\x/ ]1 +5344, Krorfhqh fduerq iox{ klvwrulhv ri wkh zruogÖv shdwodqgv Joredo fduerq0f|foh lpsolfdwlrqv1Wkh
Krorfhqh/ 54/ :94Ñ::71
\x/ ]1F1/ Ehlopdq/ G1Z1 ) Mrqhv/ P1F1 +533<, Vhqvlwlylw| ri Qruwkhuq Shdwodqgv wr Krorfhqh Folpdwh Fkdqjh1
Lq= Edlug/ D1/ Eho|hd/ O1/ Frpdv/ [1/ Uhhyh/ D1 ) Vodwhu/ O1 +hgv1,Fduerq F|folqj lq Qruwkhuq Shdwodqgv1
Jhrsk|vlfdo Prqrjudsk Vhulhv/ yroxph 4;71 Dphulfdq Jhrsk| vlfdo Xqlrq/ Zdvklqjwrq/ ss1 88Ñ9<1
\x/ ]1/ Orlvho/ M1/ Eurvvhdx/ G1S1/ Ehlopdq/ G1Z1 ) Kxqw/ V1M1 +5343, Joredo shdwodqg g|qdplfv vlqfh wkh Odvw
Jodfldo Pd{lpxp1 Jhrsk|vlfdo Uhvhdufk Ohwwhuv/ 6:/ O46735/ grl=431435<25343JO3768;71
\xoh/ F1P1 ) Jrph}/ O1Q1 +533<, Ohdi olwwhu ghfrpsrvlwlrq lqd wurslfdo shdw vzdps iruhvw lq Shqlqvxodu
Pdod|vld1Zhwodqgv Hfrorj| dqg Pdqdjhphqw/ 4:/ 564Ñ5741
\xoldqwr/ H1/ Kludndzd/ N1 ) Wvxml/ K1 +5337, Fkdufrdo dqg rujdqlf jhrfkhplfdo surshuwlhv dv dq hylghqfh ri
Krorfhqh ßuhv lq wurslfdo shdwodqg/ Fhqwudo Ndolpdqwdq/ Lqgrqhvld1Wurslfv/ 47/ 88Ñ961
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Ghfodudwlrq derxw p| frqwulexwlrq wr wkh iroorzlqj irxu sdshuv=

Sdshu L= Grppdlq/ U1/ Frxzhqehuj/ M1 ) Mrrvwhq/ K1 +5344, Ghyhorsphqw dqg fduerq vhtxhvwudwlrq
ri wurslfdo shdw grphv lq vrxwk0hdvw Dvld= olqnv wr srvw0jodfldo vhd0ohyho fkdqjhv dqg Krorfhqh
folpdwh yduldelolw|1Txdwhuqdu| Vflhqfh Uhylhzv/ 63/ <<<Ñ43431

L ghvljqhg wklv vwxg| wrjhwkhu zlwk wkh fr0dxwkruv1 L froohfwhg wkh gdwd/ fdoleudwhg wkh udglrfduerq gdwhv/ dqg fdo0
fxodwhg wkh srlqw djh hvwlpdwhv1 Wrjhwkhu zlwk Mrkq Frxzhqehuj L fodvvlilhg wkh shdwodqg w|shv dqg jhqhudwhg
wkh edvdo gdwhv vhtxhqfh1 L fdofxodwhg phdq shdw dqg fduerq dffxpxodwlrq udwhv iru hdfk w|sh dqg lqwhjudwhg
shdwodqg gdwd zlwk gdwd rq sdohrfolpdwh dqg vhd0ohyho1 L suhsduhg wkh pdqxvfulsw zlwk lqsxwv iurp Mrkq Frx0
zhqehuj dqg ihhgedfn iurp Kdqv Mrrvwhq1

Sdshu LL= Grppdlq/ U1/ Frxzhqehuj/ M1/ Jodvhu/ S1K1/ Mrrvwhq/ K1 ) Vxu|dglsxwud/ L1Q1Q1 +5347,
Fduerq vwrudjh dqg uhohdvh lq Lqgrqhvldq shdwodqgv vlqfh wkh odvw ghjodfldwlrq1Txdwhuqdu| Vflhqfh
Uhylhzv/ <:/ 4Ñ651

L ghvljqhg wklv vwxg| dqg ghyhorshg wkh wudqvihu ixqfwlrq dssurdfk iru prghoolqj wkh edvdo djh ri xqgdwhg shd0
wodqgv1 L jhqhudwhg wkh JLV pdsv ri vhd0ohyho fkdqjh dqg shdwodqg h{sdqvlrq dqg wkh hohydwlrq surilohv1 L shu0
iruphg doo fdofxodwlrqv iru uhfrqvwuxfwlqj sdvw shdwodqg duhdv/ sdvw udwhv ri fduerq vwrudjh dqg uhohdvh/ dqg sdvw
fduerq srrov1 Q|rpdq L1 Vxu|dglsxwud surylghg wkh JLV shdw ghswk dwodv1 L suhsduhg wkh pdqxvfulsw/ zklfk zdv
ilqdol}hg zlwk wkh khos ri doo fr0dxwkruv1

Sdshu LLL= Grppdlq/ U1/ Free/ D1/ Mrrvwhq/ K1/ Jodvhu/ S1K1/Fkxd/ D1I1O1/ Jdqgrlv/ O1/ Ndl/ I1P1/
Qruhq/ D1/ Vdolp/ N1D1/ VxÖxw/ Q1V1K1 ) Kduyh| F1I1 +vxeplwwhg, Iruhvw g|qdplfv dqg wls0xs srrov
gulyh sxovhv ri kljk fduerq dffxpxodwlrq udwhv lq d wurslfdoshdw grph lq Eruqhr +Vrxwkhdvw Dvld,1
Mrxuqdo ri Jhrsk|vlfdo Uhvhdufk Ñ Elrjhrvflhqfhv1

L ghvljqhg wklv vwxg| dqg ghyhorshg wkh ghvljq ri wkh shdw fruhu wrjhwkhu zlwk Dqghuv Qruhq1 L vhohfwhg wkh
vdpsolqj vlwhv dqg froohfwhg wkh fruhv zlwk wkh khos ri Doh{ Free/ Dp| Fkxd/ Odxuh Jdqgrlv/ Ixx0Plqj Ndl/
Ndpduldk D1 Vdolp/ dqg Q1 Vdolkdk K1 VxÖxw1 L vdpsohg wkh fruhdqg shuiruphg doo jhrfkhplfdo/ sroohq/ plqh0
udo/ dqg lpdjh dqdo|vhv dv zhoo dv wkh qrq0ghvwuxfwlyh phdvxuhphqwv1 L fdofxodwhg fduerq dffxpxodwlrq udwhv
dqg ghwhuplqhg wuhh idoo iurp dhuldo skrwrjudskv1 Fkduohv Kduyh| frqwulexwhg wkh srro0prgho uhvxowv1 L zurwh
wkh iluvw gudiw ri wkh pdqxvfulsw dqg ilqdol}hg lw zlwk ihhgedfn iurp doo fr0dxwkruv1

Sdshu LY= Frxzhqehuj M1/ Grppdlq U1 ) Mrrvwhq K1 +5343, Juhhqkrxvh jdv iox{hv iurp wurslfdo
shdwodqgv lq vrxwk0hdvw Dvld1Joredo Fkdqjh Elrorj| / 49/ 4:48Ñ4:651

L ghvljqhg wklv vwxg| wrjhwkhu zlwk Mrkq Frxzhqehuj dqg zh erwk froohfwhg wkh juhhqkrxvh jdv hplvvlrq gdwd
dqg shuiruphg wkh phwd0dqdo|vhv1 Mrkq Frxzhqehuj shuiruphg wkh phwd0dqdo|vlv iru FR5 dqg Q5R hplvvlrq
gdwd dqg L shuiruphg wkh phwd0dqdo|vlv iru FK7 dqg iluh hplvvlrq gdwd1 Mrkq Frxzhqehuj dqg L lqwhusuhwhg wkh
gdwd dqg zurwh wkh pdqxvfulsw wrjhwkhu zlwk lqsxwv iurp KdqvMrrvwhq1

Uhq• Grppdlq Suri1 Gu1 Kdqv Mrrvwhq
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Sdshu L

Ghyhorsphqw dqg fduerq vhtxhvwudwlrq ri wurslfdo shdw grphv lq vrxwk0hdvw Dvld=
olqnv wr srvw0jodfldo vhd0ohyho fkdqjhv dqg Krorfhqh folpdwh yduldelolw|
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a b s t r a c t

Tropical peatlands of SE-Asia represent a signi � cant terrestrial carbon reservoir of an estimated 65 Gt C. In
this paper we present a comprehensive data synthesis of radiocarbon dated peat pro � les and 31 basal dates
of ombrogenous peat domes from the lowlands of Peninsular Malaysia, Sumatra and Borneo and integrate
our peatland data with records of past sea-level and climate change in the region. Based on their devel-
opmental features three peat dome regions were distinguished: inland Central Kalimantan (Borneo), Kutai
basin (Borneo) and coastal areas across the entire region. With the onset of the Holocene the � rst peat
domes developed in Central Kalimantan as a response to rapid post-glacial sea-level rise over the Sunda
Shelf and intensi � cation of the Asian monsoon. Peat accumulation rates in Central Kalimantan strongly
declined after 8500 cal BP in close relation to the lowering rate of the sea-level rise and possibly in � uenced
by the regional impact of the 8.2 ka event. Peat growth in Central Kalimantan apparently ceased during the
Late Holocene in association with ampli � ed El Niño activity as exempli � ed by several truncated peat
pro� les. Peat domes from the Kutai basin are all younger than w 8300 cal BP. Peat formation and rates of peat
accumulation were driven by accretion rates of the Mahakam River and seemingly independent of climate.
Most coastal peat domes, the largest expanse of SE-Asian peatlands, initiated between 7000 and 4000 cal BP
as a consequence of a Holocene maximum in regional rainfall and the stabilisation and subsequent
regression of the sea-level. These boundary conditions induced the highest rates of peat accumulation of
coastal peat domes. The Late Holocene sea-level regression led to extensive new land availability that
allowed for continued coastal peat dome formation until the present. The time weighted mean Holocene
peat accumulation rate is 0.54 mm yr � 1 for Central Kalimantan,1.89 mm yr � 1 for Kutai and 1.77 mm yr � 1 for
coastal domes of Sumatra and Borneo. The mean Holocene carbon sequestration rates amount to 31.3 g C
m � 2 yr � 1 for Central Kalimantan and 77.0 g C m � 2 yr � 1 for coastal sites, which makes coastal peat domes of
south-east Asia the spatially most ef � cient terrestrial ecosystem in terms of long term carbon sequestration.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The lowland peatlands of south-east Asia represent the largest
peatland area in the tropical belt. These peatlands cover approxi-
mately 350 000 km 2 and store more than 65 Gt (1 Gt ¼ 109 t)
carbon, which corresponds to 9% of the global peatland area and
14% of the global peat carbon stock ( Joosten, 2009). This major
terrestrial carbon reservoir is currently threatened by � re and
drainage related degradation and destruction ( Miettinen and Liew,
2010). The annual carbon loss from peat � res and oxidation aver-
ages more than 220 Mt C (1 Mt ¼ 106 t; Couwenberg et al., 2010 ). In
future, south-east Asian peatlands may become an even more
signi � cant source of atmospheric carbon when dry-season rainfall
decreases as predicted by climate models ( Li et al., 2007). Insights

into the response of peatlands to climate change can be gleaned
from the palaeo-record ( Moore et al., 1998; Belyea and Malmer,
2004; Yu et al., 2009 ). However, a comprehensive synthesis on
the timing and pattern of peatland formation and peat accumula-
tion in response to external drivers is lacking for south-east Asian
peatlands. The potential role of this important peatland region in
the global carbon cycle is often extrapolated from one single core
(Page et al., 2004; Rieley et al., 2008).

The largest tracts of south-east Asian peatlands occur on coastal
plains and river deltas of Peninsular Malaysia and the islands of
Sumatra, Borneo and New Guinea ( Polak, 1975; Anderson, 1983 ).
These peatlands are generally convex in shape and ombrogenous,
analogous to raised bogs of the Northern Hemisphere ( Polak, 1933;
Dommain et al., 2010 ). Ash content and pH are generally low
(Neuzil et al., 1993 ). The natural vegetation of these peat domes is
‘peat swamp forest ’ (Anderson,1983). Similar peat domes are found
in a few inland areas of lowland Borneo, such as the Kahayan e
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E-mail address: rene.dommain@gmx.de (R. Dommain).

Contents lists available at ScienceDirect

Quaternary Science Reviews

journa l homepage: www.e lsev i er .com/ locate /quasci rev

0277-3791/$ e see front matter � 2011 Elsevier Ltd. All rights reserved.
doi: 10.1016/j.quascirev.2011.01.018

Quaternary Science Reviews 30 (2011) 999 e 1010



69

Odwh Txdwhuqdu| Fduerq F|folqj ri Vrxwkhdvw Dvldq shdwodqgv 0 Sdshu L

Katingan watershed area, the Kutai basin and the Upper Kapuas
River basin.

In this paper we synthesise radiocarbon chronologies of lowland
ombrogenous peat domes from Peninsular Malaysia, Sumatra and
Borneo (Fig. 1). Our aim is to elucidate peat dome initiation and
peat accumulation rates in the context of palaeoclimate and post-
glacial sea-level changes. Particular emphasis is placed on identi-
fying regional differences in relation to physiographic setting and
climate. Peat degradation patterns are examined in light of natural
and anthropogenic forces. Finally, we compare carbon sequestra-
tion rates of south-east Asian peat domes with raised bogs from the
Northern Hemisphere.

2. Regional setting

The study areas (Peninsular Malaysia, Sumatra and Borneo) are
connected by the shallow continental Sunda Shelf ( Fig. 1). When sea-
level was lower and the Sunda Shelf was exposed during the Last
Glacial Maximum (LGM) the islands of the western Malay Archipelago
were connected to mainland Asia ( Molengraaff, 1921 ). The inner part
of this so called “Sundaland” is a tectonically stable area ( Tjia, 1996).

Erosion of the central crystalline highlands and subsequent sedi-
mentation has led to the formation of extensive alluvial plains on the
coasts of Peninsular Malaysia, eastern Sumatra and north-western
and southern Borneo ( Brünig, 1974; Verstappen, 1975 ). Coastal peat
domes largely developed on inter � uves in these alluvial settings. In
southern Borneo lowland areas farther inland are occupied by large
Pleistocene podzol terraces ( Sieffermann et al., 1987 ) that below
35 m a.s.l. are partly covered by peat domes ( Sieffermann, 1990 ).

The climate of the study area is controlled by the Asian-Australian
monsoon, seasonal shifts of the Intertropical Convergence Zone
(ITCZ) and by atmospheric convection from ocean waters of the

surrounding Indo Paci � c Warm Pool (IPWP). Maritime south-east
Asia has a warm and wet equatorial climate with mean monthly
temperatures constant between 26 to 27 � C throughout the year. The
mean annual rainfall ranges from w 2000 mm (Peninsular Malaysia,
south-eastern Borneo) to w 4000 mm (north-western Borneo)
(Walter and Lieth, 1960 e 1967). From November to April the wet
northwest-Monsoon brings heavy rainfall to the region. In southern
Sumatra and southern Borneo this time marks the wet-season with
the annual precipitation maximum occurring in January. The dry
southeast-monsoon prevails from May to September. It causes
a distinct dry-season in southern Sumatra and southern Borneo with
mean monthly rainfall below 100 mm in August. Peninsular
Malaysia and the northern parts of Sumatra and Borneo are under
strong in � uence of the ITCZ throughout the year and lack a clear dry
season (Aldrian and Susanto, 2003 ).

Interannual variation in rainfall is strongly correlated to the El
Niño-Southern Oscillation (ENSO; Hendon, 2003 ). El Niño events
are associated with more pronounced and extended droughts. La
Niña events are associated with anomalously wet conditions. In
recent decades, large scale � res during El Niño related droughts
severely affected forests and peatlands in the region (e.g. Siegert
et al., 2001; Goldammer, 2007 ).

Peninsular Malaysia, Sumatra and Borneo all belong to the same
biogeographic region of Sundaland and display close � oristic
similarities ( Whitmore, 1975 ).

3. Material and methods

Radiocarbon dates fromdomed peatlands on Peninsular Malaysia,
Sumatra and Borneo (5 � N - 3 � S and 116� - 102 � E) were collected
from published and other sources. Based on available data, we
distinguish three types of domed peatlands, (i) peatlands in coastal

Fig. 1. Map of the western Malay Archipelago with the approximate position of the study sites listed in Table 1. Dark shaded areas denote occurrence of lowland peat soils (based on
Staub and Gastaldo, 2003; Wahyunto et al., 2003, 2004; Wetlands International, 2010 ). The light shaded area delineates the Sunda Shelf as it was exposed at the time of the Last
Glacial Maximum (based on Sathuamurthy and Voris, 2006 ).

R. Dommain et al. / Quaternary Science Reviews 30 (2011) 999e 10101000



6:

Grppdlq hw do1 5344 Ghyhorsphqw dqg fduerq vhtxhvwudwlrq ri wurslfdo shdw grphv

settings, i.e. < 80 km from the sea, (ii) inland peatlands of the
Kahayan e Katingan watershed (Central Kalimantan, Borneo) and
(iii) inland peatlands of the Kutai basin (eastern Borneo) ( Fig. 1,
Table 1). The“coastal peat dome type ” combines all coastal sites from
Peninsular Malaysia, Sumatra and Borneo (No. 1 to 12 in Table 1).

In this synthesis we standardised the available radiocarbon
dates by calibrating all dates with Calib 6.0.1 (cf. Stuiver and Reimer,
1993). All study sites lie close to the equator and within the range of
seasonal shifts of the ITCZ, which complicates the choice of a cali-
bration curve ( McCormac et al., 2004). We consistently used the
IntCal09 calibration set as it also covers dates older than 11 000 cal
BP (Reimer et al., 2009).

Weighted averages of the probability distribution functions of
the calibrated radiocarbon dates were used to arrive at single point
age estimates (Telford et al., 2004 ). Age inversions and near-
inversions (overlapping sigma ranges) were scrutinised and aber-
rant dates discarded, always in favour of conservative outcomes
considering accumulation rates.

To establish the sequence of peat dome initiation we collated
basal peat dates from individual peat domes ( n ¼ 31). For peat
domes where multiple basal dates were available we used the
oldest date. Basal dates from peat dome complexes (i.e. coalesced
peat domes) were taken from cores of isolated subsurface basins to
take into account the initiation of formerly independent domes.

Apparent rates of peat accumulation (mm yr � 1) were determined
by dividing the thickness of a peat layer between neighbouring
radiocarbon dates by the corresponding time span ( n ¼ 86). The
derived apparent rates may underestimate past rates of peat addition
into the catotelm ( Clymo, 1992). We assume steady accumulation
rates between neighbouring point age estimates. For each of the
three peat dome types (coastal, n ¼ 15 pro � les; inland Central Kali-
mantan, n ¼ 11; Kutai, n ¼ 4) mean rates of peat accumulation were
determined for every year by averaging available pro � les. Multiple
dated pro � les from peat domes of the coastal type are restricted to
Sumatra (Pulau Bengkalis, Siak Kanan, Pulau Kijang and the Batang
Hari e Berbak River Delta) and Borneo (Rasau Jaya, Teluk Keramat, the
Rajang River Delta, the Baram River area and the Pulau Petak Delta).

Apparent rates of carbon accumulation (g m � 2 yr � 1) were cal-
culated from dry bulk density (g cm � 3), carbon content (%) (Table 2)
and peat accumulation rates. Bulk density data were only available
for four radiocarbon dated cores. The reported carbon content
values were determined by ultimate analysis of oven-dried peat
samples using elemental analysers. To estimate carbon accumula-
tion rates for those cores where dry bulk density and carbon
content data were lacking, we applied mean values ( Table 2). We
corrected carbon values for ash content if data were available. As
data on bulk density and carbon content are lacking for the Kutai
sites no carbon accumulation rates were determined for this area.

4. Results

4.1. Peat dome initiation

All four basal dates of peat domes from inland Central Kali-
mantan are older than 9000 cal BP, whereas the three basal dates
from Kutai peat domes lie between 8350 and 6200 cal BP ( Table 3).
In contrast, basal dates from peat domes of the coastal type ( n ¼ 24)
are all younger than 7700 cal BP with 58% of basal dates between
7000 and 4000 cal BP (Table 3). In addition, 7 basal dates from
coastal peat domes are younger than 3000 cal BP.

4.2. Peat accumulation

The peat accumulation rate of inland Central Kalimantan peat
domes differs distinctly from that of the Kutai basin and the coastal

peat domes of Sumatra and Borneo ( Fig. 2). The time weighted
mean Holocene peat accumulation rate is 0.54 mm yr � 1 for Central
Kalimantan peat domes, 1.89 mm yr � 1 for Kutai peat domes and
1.77 mm yr � 1 for coastal peat domes. Coastal peat domes of Borneo
have a time weighted mean Holocene peat accumulation rate of
1.52 mm yr � 1 (n ¼5) and those of Sumatra of 1.83 mm yr � 1 (n ¼10).

For the Late Glacial and the beginning of the Holocene the mean
apparent rate of peat accumulation at inland Central Kalimantan sites
varies between 0.6 and 0.8 mm yr � 1. From w 10 000 to w 8500 cal BP
the rate is largely above 1 mm yr � 1 including a maximum for the
entire Holocene of 1.4 mm yr � 1 at 9200 cal BP. The mean peat accu-
mulation rate then sharply declines to w 0.7 mm yr � 1 and at around

Table 1
List of study sites from Fig. 1.

No. Site Country Peat dome
type

Reference

1 Pekan Nanas Malaysia Coastal Haseldonckx, 1977
2 Pulau Bengkalis Indonesia Coastal Supardi et al., 1993
3 Siak Kanan Indonesia Coastal Diemont and Supardi, 1987a

Supardi et al., 1993
4 Pulau Kijang Indonesia Coastal Furukawa, 1994

Shibata et al., 1997
5 Batang Hari e

Berbak River
Delta

Indonesia Coastal Silvius et al., 1984
Supiandi and Furukawa, 1986
Supiandi, 1988
Cameron et al., 1989, 1990

6 Muara Telang Indonesia Coastal Furukawa, 1994
7 Pontianak,

Rasau Jaya
Indonesia Coastal Notohadiprawiro, 1981

Diemont and Supardi, 1987b
Herbert Diemont, pers. comm.
Anshari et al., 2010

8 Teluk Keramat Indonesia Coastal Neuzil, 1997
9 Rajang River

Delta
Malaysia Coastal Staub and Esterle, 1993, 1994

Staub and Gastaldo, 2003
10 Baram River

area
Malaysia,
Brunei
Darussalam

Coastal Wilford, 1960
Anderson, 1964
Anderson and Muller, 1975
Tie and Esterle, 1992
Woodroffe, 2000
Colin Woodroffe, pers. comm.

11 Lawas River
area

Malaysia Coastal Wilford, 1960

12 Pulau Petak
Delta

Indonesia Coastal Notohadiprawiro, 1981
Supiandi, 1988

13 Kahayane
Katingan
watershed

Indonesia Inland
Central
Kalimantan

Sieffermann et al., 1988, 1996
Neuzil, 1997
Page et al., 1999, 2004
Yulianto et al., 2004a
Yulianto and Hirakawa, 2006
Wüst et al., 2008
Wüst, 2009

14 Kutai basin Indonesia Kutai Hope et al., 2005

Table 2
Dry bulk density and carbon content of Central Kalimantan and coastal peats.

Region Mean dry bulk
density (g cm � 3)

Mean carbon
content (%)

Reference

Central
0.130 (n ¼ 6) 57.4 (n ¼ 9) Neuzil, 1997
0.112 (n ¼ 114)a 56.7 (n ¼ 114)a Shimada et al., 2001

Kalimantan 0.080 ( n ¼ 43)b 57.1 (n ¼ 43)b Page et al., 2004
60.3 (n ¼ 68) Yulianto et al., 2004a

Mean 0.105 57.8

Coastal
0.068 (n ¼ 13) Diemont and Supardi, 1987a
0.066 (n ¼ 10) 58.4 (n ¼ 12) Cameron et al., 1989
0.084 (n ¼ 29) 58.0 (n ¼ 29) Neuzil, 1997

Mean 0.076 58.1

a Includes data from ‘terrace’, ‘basin/domed ’ and ‘marginal ’ peat types.
b Excludes upper 90 cm of raw humus.
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7000 cal BP it decreases further, eventually to remain below
0.4 mm yr � 1 from 6000 cal BP onward ( Fig. 3).

The initial mean apparent rate of peat accumulation of the Kutai
peat domes is 2.3 mm yr � 1, followed by a Holocene maximum of
4.5 mm yr � 1 between w 7500 and w 6800 cal BP. The mean rate
then declines stepwise to reach 1 mm yr � 1 by about 2000 cal BP.

Prior to 5000 cal BP the mean apparent rate of peat accumula-
tion of the coastal peat domes of Sumatra and Borneo largely lies
around 1.7 mm (with an outlier of 2.3 mm). Between w 5000
and 3400 cal BP the mean peat accumulation rate is w 2.1 mm yr � 1

and reaches its Holocene maximum of 2.5 mm yr � 1 at w 4800 cal BP
and a second, similarly high value at w 4000 cal BP (Fig. 3). From
w 4820 to 4270 cal BP peat accumulation was 3.6 mm yr � 1 at Marudi
in the Baram River area of Sarawak e the highest rate recorded for
coastal Borneo so far (Wilford,1960; Anderson,1964 ). Accumulation
rates of Sumatran sites reached maxima of over 4 mm yr � 1 at the
Batang Hari Delta and at Siak Kanan between w 5000 and w 4000 cal
BP (Supiandi and Furukawa, 1986; Supiandi, 1988; Supardi et al.,
1993). From 3400 cal BP onward the mean rate of peat accumula-
tion of coastal peat domes � uctuates slightly around 1.6 mm yr � 1.

4.3. Carbon accumulation

Carbon accumulation rates from Central Kalimantan sites show
a large range in variation compared to coastal sites ( Table 4). Using
the average values of bulk density and carbon content ( Table 2), the
volumetric carbon density (bulk density � carbon content) is
0.061 g C cm� 3 for Central Kalimantan sites and 0.044 g C cm � 3 for
coastal sites. The time weighted mean apparent rate of Holocene
carbon accumulation amounts to 31.3 g m � 2 yr � 1 for Central Kali-
mantan and to 77.0 g m � 2 yr � 1 for coastal peat domes ( Table 4).

4.4. Truncated pro� les

A number of inland Central Kalimantan ( n ¼ 8), Kutai ( n ¼2) and
coastal peat domes (n ¼ 14) show near surface ages of w 1000 to
w 8000 cal BP that indicate truncated peat columns ( Fig. 2). The age
of near surface (� 1.20 m) samples in truncated peat pro � les from
inland Central Kalimantan lies between 4800 and 7600 cal BP.
Three of these pro � les are from burnt and drained sites and the
remaining cores are from undisturbed or selectively logged primary

Table 3
Basal dates of south-east Asian lowland peat domes.

Core/Lab ID Radiocarbon
date
(14C yr BP)

Point age
estimate
(cal BP)

Location Study site
No. from
Fig. 1

Country Latitude Longitude Reference

OZJ340 12 370� 110 14 465 Sebangau, Central Kalimantan, Borneo 13 Indonesia 2 � 23’ S 113� 51’ E Wüst et al., 2008
PK5-C14 9510 � 200 10 817 West of Palangka Raya, Central

Kalimantan, Borneo
13 Indonesia 2 � 10’ S 113� 40’ E Neuzil, 1997

OZL264 8880 � 60 9991 Exe Mega Rice Project area (Block C),
Central Kalimantan, Borneo

13 Indonesia 2 � 19’ S 114� 03’ E Wüst, 2009

PK2-C14 8140 � 180 9053 North of Palangka Raya, Central
Kalimantan, Borneo

13 Indonesia 2 � 04’ S 113� 47’ E Neuzil, 1997

E2P23-3 7500 � 220 8321 Enggelam, Kutai basin, East
Kalimantan, Borneo

14 Indonesia 0 � 10’ S 116� 17’ E Hope et al., 2005

GAK-11893 6830 � 180 7697 Batang Hari Delta, Jambi, Sumatra 5 Indonesia 1 � 20’ S 103� 54’ E Supiandi, 1988
MLT1-4 6610 � 200 7484 Lake Melintang, Kutai basin, East

Kalimantan, Borneo
14 Indonesia 0 � 17’ S 116� 19’ E Hope et al., 2005

T2-100 6405 � 120 7309 Rajang River Delta, Sarawak, Borneo 9 Malaysia 2 � 30’ N 111 � 34’ E Staub and Esterle, 1994
RI-06 6080 � 100 6958 Rajang River Delta, Sarawak, Borneo 9 Malaysia 2 � 24’ N 111 � 45’ E Staub and Gastaldo, 2003
Grab-R-116-2 5830 � 100 6638 Rajang River Delta, Sarawak, Borneo 9 Malaysia 2 � 42’ N 111 � 52’ E Staub and Gastaldo, 2003
FebBK1-P7 5730 � 180 6552 Pulau Bengkalis, Riau, Sumatra 2 Indonesia 1 � 28’ N 102 � 08’ E Supardi et al., 1993
GAK-11896 5710 � 130 6520 Batang Hari Delta, Jambi, Sumatra 5 Indonesia 1 � 30’ S 103� 54’ E Supiandi, 1988
K1P17-3 5500 � 130 6280 Kupang Baru, Kutai, East

Kalimantan, Borneo
14 Indonesia 0 � 11’ N 116 � 36’ E Hope et al., 2005

SK5-T9a 5220 � 220 5986 Siak Kanan, Riau, Sumatra 3 Indonesia 0� 41’ N 102 � 01’ N Neuzil, 1997
BK8-P13 5130 � 60 5860 Pulau Bengkalis, Riau, Sumatra 2 Indonesia 1 � 33’ N 102 � 06’ E Neuzil, 1997
SK7-T3 4915 � 90 5669 Siak Kanan, Riau, Sumatra 3 Indonesia 1� 02’ N 102 � 07’ E Neuzil, 1997
SRR-757 4896 � 70 5642 Pekan Nanas, Johore,

Peninsula Malaysia
1 Malaysia 1 � 30’ N 103 � 29 E Haseldonckx, 1977

44 4780 � 55 5499 Berbak National Park, Jambi,
Sumatra

5 Indonesia 1 � 29’ S 104� 19’ E Silvius et al., 1984

GRO 1963 4270 � 70 4819 Marudi, Baram River area,
Sarawak, Borneo

10 Malaysia 4 � 09’ N 114 � 14’ E Wilford, 1960

JB 4250� 210 4815 Batang Hari Delta, Jambi, Sumatra 5 Indonesia 1 � 20’ S 104� 00’ E Cameron et al., 1989
WK3-C14 4040 � 170 4521 Teluk Keramat, West Kalimantan,

Borneo
8 Indonesia 1 � 25’ N 109 � 08’ E Neuzil, 1997

ANU 8184 3960 � 180 4412 Baram River area, Brunei, Borneo 10 Brunei
Darussalam

4� 27’ N 114 � 17’ E Woodroffe, 2000
Woodroffe, pers. comm.

WK 26757 3784 � 40 4163 Rasau Jaya, West Kalimantan, Borneo 7 Indonesia 0� 15’ S 109� 22’ E Anshari et al., 2010
B4 3570 � 50a 3864 Baram River area, Sarawak, Borneo 10 Malaysia 4 � 27’ N 114 � 10’ E Tie and Esterle, 1992
RP-003 2735 � 165 2866 Rajang River Delta, Sarawak, Borneo 9 Malaysia 2 � 14’ N 111 � 14’ E Staub and Esterle, 1993
N2 2310 � 90 2347 Barambai, South Kalamantan, Borneo 12 Indonesia 3 � 00’ S 114� 41’ E Notohadiprawiro, 1981
NZ-352 1950 � 70 1899 Lawas River area, Sarawak, Borneo 11 Malaysia 4� 55’ N 115 � 25’ E Wilford, 1960
OR-43 1550 � 60 1446 Pulau Kijang, Riau, Sumatra 4 Indonesia 0 � 45’ S 103� 15’ E Furukawa, 1994

Shibata et al., 1997
GAK-10904 1290 � 110 1190 Muara Telang, South Sumatra,

Sumatra
6 Indonesia 2 � 38’ S 104� 53’ E Furukawa, 1994

KB 3 1140 � 50a 1058 Kuala Baram, Sarawak, Borneo 10 Malaysia 4 � 32’ N 114 � 00’ E Tie and Esterle, 1992
OR-46 220 � 40 200 Batang Hari Delta, Jambi, Sumatra 5 Indonesia 1 � 06’ S 104� 04’ E Supiandi, 1988

Shibata et al., 1997

a assumed sigma range (not reported).
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peat swamp forest sites. One of the two truncated pro � les from the
Kutai peat domes is covered by 230 cm of clay and peaty clay. The
age of the uppermost pure peat dates to 2520 cal BP. A second
truncated peat pro � le from the Kutai domes has an age of
5373 cal years at a depth of 90 cm. Both truncated pro � les from the
Kutai domes have been affected by human induced � res and
subsequent � ooding ( Hope et al., 2005). Near surface age deter-
minations from truncated pro � les of coastal peat domes lie
between 1000 and 5700 cal BP. All truncated pro � les from coastal
peat domes are from drained, agricultural sites, which in many
cases have burnt repeatedly.

5. Discussion

The oldest parts of the inland Central Kalimantan peat domes
date from the Late Glacial and Early Holocene. Peat accumulation in
the Kutai basin started in the Early to Mid-Holocene. In contrast the
main initiation of coastal peat domes of Peninsular Malaysia,
Sumatra and Borneo occurred during the Mid-Holocene. We will
discuss peat initiation, accumulation and degradation patterns
individually for the three regions:

5.1. Central Kalimantan peat domes

5.1.1. Holocene development
Peatlands already existed in the interior of Borneo in the late

Pleistocene (Anshari et al., 2001, 2004; Weiss et al., 2002; Wüst et al.,
2007, 2008). During the cooler LGM moisture availability was low
(Dam et al., 2001; De Decker et al., 2002; Partin et al., 2007 ) and
oxidative peat losses occurred at these sites ( Anshari et al., 2001,
2004; Page et al., 2004; Wüst et al., 2007, 2008 ). Peat swamp

forests in south-east Asia experienced their largest geographical
contraction during the LGM according to Cannon et al. (2009) , who
modelled spatial expansion of Sundaic forest types over the last
120 000 years.

In the Sebangau watershed of Central Kalimantan peat accu-
mulation commenced again w 14 500 cal BP (Table 3; Wüst et al.,
2008), coinciding with the rapid deglacial intensi � cation of the
Asian monsoon ( Wang et al., 2001; De Decker et al., 2002; Dykoski
et al., 2005) and with � ooding of the Sunda Shelf associated with
Melt Water Pulse 1a ( Pelejero et al., 1999; Hanebuth et al., 2000;
Steinke et al., 2003). Coupled with this prominent transgression
was the formation of a large shallow pool of warm water over the
Sunda Shelf (Pelejero et al., 1999) as well as the incursion of warm
water masses from the Indian Ocean ( Kienast et al., 2001; Zhao
et al., 2006). Higher sea-surface temperatures (SST) enhanced
convective activity and intensi � ed both local and monsoonal
precipitation ( Partin et al., 2007 ). Increased moisture availability
supported renewed peat accumulation ( Wüst et al., 2007 ).

The post-glacial marine transgression continued at a rapid rate
well into the Early Holocene ( Fig. 3; Steinke et al., 2003; Bird et al.,
2007; Tjallingii et al., 2010 ), producing a full exchange of waters
betw een the South China Sea and the tropical Indo-Paci � c that
raised SST above 27 � C from w 9000 cal BP onward ( Zhao et al.,
2006). Rainfall over the region continued to increase until the
Mid-Holocene ( Fig. 3; Partin et al., 2007; Grif � ths et al., 2009).
Moreover, rising sea-levels progressively reduced drainage from
the hinterland of southern Borneo ( Sieffermann et al., 1987 ). These
factors raised the regional water table and led to widespread pal-
udi � cation of the southern edge of the podzolic terraces of Central
Kalimantan and to subsequent peat dome initiation between
11 000 and 9000 cal BP (Table 3, Fig. 3).

Waterlogged soils developed over the impervious hard pan layer
in the acidic, nutrient-poor podzols ( Sieffermann et al., 1987;
Sieffermann, 1990 ) and led to peat accumulation on the inter � u-
vial terraces. In adjacent valleys, peatlands were probably at � rst fed
by seepage and � uvial runoff, but soon developed into ombroge-
nous domes (Morley, 1981; Dehmer, 1993; Weiss et al., 2002 ).

Rising sea-level and moister climate in combination with the
presence of podzol terraces thus seems to have been instrumental
in early peatland formation in Central Kalimantan ( Sieffermann
et al., 1987). The importance of the podzols is emphasised by the
contemporaneous lack of peat formation in areas closer to the sea
where podzols are absent.

5.1.2. Peat and carbon accumulation rates
The rapid rise in sea-level during the Early Holocene not only

led to peat dome initiation but also induced the highest rates of
peat accumulation in Central Kalimantan during the Holocene. In
the period from 10 000 to 8500 cal BP the mean rate of peat
accumulation from all Central Kalimantan sites was w 1 mm yr � 1

(Fig. 3); applying the average C density of 0.06 g cm � 3, the mean
C-accumulation is estimated to have been w 60 g m � 2 yr � 1. This
apparent rate of C-accumulation is higher than that of any
following period, despite the longer residence time of the peat. A
maximum Holocene C-accumulation rate of 121 g m � 2 yr � 1 is
recorded at 9100 cal BP for the Sebangau peat dome ( Table 4;
Page et al., 2004).

Rising sea-levels and consequent backing up of rivers would
have resulted in rapid upward growth in peat domes on the inter-
� uvial divides (cf. Glaser et al., 2004). As observed by Morley (1981) ,
initial freshwater wetlands must have developed abruptly into
mixed swamp forests similar to Anderson’s (1983) phasic commu-
nity 1 ( Gonystylus-Dactylocladus-Neoscortechinia association). Peat
swamp succession via this forest type may further explain the high
initial accumulation rates, because mixed swamp forests presently
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Fig. 2. Age-depth plots. Upper graph shows data from complete peat columns from
(B ) Central Kalimantan, ( ) Kutai and ( C ) coastal sites. Lower graph: same for
truncated columns.
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Fig. 3. The relationship of peat dome development to palaeo-environmental conditions in south-east Asia over the past 13 000 years: (a) Relative sea-level curve for the Sunda Shelf
(after Steinke et al., 2003). (b) Stalagmite d18O records from Northern Borneo ( n ¼ 3); more negative values are related to higher rainfall (from Partin et al., 2007, 2009 ; bright lines
denote uncertain course). (c) Age-depth plots from inland Central Kalimantan (blue) and coastal (orange) peat pro � les. (d) Cumulative number of basal peat dates from ( B ) inland
Central Kalimantan, ( ) Kutai basin and ( C ) coastal peat domes. (e) El Junco (Galápagos) lake sediment record (% sand); higher values indicate stronger El Niño activity (from
Conroy et al., 2008). (f) mean peat accumulation rate (mm yr � 1) for coastal (dotted line represents one dome only) and (g) inland Central Kalimantan peat domes. (h) Number of
basal dates recorded per 1000 years.
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have the highest biomass production of Anderson ’s peat swamp
forest-types ( Bruenig, 1996).

After 8500 cal BP the mean rate of peat accumulation begins to
decline, largely following the concurrent lowering of the rate of the
sea-level rise (Fig. 3; Hesp et al., 1998; Steinke et al., 2003; Tjallingii
et al., 2010). Abrupt changes in sea-surface temperature and salinity
have been reconstructed for the IPWP region between w 8500 and
w 8000 cal BP, likely in relation to the 8.2 ka cold event ( Gagan et al.,
2002, 2007; Rosenthal et al., 2003 ). These records point to drier
conditions on a centennial scale possibly associated with changes in
monsoon strength ( Dykoski et al., 2005; Wang et al., 2005 ), which
would have contributed to the rapid decline in peat accumulation.

From w 6000 cal BP onward, peat accumulation rates stabilised
at w 0.3 mm yr � 1 (w 20 g C m� 2 yr � 1). These consistently low peat
accumulation rates over the Mid- and Late Holocene suggest
a strong dependency on sea-level changes. Stable and falling
sea-levels stabilised or even lowered the water-table mounds of
inter � uvial peat domes, thereby decreasing or halting peat accu-
mulation (cf. Glaser et al., 2004).

Remarkably high accumulation rates ( > 2 mm yr � 1, > 80 g
C m� 2 yr � 1) have been reported for recent deposits in the upper-
most metre of the Sebangau peat dome in Central Kalimantan ( Page
et al., 2004; Wüst et al., 2007 ). These high rates refer to the accu-
mulation of living roots and raw humus of modern age ( Weiss et al.,
2002; Page et al., 2004; Wüst et al., 2008 ), however, and should not
be taken as a measure of the current rates of peat accumulation.

5.1.3. Late Holocene peat degradation
The majority of the truncated pro � les from Central Kalimantan

comes from forested, largely pristine sites. Apparently, peat accu-
mulation ceased as part of the natural development of these
undisturbed peat domes. Sieffermann et al. (1988, 1996) proposed
that peat accumulation continued until w 2500 cal BP, possibly at
a slower pace, after which the domes gradually lost peat by
oxidation of the surface layers. It is unclear when degradation
actually set in, but increased El Niño frequency and intensity
from w 5000 cal BP onward ( Donders et al., 2008; Fig. 3) may have
had a profound effect on the Central Kalimantan sites. In fact,
present El Niño droughts lead to large evaporative losses from these
peatlands (Takahashi et al., 2002) and water level draw-downs of
up to 1 e 2 m depth ( Goldammer and Seibert, 1989; Usup et al.,
2004; Putra et al., 2008; Ballhorn et al., 2009 ). Independent
evidence of natural degradation comes from CO 2 � ux (eddy
covariance) measurements of the near-natural Sebangau peat
swamp forest that show a release of w 100 g C m� 2 yr � 1 between
May 2004 and May 2005, a non-El Niño year ( Hirano et al., 2007 ).

Several palaeoclimate records indicate particularly intense El
Niños between w 2000 and w 1200 cal BP (e.g. Moy et al., 2002;
Rein et al., 2005; Conroy et al., 2008 ; Fig. 3). These strong palaeo-
El Niños would have markedly reduced moisture availability and
thus have had a strong impact on the moisture sensitive peat
domes. Drought stress was further ampli � ed as increased ENSO
variability occurred in concert with decreasing rainfall over Borneo

(Partin et al., 2007 ) and with falling sea-levels over the Sunda Shelf
(Steinke et al., 2003; Horton et al., 2005 ; Fig. 3). Under these
changing boundary conditions peat accumulation in many Central
Kalimantan peat domes ceased. In response to consistently lowered
water levels the pro � les that do cover the period after w 5000 cal
BP show strongly humi � ed peat, high amounts of oxidised plant
material and high bulk density values in the upper stratum
(Dehmer, 1993; Moore et al., 1996; Moore and Shearer, 1997; Weiss
et al., 2002; Page et al., 2004).

Evidence exists for recurring local peat � res in a Central Kali-
mantan peat dome for the Early to Mid-Holocene period ( Yulianto
et al., 2004a; Yulianto and Hirakawa, 2006 ) when the climate was
wet and warm and ENSO activity still low ( Haberle et al., 2001;
Fig. 3). These � res may have been natural or human induced
(Goldammer and Seibert, 1989; Yulianto et al., 2004a ). Humans
were disturbing swamp sites in south-east Asia and Australasia
already in the Early Holocene ( Bird et al., 2004; Hunt and
Rushworth, 2005; Haberle, 2007 ). Fire frequency increased in
many regions of Indonesia with increasingly strong El Niño related
droughts and reduction in monsoon precipitation from w 5000 cal
BP onward (Haberle et al., 2001). Whereas it is conceivable that
human induced � res contributed to truncation of Central Kali-
mantan peat pro � les, charcoal evidence to support this hypothesis
is lacking (cf. Moore et al., 1996; Moore and Shearer, 1997 ).

5.2. Kutai peat domes

5.2.1. Holocene development
During the rapid Early Holocene rise in sea-level, peat accu-

mulation started in the Kutai basin ( Fig. 3) as a result of delta
in � lling and the backing up of the Mahakam River which drains the
area (Hope et al., 2005). Terrestrialisation of the initially � ooded
Kutai basin led to development of peatlands overlying lacustrine
clay sediments. Large parts of the Kutai peatlands are still season-
ally � ooded by river waters. Only a small number of peat domes
developed within this area of otherwise minerogenic peatlands
(Diemont and Pons, 1992; Hope et al., 2005). Peatlands in the Kutai
basin grew and expanded in response to a rising drainage base
caused by silt and clay deposition along river channels as an
external driver ( Hope et al., 2005).

5.2.2. Peat accumulation rates
Initially the Kutai peatlands grew rapidly, apparently in

response to the post-glacial rise in sea-level and related aggrada-
tion of the Mahakam � uvial system. The decline in peat accumu-
lation rates since w 6800 cal BP may have been driven by
stabilisation of sea-levels. The correspondence of the mean Holo-
cene peat accumulation rate of the Kutai domes with those of
coastal peat domes must be coincidental.

5.2.3. Late Holocene peat degradation
In the Kutai peatlands anthropogenic peat � res occurred during

the Late Holocene and increased in frequency from w 1500 cal BP

Table 4
Mean time-weighted apparent rate of carbon accumulation during the Holocene.

Location C-accumulation rate (g m � 2 yr � 1) (range) Based on data from

Sebangau, C-Kalimantan (SA 6.5) 22.3 (6.5e 121.4) Page et al., 2004
north of Palangka Raya, C-Kalimantan (PK3) 51.2 (37.0 e 78.3) Neuzil, 1997
All C-Kalimantan sites 31.3 (16.6e 73.2)a

Teluk-Keramat, West Kalimantan (WK3) 68.1 (55.6 e 79.7) Neuzil, 1997
Siak Kanan, Riau Sumatra (C2) 75.6 (56.2e 103.4)b Diemont and Supardi, 1987a
All coastal sites 77.0 (55.4e 107.1)a

a For all unspeci � ed sites mean bulk density and carbon content ( Table 2) are used in the calculation.
b Outlier of 190.8 g C m � 2 yr � 1.
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onward ( Hope et al., 2005). Recurrent human induced � res related
to the establishment of � shing grounds ( Chokkalingam et al., 2005 )
led to substantial truncation of several peat pro � les studied by
Hope et al. (2005) , probably within the past few centuries or even
decades.

5.3. Coastal peat domes

5.3.1. Holocene development
The number of coastal peat dome sites steeply increased

between w 7500 and w 4000 cal BP (Fig. 3). Peat domes developed
on marine clay and mangrove deposits of river deltas and coastal
plains (e.g. Anderson and Muller, 1975; Supiandi, 1988; Cobb and
Cecil, 1993; Staub and Esterle, 1994; Sumawinata, 1998 ). Whereas
mangroves have been present in the study area since the Early
Holocene (Yulianto et al., 2004b, 2005 ), they became widespread
only when the rate of rising sea-levels diminished between w 8000
and 7000 cal BP (cf. Woodroffe et al., 1985; Horton et al., 2005 ) and
mangrove sediment accumulation could keep up with slowly sta-
bilising sea water levels (cf. Ellison and Stoddart, 1991; Woodroffe
and Davies, 2009). Extensive mangrove forests existed between
w 7000 and w 4500 cal BP in the south-east Asian deltas that are
now blanketed by peat domes ( Woodroffe, 2000 ).

When the rate of sea-level rise markedly slowed down from
w 7000 cal BP onward ( Fig. 3; Hesp et al., 1998; Bird et al., 2007 ), the
acid mangrove sediments provided a vast � at substrate for coastal
peat dome development ( Anderson, 1964, 1983; Bruenig, 1990;
Sumawinata, 1998; Yulianto et al., 2005; Page et al., 2006 ). At the
same time precipitation rose to its Holocene maximum and El Niño
activity was still low ( Fig. 3).

After the highstand of Holocene sea-level around 5000 cal BP
(Fig. 3), sea-level fell slightly due to hydro-isostatic adjustment of
the Sunda Shelf (Hesp et al., 1998; Horton et al., 2005 ). With falling
sea-levels and continued sedimentation in deltaic and estuarine
settings, peat swamps progressively spread seaward from
w 5000 cal BP until the present (cf. Staub and Esterle, 1993, 1994;
Staub and Gastaldo, 2003; Sumawinata, 1998; Woodroffe, 2000;
Woodroffe and Davies, 2009 ). Furthermore, lower sea-levels
exposed sandy beach ridges that were directly colonised by peat
swamps and also mud � ats that were � rst covered by mangroves
(cf. Cameron et al., 1989; Bruenig, 1990; Neuzil, 1997 ).

5.3.2. Peat and carbon accumulation rates
Prior to 5000 cal BP, the mean peat accumulation rate of coastal

peat domes was w 1.7 mm yr � 1 (w 75 g C m� 2 yr � 1), well above the
contemporaneous rate of Central Kalimantan domes ( Fig. 3). The
peak in mean peat accumulation (2.5 mm yr � 1, 107 g C m� 2 yr � 1) at
around 4800 cal BP coincides with the highstand in Holocene sea-
level and the rainfall maximum over northern Borneo. This
concurrence suggests that sea-level and precipitation are impor-
tant forcing mechanisms for coastal peat dome development. High
sea-levels decrease the hydraulic gradient in the landscape and
together with the high levels of precipitation would have enabled
formation of highly elevated water table mounds within inter � u-
vial divides and other settings ( Glaser et al., 2004). Persistent
saturated conditions near the peat surface would have increased
peat accumulation by reducing aerobic decay (cf. Belyea and
Malmer, 2004 ), leading to the growth and coalescence of peat
domes. High peat accumulation rates prevailed until 3400 cal BP
when both sea-levels and precipitation were past their Holocene
maximum ( Fig. 3).

The subsequent reduction in peat accumulation to w 1.6 mm yr � 1

(69 g C m� 2 yr � 1) is most likely related to higher decomposition
rates under a less humid climate. The mean peat accumulation
remained rather steady at this rate over the past three millennia,

suggesting a weak impact of higher Late Holocene ENSO variability
on coastal peat domes.

Individual pro � les from coastal peat domes show either rela-
tively constant or slightly decreasing rates of peat accumulation
over time (i.e. linear or convex age-depth curves, Fig. 2). Yu et al.
(2003) report a convex peat growth pattern for a boreal fen and
attribute it to internally driven isolation from the regional
groundwater table and resulting reduction in plant productivity.
The convex age-depth curves of tropical peat domes could similarly
be ascribed to the reduction in biomass productivity ( Tie and
Esterle, 1992) as the swamp forest succession proceeded from
highly productive mixed swamp forests to nutrient limited, less
productive open Padang forests (e.g. phasic community VI: Com-
bretocarpus-Dactylocladus association, Anderson, 1983). This
successional pathway in the development of peat swamp forests
and an associated reduction in peat accumulation were described
by Anderson (1961, 1983) and Anderson and Muller (1975) , but its
general applicability to tropical peatlands has yet to be con � rmed.
The reduction in peat growth rates could also be externally � xed
because the width of an inter � uvial divide would at some point
limit the maximum height of the water table mound that supports
a peat dome (cf. Ingram, 1982; Glaser et al., 2004 ). Both the linear
and the somewhat convex age-depth relations seem to contradict
Clymo’s theoretical model of peat growth ( Clymo, 1984, 1992),
which may apply to European peatlands ( Clymo et al., 1998).
According to this model continued anaerobic decomposition of
peat strata results in concave age-depth curves. Anaerobic
decomposition of the recalcitrant tropical peat may prove to be
very low, however ( Couwenberg et al., 2010).

5.3.3. Late Holocene peat degradation
All truncated coastal pro � les are from peatlands clearly

disturbed by modern human activities, such as selective logging
and agriculture with associated drainage and � re (Supiandi and
Furukawa, 1986; Diemont and Supardi, 1987a; Supiandi, 1988;
Supardi et al., 1993; Furukawa, 1994; Neuzil, 1997 ). Intense, wide-
spread � res became common in association with non-traditional
land use (Andriesse, 1988) and escalated in recent decades (Siegert
et al., 2001; Goldammer, 2007 ). A typical peat � re burns more than
30 cm deep and releases w 26 kg C m� 2 (Ballhorn et al., 2009;
Couwenberg et al., 2010 ), which corresponds to centuries of accu-
mulation. Ongoing oxidative peat losses after drainage commonly
amount to w 4.5 cm yr � 1 (1250 g C m� 2 yr � 1) and decades of
drainage also lead to substantial losses ( Couwenberg et al., 2010 ).
Climate-driven peat degradation can thus be ruled out as a cause of
truncation of coastal peat domes.

5.4. Comparison coastal vs. inland Central Kalimantan peat
accumulation

Whereas inland Central Kalimantan peat domes are markedly
affected by Late Holocene changes in sea-level and climate, coastal
peat domes exhibit continued high peat accumulation rates. Even
though coastal peat domes were the latest to develop, some domes
accumulated up to 4 m more peat than the deepest deposits of
Central Kalimantan ( Fig. 2). The time weighted mean Holocene peat
accumulation rate of coastal sites is three times higher than that of
inland Central Kalimantan peat domes ( Table 4, Fig. 3).

In contrast to the inland Central Kalimantan and Kutai sites,
coastal sites included in this study occur under permanently humid
rainfall regimes with low seasonality (cf. Schmidt and Ferguson,
1951; Aldrian and Susanto, 2003 ), which may explain why coastal
sites were not markedly in � uenced by sea-level fall, reduced
precipitation and increased El Niño intensity. In fact, an ENSO
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in � uence on rainfall variability is presently weak in the coastal
regions included in this study (cf. Aldrian and Susanto, 2003 ).

In inland Central Kalimantan the seasonal climate setting in
combination with falling sea-levels no longer seems to be condu-
cive for peat accumulation. External stress apparently surpassed
inherent feedback mechanisms that formerly sustained peat dome
growth (cf. Dommain et al., 2010 ).

5.5. Peat carbon sequestration

Tropical swamp forest peats contain signi � cant amounts of
hard wood ( Polak, 1933; Driessen and Rochimah, 1976; Andriesse,
1988; Supardi et al., 1993; Esterle and Ferm, 1994; Wüst et al.,
2003). The bulk density of these swamp forest hardwoods can be
considerable and reach values near 1 g cm � 3 or more (e.g. Aglaia
rubiginosa, Dryobalanops rappa, Koompassia malaccensis, Pala-
quium cochleariifolium , Shorea balangeran; ICRAF, 2002). The
published peat bulk densities all derive from peat cores taken with
coring devices (e.g. Russian peat sampler, Dachnowski sampler,
Eijkelkamp sampler) that are unable to penetrate and recover
dense wood layers. In our experience it is often impossible to
retrieve a core from one single borehole due to the presence of
wood (see also e.g. Anderson, 1964; Polak, 1975; Esterle and Ferm,
1994; Shimada et al., 2001 ). Dry bulk densities thus may have been
underestimated in many cases. On the other hand, the coarse wood
in the peat may create an open matrix with voids or holes from
which hardly solid material can be recovered (cf. Driessen and
Rochimah, 1976; Sumawinata et al., 2008 ). Such voids are often
discarded in calculations of bulk densities, which may again lead to
overestimations ( Sumawinata et al., 2008 ). In view of the uncer-
tainties in the available bulk density and carbon content
measurements, the carbon accumulation rates presented here for
Central Kalimantan and the coastal peat domes should be regarded
as tentative.

With a time weighted mean Holocene carbon sequestration
rate of 77.0 g C m � 2 yr � 1 coastal peat domes show a much stronger
long term carbon-sink capacity than Central Kalimantan sites.
Mean Holocene peat and carbon accumulation rates of peat domes
in Central Kalimantan are similar to those of boreal raised bogs
(e.g. Turunen et al., 2002; Gorham et al., 2003 ), whereas those of
coastal peat domes are more than twice as high ( Table 5). The high
carbon sequestration rate of coastal peat domes can be linked to
the absence of a seasonal dormancy in biomass production, the
woody nature of the peat and the permanently wet climate. The

high lignin content of the peat (64 e 93%;Hardon and Polak, 1941;
Sabiham, 2010) substantially inhibits anaerobic decomposition as
indicated by the currently low methane emissions ( Couwenberg
et al., 2010). South-east Asian coastal peat domes are spatially
the most effective terrestrial ecosystems in sequestering carbon on
a millennial time scale.

6. Conclusions

This study identi � es three geographically distinct types of
peat swamp domes in the lowlands of the western Malay
Archipelago: the peat domes of a) inland Central Kalimantan, b)
the Kutai basin and c) coastal plains that clearly differ in terms of
underlying substrate, timing of peatland initiation, peat accu-
mulation rates and drivers of peat degradation. Peat dome
formation and peat accumulation rates were primarily controlled
by post-glacial sea-level changes over the Sunda Shelf and
changes in rainfall and monsoon intensity. The post-glacial sea-
level transgression was the main driver for peat dome formation
in Central Kalimantan, whereas the Mid-Holocene sea-level
stagnation and following regression was the main driver for
coastal peat dome development as it led to extensive new land
availability. In the Kutai basin peat formation and rates of peat
accumulation were controlled by accretion rates of the Mahakam
River and were seemingly independent of climate. The rate of
peat accumulation in Central Kalimantan responded sensitively
to increased Late Holocene El Niño activity. Present regional
differences in seasonality and ENSO impact indicate a climato-
logic explanation for in the continued high Late Holocene peat
accumulation rates of coastal peat domes. Coastal peat domes
can essentially be considered the most effective carbon seques-
tering ombrotrophic peatlands worldwide.

The presented carbon sequestration rates may have to be cor-
rected when more representative cores become available, e.g.
through the use of modi � ed piston corers that can recover dense
wood layers ( Wright et al., 1984 ). Until then, it will remain unclear
in how far current estimates of total carbon content of tropical
peatlands apply. Future palaeo-ecological studies of tropical peat-
lands should couple palaeobotanical and charcoal analyses with
measurements of geochemical proxies, thorough bulk density
determinations and rigorous dating applications in order better to
reconstruct ecosystem-climate interactions and to arrive at swamp
forest type speci � c carbon sequestration rates. More high-resolu-
tion, terrestrial palaeoclimate records from the Malay Archipelago
are required to unravel past regional differences in moisture vari-
ability, particularly ENSO impact.

Whereas the inland peat domes of Central Kalimantan may not
be sequestering peat even if undisturbed, they rightly receive much
attention as hotspots of anthropogenic greenhouse gas emissions.
Fires and ongoing peat degradation after drainage result in carbon
losses that are one to two orders of magnitude larger than mean
Holocene accumulation rates. The stronger seasonality and ENSO
intensity make Central Kalimantan and Kutai basin peat domes
more vulnerable to land use activities, stressing the importance of
adequate conservation and restoration measures. Considering the
rapid and widespread destruction of coastal peat swamps an urgent
need exists to focus on stringent protection of the remaining
coastal peat swamps in south-east Asia for biodiversity conserva-
tion and climate change mitigation/adaptation. Coastal peat domes
have shown resilience to dry El Niño spells and falling sea-levels
and their palaeo-archives may provide crucial information on their
response to expected changes in these external drivers. Climate
models predict longer and more intense dry seasons and more
frequent El Niños for major parts of the study area ( Li et al., 2007).
Such changes will promote further carbon losses from drained

Table 5
Comparison of regional overviews on mean peat and carbon accumulation rates of
raised bogs.

Region Method N
(sites)

Peat
accumulation
rate
(mm yr � 1)

Carbon
accumulation
rate
(g m � 2 yr � 1)

Reference

SE-Asia
Central
Kalimantan

Time-
weighed
average

11 0.54 31.3 This study

Coastal Time-
weighed
average

14 1.77 77.0 This study

Finland LORCAc > 500 e 20.8 Turunen
et al., 2002

Russiaa LORCAc e 0.34 38.1 Botch
et al., 1995

Canada, USAb LORCAc 32 0.55 26 Gorham
et al., 2003

a Only Pine forested bogs.
b Including some fens.
c LOng-term apparent Rate of Carbon Accumulation.
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peatlands if suf � cient conservation management measures are not
implemented.
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a b s t r a c t

Peatlands have been recognised as globally important carbon sinks over long timescales that produced a
global, net-climatic cooling effect over the Holocene. However, little is known about the role of tropical
peatlands in the global carbon cycle. We therefore determine the past rates of carbon storage and release
in the Indonesian peatlands of Kalimantan and Sumatra e the largest global concentration of tropical
peatlands e since 20 ka (kiloannum before present). Using a novel GIS (geographic information system)
approach we provide a spatially-explicit reconstruction of peatland expansion in a series of paleogeo-
graphic maps.

Sea-level change is identi � ed as the principal driver for peatland formation and expansion in western
Indonesia as it controls both atmospheric moisture supply and the hydrological gradient on the islands.
Initiation of inland peatlands in Kalimantan was coupled to periods of rapid deglacial sea-level rise with
rates of over 10 mm yr � 1 whereas coastal peatlands could only form after 7 ka when the rate of sea-level
rise had slowed to 2.4 mm yr � 1. Falling sea levels after 5 ka led to rapid peatland expansion in coastal
lowlands and a doubling of the total peatland area in western Indonesia to 131,500 km 2 between 2.3 ka
and 0 ka. As a result of slow peatland expansion from 15 to 6 ka and rapid expansion afterwards the rate
of annual carbon storage of all western Indonesian peatlands remained < 1 Tg C yr� 1 until 6 ka and then
increased to 7.2 Tg C yr� 1 by 0 ka. Associated with this rise in carbon storage was an exponential growth
of the peat carbon pool from 0.01 Pg C by 15 ka to 23.2 Pg C at present, of which 70% is stored in coastal
peatlands. In inland Kalimantan peatlands, falling sea levels together with increased El Niño activity
induced an annual carbon release of 0.15 Tg C yr � 1 from aerobic peat decay since 2 ka. Cumulative carbon
losses from anaerobic decomposition do not seem to limit peat bog growth in the tropical peatlands of
Indonesia. Carbon losses from Holocene peat � res are only known from the Kutai basin since 4.4 ka with
an associated release of 0.1e 3.6 Tg C per � re event, which never surpassed the contemporaneous annual
C storage. The peatlands of western Indonesia were thus a persistent carbon sink since 15 ka but this sink
was of global importance only over the past 2000 years when it likely contributed to a slower growth in
atmospheric CO2 concentrations. Currently, annual losses of carbon from peat drainage and � res are on
average 28 times higher than the pre-disturbance rate of uptake implying that this carbon reservoir has
recently switched from being a net carbon sink to a signi � cant source of atmospheric carbon and is
currently in danger of eradication.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Tropical peatlands are an integral part of the Earth ’s terrestrial
biosphere and have been an important component of the global

carbon cycle since the Middle Paleozoic as indicated by continental
coal deposits (Berner, 2003; Greb et al., 2006 ). Coal reservoirs are
generally derived from peat deposits produced by swamp forests, in
which woody material only partially decomposes in a waterlogged
setting ( Hedges et al., 1985). The equatorial peatlands of Indonesia,
Malaysia, and Brunei (Southeast Asia, Fig. 1) are generally
considered to represent important modern analogues for past coal
forming environments ( Cobb and Cecil, 1993).
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Peatlands are known from equatorial Southeast Asia since the
Paleocene, with the � rst ombrotrophic peat formations developing
in the Late Oligocene ( Morley, 2012, 2013 ). Domed peatlands were
widespread in the Miocene and pollen records of their coal deposits
re� ect � oristic assemblages strikingly similar to modern peat
swamps of Southeast Asia (Anderson and Muller, 1975; Moore and
Hilbert, 1992; Demchuk and Moore, 1993; Morley, 2012, 2013 ).
Modern peat swamp forests are thus an ancient ecosystem that has
been an element of Southeast Asia ’s vegetation for 15 e 20 million
years (Morley, 2012, 2013 ). During the Cenozoic, Southeast Asian
peat swamp forests have effectively transferred carbon from the
atmosphere into terrestrial peat deposits, which in certain tectonic
settings were eventually buried and preserved within the geologic
rock reservoir. The modern peatlands of Indonesia therefore pro-
vide a unique, but rapidly disappearing opportunity to study the
in � uence of peat swamp forests, as analogues of ancient coal
forming ecosystems, on the global carbon cycle over millennial
timescales.

Approximately half of all known tropical peatlands and 84% of
those in Southeast Asia are located in Indonesia ( Page et al., 2011).
Indonesian peatlands are relatively young geologic deposits that
mostly originated during the past 14,000 years ( Dommain et al.,
2011), but spatially and temporally explicit information on their
origin and development is rare. Currently, estimates are only
available for 1) the current carbon pool that is stored in Indone-
sian peatlands, 2) the age of initiation for selected peatlands and
3) the past rates of peat accumulation for an even more limited

number of sites. A more detailed spatial and chronological context
to these estimates is needed to understand how the carbon � uxes
and the build-up of the carbon pool in Indonesian peatlands were
affected by changes in sea level, climate, and paleo-drainage
networks.

Sea level has been invoked as an important driver for the for-
mation of Southeast Asian peatlands during the Cenozoic
(Dommain et al., 2011; Morley, 2012 ). Dommain et al. (2011) sug-
gested that both the rise and subsequent fall in sea level during the
Holocene induced peatland initiation across western Indonesia,
Malaysia, and Brunei. Moreover, sea-level changes over the Sunda
Shelf seem to be particularly important in regulating the regional
moisture availability on glacial e interglacial timescales ( DiNezio
and Tierney, 2013 ). However, a more quantitative approach is
needed to determine the in � uence of sea-level changes on the
spatial expansion of peatlands in Indonesia and to identify poten-
tial thresholds that trigger their initiation.

The carbon balance of tropical peatlands also seems to be
strongly in � uenced by rainfall seasonality, including variability in
the El Niño-Southern Oscillation (ENSO), as shown by modern
carbon � ux studies ( Hirano et al., 2007, 2012 ). However, no general
understanding exists on how rainfall and other climate factors
in � uenced the long-term carbon balance of tropical peatlands.
Because Indonesian peatlands are generally dome-shaped land-
forms that solely rely on atmospheric sources of water ( Dommain
et al., 2010) their peat layers should preserve a sensitive record of
the carbon cycling responses to past climatic changes.

Fig. 1. Peatland distribution in the Sunda-region. Black areas represent the lowland peatlands of western Indonesia, dark grey areas peatlands in Malaysia, Brunei and Thailand.
Locations of basal peat dates are marked by yellow dots. Locations of carbon accumulation records from western Indonesia are marked by green squares and numbered: 1)
Sebangau, 2) Palangka Raya, 3) Teluk Keramat, 4) Siak Kanan. The eddy� ux tower site of Hirano et al. (2007, 2012) is marked by a red triangle and the paleoclimate proxy sites of
Partin et al. (2007) in northern Borneo and Tierney et al. (2012) off Sulawesi by pink diamonds.
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Peatlands are believed to be important in the global carbon cycle
as signi� cant long-term sinks of atmospheric CO 2 (Frolking and
Roulet, 2007; Kleinen et al., 2010; Yu, 2011 ). Whereas the age of
peatland initiation across western Indonesia is fairly well known,
reliable estimates of past areal peatland extent are thus far lacking.
Without reliable data of peatland expansion the role of tropical
peatlands in regulating atmospheric concentrations of CO 2 since
the last deglaciation cannot be accurately assessed.

In this paper we explore the importance of deglacial sea-level
changes for peatland development by specifying spatio-temporal
patterns of peatland initiation and by quantifying their expan-
sion in relation to past sea levels. We illustrate these relationships
in a series of paleogeographic maps in millennial time slices.
Furthermore, the paper addresses the importance of past changes
in temperature, rainfall supply, and seasonality, including varia-
tions in ENSO, for long-term peatland carbon accumulation. In
order to clarify the role of Indonesian peatlands in the global
carbon cycle during the Holocene we quantify rates of carbon
storage and the changing size of the Indonesian carbon pool over
time. We speci � cally relate changes in carbon storage of Indone-
sian peatlands to past variations in atmospheric CO 2 concentra-
tion. As a last point, we compare ongoing carbon losses from peat
� res and from peat decomposition with natural carbon storage in
order to address the question whether Indonesian peatlands still
function as a carbon sink and thus as a potential coal-forming
environment.

2. Study region

This study focuses on the lowland peatlands of western
Indonesia, which occur on the island of Sumatra and the Indonesian
part of the island of Borneo known as Kalimantan. Both islands are
part of the continental Sunda Shelf and formed a coherent land
mass with mainland Asia during the Last Glacial Maximum (26.5 e
19 ka; kiloannum ¼ 1000 calibrated years before present, where
present is 1950) when sea levels were around 120 m lower than
today ( Fig. 1).

The Indonesian archipelago lies in the heart of the Indo-Paci � c
Warm Pool (IPWP), a global center of atmospheric deep convec-
tion ( Yan et al., 1992). Due to year-round high sea-surface tem-
peratures (SST) of over 28 � C convective activity is high, resulting in
annual rainfall of between 2 and 4 m ( Aldrian and Susanto, 2003 ).
The climate is governed by the cross-equatorial Austral-Asian
monsoon system, the Intertropical Convergence Zone (ITCZ), and
the Walker circulation. The seasonal cycle in insolation affects the
direction and strength of monsoon circulation and the position of
the Intertropical Convergence Zone during the year. Interannual
variability in precipitation over western Indonesia is signi � cantly
correlated to the El Niño-Southern Oscillation (ENSO; Hendon,
2003) and particularly in Sumatra also strongly in � uenced by the
Indian Ocean Dipole (IOD) ( Saji et al., 1999). El Niño events and/or
positive IOD modes cause prolonged episodes of extreme rainfall
de� cit and mark the major episodes of human induced peat and
forest � res today (van der Werf et al., 2008; Field et al., 2009 ).
Indonesia has a diurnal climate ( Tageszeitenklimasensu Troll, 1943 ),
in which daily temperature � uctuations exceed annual � uctuations
considerably. Mean monthly temperatures are high and vary be-
tween 26 and 27 � C.

The vast majority of peatlands in Indonesia are restricted to
lowlands with elevations of less than 50 m above sea level (a.s.l.).
Peat covered land forms in these lowlands are generally coastal
alluvial plains and prograding river deltas of Holocene age. Such
land forms have their greatest concentration along the east coast
of Sumatra and the south and west coast of Kalimantan ( Fig. 1).
Besides in this coastal region, lowlands containing substantial

areas of peatland also occur in inland Kalimantan. The Upper
Kapuas basin with an elevation of 25 e 50 m a.s.l. in West Kali-
mantan ( Anshari et al., 2001, 2004 ; ca 180 km inland) and the
Kutai basin with elevations of less than 5 e 25 m a.s.l. in East
Kalimantan ( Hope et al., 2005; ca 120 km inland; Fig. 1) are both
characterized by a mosaic of � oodplain lakes and minero- and
ombrotrophic peatlands. In southern Kalimantan between 30 and
80 km from the coast the coastal alluvial plain grades into a
sandy Pleistocene podzol plain that is draped with domed peat-
lands up to 230 km inland. This peat covered podzol plain with
an altitude of 5 e 50 m a.s.l. is the peatland region of inland
Central Kalimantan ( Dommain et al., 2011 , Fig. 1). Sieffermann
et al. (1987, 1988) called the central elevated inter � uves of this
region “high peat ” and the adjacent peat � lled river valleys “basin
peat” .

Based on this geographic pattern of peatland distribution we
distinguished � ve peatland regions of western Indonesia: 1) coastal
peatlands of Sumatra, 2) coastal peatlands of Kalimantan, 3) inland
peatlands of Central Kalimantan, 4) inland peatlands of the Kutai
basin, and 5) inland peatlands of the Upper Kapuas basin. Peatlands
of the two coastal regions have similar basal ages and nearly
identical long-term rates of peat accumulation ( Dommain et al.,
2011). The inland peatland regions differ markedly with respect
to age, mode of origin, underlying substrate and long-term rates of
peat accumulation from the coastal peatland regions ( Anshari et al.,
2001; Dommain et al., 2011 ).

The lowland peatlands of Indonesia are covered with peat
swamp forest that on ombrotrophic peat domes is arranged into
concentric forest communities ( Anderson, 1983; Bruenig, 1990 ).
Indonesian peat swamp forests are � oristically very diverse in
comparison to northern peatlands. For example, Simbolon and
Mirmanto (2000) report 310 plant species from Central Kali-
mantan peat swamp forests and Brady (1997a) lists 144 tree species
from peat swamp forests of Sumatra. The aboveground woody
biomass of Bornean peat swamp forests ranges between ca 260 and
400 t ha � 1 (Verwer and van der Meer, 2010 ).

3. Materials and methods

3.1. Late-Quaternary sea level and paleo-drainage reconstructions
of the Sunda Shelf

We reconstructed changes in land-sea distribution on the
Sunda Shelf in a series of maps at 1000 year intervals from the end
of the Last Glacial Maximum (21 ka) to the present (0 ka). This
reconstruction is based on the most recent sea-level curve for the
Sunda Shelf by Hanebuth et al. (2011 ; shown in Fig. 7) and the
bathymetric and topographic ETOPO 1 Global Relief Model ( http://
www.ngdc.noaa.gov/mgg/global/global.html ). ETOPO 1 has a hor-
izontal resolution of one arc minute (ca 1.85 km at the equator) and
a vertical resolution of one metre ( Amante and Eakins, 2009 ).
Erosion and especially sedimentation will have changed the sea
� oor topography of the Sunda Shelf since the Late Pleistocene, but
measured sedimentation rates on the open Sunda Shelf are
generally quite low ( w 10 cm ka � 1, Hanebuth and Stattegger, 2003;
Hanebuth et al., 2011 ). Moreover, post-glacial crustal movement is
minimal for the Sundaland core ( Tjia, 1996). Therefore assigning
past sea levels to the modern bathymetric contours provides a
reasonable approximation of the Lateglacial and Holocene extent
of exposed land surfaces (Voris, 2000; Sathiamurthy and Voris,
2006; Hanebuth et al., 2011; Hall, 2012 ). Based on the ETOPO1
digital relief model we modelled the paleo-river network and
paleo-drainage basins of the exposed shelf and adjacent uplands
using the hydrology tool box of ArcMap 10.1 ( ESRI, 2011). The
modern land surface is visualized with Shuttle Radar Topography
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Mission (SRTM) data with 90 m horizontal and 1 m vertical
resolution.

3.2. Reconstructing areal peatland expansion

We reconstructed the origin and expansion of peatlands for the
modern land area of Sumatra and Kalimantan (i.e. Indonesian
Borneo) since 20 ka at intervals of 1000 years. These re-
constructions are based on the GIS versions of the Wetlands In-
ternational peat atlas for Sumatra ( Wahyunto et al., 2003 ) and
Kalimantan ( Wahyunto et al., 2004 ). These two GIS atlases contain
polygons ( n ¼ 2669) mapping the distribution, extent (area) and
depth of peatland as well as peat type and physico-chemical peat
properties for each district of Sumatra and Kalimantan ( Wahyunto
and Suryadiputra, 2008 ). We discarded 47 polygons covering
< 10 km 2 located at high altitudes. The atlas for Sumatra distin-
guishes four classes of peat depth, viz. 50 e 100 cm, 100e 200 cm,
200e 400 cm and > 400 cm, whereas the atlas for Kalimantan dis-
tinguishes � ve classes (viz. 50e 100, 100e 200, 200e 400, 400e 800
and 800e 1200 cm) ( Wahyunto and Suryadiputra, 2008 ). Each
polygon represents a spatially distinct area that falls into a single
peat depth class.

Using ArcMap 10.1, the extent and depth of the peatland polygons
of the atlases were updated with digitized versions of maps pub-
lished by Sieffermann et al. (1988), Brady (1997a), Hope et al. (2005),
Wösten et al. (2006) and Jaenicke et al. (2008) and checked against
recent Landsat imagery. In addition, we used � eld data collected by
Wetlands International e Indonesia Programme and R. Dommain in
Central Kalimantan and Sumatra in 2008 and 2010.

The basal age of the mapped polygons was determined in two
ways. First, available basal radiocarbon dates for Indonesian peat-
lands (Dommain et al., 2011 ; with additional dates from: Diemont
and Pons, 1992; Brady, 1997a; Hope et al., 2005) were georefer-
enced and added to the peatland map. In ArcMap 10.1 we then
assigned the calibrated basal radiocarbon ages ( n ¼ 54, Fig. 1) to
respective peatland polygons (covering 15% of the total peatland
area). Second, the basal age of the remaining, undated polygons was
calculated by dividing the peat depth with the mean long-term rate
of peat accumulation published in Dommain et al. (2011) . Applied
rates of peat accumulation take into account the following regional
differences between the existing lowland peatland types: 1)
1.77 mm yr � 1 for coastal Sumatra and Borneo (Kalimantan and
Malaysian Sarawak), 2) 0.54 mm yr � 1 for inland Central Kalimantan,
3) 1.89 mm yr � 1 for the Kutai basin, and 4) 0.46 mm yr � 1 for the
Upper Kapuas basin. The latter rate was determined by averaging
the peat accumulation rates from the dated peat cores of Anshari
et al. (2001, 2012) . In other words, we applied regionally speci � c
transfer functions to derive a basal age for each undated polygon.

Given that the Wetlands International peat atlas provides only
depth classes for each polygon, we tested which speci � c depth
(minimum, mean, maximum of the class) yields the most likely age.
To this end we applied the transfer functions to the dated polygons
and compared the resulting age estimates with the actual radio-
carbon dates. This comparison showed that the maximum depth of
the depth classes provided the best age estimates for coastal
peatlands, the Kutai basin and the Upper Kapuas basin. The mean
depth provided the best age estimate for inland Central Kali-
mantan. Some polygons from Central Kalimantan that lack basal
radiocarbon ages are apparently truncated as indicated by (old)
near-surface radiocarbon dates. To estimate their basal age we
applied the regional transfer function and added the result to the
available near surface age. Within each peatland region, all undated
polygons with the same peat depth class are assigned the same
basal age and the reconstructed peatland expansion is inevitably
stepwise.

3.3. Reconstructing carbon storage

3.3.1. General considerations
Dommain et al. (2011) estimated mean rates of Holocene carbon

accumulation in coastal Sumatra and Borneo to be 77 g C m � 2 yr � 1,
in contrast to 31.3 g C m � 2 yr � 1 in inland Central Kalimantan. To
estimate carbon accumulation rates (CAR) for the Kutai basin for
which data on dry bulk density and carbon content for peat are still
not available (G. Hope, pers. com.), we applied a carbon density of
0.064 g C cm� 3 based on previously analysed cores from inland
Bornean peatlands in Central Kalimantan ( Dommain et al., 2011 )
and Danau Sentarum/Upper Kapuas ( Warren et al., 2012 ). We then
multiplied this carbon density with previously published rates of
peat accumulation from Kutai ( Hope et al., 2005; Dommain et al.,
2011). For the Upper Kapuas basin we determined the regional
mean CAR by averaging cores A and B of Anshari (2010) (with 14C
dates from Anshari et al., 2012 ) and core HN3 of Anshari et al.
(2001) . A mean carbon density of 0.066 g C cm � 3, taken from
Warren et al. (2012) , was used for the latter core.

A mean rate of carbon accumulation was determined for each
millennium for each of the � ve peatland regions by averaging
annual rates. Determining carbon accumulation rates for the most
recent millennium is not trivial, because the surface of a peat pro � le
(where the age is 0 ka) is not necessarily equivalent to the ground
surface, but is instead located at some depth beneath the � oor of the
peat swamp forest. The base of the trees in these tropical swamp
forests forms an interlocking continuum with the roots that can
extend over a metre below the apparent land surface depending
upon the depth of the water table ( Furukawa, 1988, 1994 ). In order
to compare CAR for the most recent millennium with that of the
preceding millennia we disregarded the upper living root mat.

For coastal Sumatran peatlands, Brady (1997a, b) determined the
thickness of the living root mat by radiocarbon dating and consis-
tently found modern radiocarbon ages from 10 to 20 cm depth and
pre-1950 radiocarbon ages for depths below 30 cm. In order to avoid
overestimating recent carbon accumulation we assumed that the
modernpeat surface (i.e. 0 ka) is located at a depth of 30 cm for coastal
and Kutai basin sites. In inland Central Kalimantan the root mat-peat
interface is substantially deeper owing to the generally lower water
table in these peatlands (e.g. Moore et al.,1996; Hirano et al., 2012 ). As
a result peatlands from inland Central Kalimantan have modern
calibrated radiocarbon ages down to a depth of w 1 m below the
surface (Weiss et al., 2002; Page et al., 2004; Wüst et al., 2008 ). For
three inlandCentralKalimantanpeatpro � les we rejected the modern,
uppermost radiocarbon dates and extrapolated the peat accumula-
tion rate derived from the two preceding (non-modern) radiocarbon
dates to establish the 0 ka depth level. This level was located at 79, 96
and 105 cm below the ground surface respectively.

3.3.2. Carbon accumulation in individual peatlands
Detailed records of organic matter and carbon accumulation

rates (CAR) from western Indonesian peatlands have been reported
for four sites by Diemont and Supardi (1987a), Neuzil (1997) , and
Page et al. (2004); summarized in Dommain et al. (2011) (Fig.1). We
re-calculated annual CAR from these records after re-calibrating all
radiocarbon dates with the IntCal 09 calibration curve ( Reimer
et al., 2009) in Calib 6.0.1 and by using the weighted averages of
the probability distribution functions as point age estimates
(Telford et al., 2004 ). The annual CAR of each pro� le was summed to
determine cumulative carbon mass accumulation (in Mg C ha � 1,
Mg ¼ megagram ¼ 106 g, equal to one metric tonne).

3.3.3. Carbon storage
We de� ne carbon storage as the rate of annual carbon accu-

mulation integrated over area. Rates of carbon storage were

R. Dommain et al. / Quaternary Science Reviews 97 (2014) 1e324

Odwh Txdwhuqdu| Fduerq F|folqj ri Vrxwkhdvw Dvldq shdwodqgv 0 Sdshu LL



88

determined in units of Tg C yr � 1 (Tg ¼ teragram ¼ 1012 g, equal to
one megatonne) for the three inland peatland regions, coastal
Sumatra and coastal Kalimantan, and all of western Indonesia. First,
carbon storage was calculated for single peatlands for which re-
cords of CAR (n ¼ 6) or rates of peat accumulation along with mean
values of carbon density ( n ¼ 26) were available (covering 13% of
the total peatland area). Second, for all remaining peatlands we
used 1000 year mean values of CAR for each region ( Table 1).
Multiplying past rates of carbon accumulation with contempora-
neous extent of peat cover yielded past rates of carbon storage per
site. For each peatland region we derived annual rates of carbon
storage as the sum of all site speci � c values.

Summing up the total annual rates of carbon storage since the
� rst peatland formed yields the current carbon pool. The size of the
peat carbon pools (in Pg C ¼ petagram ¼ 1015 g, equal to one gig-
atonne) is reported for each peatland region and for all of western
Indonesia for the end of each millennium since 15 ka ( Table 1,
Fig. 4).

3.4. Reconstructing carbon release

During the Late Holocene, peatlands in inland Borneo appar-
ently lost surface peat by both peat � res and climatically-driven
peat decomposition ( Hope et al., 2005; Dommain et al., 2011 ).
Reconstructing past rates of carbon release from these sources is
challenging because the chronology and magnitude of degradation
are dif � cult to resolve from stratigraphic pro � les. A number of peat

cores (n ¼ 8) from undrained sites in inland Central Kalimantan are
truncated with near surface (0 e 120 cm) ages of between w 7.5-to-5
ka (Dommain et al., 2011 ). Truncated pro � les with surface ages of
5.2 and 6.5 ka have also been reported from the Nung peat domes of
the Upper Kapuas basin ( n ¼ 2, Anshari et al., 2012 ). Sieffermann
et al. (1988) proposed that the truncated peatlands of Central
Kalimantan continued to accumulate peat until about 2 ka and have
since that time constantly lost surface peat. Following this hy-
pothesis we estimated additional carbon accumulation from the
truncation age of each core until 2 ka by applying the contempo-
raneous mean CAR from Central Kalimantan or the Upper Kapuas
basin, respectively. After 2 ka all of this additional carbon is
assumed to be gradually released at a constant rate. All truncated
Central Kalimantan pro � les are located within the “high peat ” area
of Sieffermann et al. (1987, 1988) . We therefore assumed that all
polygons with truncated pro � les of the high peat area of Central
Kalimantan and from the Upper Kapuas basin have released carbon
since 2 ka.

Truncated, burnt peat pro � les have been reported from the
Kutai basin that are now overlain by clayey lake or � oodplain
sediments ( Diemont and Pons, 1992; Hope et al., 2005 ). Based on
recent observations ( Wösten et al., 2006; van Eijk et al., 2009 ), we
conservatively assumed that 1 m of peat was lost from these
truncated pro � les due to recurrent � res to create permanently
� ooded conditions. We then estimated the time required for one
metre of peat to accumulate based on the peat accumulation rates
calculated for these peatlands prior to truncation. This time interval

Table 1
Changes in peatland area, carbon accumulation rates, rates of regional carbon storage and release, and of sizes in carbon pools in western Indonesia.

Peatland region Age (ka)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Inland Central
Kalimantan

Area (1000 km 2) 17.88 17.88 15.27 13.15 12.70 12.43 10.45 10.11 9.02 8.81 7.44 6.28 3.75 2.79 2.79 0.81
1000 yr mean CAR
(g C m� 2 yr � 1)

18.15 16.94 21.97 19.78 18.78 24.42 28.82 42.25 53.17 57.68 42.81 35.39 28.83 36.86 20.23 1.19

C storage (Tg C yr� 1) 0.25 0.23 0.33 0.25 0.23 0.27 0.30 0.44 0.50 0.64 0.35 0.23 0.13 0.17 0.18 0.00
C release (Tg C yr� 1) 0.14 0.14
C pool (Pg C) 3.83 3.73 3.67 3.35 3.10 2.87 2.62 2.32 1.93 1.46 0.93 0.58 0.39 0.27 0.09 0.00

Upper Kapuas Area (1000 km 2) 4.62 4.62 4.62 3.02 3.02 2.15 2.15 2.15 2.15 1.86 1.86 1.86 1.86 1.86 1.39 1.25
1000 yr mean CAR
(g C m� 2 yr � 1)

22.58 14.11 6.75 1.61 21.20 27.08 19.78 29.25 29.19 29.30 31.62 31.29 30.75 26.72 19.04 0.78

C storage (Tg C yr� 1) 0.09 0.06 0.03 0.00 0.07 0.07 0.05 0.07 0.07 0.07 0.07 0.07 0.07 0.06 0.03 0.00
C release (Tg C yr� 1) 0.01 0.01
C pool (Pg C) 0.84 0.76 0.71 0.69 0.68 0.63 0.56 0.51 0.44 0.37 0.30 0.23 0.16 0.09 0.04 0.01

Kutai Area (1000 km 2) 4.55 3.35 3.35 3.35 3.35 3.14 2.96 1.11 0.41
1000 yr mean CAR
(g C m� 2 yr � 1)

64.03 58.32 87.02 83.66 87.72 111.41 177.89 213.89 145.02

C storage (Tg C yr� 1) 0.25 0.16 0.29 0.27 0.29 0.34 0.41 0.30 0.06
C release (Tg C yr� 1) 0.01 0.01 0.003
C pool (Pg C) 2.01 1.80 1.64 1.35 1.09 0.79 0.46 0.16 0.02

Coastal Kalimantan Area (1000 km 2) 33.46 22.70 13.60 5.97 5.97 0.50 0.50
1000 yr mean CAR
(g C m� 2 yr � 1)

64.38 68.30 66.21 79.47 91.44 67.40 84.50

C storage (Tg C yr� 1) 2.16 1.55 0.90 0.48 0.56 0.03 0.04
C pool (Pg C) 4.28 2.42 1.39 0.85 0.37 0.07 0.03

Coastal Sumatra Area (1000 km 2) 71.03 53.32 31.74 22.06 21.39 9.40 0.69 0.09
1000 yr mean CAR
(g C m� 2 yr � 1)

64.38 68.30 66.21 79.47 91.44 67.40 84.50 86.93

C storage (Tg C yr� 1) 4.47 3.59 2.13 1.97 2.43 0.91 0.06 0.01
C pool (Pg C) 12.14 8.29 5.95 4.29 2.34 0.43 0.04 0.01

Western Indonesia
(sum)

Area (1000 km 2) 131.54 101.87 68.58 47.55 46.43 27.62 16.74 13.45 11.59 10.67 9.30 8.14 5.61 4.65 4.18 2.06
mean CAR
(g C m� 2 yr � 1)a

54.84 55.19 53.94 63.00 77.13 58.67 51.94 60.69 54.84 66.11 44.96 37.08 35.26 49.42 49.20 0.94

C storage (Tg C yr� 1) 7.21 5.61 3.68 2.99 3.58 1.62 0.87 0.82 0.64 0.71 0.42 0.30 0.20 0.23 0.21 0.00
C release (Tg C yr� 1) 0.15 0.16 0.01 0.003
C pool (Pg C) 23.10 17.00 13.35 10.52 7.57 4.79 3.72 3.00 2.39 1.83 1.23 0.80 0.55 0.36 0.13 0.01

a Represents area-weighted means at 1 ka boundaries (not intervals). Note that coastal Kalimantan and Sumatra have the same mean CAR values.
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was added to the age of the truncation surface to date the occur-
rence of the � rst � re. The � re related carbon losses are deducted
from the carbon storage value for the millennium in which they
occur. The amount of regional carbon release from � res was esti-
mated based on the area of GIS peatland and lake polygons that
match with the location of truncated cores.

4. Results

4.1. Peatland expansion over time

Peat formation in western Indonesia was slow and gradual
during the deglacial period and Early Holocene but then increased
rapidly after 6 ka. Between 19.9 ka and 11.7 ka about 5% of the total
present peatland area (5600 km 2) had formed at a rate of approx-
imately 700 km 2 ka� 1. Between 11.7 ka and 5.6 ka peatland
expansion was more than twice as fast at about 1900 km 2 ka� 1. By
5.6 ka there were about 17,400 km 2 of peatlands representing 13%
of the present day area. Subsequently, the peatland area increased
rapidly to cover over 46,000 km 2 (35%) by 4.3 ka and continued to
increase at a rate of about 28,000 km 2 per millennium from 3-to-
0 ka.

This reconstruction shows that only 50% of the total modern
peatland area existed at 2.3 ka and this area then doubled over the
next 2000 years to produce a total area of 131,540 km 2. More than
half of this peatland area is located in Sumatra, whereas Kalimantan
has a total of 60,510 km 2, of which about half is found in coastal
lowlands and ca 27,000 km 2 in inland areas. Today, coastal peat-
lands dominate the peatland area of western Indonesia covering
104,480 km 2 (80%).

With the beginning of the last deglaciation at 19.9 ka the � rst
western Indonesian peatlands formed in inland Borneo in the Up-
per Kapuas basin. Peatlands expanded in this region to nearly
2000 km 2 by 13.7 ka, which corresponds to 40% of the Upper
Kapuas’ present peatland area and represented 40% of the total
peatland cover in western Indonesia at that time. There was little
further expansion in these peatlands through the Early Holocene,
but by 2 ka they had increased to their modern-day area of
4620 km 2, which represents only 3.5% of the total western Indo-
nesian peatland area ( Table 1, Figs. 1, 2).

In inland Central Kalimantan peatland formation started at 18.5
ka and peatlands covered 2800 km 2 by 14.5 ka, corresponding to
approximately 65% of the contemporaneous total peatland area. By
8 ka half of the present peatland area (9000 km 2) in this region had
already formed, representing about 80% of the overall peatland area
at that time. Afterwards addition of new peatland area was rather
slow, but between 3 and 1 ka peatlands expanded over an addi-
tional area of 4700 km 2 to a total of 17,885 km 2. Inland Central
Kalimantan is thus clearly the largest inland peatland region in
Kalimantan and after the coastal peatlands of Sumatra and Kali-
mantan, respectively, the third largest peatland region in western
Indonesia, representing 13.6% of the total peatland area ( Table 1,
Figs. 1, 2).

In the Kutai basin peat started forming at 8.3 ka and peatlands
expanded rapidly until ca 6 ka when almost 3000 km 2 (w 65%) of
Kutai peatlands had formed. After a period of stagnation, the
peatlands again expanded after 0.5 ka to reach a total area of
4555 km 2. This area is nearly identical in size to that of the Upper
Kapuas peatland region and corresponds to 3.5% of the total
western Indonesia peatland area ( Table 1, Figs. 1, 2).

In comparison to the inland peatland areas the coastal peatlands
of Kalimantan and Sumatra formed substantially later, but
expanded to cover a much larger area. In Kalimantan the � rst
coastal peatlands formed at 6.7 ka. Areal expansion was small until
4.5 ka when the peatland area increased to cover over 5700 km 2,

surpassing the peatland areas of Kutai and Upper Kapuas. After-
wards coastal peatlands of Kalimantan only increased marginally
until 2.3-to-0.5 ka when an additional 27,000 km 2 of peatland
formed producing a total area of 33,455 km 2 of coastal peatland in
Kalimantan. Coastal Kalimantan is the second largest peatland re-
gion in western Indonesia today, representing 25% of the total
peatland area (Table 1, Figs. 1, 2).

In Sumatra coastal peatland began forming at 7.7 ka but areal
expansion remained minimal until 5.4 ka when peatlands formed
and spread over 7800 km 2. With the formation of 12,000 km 2

peatland between 4.7 ka and 4.5 ka the overall peat cover grew to
over 21,000 km 2, which corresponds to 30% of the current peatland
area in Sumatra and to nearly 50% of the western Indonesian

Fig. 2. Reconstructions for the � ve major peatland regions of western Indonesia for the
past 15,000 years of (A) changing peatland area, (B) mean carbon accumulation rates in
1000 year intervals (with standard deviation and number of cores), and (C) rates of
carbon storage and release. Carbon storage and release are expressed as annual rates at
each millennial boundary.
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peatland area at the time. However, the largest increase in peatland
area occurred after 1.1 ka when an additional 38,000 km 2 formed
producing a total peatland area of 71,025 km 2 in the coastal low-
lands of Sumatra. These coastal lowlands currently comprise the
largest peatland region in western Indonesia representing more
than double the area of coastal peatlands on Kalimantan and 54% of
the total peatland cover of western Indonesia ( Table 1, Figs.1 and 2).

4.2. Rates of carbon accumulation in individual peatlands

Records of carbon accumulation are available for two inland
peatlands in Central Kalimantan (Sebangau and Palangka Raya) and
for two coastal peatlands (Siak Kanan in Sumatra and Teluk Kera-
mat in Borneo; Fig. 1). At Sebangau (Fig. 3a) carbon accumulation
rates were highest between 9.5 and 8.5 ka with maximum rates of
121 g C m� 2 yr � 1 at 9.1 ka and of 130 g C m � 2 yr � 1 at 8.6 ka. After 7.7
ka CAR remained low between about 30 and 5 g C m � 2 yr � 1 pro-
ducing a convex carbon mass accumulation curve (quadratic
polynomial � t, r2 ¼ 0.953). The total accumulated carbon mass after
12,800 years amounts to 2950 Mg C ha � 1.

The Palangka Raya peatland (Fig. 3a) is a special case because it
is truncated and has a current near-surface age of about 4.5 ka at

� 75 cm. Carbon accumulation rates were highest between 7.6 ka
and 7 ka (91 g C m � 2 yr � 1) but afterwards varied between 55 and
65 g C m� 2 yr � 1. The carbon mass accumulation curve is linear until
4.5 ka (r2 ¼ 0.984) or slightly concave (quadratic polynomial � t,
r2 ¼ 0.995). However, the completion of the carbon mass accu-
mulation curve to 0 ka changes the curve to a convex shape (sce-
nario (a) in Fig. 3a). This peatland currently stores a carbon mass of
4370 Mg C ha� 1.

The coastal peatland Siak Kanan (Sumatra, Fig. 3b) shows
generally high rates of carbon accumulation, which � uctuate
around a mean of ca 70 g C m � 2 yr � 1. These long-term rates include
centennial-scale peaks in carbon accumulation of 204 g C m � 2 yr � 1

between 4.1 and 4 ka, 113 g C m � 2 yr � 1 between 3.1 and 3 ka, and
about 110 g C m � 2 yr � 1 between 1.3 and 0.8 ka. The resulting carbon
accumulation curve is linear ( r2 ¼ 0.997) to slightly concave
(r2 ¼ 0.998) producing a total carbon mass of 3800 Mg C ha � 1 after
about 5100 years of peat growth.

Accumulation at the coastal site Teluk Keramat (Kalimantan,
Fig. 3b) also � uctuates around an average of about 70 g C m � 2 yr � 1,
but with much less amplitude. A maximum CAR of 98 g C m � 2 yr � 1

occurs between 0.5 and w 0.2 ka. The corresponding carbon mass
accumulation curve is linear ( r2 ¼ 0.995) to slightly concave

Fig. 3. Carbon accumulation rates and cumulative carbon mass accumulation over time for (A) two peatlands from inland Central Kalimantan and (B) two coastal peatlands at the
bottom. Note the differences in scale. The data for Sebangau are from Page et al. (2004), for Palangka Raya and Teluk Keramat from Neuzil (1997) and for Siak Kanan from Diemont
and Supardi (1987a) and Supardi et al. (1993) . Location of the sites is marked in Fig. 1.
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(quadratic polynomial, r2 ¼ 0.999). The total accumulated carbon
mass of this 4500 year old peatland is 3250 Mg C ha � 1. In com-
parison to the two inland peatlands from Central Kalimantan car-
bon accumulation in the two (substantially younger) coastal
peatlands is three to four times higher ( Fig. 3).

4.3. Regional carbon storage and release and carbon pools

Average regional rates of carbon accumulation, annual rates of
carbon storage and release, and the size of the regional and total
carbon pool(s) in western Indonesia are summarized in Table 1 and
in Figs. 2 and 4. The rate of annual carbon storage over all western
Indonesian peatlands increased from 0.002 Tg C yr � 1 by 15 ka to
7.2 Tg C yr� 1 by 0 ka. This increase in carbon storage led to the build
up of a regional peatland carbon pool that currently contains
23.2 Pg C (Fig. 4). The western Indonesian peat carbon pool initially
accumulated slowly with only 2% (0.55 Pg C) of the current pool
present prior to the Holocene and 10% (2.4 Pg C) by 8 ka limited
solely to the inland peatlands of Kalimantan. Afterwards the total

carbon pool accumulated more rapidly reaching 21% (4.8 Pg C) by 5
ka and 50% (12 Pg C) by about 2.5 ka. The carbon pool then doubled
in size over the past 2000 years. Overall, the reconstructed growth
of the peat carbon pool at the millennial timescale was nearly
exponential over the Holocene with a factor of 1.4 � 0.1 (Fig. 4). The
evolution of this peat carbon pool in western Indonesia is the
product of the individual carbon storage histories of each peatland
region as detailed below.

4.3.1. Upper Kapuas Basin
The rate of carbon storage across the entire Upper Kapuas basin

remained below 0.1 Tg C yr � 1 over the entire study period. The
maximum value of 0.09 Tg C yr � 1 at 0 ka represented only 1% of the
contemporaneous rate of carbon storage of all western Indonesian
peatlands. Since 2 ka carbon was also released in some of the Upper
Kapuas peatlands through aerobic peat decay from an estimated
610 km 2 large area at a rate of 0.01 Tg C yr� 1 (Fig. 2). The low
regional carbon sink combined with Late Holocene carbon losses
resulted in a carbon pool of only 0.84 Pg C. Representing 4% of the
western Indonesian carbon pool the Upper Kapuas peatlands are
the smallest among the regional carbon pools ( Fig. 4, Table 1).

4.3.2. Inland Central Kalimantan
Inland Central Kalimantan was the dominant carbon sink in

western Indonesia from 14 to 7 ka and contained the largest peat
carbon pool at this time ( Table 1, Fig. 4). The rate of annual carbon
storage in this region was below 0.2 Tg C yr � 1 prior to the Holocene
and then increased to a Holocene maximum of 0.64 Tg C yr � 1 at 9 ka
or 90% of the contemporaneous peat carbon storage in western
Indonesia. Regional carbon storage declined to remain between 0.3
and 0.2 Tg C yr� 1 from 6 ka to 0 ka.

During the past two millennia carbon was released from peat-
lands of inland Central Kalimantan by aerobic peat decomposition
over an estimated 4320 km 2 at a rate of 0.14 Tg C yr� 1 (Table 1,
Fig. 2). The growth of the regional carbon pool conforms to a sig-
moid curve. The total mass of 3.8 Pg C by 0 ka makes up 16% of the
total western Indonesian peat carbon pool ( Table 1, Fig. 4).

4.3.3. Kutai Basin
In the Kutai basin peat carbon storage began at 8 ka with a rate

of 0.06 Tg C yr� 1 and increased to a Holocene maximum of 0.4 Tg C
yr � 1 at 6 ka when this region dominated peat carbon storage in
western Indonesia (47% of total storage). The rate subsequently
decreased to 0.25 Tg C yr� 1 by 0 ka, representing only 3% of the total
carbon storage in western Indonesia. Carbon release from � res after
5 ka accounted for annualized losses between 0.003 and 0.01 Tg C
yr � 1 (Table 1). Approximately 10% or 440 km 2 of the Kutai peat-
lands were affected by � re-related carbon losses and truncation of
their peat pro � le prior to modern land use. However, over the last
8000 years a peatland carbon pool of 2 Pg C developed in the Kutai
basin, representing 9% of the entire western Indonesian pool
(Table 1, Fig. 4).

4.3.4. Coastal peatlands of Kalimantan and Sumatra
Currently, coastal peatlands of Sumatra and Kalimantan

together store 16.5 Pg C or 71% of the total peatland carbon pool of
the study region. Prior to anthropogenic degradation coastal
peatlands also dominated the western Indonesian peat carbon sink
with 6.6 Tg C yr � 1 or 92%.

The regional rate of carbon storage in coastal Kalimantan was
still insigni � cant at 6 and 5 ka, but at 4 ka it was already comparable
to the carbon storage of all inland regions of Kalimantan. Carbon
storage rose to a � nal, maximum rate of 2.2 Tg C yr � 1 at 0 ka (30% of
the overall carbon sink; Table 1, Fig. 2). Associated with this rising
rate in annual carbon storage is the rapid growth of the region ’sFig. 4. Peatland carbon pools of western Indonesia over the past 15,000 years.
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carbon pool to a total of 4.3 Pg C by 0 ka ( Table 1, Fig. 4). This
reservoir represents 18.6% of the total peat carbon pool making it
the second largest ( Fig. 4).

In Sumatra the rate of carbon storage became signi � cant by 5 ka
with a value of 0.9 Tg C yr � 1 surpassing the collective carbon
storage of all other regions ( Fig. 2). This rate increased to 2.4 Tg C
yr � 1 by 4 ka followed by lower rates of around 2 Tg C yr � 1 at 3 to 2
ka. Over the last two millennia the regional rate of carbon storage
increased greatly to 4.5 Tg C yr � 1 at 0 ka (Table 1). Until recently,
Sumatra’s peatlands were the most important regional carbon sink
contributing 62% of annual carbon storage in the peatlands of
western Indonesia. The carbon pool of Sumatra reached a total of
12.2 Pg C by 0 ka, which accounts for 53% of the peat carbon pool of
western Indonesia ( Fig. 4).

5. Discussion

5.1. Uncertainties in the reconstruction of peatland area changes

Our reconstruction of peatland expansion reveals two important
� ndings: � rst, the spatial expansion of inland peatlands in Indo-
nesian Borneo was substantial during the last deglaciation between
20 and 11.7 ka when about 20% of the inland peatlands in Kali-
mantan formed. This expansion and the initiation of new peatlands
continued throughout the Holocene. Second, the expansion of
coastal peatlands was greatest during the past two millennia. This
latter � nding supersedes the earlier assessment of Dommain et al.
(2011) that was based on a compilation of oldest basal dates and
suggested a maximum in coastal peatland initiation and expansion
between 7 and 4 ka. The present study emphasizes the importance
of young, shallow peat deposits, which are rarely dated, as radio-
carbon dating tends to focus on deeper deposits that cover longer
time intervals and store more paleo-data.

Although basal dates may provide a reasonable proxy for peat-
land initiation and also to some extent local peatland expansion,
they are not well suited for estimating the total regional extent of
peatlands over time. In order to assess the potential error we
compare our reconstruction of peatland expansion with the more
common approach of using the cumulative number of oldest basal
dates (Fig. 5). The cumulative number of oldest basal dates in-
dicates that peatland expansion would have occurred much earlier
and that the peatland area was substantially larger throughout the
Holocene. For example, at 6 ka basal dates suggest that almost 50%
of the total current peatland area was present, whereas our
approach indicates only 13% at 6 ka and 50% not until about 3500
years later ( Fig. 5).

Our reconstruction for inland Central Kalimantan places the
onset of peatland formation mainly after 15 ka with rapid expan-
sion during the Early Holocene. Some of the inferred old ages (18.5
kae 17 ka) of inland Central Kalimantan sites could be over-
estimates because the assumed (mean) peat accumulation rate of
0.54 mm yr � 1 seems too low for very deep peat deposits
(> 1000 cm). However, the total area of this older peat is very small
(w 2000 km 2). Peatland initiation in Kutai took place after 8.3 ka in
agreement with the oldest basal dates from this region, but coastal
peatlands did not form before 8 ka, although they afterwards
continuously expanded to the present, consistent with available
basal radiocarbon dates.

The peatland atlases identify 36,700 km 2 of shallow coastal peat
(0e 1 m), which represents more than 25% of the total peatland area
of western Indonesia. We assigned young basal ages ( < 2 ka) to
these shallow coastal peatlands based on the high rate of peat
accumulation derived for coastal settings. Available radiocarbon
dates support this assumption: � ve sites along a 300 km long
stretch of the Sumatran coastal plain (up to 30 km from the current

coastline) have calibrated basal radiocarbon dates younger than 2
ka as have two sites in coastal Kalimantan (8 e 50 km from the coast;
Fig. 6). Similarly young peatlands are also found in the coastal areas
of northwest Borneo ( Wilford, 1960; Tie and Esterle, 1992; Staub
and Esterle, 1994; R. Dommain, unpublished data). The seven
youngest dated sites, moreover, show fast rates of vertical peat
growth. Their mean peat accumulation rate of 2.2 mm yr � 1 (1.3e
3 mm yr � 1) is higher than the average value of 1.77 mm yr � 1

applied to derive basal dates for undated coastal polygons. We thus
conclude that shallow coastal peatlands most likely developed
rapidly and are unlikely to be of (much) earlier origin.

This conclusion is supported by the 27,000 km 2 of Sumatra and
19,000 km 2 of Kalimantan that are presently located at an elevation
that is only � 5 m a.s.l. according to SRTM elevation data. This land
must have been submerged during the highstand in sea level be-
tween 5 and 4 ka ( Fig. 6). At least 33% (9000 km2) of this low-lying
land is currently covered with peat in Sumatra and 26%
(w 5000 km 2) in Kalimantan. The total area of submerged land was
probably even larger because 1) the SRTM elevation data do not
represent the actual ground surface in vegetated terrain (i.e. peat
swamp forest; Hofton et al., 2006; Jaenicke et al., 2008 ) and 2)
vertical peat growth has in the meantime raised many peatland
surfaces more than � ve metres above present sea level. Their
topographic situation thus implies that a large fraction of the
coastal peatlands could only have formed after sea level had fallen
and made these extensive coastal areas available for plant
colonization.

The continued spread of peatlands is not only related to the
initiation of new peatlands, but also to the lateral expansion of
existing (domed) peatlands (e.g. Korhola et al., 2010 ). Fig. 6 shows
lateral expansion of inter � uvial peat domes in inland Central
Kalimantan and of the large peatlands of central eastern Sumatra
between 2 and 1 ka. Radiocarbon evidence for continuous lateral
peatland expansion since 2 ka exists for the Batang Hari peatland in
Sumatra (Supiandi, 1988) and for Teluk Keramat and Sebangau in
Kalimantan ( Neuzil, 1997; Page et al., 1999, Fig. 6). These multiple

Fig. 5. Comparison of two methods for reconstructing peatland area: the dark blue
line ( � tted with an exponential curve) represents reconstructed increase in peatland
area using the transfer function method of this paper, the light blue line using the
cumulative number of oldest basal dates. Peatland area increases much earlier in the
basal dates approach. The difference between both methods is shown in the inset
graph.
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Fig. 6. Paleogeographic maps of peatland expansion (black areas) in western Indonesia, sea-level changes over the Sunda Shelf, and changes in the paleo-drainage network since 21
ka. Yellow dots indicate location of basal peat dates available for the respective millennia. Sea-level changes are based on the sea-level curve of Hanebuth et al. (2011) , shown in
Fig. 7. Elevation pro � les of the Paleo-Kahayan-East Sunda River and the Paleo-Kapuas-North Sunda (Molengraaff) River are shown in Fig. 8.
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Fig. 6. (continued).
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Fig. 6. (continued).
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Fig. 6. (continued).
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Fig. 6. (continued).
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Fig. 6. (continued).
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Fig. 6. (continued).
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Fig. 6. (continued).
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Fig. 6. (continued).
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lines of evidence support our reconstruction of widespread, recent
peat formation in the lowlands of western Indonesia.

5.2. Peatland formation and expansion: the role of sea-level change

During the Last Glacial Maximum (LGM, 26.5 e19 ka) sea level
was 123 m lower than today and the Sunda Shelf was fully
exposed, connecting the islands of Borneo, Sumatra, Java and Bali
with mainland Southeast Asia ( Hanebuth et al., 2009 , Fig. 6). Four
major river systems drained the shelf platform as extensions of
modern day rivers ( Molengraaff and Weber, 1921; Tjia, 1980; Voris,
2000, Fig. 6). Bornean peatlands that existed during Marine
Isotope Stage 3 (60e 26.5 ka), such as in the Upper Kapuas basin
(Anshari et al., 2001, 2004 ), likely degraded during the LGM when
exposure of the Sunda Shelf led to substantially reduced moisture
convection and resulting dry conditions in the Indo-Paci � c Warm
Pool (Bird et al., 2005; Partin et al., 2007; Wurster et al., 2010;
Carolin et al., 2013; DiNezio and Tierney, 2013 ). In addition, the
sea-level lowstand steepened the regional hydraulic gradient of
land masses, draining the upland areas more effectively through
so-called topography-driven groundwater � ow ( Post et al., 2013)
and thereby lowering the water-tables in contemporaneous peat-
lands. It has been suggested that the exposed shelf with its low
gradient could have supported large areas of peatland itself
(Kaplan, 2002; Slik et al., 2011 ). However, the deeply incised river
valleys (up to 40 m deep) on the shelf � oor (Tjia, 1980; Hanebuth

and Stattegger, 2003) with their low hydraulic head would have
effectively drained the widely distributed coarse-grained sedi-
ments ( Bird et al., 2005 ) of the adjacent watersheds (cf. Post et al.,
2013). It therefore seems unlikely that the prevailing dry climate
and hydrogeologic setting would have favoured widespread peat
accumulation on the Sunda Shelf ( Kennett et al., 2003 ). This
inference is supported by the absence of thick LGM freshwater
peats on the shelf � oor (Geyh et al., 1979; Hanebuth et al., 2011 ; T.
Hanebuth, pers. com.).

The post LGM sea-level history of the Sunda Shelf was charac-
terized by three important developments: 1) rapid sea-level rise
during deglaciation from w 19 to 7 ka with associated � ooding of
the shelf by w 9.5 ka, followed by 2) a slow rise to a Holocene
highstand at about 5 ka and 3) the subsequent lowering of sea level
by about 5 m ( Hanebuth et al., 2000, 2011 , Figs. 6 and 7). The
deglacial sea-level transgression was punctuated by periods of
abrupt rises in sea level associated with so-called meltwater pulses
(MWP), the most prominent being MWP 1a from 14.6 to 14.3 ka
when sea level rose by 16 m at a rate of approximately 50 mm yr � 1

(Hanebuth et al., 2000 , Fig. 7).
Our reconstruction shows that there was � rst, very localized,

peat formation in inland areas of Borneo at the onset of the
deglaciation at 19.9 e 18.5 ka. At this time sea level rose to about
110 m below modern sea level (mbsl) during its initial pulse-like
rise (19 ka MWP; Clark et al., 2004; Hanebuth et al., 2009 , Fig. 7).
During subsequent Heinrich event 1 (17.5 e16 ka), which was the

Fig. 7. Sea-level curve of the Sunda Shelf with available radiocarbon dates from Hanebuth et al. (2011) for the past 21,000 years and area of coastal (top) and inland (bottom)
peatlands. Note the difference in scale for the two regions. MWP denotes meltwater pulse, LGM Last Glacial Maximum, H1 Heinrich event 1, B/A Bølling/Allerød, and YD Younger
Dryas.
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driest period of the past 100,000 years in Borneo ( Partin et al.,
2007; Carolin et al., 2013 ), peat accumulation and peatland
expansion remained very limited while sea level rose relatively
slowly by 4.1 mm yr � 1 (Hanebuth et al., 2000 ).

The inland peatland area increased to > 4000 km 2 by 14.5 ka at
the time of MWP 1a, which raised sea level to about 80 mbsl with
an associated lateral transgression of over 450 m yr � 1 (Hanebuth
and Stattegger, 2003). This event � ooded the outlet of the East
Sunda River into the Makassar Strait as well as large parts of the
North Sunda (Molengraaff) River valley by the expanding South
China Sea (Fig. 6). These rivers acted as the main drainage ways for
the watersheds of the existing peatlands in the Upper Kapuas and
Central Kalimantan areas, respectively ( Figs. 6 and 8). The deglacial
rise in sea level led to a landward migration of the river mouths and
reduced the hydraulic gradient within the inland watersheds since
sea level represents the ultimate base level for the regional
drainage network ( Kafri and Yechieli, 2012 ).

In this way MWP 1a resulted in impeded drainage of the
shrinking land masses and in a regional rise in the water table. In
addition, the associated � ooding of the shelf and the synchronous
onset of the Bølling/Allerød (B/A) warm interval led to an abrupt
increase in the atmospheric supply of moisture ( Kienast et al.,
2003; Partin et al., 2007; Tierney et al., 2012 ). Together, the
regional decrease in river discharge and the increase in net
recharge (i.e. precipitation minus evapotranspiration) were the
principal drivers for the rise of groundwater mounds within the
inter � uvial divides and the formation of inland domed peatlands
(cf. Glaser et al., 2004).

An analysis of the changing hydraulic gradient for the Upper
Kapuas (i.e. Paleo-Kapuas River) and Central Kalimantan (i.e. Paleo-
Kahayan River) drainage basins is shown in Fig. 8. Thresholds
relevant for peatland initiation in these two regions seem to be
rises in sea level that surpassed knickpoints on the shelf � oor and
consequently caused signi � cant landward inundation of the river

Fig. 8. Elevation pro � les for (A) the Paleo-Kahayan-East Sunda River and (B) the Paleo-Kapuas-North Sunda (Molengraaff) River running from the current peatland areas (le ft) of
inland Central Kalimantan (A) and Upper Kapuas (B) down-gradient across the Sunda Shelf. Pro � les were extracted from the ETOPO 1 relief model. Dashed vertical lines mark the
position of the coastline at speci � c times discussed in the text. Arrows denote periods of sea-level rise that led to rapid lateral transgression. Note the difference in horizontal scale.
K denotes knickpoint. The location of these river systems is shown in Fig. 6.
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valleys. The Kapuas-North Sunda river system provides an example
of such a threshold at MWP 1a, when the sea level rose to 80 mbsl
shifting the river mouth landward by over 170 km while the mouth
of the Kahayan-East Sunda River retreated by only 65 km ( Fig. 8).
Independent evidence for a signi � cant retrogression of river
mouths during MWP 1a comes from a biomarker record of the
South China Sea that indicates an abrupt reduction in the discharge
of terrestrial organic matter into the ocean at this time ( Kienast
et al., 2003). Another transgression threshold for the Kahayan-
East Sunda River system was surpassed later during the B/A inter-
stadial when the sea level reached 70 mbsl ( Fig. 8). This rise
abruptly � ooded the river valley over a 250 km reach and brought
the coast within about 320 km of the peatland area of Central
Kalimantan.

The expansion of peatlands slowed during the Younger Dryas
period (12.9 e 11.7 ka) when the rate of rising sea level also
decreased to about 6 mm yr � 1 (Hanebuth et al., 2011 ). This interval
was followed by a substantial increase in peatland initiation and
expansion in inland Central Kalimantan at the beginning of the
Holocene (Fig. 7). By 11 ka the peatland area in this region had
almost doubled in size to an estimated 6300 km 2. This areal
expansion directly followed a period of accelerated sea-level rise of
about 11 mm yr � 1 between 11.5 and 11 ka (originally termed MWP
1b; Fairbanks, 1989; but see Bard et al., 2010). Whereas no large
retrogression in the Kahayan-East Sunda river system is discernable
after this sea-level rise to about 49 mbsl, there must have been an
associated landward submergence of the Kapuas-North Sunda
River valley over a distance of 190 km ( Fig. 8). Although basal
radiocarbon dates from the Upper Kapuas are absent for this period,
it seems very likely that peatlands originated here at around 11 ka.

Sea level continued to rise rapidly by approximately 20 mm yr � 1

between 11 and 10 ka, which led to the � nal separation of Borneo
from Sumatra and Java at a sea level of ca 30 mbsl (Hanebuth et al.,
2011, Fig. 6). This transgression drowned the Kahayan-East Sunda
River valley over a substantial distance of 230 km, further
decreasing the hydraulic gradient in its catchment ( Fig. 8) and
promoting the initiation and expansion of peatlands in inland
Central Kalimantan ( Figs. 6 and 7).

Between about 9.5 and 8.5 ka another pulse-like rise in sealevel
is recorded in Southeast Asian seas as MWP 1c (Hori and Saito,
2007; Tjallingii et al., 2010 ). During MWP 1c the sea level over
the Sunda Shelf rose to 8 mbsl at a rate of 10 e 25 mm yr � 1 (Fig. 7).
Immediately afterwards the � rst peatland in the Kutai basin origi-
nated (8.3 ka; Hope et al., 2005, Fig. 6) presumably as a result of
terrestrialisation after the initial inundation of this shallow inland
basin (Dommain et al., 2011 ). A � nal period of rapid sea-level rise,
with a rate of 10 mm yr � 1, started at around 7.4 ka (MWP 1d; Liu
et al., 2004; Bird et al., 2010 , Fig. 7). Concurrent with MWP 1d
was the expansion of existing peatlands in Central Kalimantan and
Kutai while new peatlands also formed.

Periods of rapid sea-level rise of � 10 mm yr � 1 (i.e. meltwater
pulses) evidently triggered peatland formation in inland Borneo
during the last deglaciation ( Fig. 7). Each time sea level reached a
critical threshold elevation, large portions of the Sunda Shelf were
laterally � ooded which lowered the hydraulic gradient while the
rising base level also reduced the discharge of both ground and
surface water from the land masses. These processes produced a
rise in the water table, resulting in paludi � cation of the relatively
� at hinterland.

By 7 ka the sea level had nearly reached its present modern level
and the � rst coastal peatlands on Sumatra formed ( Supiandi, 1988;
Dommain et al., 2011 , Figs. 6 and 7). Prior to this time the rapid
transgression of the Sunda Shelf persistently prevented the devel-
opment of coastal peatlands. Only when the rate of rising sealevel
slowed down to a threshold of 2.4 mm yr � 1 and continued to

decline could coastal peat accumulation keep up with the sea-level
rise (Fig. 7).

Between 7 and 5 ka the Kutai peatlands strongly expanded as
sea level rose to a highstand of about þ 5 m above modern sea level
(Horton et al., 2005 ; Hanebuth et al., 2011 ; Fig. 7). Moreover, by
about 5.4 ka the stabilization of sea level initiated the � rst rapid
expansion of coastal peatlands across large areas of central Sumatra
at locations such as Siak Kanan, Bengkalis Island, and Batang Hari-
Berbak (Neuzil, 1997; Dommain et al., 2011 , Fig. 6). These peatlands
generally formed a few metres above modern sea level while cur-
rent land surfaces at lower elevation were still inundated ( Diemont
and Supardi, 1987b; Supiandi, 1988; Supardi et al., 1993 ). Around 5
ka extensive areas of the eastern coast of Sumatra were submerged,
particularly the South Sumatra basin as well as large parts of the
western and southern coast of Kalimantan ( Fig. 6). Our recon-
struction indicates that the inland peatlands of Central Kalimantan
were partly bordered by the invading sea at this time ( Fig. 6).

The Holocene sea-level highstand at 4.5 ka and its retreat over
the following millennia initiated a rapid increase in the expansion
of coastal peatlands. About 10,000 km 2 of peatland had formed in
coastal central Sumatra by the time of the sea-level highstand
(Figs. 6 and 7). In addition, the � rst peatlands on the west coast of
Kalimantan also originated during this period in areas several
metres above modern sea level ( Neuzil et al., 1993; Neuzil, 1997 ).
After 4 ka sea level began to fall at a rate of ca 1 e 2 mm yr � 1, and
coastal peatlands responded to this regression by a massive
expansion across the newly exposed land. For example, Diemont
and Supardi (1987b) report that coastal peatlands in West Kali-
mantan and in Riau (Sumatra) formed directly on former sea beds
as indicated by the presence of pyrite, marine shells and the
absence of mangrove remains in the mineral sediments underneath
these peatlands. The Berbak peatland in Sumatra directly formed
over marine clays that can be found up to 45 km inland from the
current coast ( Diemont and van Reuler, 1984 ; pers. observation R.
Dommain). Another strong seaward expansion of peatlands
occurred around 2.3 ka when peatlands formed over an additional
17,000 km 2 along the coasts of west and southwest Kalimantan and
east-central Sumatra ( Fig. 6).

The marine regression also contributed to peatland expansion in
inland areas. In inland Central Kalimantan the regression promoted
a “second phase” of peat formation, starting after 2 ka ( Sieffermann
et al., 1996; Page et al., 1999) when existing peatlands expanded
laterally into the adjacent, hitherto � ooded low-lying river valleys
(Fig. 6). These young inland peatlands in Central Kalimantan
represent the so-called “basin peats” of Sieffermann et al. (1988) . In
the Upper Kapuas basin the peatland area increased substantially
by 2.1 ka. This increase could partly be the result of falling water
levels in Danau Sentarum and other � oodplain lakes, which still
cover large parts of this inland basin.

The present sea level in the Sunda region was reached by
approximately 1 ka when the modern coastline con � guration was
established (Figs. 6 and 7), except for the continued buildup of
deltaic and estuarine systems (e.g. Sumawinata,1998 ). Radiocarbon
evidence indicates that this new land surface was rapidly covered
by peatland placing the origin of six coastal peatlands that formed
over near-shore sediments between 2.3 and 0.2 ka ( Dommain et al.,
2011). These young peatlands are currently located between 25 and
60 km from the current coastline which together with their basal
ages points to a rate of coastal advance of 18 e 35 m yr � 1, consistent
with reported rates of 15 e 30 m yr � 1 for the Sumatran coast (e.g.
Sobur et al., 1978; Tjia, 1980; Diemont and van Reuler, 1984 ). These
independent lines of evidence demonstrate that new land for
coastal peatland expansion was continuously formed over the past
two millennia, leading to a marked rise in the area of coastal
peatland to 76,000 km 2 by w 1 ka.
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Coastal advancement thus allowed the explosive expansion of
peatlands over 80,000 km 2 in western Indonesia during the Late
Holocene. The role of falling sea level as an agent for creating new
land surfaces available for the establishment of peatlands is com-
parable to that of ice sheet retreat and isostatic rebound for peat-
land initiation in boreal and arctic regions (e.g. Harden et al., 1992;
Glaser et al., 2004; MacDonald et al., 2006 ).

5.3. Rates of long-term peatland carbon storage

The carbon-balance of a peatland is the result of peat addition at
the surface and anaerobic decay of deeper, older peat layers. Sig-
ni � cant anaerobic decay of older peat further down the peat col-
umn leads to a considerable loss of mass over time resulting in a
concave mass/age pro� le (Clymo,1984). The shape of a carbon mass
accumulation curve derived from a dated peat core is therefore
indicative of the degree of anaerobic decay integrated over the
entire peat column.

The four detailed records of carbon mass accumulation from
western Indonesia exhibit either a linear or a convex relationship
between carbon mass and age (Fig. 3). The linear mass/age pro� le of
the two coastal peatlands ( Fig. 3b) indicates constantly high rates of
accumulation at the surface and insigni � cant anaerobic decay of
deeper peat. In contrast, the convex curves for carbon mass accu-
mulation of the two inland peatlands ( Fig. 3a) indicate limited
anaerobic decay of older peat and reduced apparent rates of peat
accumulation during later stages of peatland development.
Reduction in the apparent rate of peat accumulation can result
either from decreased biomass production and carbon inputs or
from increased aerobic decay and carbon loss. Pollen records from
the Sebangau peatland do not indicate forest decline and sub-
stantially reduced net primary production of the peat swamp forest
vegetation ( Morley, 1981, 2013 ), suggesting that the convex curve
shape is caused by increased aerobic carbon losses.

Collectively, the carbon-mass accumulation curves suggest
insigni � cant anaerobic decay in western Indonesian peatlands. This
inference is corroborated by consistently low amounts of released
methane e a metabolic product of anaerobic decay e from the peat
swamp forests of Southeast Asia ( Couwenberg et al., 2010; Pangala
et al., 2013) and the young 14C signature of the emitted methane
(Nakagawa et al., 2002). Therefore, carbon storage across Indone-
sian peatlands can be modelled on the basis of reconstructed car-
bon accumulation rates without adjusting for anaerobic decay
rates.

Peat carbon accumulation rates clearly show a distinct regional
pattern across western Indonesia where the coastal peatlands
represent the most signi � cant carbon sink. Also from a global
perspective these coastal peatlands were an important sink for
carbon. The Holocene mean CAR of coastal Indonesian peatlands is
77 g C m� 2 yr � 1 (Dommain et al., 2011 ), which is four times higher
than that of northern peatlands (18.6 g C m 2 yr � 1; Yu et al., 2009)
and more than six times higher than that of the subtropical peat-
lands of the Florida Everglades (12.1 g C m � 2 yr � 1; Glaser et al.,
2012).

As a result of the high rate of carbon accumulation, the coastal
peatlands of western Indonesia store large amounts of carbon per
unit area in spite of their relatively young average age of 2.2 ka.
With a carbon pool of 16.5 Pg C over an area of 104,500 km 2, the
mean carbon density of coastal peatlands is about 1600 Mg C ha � 1.
Sheng et al. (2004) report a similar mean carbon density of
1500 Mg C ha� 1 for the southern part of the West Siberian peat
basin, which is, however, largely of Early Holocene age ( Smith et al.,
2004). Although the average age (4.2 ka) of peatlands in Finland is
twice that of the coastal Indonesian peatlands, they store

considerable less carbon per unit area ( w 1000 Mg C ha� 1; Turunen
et al., 2002).

The high carbon density of coastal peatlands is further illus-
trated by a comparison of the Siak Kanan and Teluk Keramat peat
cores (Fig. 3b) with cores of the same age from the Red Lake
Peatland in northcentral North America. The Red Lake Peatland
stores an estimated 1900 Mg C ha � 1 (Gorham et al., 2003 ; C content
of 51.7% from Gorham, 1991), compared to an estimated 3500 Mg C
ha� 1 in the two Indonesian coastal sites.

The history of the peatland carbon sink of western Indonesia can
be divided into two major phases ( Fig. 2). During Phase 1 (15e 5.5
ka) inland peatlands dominated and the total carbon sink remained
below 1 Tg C yr � 1. With the onset of signi � cant coastal peatland
formation and expansion in Phase 2 around 5.5 ka total carbon
storage increased and remained at w 3 Tg C yr� 1 between 4 and 2
ka. The subsequent doubling of the coastal peatland area during the
past two millennia increased the total rate of carbon storage to
7.2 Tg C yr� 1 (Figs. 2 and 9).

This recent rate of carbon storage of Indonesian peatlands is
comparable to the average Holocene rate of 6.1 Tg C yr � 1 for the
West Siberian Lowlands ( Smith et al., 2004 ), but lower than the
average 11 Tg C yr� 1 for the past two millennia in this same region
(Beilman et al., 2009 ). It is important to note, however, that the
590,000 km 2 of peatlands in the West Siberian Lowlands comprise
the largest concentration of peatlands in the world ( Walter, 1977;
Sheng et al., 2004) that are collectively 4.5 times larger in area
than the peatlands of western Indonesia. The smaller size of the
Indonesian peatland region further emphasizes its effectiveness as
a major global carbon sink during the Late Holocene. Shortly before
human disturbance, western Indonesia was apparently the most
spatially-effective peatland region for carbon storage on Earth. This
inference is supported by a comparison to northern peatlands,
which accumulate 76 Tg C yr � 1 on an area basis of 3.3 � 106 km 2

(Gorham, 1991), whereas Indonesian peatlands accumulated 10% as
much carbon on an area only 4% as large.

Yu (2011) derives negative net carbon balances for all tropical
peatlands for three 1000 e 2000 year time periods during the Ho-
locene, during which anaerobic decay exceeded carbon accumu-
lation. These model predictions are neither supported by the
stratigraphic records from western Indonesia nor by our re-
constructions of peatland origin and progressive expansion. Our
results demonstrate that the tropical peatlands of western
Indonesia were a persistent carbon sink since 15 ka ( Fig. 2; see sect.
5.6.).

Fifteen thousand years of persistent carbon storage resulted in
an exponentially growing pool of peat carbon in western Indonesia.
This carbon pool was only 3.7 Pg C (16%) by the end of Phase 1 (5.5
ka), but increased to 23.1 Pg C during Phase 2, with coastal peat-
lands responsible for 84% (16.3 Pg C) of total carbon added ( Figs. 2
and 4). The expansion of coastal peatlands in Kalimantan and
Sumatra maintained the exponential growth of the peat carbon
pool in western Indonesia despite the stagnating rate of annual
carbon storage in the inland regions of Borneo ( Fig. 2).

Our estimate of 23.1 Pg C for the total peat carbon pool in
western Indonesia is considerably smaller than the 33.3 Pg C esti-
mate of Wayunto et al. (2003, 2004 ). In our reconstruction we
applied a bulk density value of 0.076 g cm � 3 for coastal peatlands
(Dommain et al., 2011 ), which represent 80% of the total peatland
area. Wayunto et al. (2003, 2004 ), in contrast, assume a much
higher dry bulk density of the peat, particularly for the coastal
peatlands of Sumatra ( Wayunto et al., 2003 ). Other estimates for
the carbon pool of Indonesian peatlands ( Jaenicke et al., 2008;
Page et al., 2011) are based on assumed mean values for peat depth
that are 1 e 2 m higher than indicated by the peat atlases. The area-
weighted mean peat depth of all polygons is not more than 3.6 m
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(using the upper boundary of the peat depth classes; Wayunto
et al., 2003, 2004). Even if the total peatland carbon pool in west-
ern Indonesia is likely below previous estimates, it is still equal to
the total carbon pool in above and below ground biomass of all
tropical forests of Indonesia (incl. Papua) that, however, cover an
over 10 times larger area ( Saatchi et al., 2011).

5.4. The role of Indonesian peatlands in the Holocene global carbon
cycle

Peatlands have been recognised as globally important carbon
sinks over long timescales (e.g. Gorham, 1991; MacDonald et al.,
2006; Wang et al., 2009; Kleinen et al., 2010; Yu, 2011 ) and
therefore have had a global, net climatic cooling effect over the
Holocene (Frolking and Roulet, 2007 ).

During the transition from the Last Glacial to the present
interglacial the concentration of atmospheric CO 2 increased from
190 parts per million by volume (ppmv) at 17 ka to 268 ppmv at
10.5 ka (Monnin et al., 2001 ). This rise was followed by a brief
decline to 260 ppmv by w 8 ka, after which the atmospheric CO 2

concentration rose to the pre-industrial level of 280 ppmv
(Indermühle et al., 1999; Flückiger et al., 2002 , Fig. 9).

Indermühle et al. (1999) explained the post 8 ka rise in CO 2 by
the release of 195 Pg C from the terrestrial biosphere. Records of
13Ce CO2 from Antarctic ice-cores, however, invalidate the sole
attribution of the CO 2 rise to a biospheric source ( Elsig et al., 2009).
Instead this rise is now primarily ascribed to coral reef formation
(Ridgwell et al., 2003; Kleinen et al., 2010 ) and to carbonate
compensation by the world ’s oceans (Broecker et al., 1999, 2001) as
a response to the rapid carbon uptake of the biosphere of about
700 Pg C during the glacial e interglacial transition. In contrast,
land-biosphere release is considered to have been only a small
source (Elsig et al., 2009; Wang et al., 2009 ).

Based on our calculations, Indonesian peatlands with a pool of
0.6 Pg C by 11.7 ka made no signi� cant contribution to the esti-
mated land-biosphere carbon uptake of w 700 Pg C prior to the
onset of the Holocene. The Early Holocene reduction in atmo-
spheric CO2 was probably the result of a continued and substantial
uptake of carbon by the land biosphere that is estimated by Elsig
et al. (2009) to be 290 Pg C with a modelled contribution by
peatlands of 180 Pg C (but see Yu, 2011). Accordingly, Indonesian
peatlands contributed only 1% ( w 3 Pg C) to the carbon storage in
the global terrestrial biosphere at this time when they were still
restricted to a few inland areas of Borneo. Indonesian peatlands
were therefore not a signi � cant factor for the Early Holocene
decline in atmospheric CO 2.

Elsig et al. (2009) further suggest that peatlands stored another
40 Pg C over the past 5000 years. This estimate is very likely too
small considering that western Indonesian peatlands stored almost
20 Pg C alone over this period, while other large peat basins in
North America such as the Red Lake peatland, the Hudson Bay
Lowland, and the Everglades formed over this same period ( Glaser
et al., 1981, 2004, 2012) and older northern peatlands continued to
expand laterally ( Korhola et al., 2010 ). Over this period the terres-
trial biosphere may have lost about 40 e 90 Pg C, particularly related
to the aridi � cation of the Sahara-Sahel region ( Brovkin et al., 2002;
Elsig et al., 2009; Wang et al., 2009 ). In storing almost 20 Pg C since
5 ka, the young tropical peatlands of Indonesia contributed
considerably to compensating concurrent terrestrial carbon losses
elsewhere.

The carbon uptake of western Indonesian peatlands increased
substantially after 5 ka from less than 2 to more than 7 Tg C yr � 1.
This increase together with high carbon accumulation in other
Southeast Asian peatlands of similar age ( Dommain et al., 2011 )
may have contributed to the reduced rise in atmospheric CO 2 after

2.5 ka (Fig. 9). Based on a conversion factor of 2.12 Pg C/ppm
(Denman et al., 2007) the lowland peatlands of western Indonesia
stored an equivalent of approximately 11 ppm CO 2 prior to the
onset of modern peatland degradation. The actual atmospheric
impact might have been a CO 2 drawdown on the order of 1 e 2
ppmv, considering equilibration of the ocean to peatland carbon
uptake. These results highlight the need to include the signi � cant
carbon uptake of Indonesian and presumably other equatorial
peatlands into Holocene global carbon cycle models.

5.5. Climate controls on long-term peat-carbon accumulation

The millennial-scale records of carbon accumulation from
Indonesian peatlands allow an examination of climate e carbon re-
lationships by comparison with regional paleoclimate re-
constructions. This tropical perspective will contribute to the
debate on how climate factors in � uence carbon cycling in peatlands
(e.g. Ise et al., 2008; Dorrepaal et al., 2009; Yu et al., 2009; Glaser
et al., 2012).

The continuously high temperatures (26 e 27 � C) in equatorial
Southeast Asia should in theory drive rapid soil carbon turnover
prohibiting peat accumulation (e.g. Potonié, 1912; Davidson and
Janssens, 2006; Glaser et al., 2012). The very high rates of peat
and carbon accumulation in Indonesia, however, strongly suggest
that factors other than temperature control peat carbon accumu-
lation rates. Moreover, reconstructions of sea-surface temperatures
from the Indo-Paci � c Warm Pool ( Linsley et al., 2010) imply only
small temperature changes of w 0.5 � C over the Holocene. These
changes were too small to account for the observed millennial-
scale variations in carbon accumulation rates. Only the regional
increase in temperature between 15 and 11 ka of around 1.5 � C
(Linsley et al., 2010) might have in � uenced carbon accumulation.
These rising temperatures, together with atmospheric CO 2 con-
centrations rising by > 40 ppmv ( Monnin et al., 2001 , Fig. 9) most
likely stimulated the productivity of existing peat swamp forests in
inland Kalimantan via the CO 2 fertilization effect ( Prentice et al.,
2011), allowing for carbon accumulation to increase from 1 to
30 g C m� 2 yr � 1 between 15 and 11 ka ( Fig. 2; 9).

The major climatic change during the Lateglacial e Holocene
transition in the Indo-Paci � c Warm Pool was a constant increase in
moisture availability associated with rising sea level and intensi � -
cation of atmospheric convection and of the monsoon systems (e.g.
Partin et al., 2007; Grif � th et al., 2009; Tierney et al., 2012 , Fig. 9).
Carbon accumulation in Central Kalimantan clearly tracked this
moisture increase until 8 ka. We therefore suggest that variations in
carbon accumulation in general must have been primarily
controlled by the regional hydroclimate in close association with
rising sea levels.

Long-term hydroclimatic changes in the Indo-Paci � c Warm Pool
are driven by orbital forcing, dominated by the (half-) precessional
cycle (e.g.Kutzbach,1981; Partin et al., 2007 ). Over the course of the
Holocene hemispheric changes in insolation led to a southward
migration of the mean position of the Intertropical Convergence
Zone and a reversed hemispheric strengthening of the monsoon
systems (e.g.Haug et al., 2001; Wang et al., 2006 ). During the Early
Holocene the summer insolation maximum in the northern
hemisphere resulted in a northward shift of the Intertropical
Convergence Zone and a strong Asian summer monsoon ( Dykoski
et al., 2005). This time period corresponded to a weaker Austra-
lian (summer) monsoon during boreal winter as recorded in spe-
leothems from Flores ( Grif � th et al., 2009 , Fig. 9). The stronger
Asian summer monsoon likely enhanced cross-equatorial air � ow
and moisture transport, which presumably resulted in wet condi-
tions in southern Borneo and Sumatra during June to September
(the modern dry season). Moreover, higher than present September
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insolation at the equator during the Early Holocene suggests
enhanced convective activity and wetter conditions during the end
of the modern dry season. These probable climate mechanisms may
explain the maximum rates of carbon accumulation between 10
and 8 ka in inland Central Kalimantan and the peak in the rate of
carbon storage of 0.7 Tg C yr� 1 at 9 ka (Fig. 9).

However, besides insolation forcing, � ooding of the Sunda Shelf
has been identi � ed as an important mechanism for controlling
moisture supply in the Indo-Paci � c Warm Pool and for the inten-
si� cation in monsoonal rainfall ( Grif � th et al., 2009, 2012; DiNezio
and Tierney, 2013 ). Coincident with the opening of the seaway
between the South China Sea and the Java Sea south of Borneo at
w 9.5 ka (Fig. 6) was the abrupt increase in Australian summer
monsoon intensity that preceded increasing insolation in the
southern hemisphere ( Grif � th et al., 2012 , Fig. 9). The large area of
� ooded shelf provided a signi � cantly increased moisture source for
northwesterly monsoon � ow (Nov. e March). Carbon accumulation
of the Sebangau peatland (Page et al., 2004) directly responded to
this abrupt strengthening of the Australian monsoon with a syn-
chronous increase from w 20 to w 90 g C m� 2 yr � 1 at 9.5 ka (Fig. 3).
The combined increase in year-round moisture supply (i.e. subdued
rainfall seasonality) during the Early Holocene seems to have
induced the highest rates of carbon accumulation in inland
peatlands.

Rainfall continued to increase after 8 ka in northern Borneo,
while it remained rather constant south of the equator ( Fig. 9).
However, mean carbon accumulation rates in Central Kalimantan
decreased by 25 g C m� 2 yr � 1 between 8 and 6 ka ( Fig. 9). This
continuous decline in CAR corresponds to decreasing June insola-
tion ( Fig. 9), perhaps pointing at a progressively intensifying dry
season in southern Borneo during boreal summer and an associated
response of the peat-carbon balance. Interestingly, the Upper
Kapuas peatlands, located directly on the equator, do not show a
decrease in the mean CAR after 8 ka, but rather constant CAR until 4
ka (Fig. 2).

By 5 ka the mean position of the Intertropical Convergence Zone
was centred over equatorial Southeast Asia ( Partin et al., 2007 ) and
apparently shifted farther south as seen in the rainfall maxima at 4
and 3 ka in the two southern paleoclimate records ( Grif � th et al.,
2009; Tierney et al., 2012 , Fig. 9). Millennial-scale variations in
CAR from coastal peatlands largely correspond to the reconstructed
rainfall changes from Borneo and Sulawesi ( Fig. 9). The Holocene
maximum in mean CAR of 91 g C m � 2 yr � 1 of coastal peatlands from
Kalimantan and Sumatra was synchronous with the recorded Ho-
locene rainfall maxima at 5 e 4 ka near the equator ( Fig. 9). This
maximum in CAR was also likely supported by a raised base level
due to the sea-level highstand (sect. 5.2; Dommain et al., 2011 ). The
following decline in mean CAR by 25 g C m � 2 yr � 1 mirrored
reduced rainfall in Borneo and Sulawesi ( Partin et al., 2007; Tierney
et al., 2012).

Paleoclimate model simulations for Borneo and Sumatra pro-
duce higher than present June e November precipitation at 6 ka,
most likely as a result of the equatorial September insolation
maximum during that time ( Tierney et al., 2012 , Fig. 9). The
declining long-term rates in CAR after 4 ka indeed seem to follow
the trend in September insolation ( Fig. 9). Increased rainfall sea-
sonality over the past 3000 years thus seems to have in � uenced the

carbon balance of both inland and coastal peatlands. This inference
is in line with the precipitation model for peat formation in the
tropics by Cecil and Dulong (2003) that predicts maximum rates of
peat accumulation under a perhumid climate and its rapid decline
with a dry season of more than 2 e 3 months. As already noted by
Anderson (1983) not only the annual sum, but particularly the
rainfall distribution over the year is important for peat accumula-
tion in the tropics.

5.6. Natural carbon release

5.6.1. Late Holocene carbon release from aerobic peat
decomposition

During the Late Holocene peat growth ceased over wide areas of
inland peatlands in Central Kalimantan ( Sieffermann et al., 1988;
Dommain et al., 2011 ) and also in the undisturbed Nung peat
domes in the Upper Kapuas basin ( Anshari et al., 2012 ). This
regional pattern of arrest in peat growth was probably a response to
either external forcing factors such as changes in climate, sea level,
or geomorphology or to internal peatland growth and decay
factors.

A number of different mathematical models predict limits to
peat bog growth, including 1) mass balance models in which cu-
mulative mass loss of older carbon mass surpasses the addition of
new mass (Clymo, 1984, 1992) and 2) hydrological models, which
show that the maximum possible height of a bog is constrained by
the elevation and width of its water table mound ( Ingram, 1982;
Glaser et al., 2004). An internally controlled, mass balance limit to
bog height results in continued accumulation of young peat at the
surface and a declining apparent rate of accumulation at deeper
levels. An externally controlled limit of peat growth as de � ned by
the width of an inter � uvial divide and the rate of recharge would in
contrast produce a transient reduction followed by a � nal cessation
of peat accumulation as the peat dome approaches the maximum
possible height of a water table mound in that speci � c hydro-
geologic setting ( Glaser et al., 2004).

The truncated peat pro � les from inland Central Kalimantan do
not conform to either of these models. Instead, they exhibit steady
peat growth up to the surface with a high apparent rate of accu-
mulation ( Fig. 10). The truncations therefore suggest an abrupt
change in some external hydrological control that causes a non-
linear response of the peatland ecosystem. Apparently peat accu-
mulation did not resume again over the most recent millennium,
implying that either the ecosystem could not recover or that the
controlling factor preventing peat growth is still active. Today, the
water-table in the truncated peatlands is 1 e1.5 m below the peat
surface in the dry season and the surface peat is strongly humi � ed
(Moore et al., 1996 ), indicating a clear change in the hydrological
balance.

The regional hydraulic gradient was altered by the Late Holo-
cene fall in sea level, which lowered base level and water table
elevations in the peatland watersheds. With respect to water inputs
from recharge (i.e. precipitation), available paleoclimatic records do
not show dramatic changes in rainfall for the Late Holocene ( Fig. 9).
However, abrupt, high-frequency changes in ENSO activity are well
documented for this period ( Moy et al., 2002; McGregor and Gagan,
2004; Conroy et al., 2008 , Fig. 10) leading Dommain et al. (2011) to

Fig. 9. Synthesis of paleoclimate and carbon cycle changes over the past 15,000 years. A) insolation at the equator (from Laskar et al., 2004). B) d18O-based moisture reconstructions
from speleothems from Borneo (upper red line: from Partin et al., 2007 ) and from Flores (grey line: actual data, red line: 5-point running mean: from Grif � th et al., 2009 ). C) leaf-
wax dD record of moisture history from the Makassar Strait off Sulawesi (blue line: actual data, black line 5-point running mean: from Tierney et al., 2012 ). For all three isotope
records lower values indicate wetter conditions. D) mean carbon accumulation rates for coastal peatlands and for inland peatlands of Central Kalimantan. E) build-up of the western
Indonesian peat carbon pool. F) atmospheric CO 2 concentration from the EPICA Dome C ice-core record (from Monnin et al., 2001 ; Flückiger et al., 2002 ). G) Annual rate of carbon
storage of the total of western Indonesian peatlands at each millennial boundary.
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suggest that inland peatlands in Kalimantan stopped accumulating
and, in fact, started to lose surface peat in response to enhanced El
Niño activity during the last 2 ka.

The stronger El Niño events were probably only a � nal trigger
for aerobic decay of the surface peats of the inland peatlands.
Falling sea level and lower precipitation most likely had begun to
lower the water tables on these peatlands after 4 ka leading to
slower rates of peat accumulation (see Fig. 3a: scenario b for the
Palangka Raya peatland; Fig. 10). Subsequently, El Niño events
periodically induced still deeper water-table drawdowns and pro-
moted rapid aerobic decomposition of surface peat under the high
ambient temperatures that are even higher during the positive
phase of ENSO (Harger, 1995).

The spatial restriction of Late Holocene carbon losses (i.e.
truncated peat pro � les) to the high peat areas of Central Kali-
mantan ( Fig. 11) can be explained by their speci � c topographic
setting. The inter � uvial high peat areas are located on podzol plains
that are up to 15 m above adjacent, partly peat- � lled river valleys
(Sieffermann et al., 1987, 1988 ). These high peat areas bene� ted
from the sea-level highstand when the adjacent valleys were
widely � ooded and the water-table mounds on the inter � uves were
higher. The fall in sea level after 4 ka in conjunction with overall
reduced precipitation and increased ENSO activity would have
drawn down the water table in these elevated central areas and
have led to the decay of previously deposited peat. In contrast,
falling sea level led to exposure of land surfaces within the lower
adjacent river valleys enabling peat formation (sect. 5.2.).

The reconstructed annual rate of carbon release since 2 ka from
the truncated high peat pro � les ranges from 15 to 105 g C m � 2 yr � 1

(mean ¼ 38 C g m� 2 yr � 1; n ¼ 7, Fig. 10). Today, the carbon release
from just outside the high peat area in the undrained Sebangau
peatland is on average even higher at 174 � 203 g C m� 2 yr � 1

(Hirano et al., 2012 , Fig. 11).

Over the past two millennia, annual carbon losses from the
5000 km 2 of degrading peatland in inland Central Kalimantan and
the Upper Kapuas amounted to 0.15 Tg C yr � 1, resulting in a cu-
mulative carbon release of 0.3 Pg C. The annual losses equal almost
one half of the contemporaneous storage in the remaining, still
accumulating peatlands of these two regions ( Table 1). The cu-
mulative losses correspond to 1% of the total current carbon pool of
western Indonesia. Even in the absence of � res, changes in sea level
and hydroclimate led to notable carbon release from Indonesian
peatlands.

5.6.2. Late Holocene carbon release from peat� res
Fires are a major cause of carbon losses from tropical peatlands

in the past few decades ( Page et al., 2002). During the past 20 years,
� res consumed the upper portions of peat pro � les in Kalimantan
down to depths of 15 e150 cm with associated carbon releases of 6 e
104 kg C m� 2 (Couwenberg et al., 2010 ). These carbon losses are
equivalent to about 190 e 3300 years of peat accumulation, high-
lighting the scale of destruction of recent peat � res. Modern peat
� res are most severe and widespread during El Niño events ( van
der Werf et al., 2008; Langner and Siegert, 2009 ) and the same
can be assumed to hold for the Holocene epoch ( Haberle et al.,
2001).

Paleo-records of peat � res are restricted to a few localized sites
in Kalimantan and no synoptic analysis on the � re history has yet
been attempted for Southeast Asian peatlands. Holocene charcoal
records exist from the peatlands of the Kutai basin, the Upper
Kapuas basin and one site in Central Kalimantan ( Anshari et al.,
2001, 2004; Yulianto et al., 2004; Hope et al., 2005 ), but only in
the Kutai basin could past � res be related to carbon losses. In
contrast, the absence of charcoal indicates that � res were not
responsible for the truncation of peat pro � les in Central Kalimantan
(Dehmer, 1993; Moore et al., 1996 ). The only evidence for local peat
� res from this region exists for the period 9.2 e 7.5 ka, without any
clear indication of associated peat losses ( Yulianto et al., 2004 ).

Holocene � re activity in the Upper Kapuas basin was highest
between 3.3 and 1.3 ka ( Anshari et al., 2001, 2004 ) during the
strongest El Niño phase ( Fig. 10), suggesting a strong climatic
control on both local and regional � re occurrence. However, no � re
related peat truncations have yet been recorded in the Upper
Kapuas basin.

Fires affected the peatlands of the Kutai basin mainly after 5 ka
and higher frequencies of both micro- and macro-charcoal were
recorded after 2.5 ka with maxima during the last millennium
(Hope et al., 2005). These� res were most likely the result of human
activities along the rivers of this region ( Hope et al., 2005).
Nevertheless, the time of highest � re activity coincides with the
strong Late Holocene El Niño phase, indicating that associated
droughts likely supported the spread of � res.

Severe peat � res during the Late Holocene were the likely cause
for peat truncation and the subsequent formation of several large
lakes in the Kutai basin as indicated by several metres of woody
peat that underlie the lacustrine sediment layers ( Hope et al.,
2005). This mode of lake formation implies that peat � res must
have consumed at least one metre of peat to permit the permanent
inundation needed to prevent re-colonisation of the burnt area by
trees (cf. Wösten et al., 2006; van Eijk et al., 2009 ).

The loss of one metre of peat in each of the burnt and truncated
pro � les from Kutai corresponds to the loss of 560 e 900 years of
additional peat accumulation (see sect. 3.4.). Adding these time
spans to the age of the truncations places the time of possible � re
occurrences at 4.4 ka, 3.9 ka, 1.9 ka, and 1.4 ka respectively. The El
Niño reconstruction of Moy et al. (2002) identi � es 5, 5, 3, and 9 El
Niño events per 100 years respectively for these four periods of
possible � re activity. If � res were directly controlled by El Niño

Fig. 10. Conceptual model of natural peat degradation for high-peat areas in inland
Central Kalimantan. Age-depth models of truncated cores (core locations shown in
Fig. 11) and extrapolated carbon mass accumulation until 2 ka. Carbon accumulation
after 4 ka is assumed to decrease as a result of falling sea levels and increased El Niño
activity. The abrupt increase of El Niño intensity at 2 ka triggers the release of the
additionally accumulated carbon. El Niño record at the bottom is from Conroy et al.
(2008) .
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droughts then 3 to 9 � res per century could have occurred. This � re
frequency would have permitted the combustion of one metre peat
if single � res burnt peat layers of between 10 and 30 cm depth. The
corresponding mass of released carbon would then be around 6 e
20 kg C m� 2 per � re.

These potential carbon losses from Late Holocene peat � res are
in the lower range of modern � re-related losses (6 e 104 kg C m� 2,
Couwenberg et al., 2010 ). Integrated over burnt peatland areas (i.e.
GIS polygons) the average carbon release of single � re events
during the four � re episodes at 4.4 ka, 3.9 ka, 1.9 ka, and 1.4 ka
would have been 0.66 Tg C, 1.96 Tg C, 3.6 Tg C and 0.1 Tg C,
respectively. Despite their local impacts these carbon losses never
surpassed contemporaneous carbon storage from all peatlands of
western Indonesia ( Table 1). Unless other widespread peat � res
occurred in other parts of western Indonesia at similar times � re
related carbon release did not offset peat carbon storage during the
Late Holocene.

Although 10% (440 km 2) of the Kutai peatlands were likely
affected by � re, the associated release of 25 Tg C corresponds to
only 1% of the current carbon pool of Kutai. This cumulative � re-
related carbon release from Kutai e which, at this stage, repre-
sents all known carbon losses from paleo- � res of western Indonesia
e is less than the average carbon losses from modern peat � res
across all of Borneo in one year ( van der Werf et al., 2008 ). Fire
related carbon losses from western Indonesian peatlands over the
past 4000 years were an order of magnitude lower than the total

carbon release from aerobic peat decomposition over the past 2000
years.

5.7. Current and future anthropogenic carbon losses

Today, Indonesian peatlands release massive amounts of carbon
as a consequence of rapid deforestation, widespread drainage and
recurring peat � res (Page et al., 2002; van der Werf et al., 2008;
Couwenberg et al., 2010; Hooijer et al., 2010; Frolking et al.,
2011). Dommain et al. (2012) estimated anthropogenic carbon
emissions of 123 Tg C yr� 1 from drainage-based peat decomposi-
tion in western Indonesia in 2007 ( Fig. 12), constituting 85% of
drainage related emissions in Southeast Asia ( Dommain et al., in
press). Natural carbon release from aerobic peat decay (0.15 Tg C
yr � 1) in inland Kalimantan is insigni � cant in comparison to the 820
times higher anthropogenic losses.

Considering the remaining extent of undrained, primary peat
swamp forest today, the rate of carbon storage in western Indo-
nesian peatlands has been reduced to 1.2 Tg C yr � 1 (Dommain et al.,
2012, in press; Fig. 12), equalling only 17% of the annual pre-
disturbance rate. Thus, peatland degradation not only causes sub-
stantial losses from the existing carbon pool, but also a signi � cant
reduction in inputs.

In addition to drainage-based peat decomposition, � res
currently contribute signi � cantly to regional carbon losses from
peatlands. Carbon emissions from � res vary strongly between

Fig. 11. Peat distribution in Central Kalimantan (southern Borneo) with coastal peatlands in dark grey and inland peatlands in black, brown and orange. Brown and orange are the
high peat areas of Sieffermann et al. (1988) . Brown coloured areas are assumed to release carbon as indicated by truncated cores (yellow dots). Dated cores are lacking for the orange
coloured areas and these are not assumed to release carbon. Age-depth curves of the truncated cores are shown in Fig. 10. Eddy � ux tower site of Hirano et al. (2007, 2012) .
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years. During wet La Niña years carbon emissions in western
Indonesia are much lower ( w 35 Tg C yr� 1) than during dry El Niño
years (w 130 Tg C yr� 1; van der Werf et al., 2008 ). The � res of the
major El Niño event of 1997/98 released approximately 700 Tg C
(Heil et al., 2007; van der Werf et al., 2010 ) equalling 100 years of
natural carbon accumulation for all western Indonesian peatlands.
Between the years 2000 and 2006 peat � re emissions from Borneo
(mainly Kalimantan) and Sumatra averaged about 75 Tg C yr � 1 (van
der Werf et al., 2008 ). The estimated carbon release from Late
Holocene peat � res of 0.1e3.6 Tg C yr� 1 is therefore small in com-
parison to current peat � re emissions.

The combined carbon losses of modern peatland drainage and
peat � res in western Indonesia amount to about 200 Tg C yr � 1

(range: 160-250 Tg C yr � 1; Fig. 12). This carbon loss is 28 times
higher than the pre-disturbance carbon uptake indicating that the
entire western Indonesian peatland region has switched from a
carbon sink to a signi � cant carbon source. If current carbon losses
continue at the same rate the total peat carbon pool will be
exhausted in 115 years (assuming full drainability). Yet, it seems
that the rate of carbon release will continue to increase, at least
over the coming 20 years. Miettinen et al. (2012) project the
expansion of drained oil-palm plantations in western Indonesian
peatlands to 25,000 km 2 in 2020 and 36,700 km 2 in 2030. This land
use change alone would cause an increase in carbon emissions to
227 Tg C yr� 1 by 2020 and to 250 Tg C yr � 1 by 2030 ( Fig. 12).
Compared to the multi-millennial timescale it took to build up the
Indonesian carbon pool, beginning 19,000 years ago, the ongoing
carbon losses are highly disproportionate. Current human activities
are leaving a geological imprint in the western Indonesian land-
scape that also affects the CO2 concentration in the atmosphere.

6. Conclusions

Using a novel approach, based on peat depth maps, peat accu-
mulation rates and available radiocarbon dates, we reconstruct the
spatial expansion of peatlands in western Indonesia since the LGM.
Our approach expands and improves upon the commonly applied
use of basal dates as a proxy for peatland area in the past. The basal
dates approach to peatland expansion underestimates young,
shallow peat areas, including lateral peatland expansion. The new
method shows that western Indonesian peatlands had their
greatest expansion during the past 3000 years, several millennia
later than suggested by the basal dates approach. The choice of
method has signi � cant consequences for the reconstruction of
peatland impacts on atmospheric greenhouse gas concentrations.
The basal dates approach is probably overestimating Holocene CO 2

uptake by peatland regions.
Sea-level change was the primary driver for peatland formation

and expansion in the lowlands of the western Indonesian archi-
pelago as it controls both the regional atmospheric moisture
availability and the hydrological gradient on the islands. A sea-level
height of 80 m bmsl seems to mark a threshold level for inland
peatland formation in Borneo during the Late Quaternary. Periods
of rapid deglacial sea-level rise of over 10 mm yr � 1 induced peat-
land formation and expansion in inland Kalimantan between 20
and 7 ka. The formation of coastal peatlands in western Indonesia
started only when the rise in sea-level was reduced to a rate of
2.4 mm yr � 1 which marks an important threshold above which any
future sea-level rise will likely lead to widespread inundation,
particularly in view of anthropogenic peatland subsidence.

Changes in sea level and hydroclimate were not only important
drivers for the growth of the carbon pool in western Indonesia but
also for the degradation of inland peatlands, which released
0.3 Pg C during the past 2000 years. Moisture supply is the primary
climatic control for peat accumulation in the tropics where high
temperatures drive rapid carbon turnover whenever water tables
are lowered. Perhumid conditions induced the highest rates of
carbon accumulation in the past, whereas higher seasonality and El
Niño droughts led to reduced accumulation and peat truncation.
Peat bog growth in the tropics is thus limited by aerobic decay and
not by anaerobic decay integrated over of the entire peat pro � le,
which is insigni � cant in comparison to northern peatlands. This
observation provides an additional explanation for the enormous
thickness of Carboniferous and Tertiary coal deposits that are
derived from tropical peat swamp forests.

The high rates of carbon accumulation of coastal peatlands and
their uninterrupted expansion as a result of falling sea levels
enabled continuously increasing rates of carbon storage during the
Late Holocene. Increased land availability due to sea-level regres-
sion thus compensated for decreased moisture availability e as
driven by the southward migration of the ITCZ and enhanced ENSO
activity e to maintain the exponential growth of the western
Indonesian peat carbon pool. Although Indonesian peatlands were
a persistently growing carbon sink between 15 and 0 ka, they were
insigni � cant in contributing to the massive uptake of carbon by the
biosphere during the Early Holocene. However, after 5 ka this car-
bon sink increased substantially and partly compensated for
contemporaneous biospheric carbon release from other regions
and likely contributed to a reduced increase in atmospheric CO 2

concentrations since 2 ka.
Although Indonesian peatlands have persisted as a carbon sink

for 15,000 years in spite of substantial changes in sea level and
climate, they cannot withstand the pressure of modern human
activities. Within the recent decades this important carbon sink has
switched to a signi � cant carbon source that contributes to currently
rising atmospheric CO 2 concentrations.

Fig. 12. Modern human impact on the carbon � uxes of western Indonesian peatlands.
Fluxes from 1950 (before large-scale human impact) are compared to present � uxes
and future projections. Peatlands have switched from a carbon sink to a carbon source.
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Iruhvw g|qdplfv dqg wls0xs srrov gulyh sxovhv
ri kljk fduerq dffxpxodwlrq udwhv lq d wurslfdo
shdw grph lq Eruqhr +Vrxwkhdvw Dvld,

Uhq• Grppdlq 4/ Doh{ Free5/ Kdqv Mrrvwhq4/ Sdxo K1 Jodvhu6/ Dp| I1O1 Fkxd5/7/ Odxuh Jdqgrlv5/8/9/
Ixx0Plqj Ndl 5/ Dqghuv Qruhq: / Ndpduldk D1 Vdolp; / Q1 Vdolkdk K1 VxÖxw</ Fkduohv I1 Kduyh|43

4 Lqvwlwxwh ri Erwdq| dqg Odqgvfdsh Hfrorj|/ Xqlyhuvlw| ri Juhlivzdog/ Jhupdq|
5 Vlqjdsruh0PLW Dooldqfh iru Uhvhdufk dqg Whfkqrorj|/ Vlqjdsruh
6 Ghsduwphqw ri Hduwk Vflhqfhv/ Xqlyhuvlw| ri Plqqhvrwd/ Plqqhdsrolv/ XVD
7 Ydoh Pdod|vld Plqhudov Vgq Ekg/ Shudn/ Pdod|vld
8 Xqlyhuvlw• gh Wrxorxvh= XSV/ LQS/ HfrOde +Oderudwrluh Hfrorjlh irqfwlrqqhooh hw Hqylurqqhphqw,/ HQVDW/ Fdvwdqhw0
Wrorvdq/ Iudqfh
9 FQUV/ HfrOde/ Fdvwdqhw0Wrorvdq/ Iudqfh
: Qdwlrqdo Odfxvwulqh Fruh Idflolw|/ Xqlyhuvlw| ri Plqqhvrwd/ Plqqhdsrolv/ XVD
; Elrorj| Surjudpph/ Xqlyhuvlwl Euxqhl Gduxvvdodp/ Edqgdu Vhul Ehjdzdq/ Euxqhl Gduxvvdodp
< Euxqhl Khduw ri Eruqhr Fhqwuh/ Edqgdu Vhul Ehjdzdq/ Euxqhl Gduxvvdodp
43 Pdvvdfkxvhwwv Lqvwlwxwh ri Whfkqrorj|/ Sduvrqv Oderudwru|/ Fdpeulgjh/ XVD

Devwudfw

Shdwodqgv ri Vrxwkhdvw Dvld vwruh odujh srrov ri fduerq exw wkh phfkdqlvpv wkdw jryhuq wkh dffxpxodwlrq ri
fduerq lq wklv wurslfdo vhwwlqj uhpdlq wr eh uhvroyhg1 Lq sduwlfxodu sdwfk g|qdplfv dqg iruhvw glvwxuedqfh kdyh
vhogrp ehhq frqvlghuhg dv gulyhuv wkdw fdq dpsoli| udwkhu wkdq gdpshq udwhv ri fduerq dffxpxodwlrq lq
iruhvwhg shdwodqgv1 Khuh zh xvhg d prglilhg slvwrq fruhu/ qrq0lqydvlyh jhrsk|vlfdo phdvxuhphqwv/ dqg
jhrfkhplfdo dqg sdohrerwdqlfdo whfkqltxhv wr hvwdeolvk wkh hiihfw ri wuhh idoo rq fduerq dffxpxodwlrq udwhv iru
dVkruhd doelgdgrplqdwhg shdw vzdps iruhvw lq Euxqhl +Eruqhr,1 Fduerq lqlwldoo| dffxpxodwhg dw 468 j F p05

|u04 gxulqj d edvdo pdqjuryh iruhvw vwdjh exw ghfolqhg wr dq dyhudjh ri derxw 69 j F p 05 |u04 zlwk wkh
hvwdeolvkphqw ri d shdw vzdps iruhvw1 D udslg dffxpxodwlrq sxovh ri :530<93 j F p05|u04rffxuuhg 43;3 |hduv
djr wkdw zdv dvvrfldwhg zlwk wkh lqiloolqj ri d wls0xs srro1 Wls0xs srrov duh qrz frpprq ihdwxuhv rq wkh shdw
grphv ri qruwkzhvw Eruqhr zkhuh zlqgwkurz dqg oljkwqlqj vwulnhv surgxfh wuhh idoov dw d udwh ri 7 wuhhv kd04

hyhu| ghfdgh1 D vlpxodwlrq prgho lqglfdwhv wkdw wls0xs srrov/ zklfk duh fuhdwhg dfurvv wkh hqwluh iruhvwhg shdw
grph rq fhqwhqqldo wlphvfdohv/ frqvwlwxwh orfdo krwvsrwv iru fduerq dffxpxodwlrq wkdw revfxuh olqndjhv ehwzhhq
odqgvfdsh0vfdoh udwhv ri fduerq dffxpxodwlrq dqg folpdwh1Rxu uhvxowv vxjjhvw wkdw wkh kljk vlqn vwuhqjwk ri
wurslfdo shdw vzdpsv pd| eh edvhg rq ixqgdphqwdoo| gliihuhqw shdw iruplqj surfhvvhv wkdq wkrvh ri qruwkhuq
shdwodqgv1
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41 Lqwurgxfwlrq
Wkh wurslfdo shdwodqgv ri htxdwruldo Vrxwkhdvw Dvld frqwdlq d joredoo| vljqlilfdqw uhvhuyrlu ri ryhu 53 shwdjudp
fduerq wkdw kdv ehhq udslgo| dffxpxodwlqj ryhu wkh sdvw vhyhudo ploohqqld +Grppdlq hw do1 5344/ 5347,1 Eh0
fdxvh wkhvh shdwodqgv ghyhors xqghu d shupdqhqwo| krw folpdwh wkhlu udslg udwhv ri fduerq dffxpxodwlrq
uhsuhvhqw d sdudgr{ ehfdxvh rujdqlf pdwwhu ghfrpsrvlwlrq qrupdoo| lqfuhdvhv zlwk kljkhu whpshudwxuh
+Wuxperuh hw do1 4<<9/ Gdylgvrq hw do1 5333/ Nqruu hw do1 5338,1 Kljk zdwhu wdeohv dqg wkh uhfdoflwudqw zrrg|
pdwwhu pd| ghfuhdvh ghfd| udwhv +Frxzhqehuj hw do1 5343,/ exw wkh phfkdqlvpv wkdw frqwuro shdw dffxpxodwlrq
lq wurslfdo shdwodqgv kdyh uduho| ehhq vwxglhg v|vwhpdwlfdoo|/ lq frqwudvw wr shdwodqgv lq wkh qruwkhuq khplvskhuh
+h1j1 Zlhghu ) Ylww 5339/ Edlug hw do1 533<,1

Rq wkh uhjlrqdo vfdoh +8133304331333 np5, dqg ryhu ploohqqldo wlph vsdqv/ orqj0whup udwhv ri fduerq
dffxpxodwlrq udwhv lq Vrxwkhdvw Dvldq shdwodqgv vhhp wr eh frqwuroohg e| fkdqjhv lq vhd ohyho dqg k|gurfolpdwh/
vxfk dv orqj0whup vkliwv lq wkh phdq srvlwlrq ri wkh Lqwhuwurslfdo Frqyhujhqfh ]rqh +Grppdlq hw do1 5347,1
Krz0 hyhu/ ehfdxvh ri wkh h{wuhpho| orz qxpehu ri dydlodeoh udglrfduerq gdwhg shdw fruhv +h1j1 Vxsdugl hw do1
4<<6/ Qhx}lo 4<<:/ Sdjh hw do1 5337,/ lw uhpdlqv xqfohdu krz fduerq dffxpxodwlrq udwhv lq lqglylgxdo shdwodqgv
kdyh ydulhg ryhu vkruwhu wlph vsdqv1 Lq sduwlfxodu/ yduldwlrqv lq fduerq dffxpxodwlrq udwhv rq ghfdgdo wr
fhqwhqqldo wlphvfdohv kdyh vhogrp ehhq uhvroyhg/ zkhuhdv wkh gulyhuv ehklqg ioxfwxdwlrqv rq wkhvh wlphvfdohv
qhhg wr eh lghqwlilhg wr lpsuryh suhglfwlrqv rq wkh ixwxuh fduerq edodqfh ri wurslfdo shdwodqgv1

Lq jhqhudo/ folpdwh dv pdqlihvwhg e| uhjlrqdo whpshudwxuhvdqg suhflslwdwlrq lv eholhyhg wr h{huw dq
ryhuzkhoplqj frqwuro rq shdw fduerq dffxpxodwlrq e| lqioxhqflqj erwk sodqw surgxfwlylw| dqg rujdqlf pdwwhu
ghfrpsrvlwlrq +h1j1 Orwwhv ) ]lhjohu 4<<7/ \x hw do1 533</ Fkdupdq hw do1 5346,1 Krzhyhu/ vwxglhv lq qruwkhuq
shdwodqgv vkrzhg wkdw yhjhwdwlrq fkdqjhv/ dxwrjhqlf shdwodqg surfhvvhv dqg hfrv|vwhp glvwxuedqfhv fdq dovr
surgxfh yduldwlrqv lq fduerq dffxpxodwlrq udwhv lq shdwodqgv lqghshqghqw ri folpdwlf fkdqjh +h1j1 Nloldq hw do1
5333/ Pdxtxr| hw do1 5335/ Wxuhwvn| hw do1 5335/ Frxzhqehuj )Mrrvwhq 5338,1 Iru wurslfdo shdwodqgv ri
qruwkzhvw Eruqhr/ Dqghuvrq +4<94d/ 4<;6, vxjjhvwhg wkdw gxulqj shdw vzdps iruhvw vxffhvvlrq shdw
dffxpxodwlrq ghfolqhv ehfdxvh ri fkdqjlqj yhjhwdwlrq1 Pruhryhu/ k|gurorjlfdo ihhgedfn phfkdqlvpv vhhp wr
plwljdwh yduldelolw| lq dwprvskhulf prlvwxuh vxsso| lq wkhrpeurwursklf shdw vzdps iruhvwv +Grppdlq hw do1
5343, dqg wkxv olnho| diihfw orqj0whup udwhv ri fduerq dffxpxodwlrq +Grppdlq hw do1 5344,1 Vlplodu wr qruwkhuq
iruhvwhg shdwodqgv/ wkh sdwwhuqv dqg g|qdplfv ri VrxwkhdvwDvldq shdw vzdps iruhvwv duh dovr vwurqjo| lqioxhqfhg
e| ydulrxv glvwxuedqfh djhqwv +Dqghuvrq 4<94d/ Euxhqlj 4<<3,1 Vxvfhswlelolw| wr glvwxuedqfh lv sduwlfxoduo| kljk
lq wkhVkruhd doelgdshdw vzdps iruhvwv ri qruwkzhvw Eruqhr +Ilj1 4,/ zklfk duh lpsdfwhg e| zlqg wkurz/
oljkwqlqj gdpdjh/ lqvhfw rxweuhdnv/ gurxjkwv/ wuhh iluhv/dqg pdvv pryhphqwv ri shdw +h1j1 Dqghuvrq 4<94d/
4<94e/ 4<97/ 4<99/ Eu¡qlj 4<97/ 4<:4/ 4<:6/ Zloirug 4<99/ Ilj1 5,1 Zlqg wkurz dqg wr vrph h{whqw oljkwqlqj
zloo fdxvh wkh jhqhudoo| vkdoorz0urrwhg wuhhv ri shdw vzdpsv wr xsurrw dqg idoo wkhuhe| whdulqj d fdylw| lqwr
wkh shdw lq zklfk d wls0xs srro irupv +\dpdgd 4<<:/ Ilj1 5,1 Wklv surfhvv kdv ehhq k|srwkhvl}hg e| Jdvwdogr
dqg Vwdxe +4<<<, wr fuhdwh shuhqqldoo| iorrghg vlwhv rq wkh grphg shdwodqgv/ zklfk surylgh rswlpxp frqglwlrqv
iru wkh suhvhuydwlrq ri gholfdwh sodqw olwwhu1 Wklv lghd fkdoohqjhv wkh jhqhudo sdudgljp wkdw wurslfdo shdw vzdps
iruhvwv pdlqo| ghsrvlw zrrg| shdw +Srodn 4<66, zlwk srvvleoh frqvhtxhqfhv iru wkh udwhv dqg vsdwlr0whpsrudo
sdwwhuqv ri fduerq dffxpxodwlrq1 Wkh hiihfwv ri iruhvw vxffhvvlrq/ glvwxuedqfh uhjlphv/ dqg srro irupdwlrq rq
wkh dffxpxodwlrq ri fduerq ryhu wlph kdyh suhylrxvo| qrw ehhq lqyhvwljdwhg lq wurslfdo shdwodqgv dqg duh
wkhuhiruh wkh irfxv ri wklv vwxg|1 Iru pruh wkdq wzr ghfdghv Vrxwkhdvw Dvld vxiihuv iurp zlghvsuhdg dqg
lqfuhdvlqj ghiruhvwdwlrq wkdw kdv uhvxowhg lq olwwoh uhpdlqlqj wudfwv ri qdwxudo shdw vzdps iruhvwv +Plhwwlqhq hw
do1 5345, vhyhuho| olplwlqj uhvhdufk lqwr wkh qdwxudo g|qdplfv ri wkhvh xqltxh hfrv|vwhpv1 Euxqhl riihuv dq
xqsdudoohohg rssruwxqlw| iru d uhsuhvhqwdwlyh edvholqh vwxg| ehfdxvh lw kdueruv wkh odvw lqwdfw uhpqdqwv ri grphg
shdw vzdpsv lq Vrxwkhdvw Dvld1

4141 Phwkrgrorjlfdo sureohpv

H{sorulqj orqj0whup shdwodqg g|qdplfv zlwk wdujhwhg shdw fruh dqdo|vhv surylghv d ghhshu phfkdqlvwlf
xqghuvwdqglqj ri wkh pdmru shdw dffxpxodwlrq surfhvvhv dqgdovr riihuv lpsruwdqw edvholqh lqirupdwlrq iru
prghuq dqg ixwxuh glvwxuedqfh uhjlphv +PfOdxfkodq hw do1 5347,1 Shdw fruhv qhhg wr eh dqdo|}hg dw kljk
whpsrudo uhvroxwlrq wr surylgh ghwdlohg lqvljkwv rq sdohr0yhjhwdwlrq dqg fduerq g|qdplfv1 Uhjuhwwdeo|/ shdw
fruh vwxglhv ri Vrxwkhdvw Dvldq shdw vzdps iruhvwv duh phwkrgrorjlfdoo| vhyhuho| frqvwudlqhg e| wkh odujh

Grppdlq hw do1 +vxep1, Iruhvw g|qdplfv dqg wls0xs srrov gulyh fduerq dffxpxodwlrq
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dprxqw ri ghqvh zrrg frqwdlqhg lq wkh shdw ghsrvlwv +Ilj1 5,1Wkh dexqgdqfh ri exulhg zrrg +4, riwhq suhyhqwv
frpsohwh fruh uhfryhu|/ +5, orzhuv wkh uhvroxwlrq ri udglrfduerq gdwlqj vlqfh wkh zrrg fdq eh ri gliihuhqw djh
wkdq wkdw ri wkh dgmdfhqw shdw pdwul{/ +6, frpsolfdwhv suhflvh exon ghqvlw| phdvxuhphqwv/ dqg +7, lqwurgxfhv
whpsrudo jdsv lq sdohrhqylurqphqwdo uhfrqvwuxfwlrqv vxfkdv sroohq uhfrugv +h1j1 Srodn 4<66/ Dqghuvrq )
Pxoohu 4<:8/ Hvwhuoh ) Ihup 4<<7/ Vklpdgd hw do1 5334/ Sdjh hwdo1 5337/ Vxpdzlqdwd hw do1 533;/ Z¡vw hw do1
533;,1 Lqfrpsohwh uhfryhu| ri wkh zrrg iudfwlrq lq sduwlfxodu ohdgv wr xqfhuwdlqwlhv lq hvwlpdwlqj wkh exon
ghqvlw| dqg fduerq frqwhqw ri shdw surilohv1 Wklv lpsruwdqwvrxufh ri huuru gluhfwo| diihfwv uhfrqvwuxfwhg udwhv ri
fduerq dffxpxodwlrq +Grppdlq hw do1 5344, dqg uhjlrqdo hvwlpdwhv ri fduerq srrov +Grppdlq hw do1 5347,1 Wkh
ihz dydlodeoh shdw fruh uhfrugv w|slfdoo| vxiihu iurp zlgh vdpsolqj lqwhuydov iru erwk udglrfduerq gdwhv dqg
exon ghqvlw|/ zkhuhdv fduerq dffxpxodwlrq fxuyhv riwhq odfn vxssruwlqj lqirupdwlrq rq wkh sdohr0yhjhwdwlrq
+Dqghuvrq dqg Pxoohu 4<:8/ Pruoh| 4<;4/ Glhprqw ) Vxsdugl 4<;:/ Vxsdugl hw do1 4<<6/ Qhx}lo 4<<:/ Sdjh hw
do1 5337,/ zklfk suhfoxghv lqvljkwv lq krz folpdwh/ glvwxuedqfh/ ru dxwrjhqlf surfhvvhv diihfw fduerq
dffxpxodwlrq1 Prghuq qrq0ghvwuxfwlyh whfkqltxhv iru jhrsk|vlfdo/ jhrfkhplfdo/ dqg lpdjh dqdo|vhv ri fruhv
zlwk yhu| ilqh vdpsolqj lqwhuydov +Urwkzhoo 5339, surylgh dphdqv wr ryhufrph vrph ri wkh gliilfxowlhv lq
phdvxulqj fruhv ulfk lq zrrg1

4151 Remhfwlyhv

Khuh zh suhvhqw wkh iluvw fruh uhfrug ri fduerq dffxpxodwlrqudwhv iurp dVkruhd doelgdshdw vzdps iruhvw ri
Eruqhr1 Wklv vwxg| zdv ghvljqhg wr dgguhvv irxu lpsruwdqw txhvwlrqv frqfhuqlqj wkh fduerq dqg hfrv|vwhp
g|qdplfv ri wurslfdo shdwodqgv= +4, zkdw frqwurov fduerq dffxpxodwlrq ryhu wlphvfdohv ri 43 wr 433 |hduv/ +5,
zkdw lv wkh uhodwlyh lpsruwdqfh ri h{whuqdo folpdwlf yv1 lqwhuqdo hfrv|vwhp gulyhuv lq lqioxhqflqj fduerq
dffxpxodwlrq dw wkhvh wlphvfdohv/ +6, zklfk w|shv ri hfrv|vwhp glvwxuedqfh dowhuhg udwhv ri fduerq dffxpxodwlrq
lq wkh sdvw dqg zkdw lv wkh vsdwldo vljqlilfdqfh ri wkhvh glvwxuedqfh w|shv rq wkh vfdoh ri d shdw grph/ dqg +7,
zkdw lv wkh uroh ri wls0xs srrov lq wkh fduerq g|qdplfv ri wurslfdo grphg shdwodqgvB Lq sduwlfxodu/ zh whvwhg wkh
k|srwkhvlv ri Jdvwdogr dqg Vwdxe +4<<<, wkdw wls0xs srrov fuhdwh idyrudeoh vlwhv iru sodqw olwwhu ghsrvlwlrq dqg
suhvhuydwlrq1 Zh dgguhvvhg wkh odvw wzr txhvwlrqv e| ghyhorslqj d vlpxodwlrq prgho ri shdw dffxpxodwlrq
g|qdplfv edvhg rq wkh fruh uhfrug/ dqdo|vlv ri dhuldo skrwrjudskv/ dqg ilhog revhuydwlrqv1

Iljxuh 4= Shdwodqg glvwulexwlrq rq Eruqhr vxshulpsrvhg rq d VUWP0gljlwdo hohydwlrq prgho1 Wkh eurzq
sro|jrqv pdun shdwodqgv wkdw duh orfdwhg zlwklq wkh glvwulexwlrqdo udqjh riVkruhd doelgd1 Wkh uhg vtxduh
pdunv wkh duhd vkrzq lq Ilj1 61 Qxpehuv ghqrwh rwkhu shdwodqgv phqwlrqhg lq wkh wh{w= 4, Udmdqj Ghowd/ 5,
Whoxn Nhudpdw/ dqg 6, Udvdx Md|d1
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51 Vwxg| Duhd
Wkh Phqgdudp shdwodqg +7£53Ô Q dqg 447£53Ô H/ Ilj1 4, olhv 63 np vrxwk ri wkh frdvw lq wkh Ehodlw Glvwulfw ri
Euxqhl Gduxvvdodp lq wkh qruwkzhvwhuq sduw ri wkh htxdwruldo lvodqg ri Eruqhr1 Wkh shdwodqg lv orfdwhg rq wkh
lqwhuioxyldo glylgh ehwzhhq wkh Phqgdudp dqg wkh Edudp Ulyhu +Ilj1 6d, dqg lv rqh ri wkh odvw sulvwlqh shdwodqgv
rq Eruqhr1 Lw fryhuv dq duhd ri dssur{lpdwho| 76 np5 dqg kdv d vxuidfh hohydwlrq ri 518 wr : p deryh vhd ohyho1
Wkh shdwodqg lv sduw ri wkh 6463 np5 odujh shdwodqg frpsoh{/ zklfk fryhuv wkh ghowdv ri wkh Edudpdqg Ehodlw
Ulyhuv +Ilj1 6d, dqg zklfk frqvlvwv ri dssur{lpdwho| 63 lqglylgxdo shdw grphv zlwk shdw ghswkv udqjlqj iurp
4 wr 45 p +h1j1 Dqghuvrq ) Pxoohu 4<:8/ Ixuxndzd 4<;;/ Wlh ) Hvwhuoh 4<<5/ Vwrqhpdq 4<<:,1 Odwh Krorfhqh
ghowd surjudgdwlrq +Fdolqh ) Kxrqj 4<<5, dqg surjuhvvlyh vhd0zdug h{sdqvlrq ri shdwodqgv lv lqglfdwhg e| wkh
vrxwk wr qruwk fkurqrvhtxhqfh ri edvdo pdqjuryh dqg shdw gdwhv ri 7;33/ 7733/ 6<33/ dqg 4393 fdo ES dw
Pduxgl/ Vxqjdl Sdjdod|dq/ Oxern Ehodqdn/ dqg Nxdod Edudp/ uhvshfwlyho| +Ilj1 6d/ Wlh ) Hvwhuoh 4<<5/
Zrrguriih 5333,1

Euxqhl kdv dq htxdwruldo0kxplg0glxuqdo folpdwhvhqvxZdowhu +4<;8, dqg wkh frdvwdo ehow dq dyhudjh dqqxdo
udlqidoo ri 5;;3 pp +phdvxuhg lq Vhuld dqg Nxdod Ehodlw ehwzhhq 4<7: dqg 5337,1 Prqwko| udlqidoo gdwd
lqglfdwh frqvwdqwo| shukxplg frqglwlrqv ehfdxvh suhflslwdwlrq vxusdvvhv srwhqwldo hydsrwudqvsludwlrq +l1h1 433
pp/ Zdowhu 4<;8, lq hyhu| prqwk1 Wkh orz vhdvrqdolw| lq udlqidoo glvwulexwlrq fdq eh h{sodlqhg e| wkh
ryhuzkhoplqj |hdu0urxqg lqioxhqfh ri wkh Lqwhuwurslfdo Frqyhujhqfh ]rqh +LWF], ryhu qruwkhuq Eruqhr +Free
hw do1 533:,1 W|slfdoo|/ udlqidoo lv yhu| orfdol}hg dqg idoov dv khdy| frqyhfwlyh vkrzhuv gxulqj wkh diwhuqrrq/
riwhq dvvrfldwhg zlwk wkxqghuvwrupv1 Qhduo| 533 wkxqghuvwrupv shu |hdu kdyh ehhq uhfrughg dw wkh Edqgdu Vhul
Ehjdzdq Lqwhuqdwlrqdo Dlusruw +Mdphv 4<;7,1 Whpshudwxuh uhpdlqv uhpdundeo| frqvwdqw wkurxjkrxw wkh |hdu
zlwk dyhu0djh prqwko| whpshudwxuhv ioxfwxdwlqj ehwzhhq 59dqg 5:£F/ zkhuhdv wkh glxuqdo whpshudwxuh udqjh
lv ehwzhhq : dqg <£F +Mdphv 4<;7,1 Xqghu vxfk zdup dqg zhw folpdwlf frqglwlrqv wkh qdwxudo xsodqg yhjhwdwlrq
lv wurslfdo udlqiruhvw1

��

��

��

Iljxuh 5= Skrwrjudskv ri shdw vzdps iruhvw dqg iruhvw shdw lq Euxqhl1 D, Wls0xs srro lq wkh Phqgdudp shdw grph
iruphg iurp d idoohqVkruhd doelgdwuhh1 Wkh srro lv ; p dfurvv1 E, H{srvhg shdw zdoo dorqj d glwfkvkrzlqj wkh
dexqgdqfh ri xqghfrpsrvhg odujh zrrg slhfhv dqg ri vpdoohu urrwv hpehgghg lq wkh shdw1 F, Ruwkrskrwrjudsk riVkruhd
doelgdgrplqdwhg shdw vzdps iruhvw rq wkh Phqgdudp shdw grph1 Qrwh wkh xs wr 83 p zlgh fdqrs| jdsv surgxfhg e|
oljkwqlqj dqg zlqg wkurz1 Skrwr wdnhq e| Euxqhl Vxuyh| Ghsduwphqw lq 533<1
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Wkh w|sh ri udlqiruhvw fryhulqj wkh grphg shdwodqgv ri wkh Edudp0Ehodlw Ghowd lv shdw vzdps iruhvw +Dqghuvrq
) Pxoohu 4<:8,1 Wkh shdw grphv vkrz d fohdu frqfhqwulf }rqdwlrq ri xs wr vl{ vr0fdoohg skdvlf frppxqlwlhv
+S1F1 409, +Dqghuvrq 4<;6,1 Wkh vkdoorz shdw grph pdujlqv duh fryhuhg zlwk vshflhv0ulfk pl{hg vzdps iruhvw
+S1F1 4, zlwkJrq|vw|oxv edqfdqxvdqgGdfw|orfodgxv vwhqrvwdfk|vdv grplqdqw fdqrs| wuhhv1 Wkh odujhvw
sruwlrqv ri wkh shdw grphv duh fryhuhg zlwk iruhvw frppxqlwlhv +S1F1 507, frpsohwho| grplqdwhg e| wkh
hqghplf GlswhurfdusVkruhd doelgd+Dqghuvrq 4<96/ Dvkwrq 4<97/ Ilj1 4,1Vkruhd doelgdwuhhv duh ehwzhhq 63
wr :3 p wdoo/ fdq kdyh d vwhp gldphwhu ri xs wr 518 p/ dqg srvvhv odujh exwwuhvv urrwv wkdw h{whqg xs wr 8 p xs
wkh wuxqn dqg vsuhdg 90: p dzd| iurp wkh wuhh +Dvkwrq 4<97/ Dqghuvrq 4<;6/ Ixuxndzd 4<;;/ \dpdgd 4<<:,1
Doprvw sxuh vwdqgv riVkruhd doelgddovr grplqdwh prvw ri wkh Phqgdudp shdw grph +Ilj1 6e,/ zkhuhdv xs wr
6 p kljk vwdqgv ri wkh prqrfrwSdqgdqxv dqghuvrqllirup d ghqvh xqghuvwruh|1 Qhduo| flufxodu fdqrs| jdsv
udqjlqj lq vl}h iurp 8 wr 83 p dfurvv rffxu uhjxoduo| lq wkh shdw vzdps iruhvw +Ilj1 6e,1

61 Pdwhuldov dqg Phwkrgv

6141 Fruh froohfwlrq

Ehwzhhq 64 Rfwrehu dqg 5 Qryhpehu 5344 irxu slvwrq fruhv zhuhfroohfwhg iurp wkh Phqgdudp shdw grph lq
Euxqhl Gduxvvdodp xvlqj d prglilhg Olylqjvwrqh vtxduh urg slvwrq fruhu htxlsshg zlwk d 433 fp orqj/ 43 fp
gldphwhu vwhho eduuho/ dqg d vhuudwhg fxwwlqj hgjh +Zuljkw hw do1 4<;7,/ zklfk doorzhg wkh uhfryhu| ri exulhg
zrrg xs wr 63 fp wklfn1 Fruhv zhuh froohfwhg lq vxffhvvlyh gulyhv ri xs wr 4 p ohqjwk e| d kdoi0urwdwlqj vdzlqj
prwlrq dqg vlpxowdqhrxv grzqzdug wkuxvw dssolhg wr d vwhho0kdqgoh1 Fruh vhfwlrqv ri hdfk gulyh zhuh h{wuxghg
lq wkh ilhog lqwr vsolw dfu|orqlwuloh exwdglhqh vw|uhqh +DEV, slshv dqg vklsshg wr wkh Qdwlrqdo Odfxvwulqh Fruh
Idflolw| +OdfFruh, dw wkh Xqlyhuvlw| ri Plqqhvrwd/ Plqqhdsrolv iru vdpsolqj/ dqdo|vlv/ dqg shupdqhqw frog
vwrudjh1 D frpsohwh shdw suriloh ri 41;3 p wklfnqhvv zdv froohfwhg dw 483 p iurp wkh shdwodqg pdujlq +l1h1
Phqgdudp Ulyhu/ Ilj1 6e,1 Dw 4583 p iurp wkh shdwodqg pdujlq wzr fruhv zhuh wdnhq/ exw pdvvlyh kdug zrrg
od|huv dw 4193 p dqg 5198 p ghswk/ uhvshfwlyho|/ suhyhqwhg froohfwlqj frpsohwh shdw surilohv1 D 81;4 p orqj
suriloh xs wr wkh pdulqh fod| +slvwrq fruh PGP4405D/ uhihuuhg wr dv wkh ÓfruhÔ, zdv froohfwhg lq vl{ vhfwlrqv
<33 p iurp wkh shdwodqg pdujlq +7£55*5419% Q Odw1 dqg 447£54*4;14% H Orqj1, lq dVkruhd doelgdvwdqg ri
skdvlf frppxqlw| 6 +Ilj1 6,1 Wkh fruh zdv wdnhq iurp d voljkw ghsuhvvlrq ri wkh iruhvw iorru zlwk wkh zdwhu wdeoh
orfdwhg dw wkh jurxqg vxuidfh dw wkh wlph ri frulqj1 Wklv orqjhvw fruh zdv gdwhg dqg dqdo|}hg lq ghwdlo/ h{fhsw
iru wkh orzhuprvw vhfwlrq zklfk frqvlvwv hqwluho| ri pdulqhfod|1

6151 Fruh orjjlqj dqg surfhvvlqj

Dw wkh OdfFruh idflolw| wkh zkroh fruh vhfwlrqv ri fruh PGP4405D zhuh iluvw vfdqqhg zlwk d Jhrwhn Pxowl0
Vhqvru Fruh Orjjhu +PVFO, wr dxwrpdwlfdoo| phdvxuh zhw exonghqvlw| e| jdppd0ud| dwwhqxdwlrq dw 318 fp
vdpsolqj lqwhuydov1 Hdfk fruh vhfwlrq zdv orjjhg wkuhh wlphv/ zlwk wkh fruh urwdwhg 78¾ vr wkdw wkh jdppd ud|
ehdp sdvvhg wkurxjk gliihuhqw furvv0vhfwlrqdo surilohv dwwkh vdph ghswk lqwhuydo wr dffrxqw iru wkh
khwhurjhqhlwlhv zlwklq wkh shdw1 D phdq ydoxh ri zhw ghqvlw|zdv fdofxodwhg iurp wkh wkuhh vxffhvvlyh orjjlqj
uxqv iru hyhu| 318 fp vdpsolqj lqwhuydo1 Rq wkh Jhrwhn PVFO fruhv duh krul}rqwdoo| sxvkhg sdvw d Fdhvlxp0
46: jdppd udgldwlrq vrxufh dqg ghwhfwru xqlw/ zklfk kdv d frxqwlqj wlph ri 43 vhf1 Zhw exon ghqvlw| lv wkh
lqyhuvh sursruwlrq ri wkh wrwdo dprxqw ri uhfhlyhg jdppd ud|v +h1j1 ]rolwvfknd hw do1 5334,1 D fdoleudwlrq wxeh
frqvlvwlqj ri d zdwhu iloohg 43 fp lqqhu gldphwhu DEV slsh zlwk dq lqvhuwhg doxplqxp fruh ri ydu|lqj gldphwhu
zdv xvhg wr fdoleudwh wkh jdppd0ghqvlw| ydoxhv iru wkh xvhg fruh olqhu +Zhehu hw do1 4<<:/ Ehvw ) Jxqq 4<<<,1
Wkh fruh vhfwlrqv zhuh wkhq vsolw orqjlwxglqdoo| zlwk d gldprqg0eodghg edqg vdz1 Iuhvk vsolw0fruh vxuidfhv zhuh
lpdjhg zlwk d Jhrwhn PVFO0FLV zlwk JhrVfdq LY gljlwdo olqhvfdq fdphud dw d uhvroxwlrq ri 53 sl{hov shu pp
iru ylvxdo fruh ghvfulswlrq dqg vxevhtxhqw lpdjh dqdo|vlv1Lq dgglwlrq/ 5 fp zlgh [0ud| udglrjudskv zhuh
wdnhq dorqj wkh fhqwhu ri wkh vsolw fruh vxuidfhv zlwk dq LWUD[ [0ud| fruh vfdqqhu dw wkh Odujh Odnhv
Revhuydwru| +Xqlyhuvlw| ri Plqqhvrwd0Gxoxwk,1
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Iljxuh 6= D, Wkh Edudp0Ehodlw shdwodqg frpsoh{ ri Euxqhl dqg Vdudzdn +Pdod|vld, lq qruwkzhvw Eruqhr zlwk wkh frulqj
orfdwlrq lq wkh Phqgdudp shdw grph +uhg grw,1 Qxpehuv 407 pdun rwkhu shdw fruh vwxglhv glvfxvvhg lq wkh wh{w1
Lqwhuioxyldo/ iruhvwhg shdw grphv duh uhsuhvhqwhg e| gdun juhhq froru1 Uhjxoduo| vkdshg/ slqn duhdv duh rlo sdop
sodqwdwlrqv1 Odqgvdw : HWP lpdjh iurp 43 Mxo| 53341 E, Kljk uhvroxwlrq vdwhoolwh lpdjh ri wkh Phqgdudp shdw grph
zlwk wkh fruh orfdwlrq1 Wkh euljkw vsrwv duh fdqrs| jdsv1 Lpdjh wdnhq iurp Jrrjoh Hduwk +Lpdjh « 5347 Gljlwdo Joreh/
« 5347 FQHV2Dvwulxp,1
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6161 Lpdjh dqdo|vlv dqg zrrg frqwhqw

Iurp wkh gljlwdo fruh lpdjhv zh h{wudfwhg eodfn dqg zklwh pdvnv ri doo zhoo suhvhuyhg zrrg slhfhv odujhu 315
fp 5 zlwk wkh lpdjh surfhvvlqj vriwzduh LpdjhM yhuvlrq 417: +Udvedqg 4<<:/ DeuŠprii hw do1 5337,1 Wkh iudfwlrq
ri zrrg vxuidfh duhd iurp hdfk vxffhvvlyh 4 fp lqfuhphqw ri fr uh vxuidfh zdv hvwlpdwhg iurp wkh eodfn dqg
zklwh pdvnv lq LpdjhM1 Lq dgglwlrq/ wkh qxpehu ri zrrg slhfhvzhuh frxqwhg lq hdfk 4 fp lqfuhphqw xvlqj
wkhvh lpdjhv1

6171 Olwkrvwudwljudsklf fruh ghvfulswlrq

Vsolw fruhv zhuh ghvfulehg ylvxdoo| dqg e| phdqv ri vphdu volgh dqdo|vlv zlwk d shwurjudsklf plfurvfrsh wr
hvwdeolvk olwkrvwudwljudsklf xqlwv dqg wr uhfrug erwdqlfdo shdw frpsrvlwlrq/ ghjuhh ri kxplilfdwlrq dv zhoo dv wkh
jhqhudo elrorjlfdo frpsrqhqwv/ plqhudo frpsrvlwlrq/ dqg fkdufrdo suhvhqfh1 Sroohq vdpsohv wdnhq iurp wkh
pdmru olwkrvwudwljudsklf xqlwv zhuh suhsduhg dffruglqj wrvwdqgdug surfhgxuhv +Idhjul ) Lyhuvhq 4<;<, dqg wkh
prvw iuhtxhqw sroohq dqg qrq0sroohq sdo|qrpruskv uhfrughg1 Lghqwlilfdwlrq dqg lqwhusuhwdwlrq ri plfurirvvlov
zdv dlghg e| Dqghuvrq dqg Pxoohu +4<:8,/ Pdxu| hw do1 +4<:8,/ydq Jhho +4<:9,/ ydq Jhho hw do1 +4<;4,/ Sdov hw
do1 +4<;3,/ Vlpprqv hw do1 +4<<<,/ Pdr hw do1 +5345,/ dqg Hg Fxvklqj +shuv1 frppxq1,1 D ihz vdpsohv ri wkh
edvdo shdw0vhglphqw wudqvlwlrq zhuh h{dplqhg iru wkhlu plqhudo frqwhqw zlwk d Klwdfkl WP 4333 wdeohwrs
vfdqqlqj hohfwurq plfurvfrsh +VHP, zlwk dq lqwhjudwhg [0ud| gliiudfwlrq +[UG, dqdo|}hu1

6181 Udglrfduerq gdwlqj dqg djh prgho

Prvw udglrfduerq gdwhg surilohv iurp wurslfdo shdwodqgv duh edvhg rq wkh dqdo|vlv ri exon shdw vdpsohv +h1j1
Dqghuvrq ) Pxoohu 4<:8/ Glhprqw ) Vxsdugl 4<;:/ Vxsdugl hw do1 4<<6/ Qhx}lo 4<<:/ Sdjh hw do1 5337, ghvslwh
wkh vxvfhswlelolw| ri exon gdwhv wr fkurqrorjlfdo huuruv fdxvhg e| wkh lqmhfwlrq ri |rxqjhu pdwhuldo e| urrwv
+Jodvhu hw do1 5345,1 Wklv srvw0ghsrvlwlrqdo frqwdplqdwlrq e| |rxqjhu fduerq pd| uhvxow lq exon gdwhv ehlqj
vhyhudo kxqguhg |hduv |rxqjhu wkdq pdfurirvvlov ghsrvlwhgfrqwhpsrudqhrxvo| zlwk wkh shdw pdwul{ +Z¡vw hw
do1 533;, ohdglqj wr djh lqyhuvlrqv lq ghqvho| gdwhg surilohv +Sdjh hw do1 5337,1 Zh wkhuhiruh rqo| vdpsohg
pdwhuldo iurp deryh jurxqg ruljlq lqfoxglqj vhohfwhg sodqwpdfurirvvlov/ irvvlo uhvlq ru lq wkhlu devhqfh
frqfhqwudwhv ri wkh sroohq0vl}h iudfwlrq h{wudfwhg iurp 4 fp wklfn shdw volfhv iru dffhohudwru pdvv vshfwurphwu|
+DPV, udglrfduerq gdwlqj +Wdeoh 4,1 Pdfurirvvlov zhuh lghqwlilhg e| frpsdulvrq zlwk uhihuhqfh pdwhuldo
froohfwhg dw Phqgdudp ru iurp wkh Erwdqlfdo Jdughq ri Juhlivzdog Xqlyhuvlw|1 Sulru wr vxeplvvlrq doo
pdfurirvvlo vdpsohv zhuh wkrurxjko| zdvkhg lq kljk0sxulw|zdwhu1 Shdw vdpsohv iru wkh sroohq0vl}h iudfwlrq
zhuh erlohg lq 43( NRK iru 63 plqxwhv/ vlhyhg wkurxjk dq ;3 ·p vfuhhq dqg wkh ?;3 ·p iudfwlrq zdv vlhyhg
djdlq wkurxjk d 53 ·p vfuhhq wr uhpryh wkh vpdoohvw rujdqlf sduwlfohv1 Vlhyhg vdpsohv +A53 Ñ ?;3 ·p, zhuh
ulqvhg zlwk kljk0sxulw| zdwhu wr uhpryh glvvroyhg rujdqlf frpsrxqgv/ wkhq erlohg lq 518( QdFoR iru 6 plqxwhv
dqg djdlq lq KFo iru 63 plqxwhv1 Wkh sroohq0vl}h frqfhqwudwhv zhuh lqvshfwhg iru plfurvfrslf frqwhqw dqg
glvfdughg li sroohq frqwhqw zdv orz ru qrq0sroohq frpsrqhqwv grplqdwhg1 Wr ghwhuplqh wkh srvvleoh djh riivhwv
ehwzhhq wkh sroohq0vl}h iudfwlrq frqfhqwudwhv dqg sodqw pdfurirvvlov zh vxeplwwhg d sdlu ri erwk pdwhuldov iurp
wkh vdph ghswk lqwhuydo dw 6850686 fp1 Wkluwhhq vdpsohv wdnhq dw lqwhuydov ri 43 wr 93 fp zhuh vxeplwwhg iru
DPV gdwlqj wr wkh Fhqwhu iru Dffhohudwru Pdvv Vshfwurphwu| dw Odzuhqfh Olyhuprruh Qdwlrqdo Oderudwru|
dqg wkh Qdwlrqdo Rfhdq Vflhqfhv DPV idflolw| dw Zrrgv Kroh Rfhdqrjudsklf Lqvwlwxwlrq +Wdeoh 4,1 Udglrfduerq
gdwhv zhuh fdoleudwhg lqwr fdohqgdu |hduv ehiruh suhvhqw +fdo ES/ zkhuh suhvhqw lv 4<83, xvlqj wkh LqwFdo46
fdoleudwlrq fxuyh +Uhlphu hw do1 5346, zlwk wkh vriwzduh Fdole :135 +Vwxlyhu ) Uhlphu 4<<6,1 Vlqjoh0|hdu djh
hvwlpdwhv zhuh fdofxodwhg dv wkh zhljkwhg phdq ri wkh suredelolw| glvwulexwlrq ri fdoleudwhg djh udqjhv +Whoirug
hw do1 5338/ Wdeoh 4,1 Dq djh0ghswk prgho zdv frqvwuxfwhg e| olqhdu lqwhusrodwlrq ehwzhhq wkh vlqjoh0|hdu djh
hvwlpdwhv ri qhljkerulqj gdwhv1 Wkh vhglphqw wklfnqhvv ehwzhhq wzr qhljkerulqj gdwhv zdv glylghg e| lwv
uhvshfwlyh wlph vsdq wr ghulyh dssduhqw udwhv ri shdw dffxpxodwlrq1

6191 Shdw dqg vhglphqw jhrfkhplvwu|

Zdwhu frqwhqw dqg orvv0rq0ljqlwlrq zhuh phdvxuhg rq 5 fp6 vdpsohv wdnhq dw 7 fp lqwhuydov1 Zhw vdpsohv zhuh
gulhg lq dq ryhq dw 433£F ryhuqljkw/ zhljkhg/ dqg wkhq exuqw dw 883£F lq d pxiioh ixuqdfh iru irxu krxuv +Ghdq
4<:7,1 Vdpsohv ri 5 fp6 yroxph zhuh wdnhq iru hohphqwdo dqdo|vlv dw wkh vdph 7 fp lqwhuydov iurp wkh
shdw2vhglphqw pdwul{ +q@<;, ru iurp zrrg slhfhv +q@4<, dv frpsdqlrq vdpsohv li zrrg zdv dovr orfdwhg dw wkh

Odwh Txdwhuqdu| Fduerq F|folqj ri Vrxwkhdvw Dvldq shdwodqgv 0 Sdshu LLL
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uhvshfwlyh vdpsolqj lqwhuydo ru li lw iloohg prvw ri wkh fruhwxeh1 Wkh fduerq dqg qlwurjhq frqfhqwudwlrqv ri
iuhh}h0gulhg dqg phfkdqlfdoo| jurxqg shdw2vhglphqw dqg zrrg vdpsohv zhuh phdvxuhg zlwk d Ydulr0HO LLL
FKQRV dqdo|}hu dw wkh Lqvwlwxwh ri Erwdq| dqg Odqgvfdsh Hfrorj| +Xqlyhuvlw| ri Juhlivzdog,1 Fduerq
frqfhqwudwlrqv uhsuhvhqw wrwdo rujdqlf fduerq ehfdxvh wkhshdw dw Phqgdudp lv dflglf zlwk dq dyhudjh sK ri 713
+Jdqgrlv hw do1 5347, dw zklfk lqrujdqlf fduerq +FdFR6, lv jhqhudoo| devhqw +Vxffrz ) Vwhjpdqq 5334,1

61:1 Udwhv ri fduerq dffxpxodwlrq

Wkh sursruwlrqv ri zrrg dqg shdw pdwul{ lq hdfk 4 fp lqfuhphqwhvwlpdwhg e| lpdjh dqdo|vlv zhuh pxowlsolhg
e| wkh uhvshfwlyh phdvxuhg ru lqwhusrodwhg fduerq frqfhqwudwlrq ydoxhv ri zrrg dqg shdw wr duulyh dw zhljkwhg
fduerq frqfhqwudwlrqv lq 4 fp lqwhuydov iru wkh hqwluh shdw suriloh1 Gu| exon ghqvlw| zdv fdofxodwhg dv wkh
shufhqwdjh gu| pdvv iurp wkh phdq zhw exon ghqvlw|1 Gu| exon ghqvlw| ydoxhv ri wkh lqwhuydo 4640484 fp lq
zklfk wkh fruh vhfwlrq glg qrw frpsohwho| iloo wkh vwrudjh wxeh/ zhuh judylphwulfdoo| phdvxuhg e| dqdo|}lqj 51:
fp 6 vdpsohv dw 4 fp ghswk lqwhuydov xvlqj vwdqgdug phwkrgv1 Pxowlso|lqj shdw dffxpxodwlrq udwhv zlwk gu| exon
ghqvlw| dqg zhljkwhg fduerq frqfhqwudwlrq |lhoghg dssduhqw udwhv ri fduerq dffxpxodwlrq1 Wlph0zhljkwhg phdq
udwhv ri fduerq dffxpxodwlrq zhuh fdofxodwhg iru hdfk olwkrvwudwljudsklf xqlw dv zhoo dv iru wkh hqwluh shdw vwudwxp
e| wdnlqj wkh dyhudjh udwh iurp doo vlqjoh |hdu fduerq dffxpxodwlrq ydoxhv ryhu wkh frqvlghuhg wlph vsdq ri
lqwhuhvw1

61; Wuhh idoo g|qdplfv

Wr dvvhvv wkh vsdwlr0whpsrudo lpsruwdqfh ri wls0xs srrov iru shdw dffxpxodwlrq/ wkh iuhtxhqf| dqg vsdwldo
glvwulexwlrq ri uhfhqw wuhh0idoov zlwklq wkh Phqgdudp shdwvzdps iruhvw zhuh ghwhuplqhg e| frpsdulqj jhr0
uhihuhqfhg dqg ruwkr0fruuhfwhg dhuldo skrwrjudskv +43361<9 p { 43361<9 p/ sl{ho vl}h lv 4< fp, iurp 5335 dqg
533< +Ilj1 5f,1 Wkh qxpehu ri wuhh idoov gxulqj wklv vhyhq |hdu lqwhuydo zdv hvwdeolvkhg e| frxqwlqj wkh qxpehu
ri wuhhv suhvhqw lq wkh hduolhu skrwrjudskv wkdw zhuh devhqwiurp wkh odwhu rqhv lq wkuhh vhsdudwh 58165 kd vtxduhv
lq wkh qruwkhuq/ hdvwhuq/ dqg zhvwhuq sduw ri wkh fhqwudo shdw grph1 Wklv dqdo|vlv lv idflolwdwhg e| wkh glvwlqfw dqg
qrq0ryhuodsslqj fdqrslhv ri lqglylgxdoVkruhd doelgdwuhhv1 Lq dgglwlrq/ wkh wrwdo qxpehu ri wuhh furzqv iurp
fdqrs| iruplqj Vkruhd doelgdwuhhv zdv dovr frxqwhg lq hdfk vdpsoh vtxduh ri wkh 533< ruwkr0skrwrjudskv wr
ghwhuplqh wkh wuhh ghqvlw| lq wkh shdw vzdps iruhvw1

71 Uhvxowv

7141 Olwkr0vwudwljudsk|

Wkh vwudwljudsk| ri wkh PGP4405D fruh frqvlvwv ri edvdo pdulqh vlow| fod| +7;40793 fp,/ ryhuodlq e| d shdw|
fod| +7930683 fp,/ zklfk lv djdlq ryhuodlq e| sxuh shdw iurp 68303 fp +Ilj1 7,1 Wkh fruh fdq eh glylghg lqwr
vl{ ilqhu olwkrvwudwljudsklf xqlwv +Ilj1 7/ Wdeoh 5/ 6,1 Xqlw L iurp 30463 fp frqvlvwv ri zhoo kxplilhg +khplf,
zrrg| shdw zlwk odujho| yhuwlfdoo| rulhqwhg zrrg| dqg khuedfhrxv urrwohwv dqg vhyhudo kdug zrrg od|huv1 Wkh
zhoo suhvhuyhg zrrg slhfhv duh riwhq odujhu wkdq 5 fp lq gldphwhu zlwk wkh odujhvw slhfh ehlqj 8 { <18 fp1 Xqlw
LL h{whqgv iurp 4630588 fp dqg lv frpsrvhg ri yhu| zhoo suhvhuyhg/ ileurxv shdw zlwk dexqgdqw khuedfhrxv
urrwohwv/ ukl}rphv/ dqg ilqh urrwv +?5 pp, dv zhoo dv krul}rqwdo od|huv ri zhoo suhvhuyhg ohdyhv hpehgghg lq dq
rujdqlf/ pxgg| pdwul{1 Frqvslfxrxv ohdi olwwhu ohqvhv rffxu dw durxqg 463 fp/ 4;7 fp/ dqg 56: fp ghswk1 Wkh
wrs ri wklv xqlw/ iurp 4640484 fp lv yhu| ileurxv/ grplqdwhg e| yhuwlfdoo| duudqjhg khuedfhrxv urrwv1 Wklv xqlw
frqwdlqv zrrg slhfhv/ zklfk duh jhqhudoo| vpdoohu wkdq lq Xqlw L1 Xqlw LLL iurp 5880673 fp frqvlvwv ri zhoo
ghfrpsrvhg/ khplf zrrg| shdw zlwk qxphurxv hpehgghg zrrg iu djphqwv1 Wklv xqlw frqwdlqv vhyhudo zrrg
ohqvhv dw 58:05:: fp dqg dw 5;40653 fp zlwk wkh odujhvw slhfh phdvxulqj 718 { 715 fp1 Wkh zrrg frqwhqw
ghfolqhv lq wkh erwwrp ri wklv xqlw/ zkhuh wkh shdw lv vwloo pruh kxplilhg dqg judghv deuxswo| lqwr Xqlw LY +6730
683 fp,1 Wklv edvdo shdw od|hu lv prvwo| frpsrvhg ri fkduuhg/vdsulf +vwurqjo| ghfrpsrvhg, shdw1 Xqlw Y +6830
793 fp, ehorz frqvlvwv ri juh| shdw| fod| zlwk ihz vpdoo slhfhv ri zrrg| uhpqdqwv dqg vwurqjo| kxplilhg
rujdqlf pdwhuldo1 Wkh edvh ri wklv xqlw lv frpsrvhg ri dq djjorphudwlrq ri ihuq urrwv +Dfurvwlfklxp vs1,1 D vkdus
frqwdfw irupv wkh wudqvlwlrq wr wkh edvdo Xqlw YL +79307;4 fp,/ zklfk frqvlvwv ri pdulqh fod| dqg vlow| fod| ri
zklwlvk wr juh| froru1 Wkh uhvxowv ri sroohq dqg plqhudo dqdo|vhv lqglfdwh wkdw wkhvh vl{ olwkrvwudwljudsklf xqlwv
ilw d w|slfdo vxffhvvlrqdo vhtxhqfh iurp d edvdo lqxqgdwhg pdulqh hqylurqphqw/ wr pdqjuryh dqg iuhvkzdwhu

Grppdlq hw do1 +vxep1, Iruhvw g|qdplfv dqg wls0xs srrov gulyh fduerq dffxpxodwlrq
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vzdps iruhvw iroorzhg e| d ilqdo shdw vzdps iruhvw vwdjh +Wdeoh 6,1

7151 Udglrfduerq gdwhv dqg djh prgho

Wkh Phqgdudp udglrfduerq djh yv ghswk suriloh vkrzv qr djh uhyhuvdov/ h{fhsw iru d prghuq gdwh wkdw zdv
rewdlqhg iurp eudfwv dw wkh wrs ri vhfwlrq 5 +4330434 fp/ Wdeoh 4,1 Wklv gdwh zdv uhmhfwhg ehfdxvh d 47F gdwh ri
993 ES zdv rewdlqhg 93 fp deryh wklv gdwhg vdpsoh dqg d 47F gdwhri :88 ES gluhfwo| ehorz +4340435 fp/
Wdeoh 4,1 Wkh gdwhg eudfwv zhuh prvw olnho| gudjjhg iurp wkh vxuidfh zkhq wkh fruh eduuho zdv lqvhuwhg lqwr wkh
eruh kroh iru wkh vhfrqg gulyh1 Wkh udglrfduerq gdwhv iurp wzr vhwv ri ohdi iudjphqwv orfdwhg 86 fp dsduw dw
ghswkv ri 4;7 dqg 56: fp gliihu e| rqo| 43 |hduv +Wdeoh 4,1 Zh dffhsw wkrvh udglrfduerq djhv ehfdxvh ohdyhv
duh wrr odujh wr pryh yhuwlfdoo| zlwklq shdw surilohv1 Lq frqwudvw/ lq wkh dgmdfhqw vdpsohv ri d sroohq0vl}h
frqfhqwudwh dqg d vhhg iurp wkh ghswk lqwhuydo 6850686 fp/ wkh sroohq0vl}h frqfhqwudwh lv 548 udglrfduerq |hduv
roghu wkdq wkh pdfurirvvlo dqg wkh fdoleudwhg djh udqjhv ehwzhhq wkhvh pdwhuldov duh qrw ryhuodsslqj1 Ehfdxvh
wkh frqfhqwudwh ri wkh sroohq0vl}h iudfwlrq frqwdlqhg dovrqrq0sroohq pdwhuldo ri xqnqrzq djh zh glvfdughg wklv
roghu gdwh lq wkh djh prgho +Ilj1 8,1 Wkh shdw| fod| ghsrvlw kdv d edvdo gdwh ri fd 5:;3 fdo ES dqg wkh shdw od|hu
d edvdo djh ri 5583 fdo ES ri wkh suredelolw| glvwulexwlrq ri fdoleudwhg djh udqjhv

Wkh djh prgho ghulyhg iurp olqhdu lqwhusrodwlrq ehwzhhq zhljkwhg dyhudjhv ri fdoleudwhg udglrfduerq gdwhv lv
fkdudfwhul}hg e| d vwhszlvh sdwwhuq zlwk uhodwlyho| orqj skdvhv ri vwhdg|/ vorz dffxpxodwlrq lqwhuuxswhg e| udslg
dffxpxodwlrq sxovhv dw wkh lqlwldwlrq ri wkh pdqjuryh vwdjhdqg odwhu iru wkh khuedfhrxv shdw od|hu +Xqlw LL/ Ilj1
8,1 Udwhv ri shdw dffuhwlrq udqjhg iurp 317 wr 5919 pp |u041 Wkh kljkhvw dssduhqw udwh ri shdw dffuhwlrq ri 5919
pp |u 04rffxuuhg ehwzhhq 43;6 dqg 4396 fdo ES +Ilj1 8,1 Wkh dffuhwlrqudwh ri wkh shdw| fod| vhglphqw udqjhg
iurp 416 wr 815 pp |u041 Wkh wlph0zhljkwhg phdq dffuhwlrq udwh iurp wkh edvh ri wkh shdw|0fod| od|hu wr wkh fruh
wrs lv 4184 pp |u04dqg wkdw ri wkh hqwluh shdw od|hu lv 416; pp |u041

Lab Code  Depth (cm) 
 

Dated material � 13C 
(‰ 
VDPD) 

Radiocarbon 
age (BP) 

1�  calibrated age 
range (cal BP) + 
(probability) 

2 �  calibrated age 
range (cal BP) + 
(probability) 

Point age 
estimate    
(cal BP) 

OS-106377 25.5-26 wood  -28.9 460±25 503-520 (1.0) 494-534 (1.0) 512 
CAMS 158593 42.5-43.5 pollen size 

concentrate 
 660±30 

 
565-587 (0.51) 
644-665 (0.49) 

558-603 (0.5) 
628-673 (0.5) 

615 

CAMS 158594 100-101 bracts  >modern >modern >modern >modern 
OS-106378 101-102 fossil resin         

(3 pieces) 
-29.67 755±25 671-694 (1.0) 667-710 (0.89) 

712-726 (0.11) 
689 
 

CAMS 158595 131.5-132.5 pollen size 
concentrate 

 1030±35 924-966 (1.0) 804-807 (0.00) 
831-853 (0.03) 
905-1005 (0.91) 
1027-1051 (0.05) 

946 

OS-106447 183.5-185 leaf fragments -30.71 1150±25 984-1033 (0.51) 
1047-1082 (0.39) 
1114-1117 (0.01) 
1161-1171 (0.09) 

980-1098 (0.75) 
1101-1149 (0.17) 
1158-1173 (0.08) 

1063 

OS-106696 237-238 2 leaf fragments -29.25 1160±20 
 

1006-1025 (0.21) 
1053-1088 (0.47) 
1109-1124 (0.12) 
1135-1142 (0.05) 
1160-1172 (0.15) 

989-992 (0.01) 
996-1030 (0.20) 
1049-1175 (0.79) 

1083 
 

CAMS 158596 298.5-300  pollen size 
concentrate 

 1445±30 1306-1353 (1.0) 1298-1385 (1.0) 1338 

OS-106951 341-342 pollen size 
concentrate 

-23.39 2070±25 1994-2061 (0.89) 
2089-2099 (0.11) 

1951-1959 (0.01) 
1971-1977 (0.01) 
1986-2121 (0.97) 

2042 

CAMS 158597 352-353.5 pollen size 
concentrate 

 2465±30 2465-2540 (0.38) 
2564-2573 (0.04) 
2585-2617 (0.18) 
2631-2700 (0.40) 

2379-2395 (0.02) 
2398-2414 (0.02) 
2421-2713 (0.95) 

2563 

CAMS 158598 352.5-353.5 seed  2315±40 2212-2219 (0.04) 
2309-2358 (0.96) 

2160-2171 (0.01) 
2176-2247 (0.18) 
2300-2438 (0.80) 
2454-2455 (0.00) 

2319 

CAMS 158599 399-400  pollen size 
concentrate 

 2570±40 2542-2560 (0.11) 
2618-2631 (0.08) 
2701-2755 (0.81) 

2495-2597 (0.29) 
2611-2638 (0.09) 
2684-2762 (0.62) 

2667 

CAMS 158682 
 

456-457  Acrostichum 
(fern) root 

 2655±35 
 

2747-2782 (1.0) 2742-2809 (0.88) 
2813-2844 (0.12) 

2776 

Wdeoh 4=Udglrfduerq Gdwhv iru wkh Phqgdudp fruh PGP4405D1
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7161 Zrrg frqwhqw

Wkh zrrg frqwhqw lq wkh fruh ydulhv frqvlghudeo|1 Vrph sruwlrqv ri wkh fruh duh grplqdwhg e| qxphurxv
kdugzrrg slhfhv/ zkhuhdv lq rwkhu sruwlrqv zrrg lv frpsohwho| devhqw +Ilj1 9,1 Zrrg slhfhv A315 fp5 w|slfdoo|
fryhu derxw :1:( ri wkh vxuidfh ri wkh vsolw fruhv lq Xqlwv L0LY +shdw vwudwd,1 Wkh zrrg| shdw od|huv ri Xqlw L
dqg Xqlw LLL frqwdlq derxw 46( dqg 45( zrrg uhvshfwlyho|/ lqfoxglqj d shdn ydoxh ri 433( dw 53 fp +Xqlw L,
dqg d pd{lpxp ri 87( iru Xqlw LLL dw 637 fp +Ilj1 9,1 Wkh qhdu devhqfh ri zrrg lq wkh khuedfhrxv shdw ri
Xqlw LL lv uhiohfwhg lq dq dyhudjh zrrg dexqgdqfh ri rqo| 41<(+Wdeoh 6,1 Wkh txdqwlw| ri zrrg iudjphqwv lq
frqwljxrxv 4 fp wklfn od|huv ri wkh fruh udqjhv iurp 3 wr 8 slhfhv +Ilj1 9,1

7171 Sk|vlfdo dqg fkhplfdo fruh surshuwlhv ri wkh ghsrvlwv

Wkh odujhvw fkdqjhv lq wkh sk|vlfdo dqg jhrfkhplfdo fruh surshuwlhv rffxu dw wkh wudqvlwlrq iurp pdulqh
vhglphqw wr shdw| fod| dw 793 fp dqg dw wkh wudqvlwlrq iurp wkhshdw| fod| od|hu wr shdw dw 683 fp +Ilj1 7,1 Rxw
ri 558: lqglylgxdo zhw exon ghqvlw| phdvxuhphqwv iurp wkuhhorjjlqj uxqv :84 phdq ydoxhv ri zhw ghqvlw|
zhuh fdofxodwhg lq 318 fp lqwhuydov fruuhvsrqglqj wr d whpsrudo uhvroxwlrq ri 315 wr 45 |hduv1 Zhw exon ghqvlw|
udqjhv iurp 3186 wr 4163 j fp06zlwk d phdq zhw exon ghqvlw| ri 31;8 j fp06ri wkh shdw od|hu dqg 4133 j fp06

ri wkh shdw| fod| vhglphqw +Wdeoh 5/ Ilj1 7,1 Ehfdxvh wkh zdwhu frqwhqw ri wkh shdw lv durxqg <5( +Wdeoh 5/ Ilj1
7, zhw ghqvlw| ydoxhv ri ohvv wkdq 31< j fp06lpso| wkdw sruwlrqv ri wkh shdw fruh frqwdlq xs wr 8( jdv1

Iljxuh 7= Phqgdudp shdw fruh PGP4405D vwudwljudsk| zlwk sk|vlfdo dqgjhrfkhplfdo fruh surshuwlhv1 Urpdq qxpehuv
uhsuhvhqw olwkrvwudwljudsklf xqlwv= L lv zrrg shdw/ LL khuedfhrxv shdw zlwk olwwhu ohqvhv/ LLL zrrg shdw/ LY fkduuhg shdw/ Y
pdqjuryh vhglphqw/ dqg YL pdulqh vhglphqw> z lqglfdwhv zrrgod|huv lq wkh fruh1 Ruljlqdo jdppd0ud| ghqvlw| gdwd duh
vkrzq lq juhhq/ eoxh/ dqg slqn dqg wkh phdq ydoxhv lq eodfn1 Grwwhg olqhv iurp 4640484 fp ghqrwh uhmhfwhg ghqvlw| gdwd
gxh wr lqvxiilflhqw fruh yroxph1 Qrwh wkh uhyhuvhg vfdoh irudvk frqwhqw1

Grppdlq hw do1 +vxep1, Iruhvw g|qdplfv dqg wls0xs srrov gulyh fduerq dffxpxodwlrq
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Physical and geochemical core parameters 

Unit  
 
Depth 
(cm) 

 
Age      
(cal BP) 

 
 
Peat / 
sediment 
type 

Magnetic 
suscept. 
(10-6 SI) 

Gamma-ray  
density          
(g cm-3) 

Dry bulk 
density 
(g cm-3) 

Water 
content 
(%) 

Ash        
(% of solid 
phase) 

Organic 
matter (% 
of solid 
phase) 

Carbon 
content 
(%) 
matrix 

Nitrogen 
content 
(%) 
matrix 

I-IV 0-350 0-2220 Peat -1.1 ± 0.4 
 

(-2–0.6) 

0.845 ± 0.09 
 

(0.530–1.059) 

0.072 ± 0.02 
 

(0.039–0.176) 

91.9 
 

(82.2–95.1) 

1.9 ± 1.4 
 

(0.4–7.2) 

98.1 ± 1.4  
 

(92.8–99.6) 

54.6 ± 3.9 
 

(34.2–60.9) 

1.0 ± 0.3 
 

(0.3–1.5) 

I 0-130 0-940 Hemic 
wood peat 

-0.9 ± 0.4 
 

(-2–0.3) 

0.886 ± 0.10 
 

(0.530–0.991) 

0.092 ± 0.02 
 

(0.057–0.176) 

89.9 
 

(82.2–93.5) 

2.4 ± 1.6 
 

(0.7–6.2) 

97.6 ± 1.6 
 

(93.8–99.3) 

54.6 ± 5.9 
 

(34.2–59.9) 

1.1 ± 0.3 
 

(0.7–1.9) 

II 130-255 940-
1150 

Fibrous 
herbaceous 
peat 

-1.1 ± 0.3 
 

(-1.6–0.6) 

0.799 ± 0.09* 
 

(0.629–1.059) 

0.062 ± 0.01 
 

(0.043–0.090) 

92.2 
 

(90.3–93.7) 

1.5 ± 0.8 
 

(0.4–4.1) 

98.5 ± 0.8 
 

(95.6–99.6) 

54.2 ± 2.4 
 

(46.4–57.9) 

0.9 ± 0.2 
 

(0.3–1.2) 

III 255-340 1150-
2020 

Hemic 
wood peat 

-1.3 ± 0.3 
 

(-2–0.6) 

0.860 ± 0.07 
 

(0.702–1.026) 

0.063 ± 0.02 
 

(0.039–0.108) 

93.5 
 

(87.4–95.1) 

1.9 ± 1.7 
 

(0.4–7.2) 

98.1 ± 1.7 
 

(92.8–99.6) 

54.5 ± 3.6 
 

(47.4–60.9) 

1.0 ± 0.4 
 

(0.4–1.5) 

IV 340-350 2020- 
2250 

Sapric, 
charred 
peat 

-1.6 ± 0.1 
 

(-1.8–1.4) 

0.924 ± 0.01 
 

(0.900–0.945) 

0.129 ± 0.01 
 

(0.095–0.144) 

85.5 
 

(84.3–89.6) 

3.7 ± 0.7 
 

(3.0–4.5) 

96.3 ± 0.7 
 

(95.5–97.0) 

60.4 ± 0.6 
 

(59.7–60.8) 

0.9 ± 0.1 
 

(0.8–0.9) 

V 350-460 2250- 
2780 

Peaty clay  -1.1 ± 0.3 
 

(-1.7–0.3) 

1.004 ± 0.04 
 

(0.843–1.064) 

0.180 ±  0.05 
 

(0.089–0.427) 

83.2 
 

(74.4–90.5) 

40.2 ± 13.9 
 

(4.6–55.9) 

59.8 ± 13.9 
 

(44.1–95.4) 

37.4 ± 9.8 
 

(25.6–59.1) 

0.7 ± 0.1 
 

(0.5–1.0) 

VI 460-481 >2780 Clay/     
silty clay 

0.2 ± 0.5 
 

(-1.3–1.1) 

1.195 ± 0.08 
 

(0.902–1.302) 

0.432 ± 0.04 
 

(0.344–0.491) 

63.7 
 

(58.1–68.7) 

69.1 ± 7.0 
 

(62.3–80.8) 

30.9 ± 7.0 
 

(19.2–37.7) 

23.2 ± 15.7 
 

(13.1–51.0) 

0.3 ± 0.1 
 

(0.3–0.4) 

*excludes rejected values from 131-151 cm 
 

Wdeoh 5=Sk|vlfdo dqg jhrfkhplfdo fruh surshuwlhv ri fruh PGP4405D1Ydoxhv duh jlyhq dv phdqv/ vwdqgdug ghyldwlrqv +lq lwdolfv,dqg dv udqjhv +lq sduhqwkhvhv,1
Zdwhu frqwhqw lv h{suhvvhg dv phgldq1
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Wkh gu| exon ghqvlw| ri wkh shdw od|hu udqjhv iurp 31367 wr 314:9 j fp 06zlwk wkh orzhvw ydoxhv rewdlqhg iurp
wkh khuedfhrxv shdw od|hu +Xqlw LL, dqg iurp wkh yrlg0ulfk zrrg| shdw ri Xqlw LLL +Ilj1 7/ :,1 Wkh odujhvw
uhfryhuhg zrrg slhfh orfdwhg dw 53 fp ghswk kdv wkh kljkhvw gu| exon ghqvlw| +314:9 j fp06/ Ilj1 :,1 Wkh exon
ghqvlw| ri wkh khuedfhrxv shdw ri Xqlw LL kdv wkh orzhvw phdq +31395 j fp 06, +Wdeoh 5,1 Wkh kljkhvw gu| exon
ghqvlw| ri wkh pdwul{ shdw lv irxqg lq zhoo ghfrpsrvhg shdw od|huv ri Xqlw L +phdq 313<5 j fp06, dqg Xqlw LY
+phdq 31463 j fp06,1 Wkh hqwluh shdw od|hu/ lqfoxglqj wkh zrrg sduwlfohv/ kdv dphdq gu| exon ghqvlw| ri 313:4
j fp 06/ zkhuhdv wkh shdw| fod| vhglphqw lv pruh wkdq wzlfh dv ghqvh +314;3 j fp 06/ Wdeoh 5,1

Wkh [0ud| udglrjudskv uhyhdo wkh lqwhuqdo vwuxfwxuh ri wkh fruh dqg vkrz wkdw wkh shdw frqwdlqv dexqgdqw
pdfursruhv/ yrlgv/ dqg urrw fkdqqhov ylvleoh dv zklwh vwuxfwxuhv +l1h1 orz ghqvlw|, +Ilj1 :,1 Urrw fkdqqhov duh
shufhswleoh dv euljkw/ qduurz/ yhuwlfdoo| rulhqwhg vwuxfwxuhv +h1j1 iurp 4360443/ 4;40553/ dqg 6540666 fp,1

Wkh shdw od|hu kdv d phdq dvk frqwhqw ri 41<( dqg wkh shdw| fod|od|hu +Xqlw Y, d phdq dvk frqwhqw ri 7315(
+Wdeoh 5,1 Lq jhqhudo/ erwk fduerq dqg qlwurjhq frqfhqwudwlrqv duh kljkhu lq wkh shdw pdwul{ wkdq lq hpehgghg
zrrg slhfhv +Ilj1 7/ ;,1 Wkh pdwul{ ri wkh shdw +30683 fp/ q@9;, kdv d phdq fduerq frqfhqwudwlrq ri 8719(/ d
phdq qlwurjhq frqfhqwudwlrq ri 413(/ dqg d phdq F=Q udwlr ri 9318 +Wdeoh 5,1 Wkh dqdo|}hg zrrg vdpsohv ri
wkh fruh +q@54, kdyh d phdq fduerq frqfhqwudwlrq ri 7;18( +v1g1 ³:1<(/ udqjh= 591;Ñ9316(,/ dqg d phdq
qlwurjhq frqfhqwudwlrq ri 318³315(/ dqg d phdq F=Q udwlr ri 45814³:8141 Frpelqlqj fduerq frqfhqwudwlrqv
iurp shdw pdwul{ dqg zrrg |lhogv d zhljkwhg phdq fduerq frqfhqwudwlrq ri 8717( iru wkh hqwluh shdw od|hu1 Wkh
shdw| fod| od|hu +Xqlw Y, vkrzv kljko| ydu|lqj frqfhqwudwlrqv ri fduerq +q@63, udqjlqj iurp 5819 wr 8<14(
dqg rq dyhudjh d glvwlqfwo| orzhu ydoxh +6:17(, wkdq wkh shdwod|hu deryh1 Dovr wkh qlwurjhq frqfhqwudwlrq
+phdq 31:(, dqg wkh F=Q udwlr +phdq 88, duh orzhu lq Xqlw Y wkdqlq wkh shdw +Ilj1 ;/ Wdeoh 5,1
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Iljxuh 8= Djh prgho ri fruh PGP4405D edvhg rq olqhdu lqwhusrodwlrq ehwzhhq fdoleudwhg srlqw djh
hvwlpdwhv +wrs,1 Vkrzq duh rqh0vljpd fdoleudwhg djh udqjhv> { ghqrwhv uhmhfwhg gdwhv1 Shdw dffxpxodwlrq
udwhv ghulyhg iurp wkh djh prgho +erwwrp,1

Grppdlq hw do1 +vxep1, Iruhvw g|qdplfv dqg wls0xs srrov gulyh fduerq dffxpxodwlrq
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7181 Fduerq dffxpxodwlrq udwhv

Dssduhqw udwhv ri fduerq dffxpxodwlrq dw wkh frulqj vlwh zhuh vorz exw vwhdg| dw ohvv wkdq 433 j F p05|u04

gxulqj wzr orqj skdvhv iurp 59;3043;3 fdo ES +Xqlwv Y0LLL, dqg <8303 fdo ES +Xqlw L,1 Krzhyhu/ wklv vwhdg|
udwh zdv sxqfwxdwhg e| wzr vkruw sxovhv gxulqj= d, wkh lqlwldo shdw dffxpxodwlrq vwdjh ehiruh 59;3 fdo ES +Xqlw
Y, zlwk ryhu 633 j F p 05|u04dqg e, wkh xsshu sruwlrq ri wkh shdw vzdps skdvh +Xqlw LL, iurp•43;3 Ñ <83 fdo
ES zlwk d 53 |hdu sxovh ri ryhu :33 j F p05|u04dqg d pd{lpxp ri <93 j F p 05|u04+Ilj1 <,1 Wkh zrrg shdw
od|huv ri xqlwv L/ LLL/ dqg LY/ iru h{dpsoh kdg yhu| vlplodu wlph0zhljkwhg phdq udwhv ri 66 wr 73 j F p05|u04/
zkhuhdv wkh phdq fduerq dffxpxodwlrq udwh ri khuedfhrxv shdw ri xqlw LL zdv ilyh wlphv dv idvw +5381< j F p05

|u04/ Wdeoh 6,1 Wkh wlph0zhljkwhg phdq udwh ri fduerq dffxpxodwlrq zdv 8618 j F p 05|u04iru wkh hqwluh shdw
od|hu +30683 fp, dqg :313 j F p05|u04iru wkh hqwluh rujdqlf ulfk ghsrvlw +30793 fp,1 Wkh wrwdo fxpxodwlyh
fduerq dffxpxodwlrq zdv 4;6 nj F p 05iru doprvw 5;33 |hduv ri shdw dqg vhglphqw ghsrvlwlrq dqg 445nj F
p 05iru 5583 |hduv ri shdw ghsrvlwlrq1

7191 Wuhh idoo g|qdplfv

Wkh Phqgdudp shdw grph lv pdunhg e| qxphurxv fdqrs| jdsv fuhdwhg e| wuhh idoov wkdw udqjh lq vl}h ehwzhhq
8 dqg 83 phwhu1 Dq dqdo|vlv ri dhuldo skrwrjudskv lqglfdwhv wkdw wkh wrwdo qxpehu ri wuhhv lq 533< lq wkh qruwkhuq/
hdvwhuq/ dqg zhvwhuq vdpsoh vtxduhv zdv 469:/ 489:/ dqg 498:uhvshfwlyho|/ jlylqj dq dyhudjh ghqvlw| ri
hphujhqwVkruhd doelgdwuhhv ri 9317 wuhhv shu khfwduh1 Wkh wrwdo qxpehu ri wuhh idoov ehwzhhq 5335 dqg 533<
zdv 83/ :8/ dqg <6/ jlylqj dq dyhudjh udwh ri wuhh idoo ri 317 wuhhv kd04|u041
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Iljxuh 9= Zrrg frqwhqw ri fruh PGP4405D1 Vkrzq duh pdvnv ri kdug zrrg slhfhv odujhu 315 fp5 wdnhq iurp wkh gljlwdo
fruh lpdjhv ri hdfk fruh vhfwlrq +408,1 Qh{w wr wkh ez0lpdjhvlv wkh iuhtxhqf| ri zrrg slhfhv lq hyhu| fhqwlphwhu fruh
lqwhuydo +eduv, dqg wkh shufhqwdjh ri vxuidfh duhd ri zrrg iru hdfk fp +vlokrxhwwhv,1 Qrwh wkh devhqfh ri zrrg lq prvw
ri vhfwlrq 6 fruuhvsrqglqj wr wkh iloohg srro vwudwxp1

Odwh Txdwhuqdu| Fduerq F|folqj ri Vrxwkhdvw Dvldq shdwodqgv 0 Sdshu LLL
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Iljxuh := Gljlwdo fruh lpdjhv zlwk lqwhusrodwhg djh vfdohv dqg vxshulpsrvhg vwudwljudsklhv iru gu| exon ghqvlw| +|hoorz
olqh, dqg zhljkwhg fduerq frqwhqw +zklwh olqh,1 Wr wkh uljkwri hdfk lpdjh duh 5 fp zlgh +odwhudoo| vwuhwfkhg, {0ud|
udglrjudskv wdnhq iurp wkh fhqwhu ri hdfk vsolw fruh1 Zklwh froru lq wkh udglrjudskv fruuhvsrqgv wr orz ghqvlw| dqg eodfn
froru wr kljk ghqvlw|1 Yrlgv dqg urrwv duh ylvleoh dv zklwlvkvwuxfwxuhv1 Qrwh wkh gliihuhqw vfdoh lq gu|0exon ghqvlw| iru fruh
vhfwlrq 8 +uljkw vlgh,1 Xqlwv L dqg LLL uhsuhvhqw zrrg| shdw vzdps iruhvw shdw/ Xqlw LL srro ghsrvlw zlwk khuedfhrxv shdw
dqg olwwhu/ Xqlw LY fkduuhg shdw/ Xqlw Y pdqjuryh vhglphqw/ dqg Xqlw YL pdulqh vhglphqw1

Grppdlq hw do1 +vxep1, Iruhvw g|qdplfv dqg wls0xs srrov gulyh fduerq dffxpxodwlrq
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Paleoenvironmental data        
 
Unit  Depth 

(cm) 

 
Age     
(cal 
BP) 

 
Peat / 
sediment 
type 

Peat 
accumulation 
rate* (mm yr-1) 

Carbon 
accumulation 
rate* 
(g C m-2 yr-1) 

Mean 
wood 
cover 
(%) 

Macrofossils Microfossils 
(only most abundant types 
of pollen, fern and algae 
spores), charcoal 

Mineral 
content 

Reconstructed 
ecosystem 

  0-130 0-940 Hemic wood 
peat 

0.80 
 

(0.50–
1.68) 

40.0 
 

(21.5–
106.2) 

13.1 Woody roots, 
resin 

Shorea albida type, Pandanus, 
Ilex, Asplenium 

absent Shorea albida peat 
swamp forest (P.C. 2-3) 

II 130-255 940-
1150 

Fibrous 
herbaceous 
peat 

6.18 
 

(1.19–
26.63) 

205.9 
 

(44.6–
960.0) 

1.9 Leaves, 
herbaceous 
roots (cf. 
Pandanus sp.,     
cf. Araceae,   
cf. Hanguana 
malayana) 

Campnosperma, Stemonurus, 
Pandanus, Garcinia cuspidata,  
Stenochlaena palustris, 
Shorea albida type, Spirogyra 

absent Tip-up pool in Shorea 
albida peat swamp forest 
gap (P.C. 2-3) 

III 255-340 1150-
2020 

Hemic wood 
peat 

0.98 
 

(0.60–
2.42) 

34.2 
 

(11.5–
119.2) 

12.1 Woody roots, 
resin 

Eugenia/Tristania type, 
Camnosperma, Shorea albida 
type, Ilex, Stenochlaena 
palustris, Polypodium 

Quartz Mixed peat swamp forest 
(P.C. 1) in transition to 
Shorea albida forest 
(P.C.2) 

IV 340-350 2020- 
2250 

Sapric, 
charred peat 

0.43 
 

(0.42–
0.60) 

1.38 
 

(0.42–
26.63) 

33.2 
 

(22.5–
39.3) 

53.5 
 

(11.5–
960.0) 

0.2 absent Stenochlaena palustris, 
Campnosperma, Garcinia 
cuspidata,  
abundant charcoal 

Silicate 
minerals 

Mixed peat swamp forest 
(P.C. 1) with local fire 
impact  

V 350-460 2250- 
2780 

Peaty clay  1.95 
 

(0.42–5.23) 

135.0 
 

(13.6–771.1) 

3.4 Acrostichium 
root pocket,  
woody roots 

Campnosperma, 
Lophopetalum multinervum, 
Pandanus, Stenochlaena 
palustris, Nypa fruticans, 
Rhizophora stylosa, 
Acrostichium aureum, 
Spirogyra 

Halite, 
Quartz, 
Feld-
spar, 
Pyrite 

Coastal freshwater swamp 
forest, Mangrove forest 
(until ca. 2400 cal BP) 

VI 460-481 >2780 Clay/        
silty clay 

n.d. n.d. 0.3 absent Nypa fruticans Pyrite, 
Quartz 

Shallow marine water 

* time-weighted mean values are given; n.d. is not determined 

Wdeoh 6=Sdohrhqylurqphqwdo gdwd dqg udwhv ri fduerq dqg shdw dffxpxodwlrq iru fruh PGP4405D1 Ydoxhv duh jlyhq dv phdqv dqg udqjhv +lq sduhqwkhvhv,1
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Iljxuh ;= Fduerq dqg qlwurjhq frqfhqwudwlrq ri shdw/ vhglphqw/ dqg zrrg vdpsohv ri fruh PGP4405D1

Iljxuh <= Uhfrug ri fduerq dffxpxodwlrq udwhv1 Wrs= fxpxodwlyh fduerq pdvv dffxpxodwlrq1 Erwwrp=
dssduhqw udwhv ri fduerq dffxpxodwlrq lq dqqxdo wlph vwhsv1

Grppdlq hw do1 +vxep1, Iruhvw g|qdplfv dqg wls0xs srrov gulyh fduerq dffxpxodwlrq
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81 Glvfxvvlrq
Shdwodqgv duh frpsoh{ g|qdplf hfrv|vwhpv/ zklfk duh jryhuqhg e| erwk h{whuqdo gulyhuv vxfk dv folpdwh dqg
dovr e| lqwhuqdo hfrv|vwhp surfhvvhv1 Lqvljkwv rq shdwodqgghyhorsphqw fdq eh johdqhg zlwk sdohrhfrorjlfdo
whfkqltxhv/ exw wkh uholdelolw| dqg ydoxh ri wkhvh uhfrugv vwurqjo| ghshqg rq wkh frpsohwhqhvv ri wkh uhfryhuhg
shdw suriloh/ wkh ghswk uhvroxwlrq ri wkh vdpsolqj lqwhuydov/ dqg d suhflvh fkurqrorj|1 Zkhq udwhv ri shdw dqg
fduerq dffxpxodwlrq duh wr eh ghwhuplqhg wkh uhvroxwlrq dqgdffxudf| ri wkh exon ghqvlw| uhfrug duh dovr fulwlfdo
+Jodvhu hw do1 5345,1 Wkhvh phwkrgrorjlfdo lvvxhv kdyh qrw ehhq dghtxdwho| dgguhvvhg lq suhylrxv dqdo|vhv ri
wurslfdo shdw fruhv zlwk kljk zrrg frqwhqw/ zklfk fuhdwh vxevwdqwldo vdpsolqj dqg dqdo|wlfdo gliilfxowlhv1 Fruh
PGP4405D |lhoghg d 5;33 |hdu orqj uhfrug ri fduerq dffxpxodwlrq dw yhu| ilqh whpsrudo uhvroxwlrq/ d uhvxow
wkdw frxog rqo| eh dfklhyhg wkurxjk wkh dssolfdwlrq ri wdujhwhg DPV gdwlqj dqg qrq0ghvwuxfwlyh ghqvlw|
phdvxuhphqwv zlwk yhu| qduurz vdpsolqj lqwhuydov1

8141 Phwkrgrorjlfdo dgydqfhv= frulqj/ gdwlqj/ ghqvlw|

814141 Frulqj

Shdw ghsrvlwv ri wurslfdo vzdps iruhvwv suhvhqw d pdmru fkdoohqjh iru surshu vdpsolqj gxh wr wkh iuhtxhqw
rffxuuhqfh ri xqghfrpsrvhg zrrg od|huv +Ilj1 5e,1 Qxphurxvvwxglhv iurp Vrxwkhdvw Dvldq shdwodqgv uhsruw
wkdw d fruh iurp d vlqjoh eruhkroh frxog qrw eh frpsohwhg gxh wr wkh suhvhqfh ri ghqvh zrrg od|huv +h1j1
Ixuxndzd 4<;;/ Hvwhuoh ) Ihup 4<<7/ Vklpdgd hw do1 5334,1 Wkhsuhvhqw vwxg| ghprqvwudwhv wkdw wkh prglilhg
Olylqjvwrqh slvwrq fruhu zlwk d vhuudwhg fxwwlqj hgjh fdq ixoo| fxw wkurxjk dqg uhfryhu wklfn od|huv ri ghqvh
wurslfdo kdugzrrgv wkdw duh xs wr 63 fp wklfn1 Iurp irxu frulqj dwwhpswv wzr glg qrw uhdfk wkh edvdo vhglphqw/
ehfdxvh ri wkh suhvhqfh ri hyhq wklfnhu zrrg/ zklfk idlohg wruhohdvh zkhq qrw frpsohwho| shqhwudwhg1 Wkh zlgh
gldphwhu +43 fp, ri wkh fruh eduuho suhyhqwv ghirupdwlrq dqgglvwxuedqfh wr wkh shdw ideulf +Jodvhu hw do1 5345,/
plqlpl}hv fruh frpsuhvvlrq +Zuljkw hw do1 4<;7/ Zuljkw 4<<6,/ dqg doorzv wkh uhfryhu| ri fruhv wkdw edvlfdoo|
frqwdlq wkh lq vlwx zdwhu dqg elrjhqlf jdv frqwhqw +Fo|pr 4<;6,1 Wkh vhuudwhg fruh eduuho doorzv frulqj wkurxjk
vxevwdqwldo zrrg od|huv dqg ileurxv shdw pdwul{ e| d wzlvwlqj prwlrq/ zkhuhdv dq| frqwdplqdwlrq lv frqilqhg
wr wkh rxwhu shulphwhu ri wkh zlgh gldphwhu fruhv +Zuljkw hw do1 4<;7,1

Pruoh| +4<;4, idfhg lq d shdwodqg lq vrxwkhuq Eruqhr gliilfxowlhv lq uhfryhulqj xqfrqvrolgdwhg dqg yhu| ileurxv
pdwhuldo zlwk d slvwrq fruhu/ sduwlfxoduo| iurp wkh xsshuprvw phwhu1 Wklv revhuydwlrq frxog eh frqiluphg iru
Phqgdudp zkhuh dw ydulrxv orfdwlrqv ehorz wkh iruhvw iorru dqhduo| ioxlgl}hg od|hu wkdw uhvhpeohg d zdwhu
srfnhw zdv hqfrxqwhuhg wkdw frxog qrw eh ixoo| vdpsohg +Ilj16,1 Dqrwkhu fkdoohqjh uhpdlqv lq wkh uhfryhu| ri
h{wuhpho| wklfn exulhg wuhh wuxqnv dqg vwhp edvhv +A4 p, wkdwfdq eh hqfrxqwhuhg dw dq| ghswk1

814151 Gdwlqj

Wkh dexqgdqfh ri kdugzrrg lq wurslfdo shdw ghsrvlwv fdq frpsurplvh wkh uhvroxwlrq ri udglrfduerq djh0ghswk
prghov/ ehfdxvh wkh zrrg| pdwhuldov pd| odujho| eh ghulyhg iurp ehorzjurxqg urrw elrpdvv wkdw lqwurgxfhv
|rxqjhu fduerq wr ghhshu ghswkv1 Vxusulvlqjo|/ khuedfhrxvurrwv zhuh dovr dexqgdqw lq wkh shdw fruh1 Wkh fruh
lpdjhv dqg udglrjudskv vkrz wkdw wkhvh urrwv shqhwudwh dw ohdvw 53 fp grzqfruh +Ilj1 :,/ d ghswk lqwhuydo wkdw
uhsuhvhqwv ehwzhhq :18 dqg 7:8 |hduv ri shdw dffxpxodwlrq1 Wklv wlph vsdq looxvwudwhv wkh srwhqwldo djh
frqwdplqdwlrq ri exon gdwhv e| khuedfhrxv urrw pdwhuldo dqgvxssruwv wkh ghflvlrq wr uhiudlq iurp gdwlqj exon
shdw vdpsohv1 Wr vrph h{whqw wkh khuedfhrxv urrwv zhuh olnho| ghulyhg iurp Sdqgdqxv+Wdeoh 6,/ zklfk fdq
uhdfk d urrwlqj ghswk ri ryhu 4183 p +Z¡vw ) Exvwlq 5336,1

Sroohq frqfhqwudwhv surylgh dq dowhuqdwlyh iru gdwlqj exonvdpsohv ri shdw +Eurzq hw do1/ 4<<5,1 Krzhyhu/ wklv
vwxg| dqg wkdw ri Z¡vw hw do1 +533;, lqglfdwh wkdw gdwhg frqfhqwudwhv ri wkh sroohq vl}h iudfwlrq ri wurslfdo shdwv
iurp dq| jlyhq ghswk ohyho duh frqvlvwhqwo| roghu wkdq pdfurirvvlov iurp deryh0jurxqg ruljlq ghsrvlwhg
frqwhpsrudqhrxvo| zlwk wkh shdw1 Wkh roghu djhv ri ÓsroohqÔfrqfhqwudwhv pd| eh dwwulexwdeoh wr wudqvorfdwlrq
ri roghu fduerq e| ixqjl dqg rwkhu khwhurwursklf rujdqlvpv/zkrvh uhpqdqwv duh w|slfdo lq wurslfdo shdwv +Srodn
4<66,1 Uhvlvwdqw qrq0sroohq sdo|qrpruskv ri xqnqrzq djh uhsuhvhqwdwlrq/ lqfoxglqj ixqjdo vsruhv dqg k|skdh/
uhpdlqv ri ghfrpsrvhg zrrg fhoov/ dqg fklwlq ri vrlo0gzhoolqj rujdqlvpv duh uhjxodu frpsrqhqwv ri wkh sroohq
vl}h iudfwlrq dqg lqfuhdvh lq sursruwlrq wr sroohq judlqv zlwk kljkhu shdw kxplilfdwlrq +Eduwkhophv hw do1 5339,1
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Lq frqwudvw/ pdfurirvvlov ghulyhg iurp deryhjurxqg sodqw vwuxfwxuhv vxfk dv ohdyhv dqg vhhgv dv zhoo dv irvvlo
uhvlq |lhog uholdeoh gdwhv dqg kdyh d odujh suredelolw| ri ehlqj uhfryhuhg zkhq xvlqj zlgh gldphwhu fruhv1 Wkh
o 46F ydoxhv ri wkh gdwhg ohdi iudjphqwv +Wdeoh 4, duh qhduo| lghqwlfdo zlwk wkh fduerq lvrwrslf vljqdwxuh ri olylqj
Vkruhd doelgdsodqw pdwhuldo +05<1:å/ Jdqgrlv hw do1 5347, vxjjhvwlqj wkdw wkhvh ohdyhv zhuh ghulyhg iurp wklv
grplqdqw wuhh vshflhv1 Wkh fduerq lvrwrslf vljqdwxuh ri gdwhg irvvlo uhvlq +05<19:å, lv dovr zlwklq wkh udqjh ri
phdvxuhgo 46F ydoxhv iurp iuhvk uhvlqv ri ydulrxvVkruhdvshflhv/ lqfoxglqjVkruhd doelgd+0631;å, +Vwrxw
4<<7/ Pxuud| hw do1 4<<;,1

814161 Exon ghqvlw|

Wurslfdo shdw ghsrvlwv kdyh yduldeoh ghqvlw| ehfdxvh wkh ghqvh zrrg od|huv riwhq frqwdlq dq duud| ri jdv ru
zdwhu iloohg yrlgv +Ilj1 :,1 Dowkrxjk gu| exon ghqvlw| lv d ixqgdphqwdo sdudphwhu iru wkh fdofxodwlrq ri pdvv
dffxpxodwlrq udwhv/ surshu vdpsolqj ri erwk ghqvh zrrg dqg lqwhuqdo yrlgv ryhu wkh hqwluh shdw ghswk lv gliilfxow
zlwk wkh prvw frpprqo| xvhg fkdpehu shdw fruhuv +h1j1 Hlmnhondps, +Srodn 4<66/ Hvwhuoh ) Ihup 4<<7/
Vklpdgd hw do1 5334/ Vxpdzlqdwd hw do1 533;,1 Wkh uhvwulfwhgvdpsolqj yroxph ri fkdpehu fruhuv fdq ohdg wr
wzlfh dv kljk exon ghqvlw| ydoxhv dv frpsduhg wr vdpsohv froohfwhg e| odujh er{ vdpsohuv +63{63{63 fp, wkdw
fdq uhfryhu wkh lqwhuyhqlqj yrlg vsdfh +Vxpdzlqdwd hw do1 533;,1 Wkhvh gliihuhqfhv lq ghqvlw| dorqh zrxog
surgxfh fduerq dffxpxodwlrq udwhv wkdw gliihu e| d idfwru riwzr1

Wkh Olylqjvwrqh slvwrq fruhu htxlsshg zlwk d 43 fp gldphwhu fruh eduuho lv qrw rqo| deoh wr froohfw lqwdfw fruhv
zlwk wklfn zrrg od|huv/ exw uhfryhuv dovr xqglvwxuehg yrlgv/ jdv0iloohg pdfursruhv dqg kroorz ukl}rphv dqg
urrwv dv fohduo| uhyhdohg e| [0ud| udglrjudsk| +Ilj1 :,1 Qrq0lqydvlyh jdppd0ud| dwwhqxdwlrq orjjlqj uhshdwhgo|
grqh iurp wkuhh gliihuhqw furvv0vhfwlrqdo rulhqwdwlrqv rqwkh vdph fruh doorzv wkh ghwhfwlrq ri wkhvh pdfursruhv
dqg jdv yrlgv/ exw dovr ri vpdoohu zrrg iudjphqwv zlwklq wkh shdw ideulf dqg wkxv surgxfhv uhsuhvhqwdwlyh phdq
ghqvlw| ydoxhv1 Wkh fdsdflw| ri wkh jdppd0ud| dwwhqxdwlrq phwkrg wr fdswxuh wkh frqwulexwlrqv ri erwk yrlgv
dqg ghqvh zrrg dw ilqh vsdwldo uhvroxwlrq +318 fp/ Ilj1 6/ :, surylghv d vljqlilfdqw dgydqwdjh ryhu ghvwuxfwlyh
phwkrgv1

Wkh phdq gu| exon ghqvlw| ri wkh shdw lq wkh fruh lv udwkhu orz +313:5 j fp 06/ Wdeoh 5,/ hyhq wkrxjk wkh fruh lv
ulfk lq ghqvh wurslfdo kdugzrrgv/ zklfk uhsuhvhqw wkh ghqvhvw pdwhuldo lq wkh shdw +pd{1 314:9 j fp06,1 Wklv orz
ghqvlw| lv wkh uhvxow ri wkh iuhtxhqw rffxuuhqfh ri pdfursruhv dqg yrlgv/ dqg dovr uhodwhg wr wkh vljqlilfdqw
khuedfhrxv shdw od|hu ri orz gu| exon ghqvlw| +31395 j fp06, wkdw frqvwlwxwhv 68( ri wkh shdw suriloh +Wdeoh 5,1
Kdugzrrg lv fohduo| dq lpsruwdqw frpsrqhqw ri wurslfdo shdwghsrvlwv dv vkrzq e| lwv dyhudjh frqwhqw ri xs wr
46( lq zrrg| shdw od|huv ri wkh fruh +Wdeoh 6,1 Krzhyhu/ kdugzrrg lv dovr frpsohwho| devhqw ryhu ghswk
lqwhuydov ri xs wr :3 fp lq wklv fruh +Ilj1 9/ :,/ ghprqvwudwlqj wkdw vljqlilfdqw sursruwlrqv ri wurslfdo vzdps
iruhvw shdwv pd| ruljlqdwh iurp khuedfhrxv/ udwkhu wkdq zrrg|/ sodqw pdwhuldo1

Wkh dyhudjh gu| exon ghqvlw| ri 313:5 j fp06ri wkh shdw lv qhduo| plgzd| zlwklq wkh udqjh ri dyhudjh ydoxhv
+31399 wr 313;7 j fp06, ghulyhg iurp gdwhg fruhv ri frdvwdo Vxpdwudq dqg Eruqhdq shdwodqgv +Fdphurq hw do1
4<;</ Qhx}lo 4<<:, dqg fruurerudwhv wkh phdq gu| exon ghqvlw| ri 313:9 j fp 06hvwlpdwhg iru Vrxwkhdvw Dvldq
frdvwdo shdwodqgv e| Grppdlq hw do1 +5344,1 Krzhyhu/ wkh phdq exon ghqvlw| lv vxevwdqwldoo| orzhu wkdq wkdw
uhsruwhg iru shdwodqgv iurp Lqgrqhvldq Eruqhr wkdw udqjh iurp 31440315< j fp06+Zdk|xqwr hw do1 5337,1

8151 Wkh ghyhorsphqw ri wkh Phqgdudp shdw grph

Orqj0whup yhjhwdwlrq vxffhvvlrq dqg orfdo sdwfk g|qdplfv kdg dq lpsruwdqw lqioxhqfh rq wkh udwhv ri fduerq
dffxpxodwlrq lq wkh Phqgdudp shdw grph1 Wkh ghyhorsphqw ri Phqgdudp iroorzv wkh jhqhudo sdwkzd|
ghvfulehg iru Vrxwkhdvw Dvldq frdvwdo shdwodqgv= dq lqlwldo pdulqh dqg2ru pdqjuryh hqylurqphqw lv vxffhhghg
e| d wudqvlwlrqdo iuhvkzdwhu vzdps dqg ilqdoo| e| shdw vzdpsiruhvw +h1j1 Dqghuvrq ) Pxoohu 4<:8/ Dqghuvrq
4<;6/ Vwdxe ) Hvwhuoh 4<<7/ Grppdlq hw do1 5344,1

Pdulqh vhglphqwdwlrq grplqdwhg dw Phqgdudp xqwlo fd1 5;33 fdo ES dv lqglfdwhg e| wkh uhjxodu rffxuuhqfh ri
hxkhgudo s|ulwh lq wkh edvdo vlow| fod| od|hu +Ilj1 :,1 Wkh pdulqh lqioxhqfh ghfuhdvhg gxulqj wkh hqvxlqj
pdqjuryh iruhvw skdvh wkdw odvwhg iurp derxw 5;33 wr 5733 fdoES/ dv lv looxvwudwhg e| urrwv dqg vsruhv ri wkh
pdqjuryh ihuqDfurvwlfklxp/ sroohq riQ|sd sdop dqgUkl}rskrud vw|orvd+Wdeoh 6, dqg wkh plqhudo kdolwh +Ilj1
:, lqglfdwlqj iorrglqj e| vdolqh zdwhu1 Wkh vxevhtxhqw rffxuuhqfh riFdpsqrvshupd dqgOrskrshwdoxp

Grppdlq hw do1 +vxep1, Iruhvw g|qdplfv dqg wls0xs srrov gulyh fduerq dffxpxodwlrq
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pxowlqhuylxpsroohq dqgVwhqrfkodhqd sdoxvwulvvsruhv dw durxqg 5733 fdo ES +Wdeoh 6, uhsuhvhqwv wkh
Fdpsqrvshupd0F|uwrvwdfk|v0]dodffdwudqvlwlrqdo skdvh ehwzhhq pdqjuryh dqg pl{hg shdw vzdps iruhvw
+Dqghuvrq 4<96/ 4<;6/ Dqghuvrq ) Pxoohu 4<:8/ Euxhqlj 4<<3,1 Wkh jhqhudoo| odujh plqhudo frqwhqw ri Xqlw
Y +Ilj1 7, vkrzv wkdw fduerq dffxpxodwlrq lq erwk wkh pdqjuryh dqg iuhvkzdwhu vzdps iruhvw zdv dvvrfldwhg
zlwk d uhjxodu lqiox{ ri fodvwlf vhglphqwv/ zklfk lqgxfhg udslg udwhv ri yhuwlfdo vhglphqw dffuhwlrq ri xs wr 8
pp |u 041

Dw 5583 fdo ES wkh ilqdo rpeurwursklf shdw vzdps iruhvw vwdjhehjdq dv lqihuuhg iurp wkh deuxsw lqfuhdvh lq
rujdqlf pdwwhu frqwhqw iurp ohvv wkdq :3( wr <9( dqg wkh fruuhvsrqglqj lqfuhdvh lq fduerq frqwhqw iurp 63(
wr 93( +Ilj1 7,1 Dexqgdqw plfurvfrslf fkdufrdo lq Xqlw LY lqglfdwhv wkdw lq lwv hduo| vwdjh wkh grphg shdwodqg
zdv orfdoo| lqioxhqfhg e| iluh/ zklfk ohiw d 43 fp wklfn wkhupdoo| dowhuhg fkduuhg shdw od|hu frpsulvlqj d 563
|hdu orqj wlph lqwhuydo +558305353 fdo ES/ Ilj1 :,1 Wkh dssduhqw udwh ri shdw dffxpxodwlrq iru wklv shulrg lv orz
+3177 pp |u04,1 Oljkwqlqj kdv ehhq revhuyhg wr fdxvh orfdo wuhh iluhv hyhqgxulqj khdy| udlqidoo +Dqghuvrq 4<99,
dqg vxfk wuhh iluhv fdq dssduhqwo| shqhwudwh rqwr d ghvlffdwhg iruhvw iorru dv vxjjhvwhg e| wkh fkduuhg od|hu1 Wkh
vsdwldo h{whqw ri wkh iluh hyhqw zdv/ krzhyhu/ vpdoo dv wklv fkduuhg shdw od|hu zdv qrw irxqg lq d qhdue| fruh1

Wkh iroorzlqj shdw vzdps iruhvw ghyhorsphqwdo skdvh wkdw odvwhg iurp 5353 wr 4483 fdo ES zdv fkdudfwhul}hg
e| Hxjhqld ruWulvwdqld/ Vkruhd doelgd/ dqgFdpsqrvshupd wuhhv1 Wklv shdw vzdps iruhvw vwhdglo| ghsrvlwhg
shdw zlwk ryhu 43( kdug zrrg dw dq dyhudjh dffxpxodwlrq udwh ri 4 pp |u 04+Wdeoh 6,1 Wkh wudqvlwlrq iurp wkh
vorzo| dffxpxodwlqj zrrg shdw wr wkh udslgo| dffxpxodwlqj khuedfhrxv shdw od|hu deryh lpsolhv d udslg
wudqvirupdwlrq ri wkh orfdo ghsrvlwlrqdo hqylurqphqw1 Zh lqwhusuhw wklv qhz ghyhorsphqwdo skdvh/ iurp fd1 44830
<73 fdo ES/ dv dq lqiloohg irvvlo wls0xs srro wkdw kdg iruphg e| d idoolqj wuhh dv ghvfulehg e| Jdvwdogr dqg Vwdxe
+4<<<,1 Xsurrwlqj dqg dvvrfldwhg srro irupdwlrq zrxog kdyhh{fdydwhg d od|hu ri zrrg| shdw wkdw pxvw kdyh
r{lgl}hg udslgo| zkloh qr orqjhu zdwhu vdwxudwhg1 Wkh srro udslgo| iloohg xs zlwk uhfhqw pdwhuldo ohdylqj d kldwxv
ehwzhhq wkh +xqgdwhg, hqg ri Xqlw LLL dqg wkh erwwrp ri wkh srro +Ilj1 :,1

Wkh lqwhusuhwdwlrq ri wuhh idoo dqg vxevhtxhqw srro lqiloolqj lv vxssruwhg e| irxu olqhv ri vwudwljudsklf hylghqfh=
4, Wkh wklfnqhvv ri wklv khuedfhrxv shdw od|hu lv 458 fp zklfklv w|slfdo ri wkh ghswk udqjh ri fd1 :3 wr 483 fp
ri prghuq srrov lq Phqgdudp1 5, Wkh suhvhuydwlrq ri ohdi olwwhu ohqvhv zlwklq wklv vhtxhqfh lqglfdwhv
shupdqhqwo| iorrghg frqglwlrqv/ dq lqwhusuhwdwlrq vxssruwhg e| wkh uhjxodu rffxuuhqfh ri vsruhv riVslurj|ud
dojdh +Wdeoh 6,/ zklfk uhtxluh vwdjqdqw rshq zdwhu erglhv +Sdov hw do1 4<;3/ ydq Jhho hw do1 4<;4,1 Ohdi olwwhu
qrupdoo| ghfrpsrvhv zlwklq 318 wr 5 |hduv lq Glswhurfdus udlq iruhvwv +Dqghuvrq hw do1 4<;6/ Exujkrxwv hw do1
4<<5/ Edloolh hw do1 5339, dqg zlwklq 418 wr 6 |hduv lq pl{hg shdw vzdps dqgVkruhd doelgdiruhvwv +Wlh 4<<3,1
Ohdi olwwhu rqo| vxuylyhv frqvxpswlrq e| ghwulyruhv dqg plfureldo ghfrpsrvlwlrq zkhq ghsrvlwhg lq
shupdqhqwo| vwdqglqj zdwhu +Hvwhuoh ) Ihup 4<<7/ Jdvwdogr )Vwdxe 4<<<, dqg orvv udwhv ri olwwhu pdvv duh wkhq
vljqlilfdqwo| orzhu +\xoh ) Jrph} 533<,1 6, Wkh gdwhv rq ohdiiudjphqwv zlwklq wklv od|hu wkdw duh 83 fp dsduw
lq ghswk gliihu e| rqo| 53 |hduv dqg ghprqvwudwh yhu| udslg shdw dffuhwlrq ri ryhu 59 pp |u041 Vxfk udslg
xszdug dffuhwlrq fdqqrw kdyh ehhq dvvrfldwhg zlwk odujh vfdoh ulvlqj zdwhu ohyhov dv vxfk ulvh zrxog vrrq kdyh
nloohg wkh exwwuhvv urrwv riVkruhd doelgdwuhhv/ zklfk duh uhvwulfwhg wr wkh dhurelf }rqh deryh wkh zdwhu wdeoh
+Ixuxndzd 4<;;,1 7, Ilqdoo|/ wkh jhqhudo udulw| riVkruhd doelgdsroohq dqg wkh kljk iuhtxhqf| ri
Fdpsqrvshupd sroohq zlwklq wkh srro dvvhpeodjh +Wdeoh 6, vxjjhvw d jds lq wkh fdqrs|/ ehfdxvh
Fdpsqrvshupd fruldfhxp lv d orqj0olyhg slrqhhu vshflhv wkdw wkulyhv lq glvwxuedqfhjdsv rq ghhshu shdw
+Zklwpruh 4<:8/ \xoh ) Jrph} 533<,1

Wkh iuhtxhqw khuedfhrxv urrwv dqg ukl}rphv wkdw frqvwlwxwhwkh vwuxfwxudo vnhohwrq ri wkh srro ghsrvlw pxvw kdyh
jurzq lqwr wkh srro iurp wkh vlghv/ exw frxog dovr kdyh shqhwudwhg lqwr douhdg| ghsrvlwhg olwwhu dqg ghwulwxv iurp
iordwlqj pdwv h{whqglqj rxwzdug ryhu wkh srroÖv vxuidfh1 Wkh urrwv dqg ukl}rphv zhuh suredeo| ghulyhg iurp
qrq0zrrg| prqrfrw|ohgrqrxv shdw0iruplqj sodqwv/ vxfk dvSdqgdqxv dqghuvrqll+Sdqgdqdfhdh/ sroohq
hylghqfh/ Wdeoh 6,/Dorfdvld orqjlored+Dudfhdh/ ru rwkhu vshflhv ri wklv idplo|,/ dqgKdqjxdqd pdod|dqd
+Kdqjxdqdfhdh,/ zklfk jurz lq dqg durxqg srrov ri Phqgdudp dqg rwkhu Edudp0Ehodlw shdwodqgv +shuv1
revhuydwlrq/ Dqghuvrq 4<94d/ 4<96,1

E| durxqg <73 fdo ES wkh srro zdv hyhqwxdoo| frpsohwho| iloohg dqg wuhhv vxfk dvVkruhd doelgddqgLoh{
hvwdeolvkhg rq vlwh1 Wkh iruphgVkruhd doelgd0Sdqgdqxvshdw vzdps iruhvw frppxqlw| vhhpv wr kdyh shuvlvwhg
iru ryhu <33 |hduv xqwlo wrgd|1 Wklv shdw vzdps iruhvw dffxpxodwhg wkh xsshuprvw shdw od|hu zlwk d kdug zrrg
frqwhqw ri 46( dw d uhodwlyho| vorz phdq udwh ri 31; pp |u041
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8161 Udwhv dqg gulyhuv ri fduerq dffxpxodwlrq

Lq jhqhudo/ wkh Phqgdudp uhfrug vkrzv wkdw yhjhwdwlrq fkdqjhv/ sdwfk g|qdplfv/ dqg hfrv|vwhp glvwxuedqfhv
orfdoo| frqwuroohg udwhv ri fduerq dffxpxodwlrq gxulqj wkhghyhorsphqw ri wklv shdw grph1 Udslg sxovhv ri
vhglphqwdwlrq zhuh odujho| uhvsrqvleoh iru wkh yhu| kljk udwhv ri fduerq dffxpxodwlrq +930::4 j F p05|u04,
gxulqj wkh dssur{lpdwho| 733 |hdu0orqj pdqjuryh iruhvw skdvh1 Krzhyhu/ pdqjuryh iruhvwv lq surjudglqj
ghowdlf vhwwlqjv vxfk dv wkh Edudp0Ehodlw Ghowd duh hskhphudo frdvwdo hqylurqphqwv wkdw shuvlvw iru rqo| d ihz
kxqguhg |hduv ehiruh ehlqj vxffhhghg e| shdw vzdps iruhvwv +Dqghuvrq ) Pxoohu 4<:8/ Vwdxe ) Hvwhuoh 4<<7/
Zrrguriih 5333,1 Qhyhuwkhohvv/ wkh pdqjuryh0iuhvkzdwhu vzdps iruhvw vwdjh dffrxqwv iru 6<( +:4 nj F p05,
ri wkh wrwdo dffxpxodwhg vrlo fduerq dw Phqgdudp +Ilj1 <,1 Vlplodu vrlo fduerq ghqvlwlhv kdyh ehhq uhsruwhg iru
prghuq Lqgr0Sdflilf pdqjuryhv +Grqdwr hw do1 5344,1

Wkh shdw vzdps iruhvw vwdjh lq frqwudvw lv pdunhg e| jhqhudoo| orzhu dqg pruh vwhdg| udwhv ri fduerq
dffxpxodwlrq/ exw lv dovr sxqfwxdwhg e| d pdmru sxovh dvvrfldwhg zlwk wkh lqiloolqj skdvh ri wkh wls0xs srro1
Gxulqj wkh iluvw <33 |hduv +558304673 fdo ES, ri wkh shdw vzdps iruhvw skdvh wkh udwh ri fduerq dffxpxodwlrq
ghfolqhg voljkwo| iurp derxw 630wr048 j F p05|u041 Wkh kljkhu udwhv gxulqj wkh iluvw 733 |hduv ri wkdw shulrg
vxjjhvw wkdw wkh orfdo iluh hyhqw lqglfdwhg e| fkdufrdo dw fd1 5353 fdo ES diihfwhg wkh edvdo shdw od|hu exw glg qrw
uhvxow lq vxevwdqwldo fduerq orvvhv1 Lqvwhdg/ fduerq dffxpxodwlrq ghfolqhg wr ohvv wkdq 53 j F p05|u04zkhq wkh
udwh ri zrrg exuldo ehjdq wr lqfuhdvh dw fd1 49;3 fdo ES +Ilj1 9/ :,1 Yrlgv dprqj wkh exulhg zrrg slhfhv ohdg
wr dq ryhudoo orz exon ghqvlw| +vhfw1 81416/ Vxpdzlqdwd hw do1 533;,/ zklfk surgxfhv xqh{shfwhgo| orz dssduhqw
udwhv ri fduerq dffxpxodwlrq1

Diwhu irupdwlrq ri wkh wls0xs srro fduerq dffxpxodwlrq lqfuhdvhg deuxswo| wr pd{lpxp ydoxhv ri ehwzhhq :53
dqg <93 j F p 05|u04dv wkh orzhu sruwlrq ri wkh srro zdv iloohg1 Wkhvh kljk udwhv duh ghulyhg iurp khuedfhrxv
shdw dqg ohdi olwwhu dqg ghprqvwudwh wkdw zrrg lv qrw qhfhvvdu| wr surgxfh kljk fduerq dffxpxodwlrq udwhv lq
wurslfdo shdwodqgv dv suhylrxvo| wkrxjkw +Grppdlq hw do1 5344,1 Wklv udslg sxovh lq fduerq dffxpxodwlrq rqo|
odvwhg derxw 53 |hduv dqg zdv iroorzhg e| d shulrg ri vorzhu udwh ri derxw 533 j F p05|u04iurp 4393 wr 4343
fdo ES dqg wkhq e| wkh hyhq vorzhu udwh ri 433 j F p05|u04ryhu wkh iroorzlqj 93 |hduv1 Wklv ghfolqh lq fduerq
dffxpxodwlrq suredeo| rffxuuhg dv wkh wls0xs edvlq dssurdfkhg lwv fdsdflw| wr krog dqg suhvhuyh sodqw ghwulwxv1
Vxshulpsrvhg rq wklv ghfolqlqj wuhqg lq fduerq dffxpxodwlrq zhuh vxe0ghfdgdo ioxfwxdwlrqv ri ehwzhhq 53 Ñ
73 j F p 05|u04+Ilj1 <, wkdw srvvleo| uhiohfw ydu|lqj udwhv ri olwwhu ghsrvlwlrq lqwr wkh srro1

Rqfh wkh srro zdv iloohg dqg ryhujurzq wkh udwh ri fduerq dffxpxodwlrq vwdelol}hg dw fd1 88 j F p05|u041 Wkh
ilqdoVkruhd doelgdiruhvw vwdqg wkdw zdv suhvhqw dw wkh frulqj orfdwlrq dffxpxodwhg rujdqlf fduerq dw d udwh ri
ehwzhhq 54 wr 439 j F p05|u04ryhu wkh sdvw <33 |hduv/ ri zklfk wkh odvw 833 |hduv zhuh fkdudfwhul}hg e| vwhdg|
dffxpxodwlrq ri 63 j F p 05 |u041

Wkh shdw vzdps iruhvw skdvhv wkdw h{lvwhg dw wkh frulqj vlwh iurp 558304483 fdo ES dqg iurp <7303 fdo ES
ghsrvlwhg zrrg| shdw dw d uhodwlyho| orz udwh ri 69 j F p05|u04rq dyhudjh1 Wrjhwkhu wkhvh wzr skdvhv ri zrrg
shdw ghsrvlwlrq dffxpxodwhg d wrwdo pdvv ri 9< nj F p05ryhu 5373 |hduv xqghu d forvhg fdqrs| shdw vzdps
iruhvw1 Lq frqwudvw/ khuedfhrxv shdw dqg sodqw olwwhu dffxpxodwhg d wrwdo ri 76 nj F p05lq d wls0xs srro lq rqo|
543 |hduv +Ilj1 <,1 Wklv wls0xs srro wkhuhiruh vwruhg 6;( ri wkh wrwdo shdw0fduerq srro wkdw dffxpxodwhg dw wkh
frulqj vlwh lq 43 wlphv ohvv wlph/ zklfk hpskdvl}hv wkh vljqlilfdqfh ri wls0xs srrov dv orfdo krw vsrwv iru fduerq
dffxpxodwlrq zlwklq shdw vzdps iruhvwv1

Wkh ryhudoo wlph0zhljkwhg phdq udwh ri fduerq dffxpxodwlrqwkdw lqwhjudwhv erwk wkhvh ghsrvlwlrqdo vhwwlqjv lv
8618 j F p05|u04iru wkh hqwluh shdw vzdps iruhvw vwdjh/ zklfk lv vlplodu wr wkh orqj0whup udwh ri 8915 j F p05|u0

4 ri wkh lqodqg Vhedqjdx shdw grph lq vrxwkhuq Eruqhr +Sdjh hw do1 5337,/ exw orzhu wkdq wkh orqj0whup udwh ri
;9 j F p 05|u04ri wkh frdvwdo Whoxn Nhudpdw shdw grph lq zhvwhuq Eruqhr +Qhx}lo 4<<:,/ dqg dovr vrphzkdw
orzhu wkdq wkh phdq udwhv ri 97 dqg 9; j F p05|u04hvwlpdwhg iru wkh sdvw wzr ploohqqld ri Lqgrqhvldq frdvwdo
shdwodqgv +Grppdlq hw do1 5347,1
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8171 Vljqlilfdqfh ri srro ghsrvlwv iru uhjlrqdo fduerq dffxpxodwlrq udwhv

Dowkrxjk wkh h{wuhpho| kljk udwhv ri sdvw fduerq dffxpxodwlrq dvvrfldwhg zlwk wkh wls0xs srro vwudwxp pd|
vhhp h{fhswlrqdo/ vlplodu fhqwhqqldo0vfdoh sxovhv lq fduerq dffxpxodwlrq juhdwhu wkdq 533 wr 863 j F p05|u04

kdyh ehhq uhfrqvwuxfwhg iru Vxpdwudq shdwodqgv ri Ehqjndolv Lvodqg dqg Vldn Ndqdq zlwk fruuhvsrqglqjo| kljk
udwhv ri yhuwlfdo shdw jurzwk ri 43045 pp |u04+Glhprqw ) Vxsdugl 4<;:/ Vxsdugl hw do1 4<<6/ Qhx}lo 4<<:/
Grppdlq hw do1 5347,1 Wkhvh kljk udwhv zhuh suhylrxvo| lqwhusuhwhg dv hlwkhu folpdwlfdoo| lqgxfhg ru frqvlghuhg
duwlidfwv ri gdwlqj huuruv +Grppdlq hw do1 5344,1 Krzhyhu/ wkh| pd| eh dwwulexwhg wr orfdo srro ghsrvlwv 0 dq
lqwhusuhwdwlrq vxssruwhg e| wkh orz exon ghqvlw| +3138 j fp06, dqg vlplodu ghswk vsdq +453 fp, ri wkh kljk
dffxpxodwlrq vhtxhqfh iurp wkh Vldn Ndqdq fruh ri Glhprqw dqg Vxsdugl +4<;:,1 Wkdw wkh srro ghsrvlw
phfkdqlvp uhsruwhg khuh lv qrw dq dw|slfdo ihdwxuh ri wklv fruh lv vxssruwhg e| wkh suhvhqfh ri d 6 p od|hu ri
zhoo0suhvhuyhg khuedfhrxv shdw zlwk prqrfrw|ohgrqrxv urrwv/ dexqgdqwSdqgdqxvsroohq/ dqg ixoo| suhvhuyhg
prvv uhpdlqv lq d shdw fruh iurp Pduxgl +Dqghuvrq ) Pxoohu 4<:8/ Ilj1 6d, dqg dovr e| d uhfryhuhg wklfn ohdi
olwwhu ohqv iurp d shdw vzdps lq wkh Udmdqj Ghowd +Jdvwdogr ) Vwdxe 4<<</ Ilj1 4,1

Wkh h{fhswlrqdoo| kljk fduerq dffxpxodwlrq udwhv ri xs wr <93 j F p 05|u04ri wkh srro ghsrvlw fdq sduwo| eh
h{sodlqhg e| wkh frqvwdqwo| kljk udwhv ri olwwhuidoo lq Eruqhdq Glswhurfdus iruhvwv wkdw udqjh iurp 773 wr :<3 j
F p 05|u04/ ri zklfk wkh ohdi frpsrqhqw lv ehwzhhq 98( dqg :3( +Surfwru hw do1 4<;6/ Exujkrxwv hw do1 4<<5/
Vdqhu hw do1 5345/ Nrk hw do1 5346,1 Vxolvwl|dqwr hw do1 +5335, uhsruwhg prqwko| olwwhuidoo udwhv ri 9419 dqg :917 j
gu| pdvv p05iru wkh Vhedqjdx shdw vzdps lq vrxwkhuq Eruqhr +99 dqg :3( e| ohdyhv,/ zklfk zrxog |lhog dq
dqqxdo surgxfwlrq ri ;5; dqg <4: j gu| pdvv p05|u041 Pl{hg shdw vzdps iruhvw dqgVkruhd doelgdiruhvw ri wkh
Pduxgl shdw grph vkrzhg dqqxdo olwwhuidoo udwhv ri :4: dqg 956 j gu| pdvv p 05|u04/ uhvshfwlyho|/ zlwk ohdyhv
frqwulexwlqj :7( wr :;( ri wkh ghsrvlwhg olwwhu +Wlh 4<<3/ Wlh ) Hvwhuoh 4<<5/,1 Wkhvh kljk udwhv ri olwwhuidoo
wrjhwkhu zlwk wkh vxevwdqwldo sursruwlrq ri urrw elrpdvv doorfdwhg e| khuedfhrxv sodqwv vxuurxqglqj ru lqydglqj
wkh srro duh uhvsrqvleoh iru wkh kljk fduerq dffxpxodwlrq udwhv lq wls0xs srrov1 Lq dgglwlrq/ srrov fdq dovr
suhvhuyh idoolqj eudqfkhv dqg orjv1

Wkh sxovhv ri kljk fduerq dffxpxodwlrq udwhv uhsruwhg iru wkh Phqgdudp +wklv vwxg|, dqg rwkhu shdw grphv +h1j1
Qhx}lo 4<<:/ Grppdlq hw do1 5347, duh wrr kljk wr eh gulyhq e| vkruw0whup folpdwlf ioxfwxdwlrqv dorqh1
Frqvlghulqj wkdw wkh frdvwdo Eruqhdq folpdwh lv douhdg| yhu| idyrudeoh iru shdw dffxpxodwlrq ehfdxvh ri kljk
prqwko| udlqidoo +48306:3 pp,/ zklfk lqgxfhv iuhtxhqw zdwhuorjjlqj/ dqg frqvwdqwo| kljk whpshudwxuhv +590
5:£F,/ zklfk idyru kljk hfrv|vwhp surgxfwlylw|/ vkliwv lq folpdwh frxog qhlwkhu hqkdqfh surgxfwlylw| qru
vxssuhvv ghfrpsrvlwlrq vxiilflhqwo| wr surgxfh vljqlilfdqwo| kljkhu fduerq dffxpxodwlrq udwhv1 Wkh pdmru
folpdwh frqwuro rq wkh fduerq edodqfh ri wurslfdo shdwodqgvvhhpv wr eh udlqidoo yduldelolw|/ odujho| uhodwhg wr
yduldwlrqv lq wkh Ho Ql˜r0Vrxwkhuq Rvfloodwlrq +HQVR, +Grppdlq hw do1 5347,1 Yduldelolw| lq HQVR fdxvhv
vxevwdqwldo lqwhudqqxdo ioxfwxdwlrqv lq qhw hfrv|vwhp h{fkdqjh ri shdw vzdps iruhvwv/ exw kdv qrw ehhq vkrzq
wr surgxfh pdvvlyh qhw fduerq jdlqv gxulqj zhwwhu Od Ql˜d |hduv +Kludqr hw do1 5345,1 Pruhryhu/ wkh rffxuuhqfh
ri wkh pdmru fduerq dffxpxodwlrq shdn dw durxqg 43;30<83 fdoES idoov lqwr wkh vr0fdoohg Phglhydo Zdup
Shulrg +45330;33 fdo ES, wkdw lq htxdwruldo Vrxwkhdvw Dvld zdv fkdudfwhul}hg e| Ho Ql˜r0olnh frqglwlrqv dqg
uhgxfhg udlqidoo +\dq hw do1 5344,1 Li fduerq dffxpxodwlrq udwhv zhuh frqwuroohg sulpdulo| e| folpdwh/
dffxpxodwlrq udwhv vkrxog kdyh ghfuhdvhg1 Pruhryhu/ gxulqj wkh iroorzlqj Olwwoh Lfh Djh +9330483 fdo ES, zhw
Od Ql˜d0olnh frqglwlrqv suhydlohg lq Vrxwkhdvw Dvld +\dq hwdo1 5344,/ exw wkh fruh uhfrug vkrzv uhgxfhg fduerq
dffxpxodwlrq udwhv1 Lq jhqhudo/ wkh kljk yduldelolw| ri HQVR gxulqj wkh sdvw 5333 |hduv +h1j1 Frqur| hw do1 533;,
lv qrw uhiohfwhg lq v|qfkurqrxv yduldwlrqv ri fduerq dffxpxodwlrq udwhv uhfrqvwuxfwhg iurp wkh fruh/ vxjjhvwlqj
wkdw ghfdgdo wr fhqwhqqldo0vfdoh folpdwh yduldelolw| kdv rqo| plqru lpsdfw rq orfdo udwhv ri fduerq dffxpxodwlrq
lq frpsdulvrq wr shdw vzdps iruhvw g|qdplfv dqg glvwxuedqfhhyhqwv1

8171 Lpsolfdwlrqv ri wls0xs srrov iru wkh vsdwldo sdwwhuq rishdw udglrfduerq djhv

Wuhh idoo dqg dvvrfldwhg srro irupdwlrq duh qrw uduh hyhqwv lq shdw vzdps iruhvwv ehfdxvh ri lqkhuhqw sdwfk
g|qdplfv dqg uhjxodu glvwxuedqfh e| zlqg wkurz dqg oljkwqlqj +Dqghuvrq 4<97/ Euxhqlj 4<<3,1 Zlqg wkurz
fdq diihfw duhdv ri xs wr 433 kd +Dqghuvrq 4<97,/ zkhuhdv oljkwqlqj w|slfdoo| fuhdwhv flufxodu fdqrs| jdsv zlwk
dq dyhudjh vl}h ri derxw 5 kd +Eu¡qlj 4<97/ Ilj1 5f,1 Oljkwqlqj jdsv dorqh wdnh xs 314Ñ6( ri wkh duhd lqVkruhd
doelgdiruhvwv +Eu¡qlj 4<:6,/ zkhuh d vlqjoh oljkwqlqj vwulnh pd| nloo pruh wkdq 83 wuhhv +Dqghuvrq 4<97,1 Wkhvh
lpsruwdqw glvwxuedqfh djhqwv ohdg wr iuhtxhqw wuhh idoov1 Zkhq d wuhh idoov/ lwv urrwv h{fdydwh d kroh lq wkh shdw

Odwh Txdwhuqdu| Fduerq F|folqj ri Vrxwkhdvw Dvldq shdwodqgv 0 Sdshu LLL



43:

vxuidfh wkdw txlfno| iloov zlwk zdwhu wr ehfrph d wls0xs srro+Ilj1 5d/ Jdvwdogr ) Vwdxe 4<<<,1 Wkh vsdwldo
lpsruwdqfh ri srro irupdwlrq rq d shdw grph dqg lwv hiihfwv rqshdw dffxpxodwlrq uhfrugv dfurvv d odujh duhd
zhuh h{soruhg zlwk d vlpxodwlrq prgho +Ilj1 43,1

Wls0xs srrov duh lghdo hqylurqphqwv iru wkh udslg dffxpxodwlrq ri qhz rujdqlf pdwhuldo frqvlvwlqj ri idoohq
zrrg/ ohdi olwwhu dqg urrwv1 Wkxv/ shdw ghulyhg iurp pdwhuldo ghsrvlwhg lq d srro pd| eh kxqguhgv ri |hduv
|rxqjhu wkdq wkh shdw dgmdfhqw wkdw vxuurxqgv wkh srro1 Wls0xs srrov wkhuhe| fuhdwh d frpsoh{ sdwwhuq ri
lvrfkurqhv wkurxjkrxw wkh shdw grph +Ilj1 43e,1

Wkh dyhudjh iuhtxhqf| ri wuhh idoov dqg khqfh srro irupdwlrqdw Phqgdudp zdv hvwlpdwhg wr eh 317 wuhhv kd04

|u041 D vlpsoh vlpxodwlrq ri shdw dffxpxodwlrq xvlqj wklv udwh riwuhh idoov vkrzv krz vsdwldo khwhurjhqhlw| lq
shdw fruh djh surilohv fdq dulvh iurp srro irupdwlrq dqg lqiloolqj +Ilj1 43,1 Lq hdfk 433 |hdu wlph vwhs ri wkh
8333 |hdu vlpxodwlrq/ d whq0fhqwlphwhu od|hu ri shdw zdv dgghg wr d vlpxodwhg shdwodqg dqg 73 qhz wls0xs srrov
zhuh fuhdwhg1 Wkh vkdsh ri hdfk srro zdv vl{ phwhuv lq gldphwhu dqg rqh phwhu ghhs/ zklfk lv zlwklq wkh vl}h
udqjh ri prghuq srrov ri Phqgdudp1

Wkh vlpxodwlrq surgxfhg d kljko| khwhurjhqhrxv sdwwhuq ri shdw djhv hyhq wkrxjk djh lqfuhdvhv zlwk ghswk dw
doo orfdwlrqv +Ilj1 43e,1 Wkh vlpxodwhg shdw frpsulvhv iruphu srrov wkdw zhuh iloohg lq dw vrph srlqw dqg uhjlrqv
zkhuh qr srro hyhu h{lvwhg lq wkh 8333 |hdu ghyhorsphqw ri wkhshdwodqg +Ilj1 43d,1 Lq uhjlrqv qhyhu diihfwhg
e| wls0xs hyhqwv/ udglrfduerq djhv lqfuhdvh olqhduo| zlwk ghswk/ exw hovhzkhuh wkh ryhuodsslqj lqioxhqfh ri
iruphu srrov ohdgv wr deuxsw vwhsv lq udglrfduerq djh erwk yhuwlfdoo| dqg krul}rqwdoo|1 Dw wkh vxuidfh ri wkh
vlpxodwhg shdwodqg/ d plqlpxp sursruwlrq ri wkh shdw zdv iruphg lq srrov/ ghhshu lq wkh wrs phwhu/ lq roghu
shdw wkdw kdv kdg pruh wlph wr h{shulhqfh wls0xs hyhqwv/ wklvsursruwlrq lqfuhdvhv1 Ehorz wkh rqh0phwhu ghswk
ri srrov/ shdw lv qr orqjhu diihfwhg e| prghuq wls0xs hyhqwv dqg wkh sursruwlrq ri shdw iruphg lq srrov uhpdlqv
frqvwdqw dw 93( +Ilj1 44d,1 Shukdsv vxusulvlqjo|/ wkh krul}rqwdoo|0dyhudjhg djh grhv qrw lqfuhdvh olqhduo| zlwk
ghswk lq wkh wrs phwhu ehfdxvh ri wkh judglhqw lq wkh sursruwlrq ri shdw iruphg lq srrov +Ilj1 44d,1 Dw wkh yhu|

Iljxuh 43= D, Wkuhh0glphqvlrqdo prgho vlpxodwlrq ri lghdol}hg shdwodqg jurzwk zlwk srro irupdwlrq dqg lqiloolqj +eodfn
vtxduhv, diwhu d 8333 |hdu vlpxodwlrq uxq +wrs,1 Shdw dffxpxodwlrq lv 43 fp2433 |hduv/ srrov duh 4 p ghhs dqg 9 p lq
gldphwhu dqg iloo dw d udwh ri 433 fp2433 |hduv1 Srro irupdwlrq lv vhw dw 73 qhz srrov shu 433 |hduv1 E, Djh glvwulexwlrq
iurp erwwrp wr wrs ri wkh vlpxodwhg shdwodqg +gdun eurzq Ñroghvw od|hu/ |hoorz |rxqjhvw +vxuidfh, od|hu,1 Qrwh wkdw
iruphu srrov duh dozd|v |rxqjhu wkdq wkh vxuurxqglqj shdw od|huv1

Grppdlq hw do1 +vxep1, Iruhvw g|qdplfv dqg wls0xs srrov gulyh fduerq dffxpxodwlrq
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vxuidfh/ wkh judglhqw lq djh pdwfkhv wkh dffxpxodwlrq udwh ehfdxvh wkhuh duh qr srrov1 Ehorz wkh vxuidfh/ djh
lqfuhdvhv pruh vorzo| zlwk ghswk ehfdxvh pruh dqg pruh srrovkdyh shqhwudwhg wkh shdw/ ghsrvlwlqj |rxqj
pdwhuldo/ grzq wr wkh ghswk ri rqh phwhu/ zkhuh qhz srrov fdq qr orqjhu shqhwudwh1 Dw rqh phwhu ghswk/ wkh
dyhudjh djh ri shdw lv ohvv wkdq 4333 |hduv/ wkh wlph wr dffxpxodwh rqh phwhu ri shdw dw wkh dyhudjh udwh/ ehfdxvh
pdq| srrov kdyh shqhwudwhg wkh shdw ryhu wkh frxuvh ri 4333 |hduv uhsodflqj roghu shdw zlwk |rxqjhu pdwhuldo
+Ilj1 44d,1 Ehorz rqh phwhu/ wkh srro ghswk/ wkh dyhudjh djh ri shdw lqfuhdvhv olqhduo| dw wkh udwh ri shdw
dffxpxodwlrq ehfdxvh wkh sursruwlrq ri shdw iruphg lq srrovuhpdlqv frqvwdqw +Ilj1 44d,1

Iljxuh 44= Prgho uhvxowv1 D, Sursruwlrq ri shdw iruphg lq srrov/ yhuwlfdo djh glvwulexwlrq/ dqg dyhudjh shdw dffxpxodwlrq
ryhu ghswk1 E, Djh0ghswk fxuyhv +juhhq/ eoxh, ghulyhg iurp frqwljxrxv gdwlqj ri wzr vlpxodwhg fruhv h{wudfwhg iurp
duelwudu| orfdwlrqv ri wkh prgho grpdlq1 F, Djh0ghswk fxuyhv iurp wkh vdph fruhv dv lq E, exw gdwhg lq 4 p lqwhuydov1
Srro irupdwlrq dqg lqiloolqj hyhqwv ehfrph lqylvleoh dw wklv gdwlqj lqwhuydo1
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Wklv vlpsoh vlpxodwlrq ghprqvwudwhv wzr lpsruwdqw srlqwv1Iluvw/ ehfdxvh ri wkh uhsodfhphqw ri rog e| |rxqj
pdwhuldo lq wls0xs srrov/ wkh dyhudjh udglrfduerq djh ri shdw dw dq| ghswk ehorz wkh vxuidfh lv ohvv wkdq wkh wlph
vlqfh wkh sdohrvxuidfh dw wkdw ghswk zdv lqlwldoo| iruphg1 Vhfrqg/ udglrfduerq djhv lq fruhv pd| eh kljko|
khwhurjhqhrxv dfurvv fruhv ryhu vkruw glvwdqfhv1 Wr looxvwudwh wkh hiihfwv ri wklv khwhurjhqhlw| rq fruh
lqwhusuhwdwlrq/ zh frqvlghuhg wkh djh ri shdw lq wzr k|srwkhwlfdo fruhv h{wudfwhg iurp rxu vlpxodwhg shdwodqg1
Iljxuh 44e vkrzv wkh vlpxodwhg djh ri shdw zlwk ghswk iru wkh wzr fruhv1 Wkh djh lqfuhdvhv olqhduo| dv wkh udwh
ri dffxpxodwlrq lq uhjlrqv zkhuh wkh shdw zdv qrw iruphg lq d srro1 Iloohg0lq srrov dsshdu dv glvfrqwlqxrxv
vhjphqwv zlwk frqvwdqw djh1 Wkhvh djh surilohv fruuhvsrqg wr wkh xquhdolvwlf fdvh zkhuh frqwlqxrxv udglrfduerq
djhv duh dydlodeoh dorqj wkh ixoo ohqjwk ri d fruh1 Lq Iljxuh 44f zh sorw wkh pruh uhdolvwlf fdvh zkhuh
udglrfduerq gdwhv duh wdnhq hyhu| phwhu dorqj wkh fruhv dqg djhv duh lqwhusrodwhg olqhduo| ehwzhhq wkhvh srlqwv1
Djh surilohv zlwk gdwhv dw rqh phwhu lqwhuydov dsshdu wr vkrzvorz fkdqjhv lq dffxpxodwlrq udwh ryhu wlph/
uhvhpeolqj folpdwh vljqdov/ zkhq lq idfw 4, orfdo dffxpxodwlrq udwh fkdqjhg deuxswo| dqg iuhtxhqwo| ehfdxvh
ri wuhh idoov/ dqg 5, wkh ryhudoo dffxpxodwlrq udwh lq wkh shdwodqg zdv frqvwdqw1 Wkh ghulyhg udwhv ri yhuwlfdo shdw
dffxpxodwlrq iurp wkh djh0ghswk prgho ri wkh xquhdolvwlf fdvh lq zklfk djh lv nqrzq frqwlqxrxvo| ryhu wkh
ohqjwk ri wkh fruh/ fruuhvsrqg wr odqgvfdsh0vfdoh dffxpxodwlrq udwhv rqo| lq sruwlrqv ri wkh fruh qhyhu diihfwhg
e| wls0xs hyhqwv1 Wkxv/ wls0xs srrov fuhdwh orfdo shuwxuedwlrqv lq udglrfduerq djh judglhqwv lq fruhv wkdw gr qrw
fruuhvsrqg wr uhjlrqdo fkdqjhv lq shdw dffxpxodwlrq udwhv1

Wkh iuhtxhqw irupdwlrq ri wls0xs srrov ryhu wlph dfurvv d shdw grph kdv lpsruwdqw lpsolfdwlrqv iru
lqwhusuhwdwlrq ri fruh uhfrugv iurp wurslfdo shdwodqgv1 Deuxsw lqfuhdvhv lq orfdo dssduhqw shdw dffxpxodwlrq udwh
diwhu wls0xs hyhqwv vkrxog eh iuhtxhqwo| irxqg lq fruhv iurpshdwodqgv zlwk odujh0vwdwxuhg wuhhv1 Hdfk wls0xs
hyhqw diihfwlqj d fruh orfdwlrq fdq jhqhudwh d whpsrudo jds +kldwxv, dqg d vxevhtxhqw lqfuhdvh lq dssduhqw
dffxpxodwlrq udwh1 Gdwlqj ri fruhv dw 4 p ru odujhu ghswk lqwhuydov olnho| uhvxow lq vprrwkhg orfdo dffxpxodwlrq
uhfrugv wkdw idlo wr fdswxuh wkh ixoo udqjh lq yduldwlrqv ri fduerq dffxpxodwlrq udwhv lq wkhvh kljko| g|qdplf
v|vwhpv +Ilj1 44f,1 Prvw dydlodeoh gdwhg shdw fruhv iurp frdvwdo zhvwhuq Eruqhr duh gdwhg dw odujh yhuwlfdo
lqwhuydov +Ilj1 45,1 Wkh dssduhqw shdw dffxpxodwlrq udwhv revhuyhg lq fruh PGP4405D vsdq doprvw wkh hqwluh
udqjh ri dssduhqw udwhv iurp fruhv lq frdvwdo zhvwhuq Eruqhr/ ehfdxvh lwv qduurz gdwlqj lqwhuydo fdswxuhv erwk
vorz dqg udslg dffxpxodwlrq skdvhv1 Wkh uhprydo ri shdw dqg lwv udslg uhsodfhphqw lq wls0xs srrov/ lq dgglwlrq
wr wkh lqfrusrudwlrq ri odujh slhfhv ri zrrg lq wurslfdo shdw/ pdnhv lqihuhqfh ri folpdwlf vljqdov iurp wurslfdo
shdw fruhv ghhso| fkdoohqjlqj1 Erwk odujhu qxpehuv ri fruhviru krul}rqwdo vdpsolqj dqg ilqhu yhuwlfdo uhvroxwlrq
lq udglrfduerq gdwhv wkdq duh fxuuhqwo| wkh qrup zloo eh uhtxluhg wr xvh wurslfdo shdw fruhv frqilghqwo| wr
hvwlpdwh odqgvfdsh vfdoh yduldwlrqv lq sdvw udwhv ri fduerqdffxpxodwlrq1
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Iljxuh 45= Djh0ghswk sorw lqwhufrpsdulvrq ri frdvwdo shdw grphv iurp zhvwhuq Eruqhr1 Wkh fruh orfdwlrqv ri Phqgdudp
wr Pduxgl duh vkrzq lq Ilj1 6 dqg wkrvh ri wkh Udmdqj Ghowd/ Whoxn Nhudpdw/ dqg Udvdx Md|d lq Ilj1 41 Qrwh wkh jhqhudoo|
odujh gdwlqj lqwhuydov dqg srvvleo| vprrwkhg dffxpxodwlrquhfrugv lq frpsdulvrq wr fruh PGP4405D1 Gdwd vrxufhv duh
Wlh +4<<3, dqg Grppdlq hw do1 +5344,1
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91 Frqfoxvlrqv

Wurslfdo shdwodqgv suhvhqw pdq| fkdoohqjhv iru uhfrqvwuxfwlqj sdvw fduerq g|qdplfv ehfdxvh ri wkhlu lqkhuhqw
gliilfxowlhv zlwk uhvshfw wr ilhog dffhvv/ fruh uhfryhu|/ udglrfduerq gdwlqj/ dqg dqdo|wlfdo phdvxuhphqwv1
Krzhyhu/ e| dsso|lqj pruh0dgydqfhg dqg qrq0lqydvlyh phwkrgv lw zdv srvvleoh wr uhvroyh ilqh0vfdoh yduldwlrqv
lq wkh udwhv ri fduerq dffxpxodwlrq ryhu wkh sdvw 5;33 |hduv iru d grphg Vkruhd doelgdshdwodqg lq Euxqhl
+Eruqhr,1 Uhfrqvwuxfwhg udwhv ri fduerq dffxpxodwlrq zhuhodujho| frqwuroohg e| orfdo glvwxuedqfh hyhqwv/
iruhvw sdwfk g|qdplfv dqg yhjhwdwlrq fkdqjhv1 Iruhvw glvwxuedqfh ohg wr yduldwlrqv lq wkh udwhv ri fduerq
dffxpxodwlrq wkdw zhuh dq rughu ri pdjqlwxgh kljkhu rq ghfdgdo wr fhqwhqqldo wlphvfdohv wkdq wkrvh suhylrxvo|
uhsruwhg e| lqwhudqqxdo ru ploohqqldo0vfdoh prlvwxuh fkdqjhv +Kludqr hw do1 5345/ Grppdlq hw do1 5347,1 Orfdo
wls0xs srrov vwurqjo| frqwuro wkh fduerq dffxpxodwlrq klvwru| ghulyhg iurp d vlqjoh shdw fruh1 Ghflskhulqj wkh
folpdwlf lqioxhqfh rq odqgvfdsh0vfdoh fduerq dffxpxodwlrq udwhv lv wkhuhiruh olplwhg wr orqj wlphvfdohv +l1h1
ploohqqld, dqg zloo uhtxluh wkh dqdo|vlv ri d udqjh ri shdw fruhv wr uhgxfh orfdo dffxpxodwlrq vljqdov1

Wuhh0idoo dqg iluh gliihu lq wkhlu elrjhrfkhplfdo frqvhtxhqfhv dqg vsdwldo h{whqw1 Wuhh idoo dqg dvvrfldwhg
irupdwlrq ri wls0xs srrov lv dq lqwhjudo frpsrqhqw ri wkh hfrv|vwhp ixqfwlrqlqj ri wurslfdo iruhvwhg shdwodqgv/
zkhuhdv iruhvw iluhv zhuh h{wuhpho| uduh dqg xqghu qdwxudo frqglwlrqv vsdwldoo| uhvwulfwhg1 Wkh Phqgdudp fruh
frqilupv wkh k|srwkhvlv ri Vwdxe dqg Jdvwdogr +4<<<, wkdw srrov shuplw udslg olwwhu ghsrvlwlrq dqg suhvhuydwlrq/
exw dovr shupdqhqw zrrg exuldo1 Khqfh/ wls0xs srrov fuhdwh orfdol}hg krw0vsrwv iru fduerq dffxpxodwlrq lq
zklfk deryh jurxqg sodqw elrpdvv lv udslgo| dqg h{fhswlrqdoo| wudqvihuuhg lqwr wkh vrlo fduerq uhvhuyrlu1 Wkh
fduerq g|qdplfv ri wkhvh wurslfdo wls0xs srrov duh wkhuhiruh ixqgdphqwdoo| gliihuhqw iurp wkdw ri srrov lq
qruwkhuq shdwodqgv/ zklfk ixqfwlrq dv lpsruwdqw vrxufhv ridwprvskhulf fduerq +h1j1 Kdplowrq hw do1 4<<7/
Shoohwlhu hw do1 5347,1 Wkh irupdwlrq ri srrov wkurxjk wuhh idoov dqg wkhlu udslg lqiloolqj lv d qhzo| uhfrjql}hg
phfkdqlvp wkdw frqwulexwhv wr wkh kljk udwhv ri fduerq dffxpxodwlrq fkdudfwhulvwlf iru wkh frdvwdo shdw grphv
ri Vrxwkhdvw Dvld +Grppdlq hw do1 5344, dqg h{sodlqv wkhlu h{wuhpho| khwhurjhqhrxv shdw ghsrvlwv ulfk lq ghqvh
zrrg1 Wklv shdw dffxpxodwlrq phfkdqlvp lv olnho| dovr frpprq lq rwkhu htxdwruldo iruhvwhg shdwodqgv1

:1 Dfnqrzohgjhphqwv

Wklv uhvhdufk zdv vxssruwhg e| d uhvhdufk judqw iurp wkh Lqvwlwxwh iru Vxvwdlqdeoh Ghyhorsphqw ri Odqgvfdshv
ri wkh Hduwk +Gxhqh h1Y1, Juhlivzdog wr Uhq• Grppdlq/ wkh Qdwlrqdo Uhvhdufk Irxqgdwlrq Vlqjdsruh wkurxjk
wkh Vlqjdsruh PLWDooldqfh iru Uhvhdufk dqg Whfkqrorj|*v Fhqwhu iru Hqylurqphqwdo Vhqvlqj dqg Prgholqj
lqwhuglvflsolqdu| uhvhdufk surjudp/ dqg e| QVI judqwv 4447488 dqg 4447494 jlyhq wr Fkduohv Kduyh|1 Zh
wkdqn Pu1 Pdkpxg \xvvri ri Euxqhl Khduw ri Eruqhr Fhqwuh dqg Kdmdk Mdplodk Mdolo dqg Pu1 Mriiuh Dol Dkpdg
ri wkh Euxqhl Iruhvwu| Ghsduwphqw iru wkhlu vxssruw ri wklv surmhfw1 Zh dssuhfldwh wkh khos ri Ehuqdug Mxq Orqj
Qj/ Udkd|x Vxnpduld elqwl Kdml Vxnul/ Mdqjduxq Hul/ Zdwx elqDzrn/ D}odq Sdqgdl/ Urvldlgl Pxuhk/ dqg
Pxkdppdg Zdilxgglq ]dlqdo Duliilq lq froohfwlqj shdw fruhvxqghu gliilfxow frqglwlrqv1 Wkh OdfFruh idflolw|
dw wkh Xqlyhuvlw| ri Plqqhvrwd/ lq sduwlfxodu Dp| P|uer/ Nulvwlqd Eudg|/ dqg U|dq RÖJudg| duh judwhixoo|
dfnqrzohgjhg iru hqdeolqj fruh vwrudjh dqg dqdo|vlv dv zhoodv iru wkhlu dqdo|wlfdo dqg whfkqlfdo vxssruw1 Zh
dovr wkdqn Ddurq ÕZdoo|ÖOlqjzdoo iru surgxflqj wkh [0ud| udglrjudskv dqg Vdelqh Nhoo iru suhsdulqj sroohq
dqg F0Q vdpsohv1 Shwhu Nœqlj nlqgo| khoshg zlwk pdfurirvvlolghqwlilfdwlrq dqg Hg Fxvklqj zlwk sroohq
dqdo|vlv1 Ruljlqdo gdwd duh dydlodeoh iurp wkh iluvw dxwkru1

Odwh Txdwhuqdu| Fduerq F|folqj ri Vrxwkhdvw Dvldq shdwodqgv 0 Sdshu LLL
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Uhihuhqfhv

DeuŠprii/ P1G1/ Pdjdok•hv/ S1M1 ) Udp/ V1M1 +5337, Lpdjh surfhvvlqj zlwk LpdjhM1Elrskrwrqlfv
lqwhuqdwlrqdo/ 44/ 69Ñ761
Dqghuvrq/ M1D1U1 +4<94d,Wkh hfrorj| dqg iruhvw w|shv ri wkh shdw vzdps iruhvwv ri Vdudzdn dqg Euxqhl lq
uhodwlrq wr wkhlu vloylfxowxuh1 Grfwrudo glvvhuwdwlrq/ Xqlyhuvlw| ri Hglqexujk/ X1N1
Dqghuvrq/ M1D1U1 +4<94e, Wkh ghvwuxfwlrq ri Vkruhd doelgd iruhvw e| dq xqlghqwlilhg lqvhfw1Hpsluh Iruhvwu|
Uhylhz/ 73/ 4<Ñ5<1
Dqghuvrq/ M1D1U1 +4<96, Wkh iorud ri wkh shdw vzdps iruhvwv ri Vdudzdn dqg Euxqhl/ lqfoxglqj d fdwdorjxh ri
doo uhfrughg vshflhv ri iorzhulqj sodqwv/ ihuqv dqg ihuq doolhv1Jdughqv Exoohwlq/ Vlqjdsruh/ 53/ 464Ñ55;1
Dqghuvrq/ M1D1U1 +4<97, Revhuydwlrqv rq folpdwlf gdpdjh lqshdw vzdps iruhvw lq Vdudzdn1Frpprqzhdowk
Iruhvwu| Uhylhz/ 76/ 478Ñ48;1
Dqghuvrq/ M1D1U1 +4<99, D qrwh rq wzr wuhh iluhv fdxvhg e| oljkwqlqj lq Vdudzdn1Pdod| Iruhvwhu/ 5</ 4;Ñ531
Dqghuvrq/ M1D1U1 +4<;6, Wkh wurslfdo shdw vzdpsv ri zhvwhuqPdohvld1 Lq= Jruh/ D1M1S1 +hgv1,Hfrv|vwhpv ri
wkh Zruog 7E1 Pluhv= Vzdps/ Erj/ Ihq dqg Prru1 Uhjlrqdo Vwxglhv1 Hovhylhu/ Dpvwhugdp/ Qhz \run/ ss1
4;4Ñ4<<1
Dqghuvrq/ M1D1U1 ) Pxoohu/ M1 +4<:8, Sdo|qrorjlfdo vwxg| rid Krorfhqh shdw dqg d Plrfhqh frdo ghsrvlw iurp
QZ Eruqhr1Uhylhz ri Sdodhrerwdq| dqg Sdo|qrorj|/ 4</ 5<4Ñ6841
Dqghuvrq/ M1P1/ Surfwru/ M1 ) Ydoodfn/ K1Z1 +4<;6, Hfrorjlfdo vwxglhv lq irxu frqwudvwlqj orzodqg udlq iruhvwv
lq Jxqxqj Pxox Qdwlrqdo Sdun/ Vdudzdn= LLL1 Ghfrpsrvlwlrq surfhvvhv dqg qxwulhqw orvvhv iurp ohdi olwwhu1
Mrxuqdo ri Hfrorj|/ :4/ 836Ñ85:1
Dvkwrq/ S1V1 +4<97,D pdqxdo ri wkh Glswhurfdus wuhhv ri Euxqhl Vwdwh1 R{irug Xqlyhuvlw| Suhvv1
Edloolh/ L1F1/ Dvkwrq/ S1V1/ Fklq/ V1S1/ Gdylhv/ V1M1/ Sdoplrwwr/ S1D1/ Uxvvr/ V1H1 ) Wdq/ V1 +5339, Vsdwldo
dvvrfldwlrqv ri kxpxv/ qxwulhqwv dqg vrlov lq pl{hg glswhurfdus iruhvw dw Odpelu/ Vdudzdn/ Pdod|vldq Eruqhr1
Mrxuqdo ri Wurslfdo Hfrorj|/ 55/ 876Ñ8861
Edlug/ D1M1/ Eho|hd/ O1U1E1/ Frpdv/ [1/ Uhhyh/ D1V1 ) Vodwhu/ O1G1 +533<,Fduerq f|folqj lq qruwkhuq
shdwodqgv1 Jhrsk|vlfdo Prqrjudskv yro1 4;71 DJX/ Zdvklqjwrq/ G1F1
Eduwkhophv/ D1/ Sudjhu/ D1 ) Mrrvwhq/ K1 +5339, Sdodhrhfrorjlfdo dqdo|vlv ri Doqxv zrrg shdwv zlwk vshfldo
dwwhqwlrq wr qrq0sroohq sdo|qrpruskv1Uhylhz ri Sdodhrerwdq| dqg Sdo|qrorj|/ 474/ 66Ñ841
Ehvw/ D1L1 ) Jxqq/ G1H1 +4<<<, Fdoleudwlrq ri pdulqh vhglphqw fruh orjjhuv iru txdqwlwdwlyh dfrxvwlf
lpshgdqfh vwxglhv1Pdulqh Jhrorj| / 493/ 46:Ñ4791
Eurzq/ W1D1/ Iduzhoo/ J1Z1/ Jurrwhv/ S1P1 ) Vfkplgw/ I1K1 +4<<5, Udglrfduerq DPV gdwlqj ri sroohq
h{wudfwhg iurp shdw vdpsohv1Udglrfduerq/ 67/ 883Ñ8891
Eu¡qlj/ H1I1 +4<97, D vwxg| ri gdpdjh dwwulexwhg wr oljkwqlqj lq wzr duhdv ri Vkruhd doelgd iruhvw lq Vdudzdn1
Frpprqzhdowk Iruhvwu| Uhylhz/ 76/ 467Ñ4771
Eu¡qlj/ H1I1 +4<:4, Rq wkh hfrorjlfdo vljqlilfdqfh ri gurxjkw lq wkh htxdwruldo zhw hyhujuhhq +udlq, iruhvw ri
Vdudzdn +Eruqhr,1 Lq= Iohqoh|/ M1U1 +hg1,Wudqvdfwlrqv ri wkh 4vw v|psrvlxp rq Pdohvldq hfrorj|1 Ghsduwphqw
ri Jhrjudsk|/ Plvfhoodqhrxv Vhulhv Qr1 44/ Xqlyhuvlw| ri Kxoo/ X1N1/ ss1 99Ñ;;1
Eu¡qlj/ H1I1 +4<:6, Vrph ixuwkhu hylghqfh rq wkh dprxqw ri gdpdjh dwwulexwhg wr oljkwqlqj dqg zlqg0wkurz
lq Vkruhd doelgd0iruhvw lq Vdudzdn1Frpprqzhdowk Iruhvwu| Uhylhz/ 85/ 593Ñ5981
Euxhqlj/ H1I1 +4<<3, Roljrwursklf iruhvwhg zhwodqgv lq Eruqhr1 Lq= Oxjr/ D1H1/ Eulqvrq/ P1 ) Eurzq/ V1 +hgv1,
Hfrv|vwhpv ri wkh Zruog 481 Iruhvwhg Zhwodqgv1 Hovhylhu/ Dpvwhugdp/ R{irug/ Qhz \run/ Wrn|r/ ss1
5<<Ñ6671
Exujkrxwv/ W1/ Huqvwlqj/ J1/ Nruwkdov/ J1 ) Yulhv/ W1G1 +4<<5, Olwwhuidoo/ ohdi olwwhu ghfrpsrvlwlrq dqg olwwhu
lqyhuwheudwhv lq sulpdu| dqg vhohfwlyho| orjjhg glswhurfdus iruhvw lq Vdedk/ Pdod|vld1Sklorvrsklfdo
Wudqvdfwlrqv= Elrorjlfdo Vflhqfhv/ 668/ 73:Ñ7491
Fdolqh/ E1 ) Kxrqj/ M1 +4<<5, Qhz lqvljkw lqwr wkh uhfhqw hyroxwlrq ri wkh Edudp Ghowd iurp vdwhoolwh lpdjhu|1
Exoohwlq Jhrorjlfdo Vrflhw| Pdod|vld/ 65/ 4Ñ461
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Fdphurq/ F1F1/ Hvwhuoh/ M1V1 ) Sdophu/ F1D1 +4<;<, Wkh jhrorj|/ erwdq| dqg fkhplvwu| ri vhohfwhg shdw0
iruplqj hqylurqphqwv iurp whpshudwh dqg wurslfdo odwlwxghv1Lqwhuqdwlrqdo Mrxuqdo ri Frdo Jhrorj|/ 45/
438Ñ4891
Fkdupdq/ G1M1/ Ehlopdq/ G1Z1/ Eoddxz/ P1/ Errwk/ U1N1/ Euhzhu/ V1/ Fkdpehuv/ I1P1/ Fkulvwhq/ M1D1/ Jdoohjr0
Vdod/ D1/ Kduulvrq/ V1S1/ Kxjkhv/ S1G1P1/ Mdfnvrq/ V1W1/ Nrukrod/ D1/ Pdxtxr|/ G1/ Plwfkhoo/ I1M1J1/ Suhqwlfh/
L1F1/ ydq ghu Olqghq/ P1/ Gh Yohhvfkrxzhu/ I1/ \x/ ]1F1/ Dop/M1/ Edxhu/ L1H1/ Frulvk/ \1P1F1/ Jduqhdx/ P1/
Krko/ Y1/ Kxdqj/ \1/ Ndurihog/ H1/ Oh Urx{/ J1/ Orlvho/ M1/ Prvfkhq/ U1/ Qlfkrov/ M1H1/ Qlhplqhq/ W1P1/
PdfGrqdog/ J1P1/ Skdgwduh/ Q1U1/ Udxvfk/ Q1/ Vloodvrr/ ˆ1/Vzlqgohv/ J1W1/ Wxlwwlod/ H1V1/ Xnrqpddqdkr/ O1/
YŒoludqwd/ P1/ ydq Ehoohq/ V1/ ydq Jhho/ E1/ Ylww/ G1 K1 ) ]kdr/ \1 +5346, Folpdwh0uhodwhg fkdqjhv lq shdwodqg
fduerq dffxpxodwlrq gxulqj wkh odvw ploohqqlxp1Elrjhrvflhqfhv / 43/ <5<Ñ<771
Fo|pr/ U1V1 +4<;6, Shdw1 Lq= Jruh/ D1M1S1 +hg1,Hfrv|vwhpv ri wkh Zruog 7D1 Pluhv= Vzdps/ Erj/ Ihq dqg
Prru1 Jhqhudo Vwxglhv1 Hovhylhu/ Dpvwhugdp/ Qhz \run/ ss1 48<Ñ557/
Free/ N1P1/ Dgnlqv/ M1I1/ Sduwlq/ M1Z1 ) Fodun/ E1 +533:, Uhjlrqdo0vfdoh folpdwh lqioxhqfhv rq whpsrudo
yduldwlrqv ri udlqzdwhu dqg fdyh gulszdwhu r{|jhq lvrwrshvlq qruwkhuq Eruqhr1Hduwk dqg Sodqhwdu| Vflhqfh
Ohwwhuv/ 596/ 53:Ñ5531
Frqur|/ M1O1/ Ryhushfn/ M1W1/ Froh/ M1H1/ Vkdqdkdq/ W1P1 ) Vwhlqlw}0Ndqqdq/ P1 +533;, Krorfhqh fkdqjhv lq
hdvwhuq wurslfdo Sdflilf folpdwh lqihuuhg iurp d Jdo‰sdjrvodnh vhglphqw uhfrug1Txdwhuqdu| Vflhqfh Uhylhzv/
5:/ 4499Ñ44;31
Frxzhqehuj/ M1 ) Mrrvwhq/ K1 +5338, Vhoi0rujdqlvdwlrq lq udlvhg erj sdwwhuqlqj= Wkh ruljlq ri plfurwrsh
}rqdwlrq dqg phvrwrsh glyhuvlw|1Mrxuqdo ri Hfrorj|/ <6/ 456;Ñ457;1
Frxzhqehuj/ M1/ Grppdlq/ U1 ) Mrrvwhq/ K1 +5343, Juhhqkrxvhjdv àx{hv iurp wurslfdo shdwodqgv lq vrxwk0
hdvw Dvld1Joredo Fkdqjh Elrorj| / 49/ 4:48Ñ4:651
Gdylgvrq/ H1D1/ Wuxperuh/ V1H1 ) Dpxqgvrq/ U1 +5333, Elrjhrfkhplvwu| Ñ Vrlo zduplqj dqg rujdqlf fduerq
frqwhqw1Qdwxuh/ 73;/ :;<Ñ:<31
Ghdq/ Z1H1/ Mu1 +4<:7, Ghwhuplqdwlrq ri fduerqdwh dqg rujdqlf pdwwhu lq fdofduhrxv vhglphqwv dqg vhglphqwdu|
urfnv e| orvv rq ljqlwlrq= Frpsdulvrq zlwk rwkhu phwkrgv1Mrxuqdo ri Vhglphqwdu| Shwurorj|/ 77/ 575Ñ57;1
Glhprqw/ Z1K1 ) Vxsdugl +4<;:, Dffxpxodwlrq ri rujdqlf pdwwhu dqg lqrujdqlf frqvwlwxhqwv lq d shdw grph
lq Vxpdwud/ Lqgrqhvld1 Lq=Lqwhuqdwlrqdo Shdw Vrflhw| V|psrvlxp rq Wurslfdo Shdw dqg Shdwodqgv iru
Ghyhorsphqw/ \rj|dnduwd/ Lqgrqhvld/ Iheuxdu| <047/ 4<;:/ Devwudfwv/ ss1 9<;Ñ:3;1
Grppdlq/ U1/ Frxzhqehuj/ M1 ) Mrrvwhq/ K1 +5343, K|gurorjlfdo vhoi0uhjxodwlrq ri grphg shdw vzdpsv lq
vrxwk0hdvw Dvld dqg frqvhtxhqfhv iru frqvhuydwlrq dqg uhvwrudwlrq1Pluhv ) Shdw/ 9 +38,1 4Ñ4:1
Grppdlq/ U1/ Frxzhqehuj/ M1 ) Mrrvwhq/ K1 +5344, Ghyhorsphqw dqg fduerq vhtxhvwudwlrq ri wurslfdo shdw
grphv lq Vrxwkhdvw Dvld= Olqnv wr srvw0jodfldo vhd0ohyho fkdqjhv dqg Krorfhqh folpdwlf yduldelolw|1Txdwhuqdu|
Vflhqfh Uhylhzv/ 63/ <<<Ñ43431
Grppdlq/ U1/ Frxzhqehuj/ M1/ Jodvhu/ S1K1/ Mrrvwhq/ K1 ) Vxu|dglsxwud/ L1Q1Q1 +5347, Fduerq vwrudjh dqg
uhohdvh lq Lqgrqhvldq shdwodqgv vlqfh wkh odvw ghjodfldwlrq1Txdwhuqdu| Vflhqfh Uhylhzv/ <:/ 4Ñ651
Grqdwr/ G1F1/ Ndxiipdq/ M1E1/ Pxugl|duvr/ G1/ Nxuqldqwr/ V1/ Vwlgkdp/ P1 ) Ndqqlqhq/ P1 +5344, Pdqjuryhv
dprqj wkh prvw fduerq0ulfk iruhvwv lq wkh wurslfv1Qdwxuh Jhrvflhqfh/ 7/ 5<6Ñ5<:1
Hvwhuoh/ M1 ) Ihup/ M1F1 +4<<7, Vsdwldo yduldelolw| lq prghuq wurslfdo shdw ghsrvlwv iurp Vdudzdn/ Pdod|vld
dqg Vxpdwud/ Lqgrqhvld= dqdorjxhv iru frdo1Lqwhuqdwlrqdo Mrxuqdo ri Frdo Jhrorj|/ 59/ 4Ñ741
Idhjul/ N1 ) Lyhuvhq/ M1 +4<;<,Wh{werrn ri Sroohq Dqdo|vlv1 Zloh|/ Qhz \run1
Ixuxndzd/ K1 +4<;;, Vwudwljudsklf dqg jhrprusklf vwxglhv ri shdw dqg jldqw srg}rov lq Euxqhl= L1 Shdw1
Shgrorjlvw/ 65/ 59Ñ751
Jdqgrlv/ O1/ Whlvvhuhqf/ U1/ Free/ D1U1/ Fklhqj/ K1L1/ Olp/O1E1O1/ Ndpduldk/ D1V1/ Kr|w/ D1 ) Kduyh|/ F1I1
+5347, Ruljlq/ frpsrvlwlrq/ dqg wudqvirupdwlrq ri glvvroyhg rujdqlf pdwwhu lq wurslfdo shdwodqgv1Jhrfklplfd
hw Frvprfklplfd Dfwd/ 46:/ 68Ñ7:1
Jdvwdogr/ U1D1 ) M1U1 Vwdxe +4<<<, D phfkdqlvp wr h{sodlq wkhsuhvhuydwlrq ri ohdi olwwhu ohqvhv lq frdov
ghulyhg iurp udlvhg pluhv1Sdodhrjhrjudsk|/ Sdodhrfolpdwrorj|/ Sdodhrhfrorj|/ 47</ 4Ñ471

Odwh Txdwhuqdu| Fduerq F|folqj ri Vrxwkhdvw Dvldq shdwodqgv 0 Sdshu LLL



446

Jodvhu/ S1K1/ Yrolq/ M1F1/ Jlyqlvk/ W1M1/ Kdqvhq/ E1 ) Vwulfnhu/ F1D1 +5345, Fduerq dqg vhglphqw dffxpxodwlrq
lq wkh Hyhujodghv +XVD, gxulqj wkh sdvw 7333 |hduv= Udwhv/ gulyhuv/ dqg vrxufhv ri huuru1Mrxuqdo ri
Jhrsk|vlfdo Uhvhdufk= Elrjhrvflhqfhv/ 44:/ J36359/ grl=431435<25344MJ334;541
Kdplowrq/ M1G1/Nhoo|/ F1D1/ Uxgg/ M1Z1P1/ Khvvohlq/ U1K1 )Q1W1 Urxohw +4<<7, Iox{ wr wkh dwprvskhuh ri
FK7 dqg FR5 iurp zhwodqg srqgv rq wkh Kxgvrq Ed| orzodqgv +KEOv,1Mrxuqdo ri Jhrsk|vlfdo Uhvhdufk/
<<+G4,/ 47<8Ñ4843/ grl=431435<2<6MG363531
Kludqr/ W1/ Vhjdk/ K1/ Nxvlq/ N1/ Olplq/ V1/ Wdndkdvkl/ K1 ) Rvdnl/ P1 +5345, Hiihfwv ri glvwxuedqfhv rq wkh
fduerq edodqfh ri wurslfdo shdw vzdps iruhvwv1Joredo Fkdqjh Elrorj| / 4;/ 6743Ñ67551
Mdphv/ G1P1G1 +4<;7,Wkh Jhrorj| dqg K|gurfduerq Uhvrxufhv ri Qhjdud Euxqhl Gduxvvdodp1 Px}lxp
Euxqhl dqg Euxqhl Vkhoo Shwurohxp Frpsdq| Ehukdg/ Edqgdu Vhul Ehjdzdq1
Nloldq/ P1U1/ ydq Jhho/ E1 ) ydq ghu Solfkw/ M1 +5333, 47F DPV zljjoh pdwfklqj ri udlvhg erj ghsrvlwv dqg
prghov ri shdw dffxpxodwlrq1Txdwhuqdu| Vflhqfh Uhylhzv/ 4</ 4344Ñ43661
Nqruu/ Z1/ Suhqwlfh/ L1F1/ Krxvh/ M1L1 ) Kroodqg/ H1D1 +5338, Orqj0whup vhqvlwlylw| ri vrlo fduerq wxuqryhu wr
zduplqj1 Qdwxuh/ 766/ 5<;Ñ6341
Nkr/ O1N1/ Pdokl/ \1 ) Wdq/ V1N1V1 +5346, Dqqxdo exgjhw dqg vhdvrqdo yduldwlrq ri deryhjurxqg dqg
ehorzjurxqg qhw sulpdu| surgxfwlylw| lq d orzodqg glswhurfdus iruhvw lq Eruqhr1Mrxuqdo ri Jhrsk|vlfdo
Uhvhdufk= Elrjhrvflhqfhv/ 44;/ 45;5Ñ45<91
Orwwhv/ D1O1 ) ]lhjohu/ D1P1 +4<<7, Zruog shdw rffxuuhqfh dqg wkh vhdvrqdolw| ri folpdwh dqg yhjhwdwlrq1
Sdodhrjhrjudsk|/ Sdodhrfolpdwrorj|/ Sdodhrhfrorj|/ 439/ 56Ñ6:1
Pdr/ O1/ Edwwhq/ G1M1/ Ixmlnl/ W1/ Ol/ ]1/ Gdl/ O1 ) Zhqj/ F1 +5345, Nh| wr pdqjuryh sroohq dqg vsruhv ri
vrxwkhuq Fklqd= dq dlg wr sdo|qrorjlfdo lqwhusuhwdwlrq ri Txdwhuqdu| ghsrvlwv lq wkh Vrxwk Fklqd Vhd1Uhylhz
ri Sdodhrerwdq| dqg Sdo|qrorj|/ 4:9/ 74Ñ9:1
Pdxtxr|/ G1/ Hqjhonhv/ W1/ Jurrw/ P1K1P1/ Pdunhvwhlmq/ I1/Rxghmdqv/ P1J1/ ydq ghu Solfkw/ M1 ) ydq Jhho/
E1 +5335, Kljk0uhvroxwlrq uhfrugv ri odwh0Krorfhqh folpdwh fkdqjh dqg fduerq dffxpxodwlrq lq wzr qruwk0
zhvw Hxurshdq rpeurwursklf shdw erjv1Sdodhrjhrjudsk|/ Sdodhrfolpdwrorj|/ Sdodhrhfrorj|/ 4;9/ 5:8Ñ6431
Pdxu|/ J1/ Pxoohu/ M1 ) Oxjdugrq/ E1 +4<:8, Qrwhv rq wkh pruskrorj| dqg ilqh vwuxfwxuh ri wkh h{lqh ri vrph
sroohq w|shv lq Glswhurfdusdfhdh1Uhylhz ri Sdodhrerwdq| dqg Sdo|qrorj|/ 4</ 574Ñ5;<1
PfOdxfkodq/ N1N1/ Kljxhud/ S1H1/ Jdylq/ G1J1/ Shudnlv/ V1V1/ Pdfn/ P1F1/ Doh{dqghu/ K1/ Edwwohv/ M1/ Elrqgl/
I1/ Expd/ E1/ Frorpedurol/ G1/ Hqghuv/ V1N1/ Hqjvwurp/ G1U1/ Kx/ I1V1/ Pduorq/ M1U1/ Pduvkdoo/ M1/ PfJorqh/
P1/ Pruulv/ M1O1/ Qdyh/ O1H1/ Vkxpdq/ E1/ Vplwkzlfn/ H1D1K1/ Xuuhjr/ G1K1/ Zdugoh/ G1D1/ Zlooldpv F1M1 )
Zlooldpv M1M1 +5347, Uhfrqvwuxfwlqj glvwxuedqfhv dqg wkhlu elrjhrfkhplfdo frqvhtxhqfhv ryhu pxowlsoh
wlphvfdohv/ElrVflhqfh / [[/ 4Ñ45/ grl=43143<62elrvfl2elw34:1
Plhwwlqhq/ M1/ Vkl/ F1 ) Olhz/ V1F1 +5345, Wzr ghfdghv ri ghvwuxfwlrq lq Vrxwkhdvw Dvld*v shdw vzdps iruhvwv1
Iurqwlhuv lq Hfrorj| dqg wkh Hqylurqphqw/ 43/ 457Ñ45;1
Pruoh|/ U1M1 +4<;4, Ghyhorsphqw dqg yhjhwdwlrq g|qdplfv rid orzodqg rpeurjhqrxv shdw vzdps lq
Ndolpdqwdq Whqjdk/ Lqgrqhvld1Mrxuqdo ri Elrjhrjudsk| / ;/ 6;6Ñ7371
Pxuud|/ D1S1/ Hgzdugv/ G1/ Krsh/ M1P1/ Eruhkdp/ F1M1/ Errwk/ Z1H1/ Doh{dqghu/ U1D1 ) Vxpprqv/ U1H1
+4<<;, Fduerq lvrwrsh elrjhrfkhplvwu| ri sodqw uhvlqv dqg ghulyhg k|gurfduerqv1Rujdqlf Jhrfkhplvwu| / 5</
44<<Ñ45471
Qhx}lo/ V1J1 +4<<:, Rqvhw dqg udwh ri shdw dqg fduerq dffxpxodwlrq lq irxu grphg rpeurjhqrxv shdw
ghsrvlwv/ Lqgrqhvld1 Lq= Ulhoh|/ M1R1 ) Sdjh/ V1H1 +hgv1,Elrglyhuvlw| dqg Vxvwdlqdelolw| ri Wurslfdo Shdwodqgv1
Vdpdud/ Fdugljdq/ ss1 88Ñ:51
Sdjh/ V1H1/ Z¡vw/ U1D1M1/ Zhlvv/ G1/ Ulhoh|/ M1R1/ Vkrw|n/ Z1 ) Olplq/ V1K1 +5337, D uhfrug ri Odwh
Sohlvwrfhqh dqg Krorfhqh fduerq dffxpxodwlrq dqg folpdwh fkdqjh iurp dq htxdwruldo shdw erj +Ndolpdqwdq/
Lqgrqhvld,= Lpsolfdwlrqv iru sdvw/ suhvhqw dqg ixwxuh fduerq g|qdplfv1 Mrxuqdo ri Txdwhuqdu| Vflhqfh/ 4</
958Ñ9681
Sdov/ M1S1/ ydq Jhho/ E1 ) Ghoirv/ D1 +4<;3, Sdohrhfrorjlfdovwxglhv lq wkh Nornnhzhho erj qhdu Krrjnduvsho
+sury1 ri Qrrug0Kroodqg,1Uhylhz ri Sdodhrerwdq| dqg Sdo|qrorj|/ 63/ 6:4Ñ74;1
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Shoohwlhu/ O1/ Vwudfkdq/ L1E1/ Jduqhdx/ P1 ) Urxohw/ Q1W1 +5347, Fduerq uhohdvh iurp eruhdo shdwodqg rshq
zdwhu srrov= Lpsolfdwlrq iru wkh frqwhpsrudu| F h{fkdqjh1Mrxuqdo ri Jhrsk|vlfdo Uhvhdufk= Elrjhrvflhqfhv/
44</ 53:Ñ5551
Srodn/ H1 +4<66, Xhehu Wrui xqg Prru lq QlhghuoŒqglvfk Lqglhq1Yhukdqgholqjhq ghu Nrqlqnolmnh Dfdghplh
ydq Zhwhqvfkdsshq wh Dpvwhugdp/ Dighholqj Qdwxxunxqgh +wzhhgh vhfwlh,/ 6/ 4Ñ;81
Surfwru/ M1/ Dqghuvrq/ M1P1/ Irjghq/ V1F1O1 ) Ydoodfn/ K1Z1+4<;6, Hfrorjlfdo vwxglhv lq irxu frqwudvwlqj
orzodqg udlq iruhvwv lq Jxqxqj Pxox Qdwlrqdo Sdun/ Vdudzdn=LL1 Olwwhuidoo/ olwwhu vwdqglqj furs dqg suholplqdu|
revhuydwlrqv rq khuelyru|1Mrxuqdo ri Hfrorj|/ :4/ 594Ñ5;61
Udvedqg/ Z1V1 +4<<:,LpdjhM1 XV Qdwlrqdo Lqvwlwxwhv ri Khdowk/ Ehwkhvgd/ Pdu|odqg/ XVD1
Uhlphu/ S1M1/ Edug/ H1/ Ed|olvv/ D1/ Ehfn/ M1Z1/ Eodfnzhoo/S1J1/ Eurqn Udpvh|/ F1/ Exfn/ F1H1/ Hgzdugv/ U1O1/
Iulhgulfk/ P1/ Jurrwhv/ S1P1/ Jxloghuvrq/ W1S1/ Kdiolgdvrq/ K1/ Kdmgdv/ L1/ Kdww•/ F1/ Khdwrq/ W1M1/ Kriipdqq/
G1O1/ Krjj/ D1J1/ Kxjkhq/ N1D1/ Ndlvhu/ N1I1/ Nurphu/ E1/ Pdqqlqj/ V1Z1/ Qlx/ P1/ Uhlphu/ U1Z1/ Ulfkdugv/
G1D1/ Vfrww/ P1H1/ Vrxwkrq/ M1U1/ Wxuqh|/ F1V1P1 ) ydq ghu Solfkw/ M1 +5346, LqwFdo46 dqg Pdulqh46
udglrfduerq djh fdoleudwlrq fxuyhv 3083/333 |u fdo ES1Udglrfduerq/ 88/ 4;9<Ñ4;;:1
Urwkzhoo/ U1J1 +5339,Qhz Whfkqltxhv lq Vhglphqw Fruh Dqdo|vlv/ Jhrorjlfdo Vrflhw| ri Orqgrq Vshfldo
Sxeolfdwlrq 59:1 Jhrorjlfdo Vrflhw| ri Orqgrq/ Edwk1
Vdqhu/ S1/ Ork/ \1\1/ Rqj/ U1F1 ) Khfwru/ D1 +5345, Fduerq vwrfnv dqg àx{hv lq wurslfdo orzodqg glswhurfdus
udlqiruhvwv lq Vdedk/ Pdod|vldq Eruqhr1SOrV RQH/ :/ h5<9751
Vklpdgd/ V1/ Wdndkdvkl/ K1/ Kdudjxfkl/ D1 ) Ndqhnr/ P1 +5334, Wkh fduerq frqwhqw fkdudfwhulvwlfv ri wurslfdo
shdwv lq Fhqwudo Ndolpdqwdq/ Lqgrqhvld= hvwlpdwlqj wkhlu vsdwldo yduldelolw| lq ghqvlw|1Elrjhrfkhplvwu| / 86/
57<Ñ59:1
Vlpprqv/ P1G1/ Elgjrrg/ P1G1/ Euhqdf/ S1/ Fuhyhoor/ S1G1/ Odpeldvh/ M1M1 ) Pruoh|/ F1N1 +4<<<, Plfurirvvlo
dvvhpeodjhv dv sur{lhv iru suhflvh sdodhrhqylurqphqwdo ghwhuplqdwlrq 0 dq h{dpsoh iurp Plrfhqh vhglphqwv
ri qruwkzhvw Eruqhr Lq= Mrqhv/ U1Z1 ) Vlpprqv/ P1G1 +hgv1,Elrvwudwljudsk| lq Surgxfwlrq dqg Ghyhorsphqw
Jhrorj|1 Jhrorjlfdo Vrflhw|/ Orqgrq/ Vshfldo Sxeolfdwlrqv 4851 Jhrorjlfdo Vrflhw|/ Orqgrq/ ss1 54<Ñ5741
Vwdxe/ M1U1 ) Hvwhuoh/ M1V1 +4<<7, Shdw0dffxpxodwlqj ghsrvlwlrqdo v|vwhpv ri Vdudzdn Hdvw Pdod|vld1
Vhglphqwdu| Jhrorj|/ ;</ <4Ñ4391
Vwrqhpdq/ U1 +4<<:, Hfrorjlfdo vwxglhv lq wkh Edgdv shdw vzdpsv/ Euxqhl Gduxvvdodp1 Lq= Ulhoh|/ M1R1 )
Sdjh/ V1H1 +hgv1,Elrglyhuvlw| dqg Vxvwdlqdelolw| ri Wurslfdo Shdwodqgv1 Vdpdud/ Fdugljdq/ ss1 554Ñ5751
Vwrxw/ V1D1 +4<<8, Uhvlq0ghulyhg k|gurfduerqv lq iuhvk dqgirvvlo gdppdu uhvlqv dqg Plrfhqh urfnv dqg rlov
lq wkh Pdkdndp Ghowd/ Lqgrqhvld1 Lq= Dqghuvrq/ N1E1 ) Fuhoolqj/ M1F1 +hgv1,Dpehu/ Uhvlqlwh/ dqg Irvvlo
Uhvlqv1 DFV V|psrvlxp Vhulhv 94:1 Dphulfdq Fkhplfdo Vrflhw|/ Zdvklqjwrq G1F1/ ss1 76Ñ:81
Vwxlyhu/ P1 ) Uhlphu/ S1M1 +4<<6, H{whqghg47F gdwd edvh dqg uhylvhg Fdole 61347F djh fdoleudwlrq surjudp1
Udglrfduerq/ 68/ 548Ñ5631
Vxffrz/ P1 ) Vwhjpdqq/ K1 +5334, QŒkuvwriiœnrorjlvfk0fkhplvfkh Nhqq}hlfkqxqj1 Lq= Vxffrz/ P1 )
Mrrvwhq/ K1 +hgv1,Odqgvfkdiwvœnrorjlvfkh Prrunxqgh1 Vfkzhl}hueduw/ Vwxwwjduw/ ss1 :8Ñ;71
Vxolvwl|dqwr/ \1/ Olplq/ V1K1 ) Ulhoh|/ M1R1 +5335, Olwwhuidoo ri wurslfdo shdw vzdps iruhvw lq Fhqwudo
Ndolpdqwdq/ Lqgrqhvld1 Lq= Ulhoh|/ M1R1 ) Sdjh/ V1H1 +hgv1,Shdwodqgv iru Shrsoh= Qdwxudo Uhvrxufh Ixqfwlrqv
dqg Vxvwdlqdeoh Pdqdjhphqw1 Surfhhglqjv ri wkh Lqwhuqdwlrqdo V|psrvlxp rq Wurslfdo Shdwodqg/ Mdnduwd 550
56 Dxjxvw 53341 ESSW dqg Lqgrqhvldq Shdw Dvvrfldwlrq/ Mdnduwd/ ss1 5<Ñ671
Vxpdzlqdwd/ E1/ Pxo|dqwr/ E1/ Gmdmdnludqd/ J1 ) Sxoxqjjrqr/ K1E1 +533;, Vrph frqvlghudwlrqv ri wurslfdo
shdw iru hqhuj|1 Lq= Ulhoh|/ M1R1/ Edqnv/ F1M1 ) Udgmdjxnjxn/ E1 +hgv1,Fduerq0folpdwh0kxpdq lqwhudfwlrq rq
wurslfdo shdwodqg1 Surfhhglqjv ri wkh Lqwhuqdwlrqdo V|psrvlxp dqg Zrunvkrs rq Wurslfdo Shdwodqg/
\rj|dnduwd/ 5:05< Dxjxvw 533:1 Ghsduwphqw ri Jhrjudsk|/ Xqlyhuvlw| ri Ohlfhvwhu/ ss1 576Ñ57:1
Vxsdugl/ Vxehnw|/ D1G1 ) Qhx}lo/ V1J1 +4<<6, Jhqhudo jhrorj| dqg shdw uhvrxufhv ri wkh Vldn Ndqdq dqg
Ehqjndolv lvodqg shdw ghsrvlwv/ Vxpdwud/ Lqgrqhvld1 Lq= Free/ M1F1 ) Fhflo/ F1E1 +hgv1,Prghuq dqg Dqflhqw
Frdo0Iruplqj Hqylurqphqwv Jhrorjlfdo Vrflhw| ri Dphulfd Vshfldo Sdshu 5;91 JVD/ Erxoghu/ ss1 78Ñ951
Whoirug/ U1M1/ Khhjddug/ H1 ) Elunv/ K1M1E1 +5337, Wkh lqwhufhsw lv d srru hvwlpdwh ri d fdoleudwhg udglrfduerq
djh1Wkh Krorfhqh/ 47/ 5<9Ñ5<;1
Wlh/ \1 O1 +4<<3,Vwxglhv ri shdw vzdpsv lq Vdudzdn zlwk sduwlfxodu uhihuhqfhwr vrlo0iruhvw uhodwlrqvklsv dqg
ghyhorsphqw ri grph0vkdshg vwuxfwxuhv1 Grfwrudo glvvhuwdwlrq/ Sro|whfkqlf ri Qruwk Orqgrq/ Orqgrq X1N1
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Wlh/ \1O1 ) Hvwhuoh/ M1V1 +4<<5, Irupdwlrq ri orzodqg shdw grphv lq Vdudzdn/ Pdod|vld1Lq= Dplqxgglq/ E1\1/
Wdq/ V1O1/ D}l}/ E1/ Vdp|/ M1/ Vdopdk/ ]1/ Vlwl Shwlpdk/ K1 ) Fkrr/ V1W1 +hgv1,Surfhhglqjv ri wkh Lqwhuqdwlrqdo
V|psrvlxp rq Wurslfdo Shdwodqg/ 9043 Pd| 4<<4/ Nxfklqj/ Vdudzdn1 Pdod|vld1 Pdod|vldq Djulfxowxudo
Uhvhdufk dqg Ghyhorsphqw Lqvwlwxwh/ Nxdod Oxpsxu/ ss1 ;4Ñ;<1
Wuxperuh/ V1H1/ Fkdgzlfn/ R1D1 ) Dpxqgvrq/ U1 +4<<9, Udslg h{fkdqjh ehwzhhq vrlo fduerq dqg
dwprvskhulf fduerq glr{lgh gulyhq e| whpshudwxuh fkdqjh1Vflhqfh/ 5:5/ 6<6Ñ6<91
Wxuhwvn|/ P1/ Zlhghu/ N1/ Kdovh|/ O1 ) Ylww/ G1 +5335, Fxuuhqw glvwxuedqfh dqg wkh glplqlvklqj shdwodqg fduerq
vlqn1Jhrsk|vlfdo Uhvhdufk Ohwwhuv/ 5</ 4859/ grl=431435<25334JO3473331
ydq Jhho/ E1 +4<:9, Irvvlo vsruhv ri ]|jqhpdwdfhdh lq glwfkhv ri d suh0klvwrulf vhwwohphqw lq Krrjnduvsho +Wkh
Qhwkhuodqgv,1Uhylhz ri Sdodhrerwdq| dqg Sdo|qrorj|/ 55/ 66:Ñ6771
ydq Jhho/ E1/ Erkqfnh/ V1M1S1 ) Ghh/ K1 +4<;4, D sdodhrhfrorjlfdo vwxg| ri dq xsshu Odwh Jodfldo dqg
Krorfhqh vhtxhqfh iurp ÓGh ErufkhuwÔ1 Wkh Qhwkhuodqgv1Uhylhz ri Sdodhrerwdq| dqg Sdo|qrorj|/ 64/
69:Ñ77;1
Zdk|xqwr/ Ulwxqj/ V1 ) Vxedjmr/ K1 +5337,Shwd Vhedudq Odkdq Jdpexw/ Oxdv gdq Ndqgxqjdq Nduerq gl
Ndolpdqwdq2Pds ri Shdwodqg Glvwulexwlrq Duhd dqg Fduerq Frqwhqw lq Ndolpdqwdq/ 5333053351 Zhwodqgv
Lqwhuqdwlrqdo Ñ Lqgrqhvld Surjudpph dqg Zlogolih Kdelwdw Fdqdgd/ Erjru1
Zdowhu/ K1 +4<;8,Yhjhwdwlrq ri wkh Hduwk dqg Hfrorjlfdo V|vwhpv ri wkh Jhr0elrvskhuh1 Vsulqjhu/ Ehuolq/
Khlghoehuj1
Zhehu/ P1H1/ Qlhvvhq/ I1/ Nxkq/ J1 ) Zlhglfnh/ P1 +4<<:, Fdoleudwlrq dqg dssolfdwlrq ri pdulqh vhglphqwdu|
sk|vlfdo surshuwlhv xvlqj d pxowl0vhqvru fruh orjjhu1Pdulqh Jhrorj| / 469/ 484Ñ4:51
Zlhghu/ U1N1/ ) G1K1 Ylww +5339,Eruhdo Shdwodqg Hfrv|vwhpv/ Hfrorjlfdo Vwxglhv/ Yro1 4;;1 Vsulqjhu/ Ehuolq/
Khlghoehuj1
Zklwpruh/ W1F1 +4<:8,Wurslfdo udlq iruhvwv ri wkh Idu Hdvw1 Foduhqgrq Suhvv/ R{irug1
Zloirug/ J1H1 +4<99, D shdw odqgvolgh lq Vdudzdn/ Pdod|vld/dqg lwv vljqlilfdqfh lq uhodwlrq wr zdvkrxwv lq frdo
vhdpv1Mrxuqdo ri Vhglphqwdu| Uhvhdufk/ 69/ 577Ñ57:1
Zrrguriih/ F1G1 +5333, Ghowdlf dqg hvwxdulqh hqylurqphqwvdqg wkhlu Odwh Txdwhuqdu| g|qdplfv rq wkh Vxqgd
dqg Vdkxo vkhoyhv1Mrxuqdo ri Dvldq Hduwk Vflhqfhv/ 4;/ 6<6Ñ7461
Zuljkw/ K1H1 +4<<6, Fruh frpsuhvvlrq1Olpqrorj| dqg Rfhdqrjudsk| / 6;/ 9<<Ñ:341
Zuljkw/ K1H1/ Mu1/ Pdqq/ G1K1 ) Jodvhu/ S1K1 +4<;7, Slvwrq fruhuv iru shdw dqg odnh vhglphqw1Hfrorj| / 98/
98:Ñ98<1
Z¡vw/ U1D1M1 ) Exvwlq/ U1P1 +5336, Rsdolqh dqg DoÑVl sk|wrolwkv iurp d wurslfdo pluh v|vwhp ri Zhvw
Pdod|vld= dexqgdqfh/ kdelw/ hohphqwdo frpsrvlwlrq/ suhvhuydwlrq dqg vljqlilfdqfh1Fkhplfdo Jhrorj| / 533/
59:Ñ5<51
Z¡vw/ U1M1/ Mdfrevhq/ J1H1/ ydq ghu Jddvw/ K1 ) Vplwk/ D1P1 +533;, Frpsdulvrq ri udglrfduerq djhv iurp
gliihuhqw rujdqlf iudfwlrqv lq wurslfdo shdw fruhv= lqvljkwv iurp Ndolpdqwdq/ Lqgrqhvld1Udglrfduerq/ 83/
68<Ñ6:51
\dpdgd/ L1 +4<<:,Wurslfdo Udlq Iruhvwv ri Vrxwkhdvw Dvld= d Iruhvw HfrorjlvwÖv Ylhz1 Xqlyhuvlw| ri Kdzdl*l
Suhvv/ Krqroxox1
\dq/ K1/ Vxq/ O1/ Zdqj/ \1/ Kxdqj/ Z1/ Tlx/ V1 ) \dqj/ F1 +5344,D uhfrug ri wkh Vrxwkhuq Rvfloodwlrq Lqgh{
iru wkh sdvw 5/333 |hduv iurp suhflslwdwlrq sur{lhv1Qdwxuh Jhrvflhqfh/ 7/ 944Ñ9471
\x/ ]1/ Ehlopdq/ G1Z1 ) Mrqhv/ P1F1 +533<, Vhqvlwlylw| ri qruwkhuq shdwodqg fduerq g|qdplfv wr Krorfhqh
folpdwh fkdqjh1 Lq= Edlug/ D1M1/ Eho|hd/ O1U1E1/ Frpdv/ [1/Uhhyh/ D1V1 ) Vodwhu/ O1G1 +hgv1,Fduerq F|folqj
lq Qruwkhuq Shdwodqgv/ Jhrsk|vlfdo Prqrjudskv yro1 4;71 DJX/ Zdvklqjwrq/ G1F1/ ss1 88Ñ9</
\xoh/ F1P1 ) Jrph}/ O1Q1 +533<, Ohdi olwwhu ghfrpsrvlwlrq lqd wurslfdo shdw vzdps iruhvw lq Shqlqvxodu
Pdod|vld1Zhwodqgv Hfrorj| dqg Pdqdjhphqw/ 4:/ 564Ñ5741
]rolwvfknd/ E1/ Plqjudp/ M1/ ydq ghu Jddvw/ V1/ Mdqvhq/ M1K1I1 ) Qdxpdqq/ U1 +5334, Vhglphqw orjjlqj
whfkqltxhv1 Lq= Odvw/ Z1P1 ) Vpro/ M1S1 +hgv1,Wudfnlqj hqylurqphqwdo fkdqjh xvlqj odnh vhglphqwv= Yroxph
4= Edvlq Dqdo|vlv/ Frulqj/ dqg Fkurqrorjlfdo Whfkqltxhv1 Noxzhu Dfdghplf Sxeolvkhuv/ Gruguhfkw/ ss1
46:Ñ4861
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Greenhouse gas ßuxes from tropical peatlands in
south-east Asia

J O H N C O U W E N B E R G , R E N É D O M M A I N and H A N S J O O S T E N
Institute of Botany and Landscape Ecology, University of Greifswald, Grimmer Stra� e 88, D-17487 Greifswald, Germany

Abstract

The lowland peatlands of south-east Asia represent an immense reservoir of fossil
carbon and are reportedly responsible for 30% of the global carbon dioxide (CO 2)
emissions from Land Use, Land Use Change and Forestry. This paper provides a review
and meta-analysis of available literature on greenhouse gas ßuxes from tropical peat soils
in south-east Asia. As in other parts of the world, water level is the main control on
greenhouse gas ßuxes from south-east Asian peat soils. Based on subsidence data we
calculate emissions of at least 900 g CO 2 m� 2 a� 1 (� 250 g C m� 2 a� 1) for each 10 cm of
additional drainage depth. This is a conservative estimate as the role of oxidation in
subsidence and the increased bulk density of the uppermost drained peat layers are yet
insufÞciently quantiÞed. The majority of published CO 2 ßux measurements from south-
east Asian peat soils concerns undifferentiated respiration at ßoor level, providing
inadequate insight on the peat carbon balance. In contrast to previous assumptions,
regular peat oxidation after drainage might contribute more to the regional long-term
annual CO 2 emissions than peat Þres. Methane ßuxes are negligible at low water levels
and amount to up to 3 mg CH 4 m� 2 h� 1 at high water levels, which is low compared with
emissions from boreal and temperate peatlands. The latter emissions may be exceeded by
ßuxes from rice paddies on tropical peat soil, however. N 2O ßuxes are erratic with
extremely high values upon application of fertilizer to wet peat soils. Current data on
CO2 and CH 4 ßuxes indicate that peatland rewetting in south-east Asia will lead to
substantial reductions of net greenhouse gas emissions. There is, however, an urgent
need for further quantitative research on carbon exchange to support the development of
consistent policies for climate change mitigation.

Keywords:carbon, CH4, CO2, �re, greenhouse gas emissions, N2O, peat soil, south-east Asia,
subsidence, tropical peatswamp
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Introduction

The peatlands of south-east Asia, covering approxi-
mately 250 000 km2 (Carbopeat, 2008), represent an
immense reservoir of fossil carbon (Jaenickeet al., 2008)
that has largely accumulated over the past 13 000 years
(Dommain et al., 2009). Their current large scale degra-
dation by drainage and associated peat �res has been
reported to be responsible for possibly up to 30% of the
global carbon dioxide (CO 2) emissions from Land Use,
Land Use Change and Forestry (LULUCF; Hooijer et al.,
2006). The increased awareness of these CO2 emissions
has created strong political support for reducing defor-

estation and peatland degradation (REDD: Reducing
Emissions from Deforestation and Degradation,
UNFCCC, 2007), speci�cally in Indonesia that is respon-
sible for the bulk of the emissions (Hooijer et al., 2006).
Indonesia has recently formulated a national policy with
implementation regulations, in which assistance is asked
for assessing greenhouse gas emissions from peatlands
and for capacity building with respect to carbon account-
ing, baseline assessment, emission monitoring and peat-
land management (IFCA, 2008). The Indonesian Ministry
of Forestry, with �nancial and technical support of
Australia, Germany, the United Kingdom and the World
Bank, is currently developing demonstration activities
for testing and triggering a global REDD carbon market.
Regrettably this political attention has not yet been
paralleled by the development and acceptance of ade-

Correspondence: John Couwenberg, tel. 1 49 3834 864177, fax
1 49 3834 864114, e-mail: couw@gmx.net.

Global Change Biology (2010) 16, 1715–1732, doi: 10.1111/j.1365-2486.2009.02016.x

r 2010 Blackwell Publishing Ltd 1715



453

quate guidelines to assess the emissions from peatlands
with the necessary accuracy.

To be tradable, under REDD or other mechanisms,
including the voluntary carbon market, greenhouse gas
emission reductions, e.g. from peatland rewetting and
�re prevention, will have to be ‘results based, demon-
strable, transparent and veri�able, and estimated con-
sistently over time’ (UNFCCC, 2007). Crucial factors
will be the use of rigorous and standardized methods
for baseline setting and monitoring of the emissions to
allow third party veri�cation of the reductions.

This paper presents a review and meta-analysis of data
related to greenhouse gas �uxes from peat soils in south-
east Asia (Fig. 1) to arrive at drainage depth dependent
emission rates of degraded peatlands, addressing both
direct gas �ux measurements as well as carbon losses
from subsidence and �re events. Supplementary publica-
tions were used to gain insight on the study sites and
methods. Finally, the paper identi�es urgent research
questions for reliably assessing the radiative forcing of
natural and degraded peatlands in south-east Asia in the
framework of strategies to mitigate climate change.

Results

Published information on peat subsidence rates from
south-east Asian peatlands is scarce and detailed in-
formation on associated site characteristics such as
water level, peat type, vegetation, land use or even
location is generally lacking. Subsidence values of up
to several dozen centimetres per year have been re-

ported (Polak, 1933; Andriesse, 1988; Chin & Poo, 1992;
Mutalib et al., 1992; DID & LAWOO, 1996); Dradjad et al.
(2003) mention initial rates of subsidence of several
centimetres per month in shallowly drained peat soils.
These very high rates stem from immediately after
drainage, when the peat body is compressed mechani-
cally due to loss of supporting pore water pressure (loss
of buoyancy, Schothorst, 1977; Stephenset al., 1984;
Kennedy & Price, 2005). Leaving aside these initial high
rates, Fig. 2 shows subsidence rates of tropical peat soils
in relation to mean annual water level below surface.
The effect of land use appears limited. Ongoing studies
in Acacia plantations on Kampar peninsula (Sumatra;
Hooijer, 2008) suggest a similar relationship between
subsidence rate and water level.

We analysed the collected data on greenhouse gas
�uxes from tropical peatlands of south-east Asia (CH 4,
CO2, N2O) in their relationship to water level, pH, C/N
ratio, soil temperature, vegetation cover and land use.
Besides a small number of micrometeorological studies,
the bulk of the published gas �uxes were measured
using closed-chambers that were placed airtight on the
soil. Studies differed with respect to the size and shape
of chambers and the gas measurement methods (mixed
headspace or not, through-�ow or not), the number
and frequency of gas concentration measurements
made to derive �uxes and the time of day measure-
ments were performed. An assessment of the impact of
the different methods would require more controlled
conditions (cf. Pumpanen et al., 2004; Denmead, 2008)
and was not attempted.

Fig. 1 Map of the region with the approximate position of the study sites. Data on peat subsidence stem from locations 4 (Lim, 1992;
Mutalib et al., 1992; DID & LAWOO, 1996; Wösten et al., 1997), 5 (Taylor & Ali, 2001), 8 (Wösten & Ritzema, 2001), 10 (CIMTROP in
Hooijer et al., 2008), 11 (Chin & Poo, 1992; Dradjadet al., 2003). Data on greenhouse gas emissions stem from locations 1 (Vienet al., 2008),
2 (Suzuki et al., 1999; Uedaet al., 2000), 3 (Murayama & Bakar, 1996b; Ismailet al., 2008), 4 (Kyumaet al., 1992; Murayama & Bakar, 1996b),
5 (Taylor & Ali, 2001; Ali et al., 2006), 6 (Furukawaet al., 2005; Inubushi et al., 2005), 7 (Rumbanget al., 2008), 8 (Melling et al., 2005a, b, c,
2006, 2007a, b), 9 (Mellinget al., 2008), 10 (Jauhiainenet al., 2001, 2002, 2004, 2005, 2008a, b; Darunget al., 2005; Takakaiet al., 2005, 2006;
Hirano et al., 2007a, b, 2009; Rumbanget al., 2008), 11 (Hadiet al., 2000, 2002, 2005; Inubushiet al., 2003, Inubushi & Hadi, 2007), 12 (Hadi
et al., 2000, 2001, 2005), 13 (Chimner & Ewel, 2004; Chimner, 2004).
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Whereas many individual studies reveal dependen-
cies on above mentioned site conditions, these are for
the most part lost in the noise of the collected data.
Nevertheless, net methane �uxes from tropical peat
soils show a clear relationship to water level (Fig. 3).
Values are generally low and often distinctly negative
(a negative sign denotes net uptake from the atmosphere
by the ecosystem) for water levels below � 20 cm. At
higher water levels negative values are rarer and values
tend to be higher and more variable. High emissions to
the atmosphere of 3.5–14 mg CH4 m� 1 h� 1 are reported
from paddy �elds, however without indication of water
levels (Hadi et al., 2002, 2005). Furukawaet al. (2005)
report emissions (mainly through the rice plant) of up to
35 mg CH4 m� 1 h� 1 from paddies on peaty alluvium. In
a waterlogged, previously drained and now abandoned
freshwater swamp Ueda et al. (2000), in a series of 20
measurements with a mean of 0.5 mg CH4 m� 1 h� 1,
found one aberrant value of 12.5 mg CH 4 m� 1 h� 1,
which they attributed to ebullition. A similar outlier of
16.8 mg CH4 m� 1 h� 1 was recorded in a cassava �eld by
Takakai et al. (2005). Besides high emissions from paddy
�elds, no differentiation between different land use
types could be made. Estimates of annual net methane
�uxes vary between � 0.37 and 5.87 g CH4 m� 1 a� 1 for

forested sites, between 0.025 and 3.4 g (outlier of
12 g) CH4 m� 1 a� 1 for agriculture sites and between
3.62 and 49.52 g CH4 m� 1 a� 1 for rice paddies (Inubushi
et al., 2003; Furukawa et al., 2005; Hadi et al., 2005;
Jauhiainen et al., 2005, 2008a; Melling et al., 2005a, c;
Takakai et al., 2005; Hirano et al., 2009).

Only a handful of published micrometeorological
(eddy covariance) CO2 �ux measurements are available
from just �ve peatland sites in south-east Asia, covering
a limited geographic area. Suzuki et al. (1999) found a
net �ux between August 1995 and July 1996 of
ca. � 1900 g CO2 m� 2 a� 1 (� 522 and � 532 g C m� 1 a� 1) in
two sites in a primary and secondary peatswamp forest
at To-Daeng and nearby Bacho Swamp (Narathiwat,
Thailand). In near-natural but selectively logged
peatswamp forest in the upper Sebangau catchment
(Central Kalimantan, Indonesia), � 3 km from the river
a net emission to the atmosphere of � 370 g CO2m� 2a� 1

(� 100 g C m� 2 a� 1) was measured between May 2004
and May 2005 (Hirano et al., 2007b). In a selectively
logged secondary forest on drained peat in Block C of
the Ex-Mega Rice Project (EMRP) area (Central Kali-
mantan) Hirano et al. (2007a, 2009) measured net emis-
sions of 2178, 1386, 1085 and 1617 g CO2 m� 2 a� 1 (594,
378, 296, 441 g C m� 2 a� 1) in 2002, 2003, 2004 and 2005,

Fig. 2 Rate of subsidence in relation to mean annual water level
below surface. Horizontal bars indicate standard deviation in
water table (where available). Open circles denote unused,
drained forested sites, these were not taken into account in the
regression that applies to water levels � 50 cm below surface
only (slope 5 � 0.09, r2 5 0.95). Land use: (& ) agriculture, from
Taylor & Ali (2001), on ‘old’ and ‘recently’ cleared �elds ( n 5 2),
Tie & Kueh (1979), date of drainage unknown ( n 5 1) and DID &
LAWOO (1996), recorded 13–18 years after drainage (n 5 1); ( � )
oil palm, from DID & LAWOO (1996), recorded 13–16 or 18–21
years after drainage (n 5 23), ( ) degraded open land in the Ex
Mega Rice Project area, from CIMTROP in Hooijer et al. (2008),
recorded � 10–12 years after drainage (n 5 15), ( � ) drained
forested plots, from CIMTROP in Hooijer et al. (2008), recorded
� 10–12 years after drainage (n 5 2) and Taylor & Ali (2001), date
of impact unknown ( n 5 1).

Fig. 3 Top: hourly methane �uxes from tropical peat soil in
relation to water level. Negative values denote net uptake from
the atmosphere by the soil. Bottom: same for (D) boreal and (& )
temperate sites (data from: Jungkunst & Fiedler, 2007 and
references therein; Augustin et al., 1996; Huttunen et al., 2003).
Note the �vefold difference in scale.
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respectively. Between May 2004 and May 2005, within
500 m from this selectively logged site, Hirano et al.
(2007b) found a net emission of � 2900 g CO2 m� 2 a� 1

(� 800 g C m� 2 a� 1) in a deforested, abandoned area
previously affected by �res. At � 1.1 km distance in
the same deforested, abandoned area, Jauhiainenet al.
(2008a) recorded similar values of 2969 g CO2 m� 2 a� 1

(SD 235) for burnt, bare peat patches at mean annual
water levels of � 33 cm and, after rewetting,
2809 g CO2 m� 2 a� 1 (SD 278) at mean annual water
levels of � 21 cm, using a closed dark chamber method.
The vast majority of the published CO 2 �ux data from
south-east Asian peatlands stems from such dark cham-
ber measurements of total (soil) respiration. These mea-
surements cover not only heterotrophic decomposition
of soil organic matter, but also autotrophic emissions
from the living low vegetation as well as rhizosphere
respiration. Rhizosphere respiration encompasses auto-
trophic activity of plant roots as well as heterotrophic
activity in the rhizosphere, including decomposition of
root exudates and recently dead root material (Wiant,
1967; Hanson et al., 2000; Kuzyakov, 2006). Total soil
respiration tends to be lower at high water tables, with
forested systems showing higher values than open
�elds (Fig. 4).

Net nitrous oxide �uxes from soils in primary
and secondary forests vary between � 63 and
916mg N2O m� 2h� 1, with 90% of the measured values
below 125mg N2O m� 2h� 1. With the exception of �ve
measurements from disturbed forest sites in Central
Kalimantan (Indonesia; Hadi et al., 2005; Takakaiet al.,
2006), emissions above 150mg N2O m� 2h� 1 are restricted
to agricultural lands. Fluxes from fertilized agricultural
sites vary between � 16 and 19 000mg N2O m� 2h� 1, with
90% of the measured values below 2000mg N2O m� 2h� 1;
�uxes from abandoned sites are between � 63 and
190mg N2O m� 2h� 1, with 90% below 50 mg N2O m� 2h� 1.
The highest emissions occur during the rainy season.
Although no clear overall correlations with main
site parameters (water level, C/N ratio, pH, soil tempera-
ture) could be found in the collected data, individual
studies suggest that nitrous oxide �uxes are controlled
mainly by land use and soil temperature and moisture
conditions (Hadi et al., 2000; Takakaiet al., 2006; Melling
et al., 2007b).

Discussion

Peat subsidence is the result of several processes. In the
initial stage after drainage (primary subsidence sensu
Everett, 1983), settling or compaction occurs due to loss
of supporting pore water pressure (Kennedy & Price,
2005). This initial or primary subsidence depends on
type and depth of peat and the drainage level (Sege-

berg, 1960) and can result in drastic losses in surface
height in the �rst years after drainage (Okey, 1918;
Allison, 1946; Eggelsmann, 1960, 1978; van der Molen
& Smits, 1962) as they are also found in drained tropical
peatlands (Polak, 1933; Andriesse, 1988; Chin & Poo,
1992; Mutalib et al., 1992; DID & LAWOO, 1996; Dradjad
et al., 2003). Withdrawal of water furthermore leads to
shrinkage and oxidation of the now aerobic upper peat
layer. In addition, wind and water erosion, leaching of
soluble organic matter and �re contribute to the loss of
matter and height (Eggelsmann, 1978; Everett, 1983).
During the phase of secondary subsidence (Everett,
1983), shrinkage and oxidation are (in absence of �res)
the dominant processes and show a linear dependency
on drainage depth (Stephens & Speir, 1970; Schothorst,
1977; Eggelsmann, 1978; DID & LAWOO, 1996). When
ditches are not maintained and periodically deepened
to sustain desired water levels, progressive subsidence
leads to increasingly thinner aerobic layers, resulting in
reduced rates of subsidence (Snowden, 1986; Wo¨sten
et al., 1997). Oxidation �rst removes easily decomposa-
ble material (Eggelsmann, 1960; Mundel, 1976; Wösten

Fig. 4 Total (soil) respiration in relation to water level and land
use: (& ) agricultural �elds; ( D) deforested, unused; (� ) agro-
forestry �elds; ( � ) forested plots (includes primary, secondary,
selectively logged). Note that the graphs represent total (soil)
respiration not net CO 2 �uxes (see text). The large amount of soil
respiration data from Hirano et al. (2009) and Jauhiainenet al. (2008a)
is not included in the graphs, but falls within the same range.

1718 J . C O U W E N B E R G et al.

r 2010 Blackwell Publishing Ltd, Global Change Biology, 16, 1715–1732

Odwh Txdwhuqdu| Fduerq F|folqj ri Vrxwkhdvw Dvldq shdwodqgv 0 Sdshu LY



456

et al., 1997) and also therefore oxidative losses de-
cline with time. Tillage, fertilization and root exudates
counteract this effect, resulting in continued high oxi-
dative losses in managed agricultural peatlands
(Eggelsmann, 1960; cf. Schothorst, 1977).

The observed subsidence of tropical peat soils shows
the expected linear dependency on water level, at least
for drainage less than 50 cm below the surface (Fig. 2).
Subsidence increases by 0.9 cm a� 1 for each 10 cm of
additional drainage depth. A similar value (1.1 cm a � 1)
is found in the Kampar study of Hooijer (2008), albeit
only for water levels below � 20 cm. Such a threshold
water level is also present in peat subsidence studies
from other parts of the world where every 10 cm of
additional drainage leads to an increase in peat sub-
sidence of 0.64 and 0.34 cm a� 1 (Florida and Indiana,
USA, respectively; Stephens & Speir, 1970), 0.43 cm a� 1

(Balaton, Hungary; Eggelsmann, 1978) and 0.34 cm a� 1

(Zegvelderbroek, the Netherlands; Schothorst, 1977,
1982). The limited number of observations from deeper
drained tropical peatlands seems to suggest that sub-
sidence levels off and remains at � 4.5 cm a� 1 at drai-
nage depths below � 50 cm (Fig. 2). In the Kampar study
of Hooijer (2008), however, subsidence continues to
increase up to a drainage depth of 100 cm before level-
ling off. A similar pattern of stabilizing (and ultimately
decreasing) losses below a threshold water level is
observed in annual peat oxidation rates (CO 2 emissions)
of temperate European peatlands (Fig. 5). It can be
ascribed to moisture stress and changes in microbial
communities (Mä kiranta et al., 2009).

The relative role of shrinkage in subsidence can be
assessed by the increase it causes in dry bulk density of

the peat (van der Molen & Smits, 1962; Schothorst, 1977,
1982; Wösten et al., 1997; Dradjad et al., 2003; Ewing &
Vepraskas, 2006); the remainder of the total secondary
subsidence is then ascribed to oxidation. As shrinkage
and oxidation progressively affect increasingly deeper
soil layers, depth pro�les of bulk density can be used to
estimate the role of shrinkage (space for time substitu-
tion). In a study on peat subsidence in western Johore
(Peninsular Malaysia), DID & LAWOO (1996) used a
bulk density pro�le of Salmah et al. (1992) and found
that 61% of secondary subsidence could be attributed to
oxidation (average of 11 calculations ranging from 54%
to 73%; data from one pineapple and 10 oil palm plots);
Wösten et al. (1997) rounded this average to 60%. These
estimates fall within the (wide) range of 35–100% found
in studies from other parts of the world (cf. van der
Molen & Smits, 1962; Schothorst, 1977, 1982; Deverel &
Rojstaczer, 1996; Schipper & McLeod, 2002; Ewing &
Vepraskas, 2006; Gr� nlund et al., 2008). If we assume
that the (dark) closed chamber gas �ux measurements
from the burnt, bare peat patches in Block C of the Ex
Mega Rice Project area (Jauhiainenet al., 2008a) repre-
sent emissions from peat decomposition only (i.e. ex-
clude rhizosphere respiration and litter decomposition)
and that subsidence at this site relates to mean annual
water level as deduced from Fig. 2, then, with an
assumed volumetric carbon content of 0.068 g C cm� 3

wet peat (cf. Dommain et al., 2009), oxidative losses are
in this case responsible for 40–60% of subsidence.

Subsidence can be measured by remote sensing
(USGS, 2003) and provides a good basis for estimating
CO2 emissions from peatland degradation if the oxida-
tive component is known. Assuming an oxidative
component of secondary subsidence of 40%, which is
at the lower end of the range presented above, CO2

emissions from drained tropical peat soils amount to
900 g CO2 m� 2 a� 1 (� 250 g C m� 2 a� 1) for each 10 cm of
additional drainage up to a depth of 50 cm. They may
prove to be substantially larger, however. Using the
60% value, Wösten et al. (1997) estimate that emis-
sions range from 1330 to 3970 g CO2 m� 2 a� 1 (� 360 to
� 1100 g C m� 2 a� 1) for each 10 cm of additional drai-
nage depth, depending on assumed bulk density of the
peat. Emissions from temperate European peatlands
(Fig. 5) show a similar dependency on water level
of � 900 g CO2 m� 2 a� 1 for each additional 10 cm
of drainage, but become positive only at water levels
more than � 10 cm below the surface and level off at
a drainage depth of � 40 cm. To arrive at more accu-
rate and reliable estimates for tropical peatlands,
more concerted subsidence studies are needed that
include determination of water levels and volumetric
ash and carbon content in combination with gas �ux
measurements.

Fig. 5 Net annual CO 2 �uxes in kg CO 2 m� 2 a� 1 from temperate
European peatlands in relation to mean annual water level.
Negative values denote net uptake from the atmosphere by the
ecosystem. The regression applies to water levels � 40 cm
below surface only (slope 5 � 0.086,r2 5 0.75). Data from Mundel
(1976), Müller et al. (1997), Drösler (2005), Bortoluzzi et al. (2006),
Flessaet al. (1997), Jacobset al. (2003, 2007), Hendrikset al. (2007),
Veenendaal et al. (2007).
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The CO2 data from temperate Europe (Fig. 5) repre-
sent �uxes measured over at least 12 months using
reliable techniques to arrive at net �uxes between
the (nonforested) ecosystem and the atmosphere. From
the methodological descriptions, often quite meagre,
none of the gas chamber measurements from tropical
peatlands can be judged to offer data with similar relia-
bility. With the possible exception of some of the mea-
surements of Jauhiainen et al. (2008a; see above) and
Melling et al. (2007a), none of the soil respiration studies
from tropical peat soils convincingly manages to exclude
rhizosphere respiration. Rhizosphere respiration is part of
short-term carbon cycling and has no signi�cant effect on
carbon stocks (Kuzyakov, 2006). As rhizosphere respira-
tion may be responsible for o 10 to 4 90% of total soil
respiration (Happell & Chanton, 1993; Hanson et al., 2000;
Crow & Wieder, 2005; Kuzyakov & Larionova, 2005), total
soil respiration measurements are inadequate for deter-
mining the net CO 2 �uxes that contribute to global
warming. Consequently, c omparison of total soil CO 2

emissions with �uxes of other greenhouse gases in terms
of global warming potential (GWP) (Furukawa et al.,
2005; Melling et al., 2005a; Inubushi & Hadi, 2007; Hirano
et al., 2009; Jauhiainenet al., 2008a) is inappropriate and
should be avoided.

Soil respiration is largely con�ned to the upper layers
of tropical peat soils (Murayama & Bakar, 1996a; Hirano
et al., 2009; Vienet al., 2008) and, apart from autotrophic
root respiration, mainly determined by decomposition of
labile soil carbon (Murayama & Bakar, 1996a, b) provided
by litter (Chimner & Ewel, 2005; Jauhiainen et al., 2005;
Yule & Gomez, 2009) and fresh root material (Chimner &
Ewel, 2004). In (near-) natural tropical peatswamp forests
measured soil respiration is at times higher than in
degraded or agricultural sites (Melling et al., 2005b;
Jauhiainen et al., 2008a). This is due to the higher primary
production of the former (cf. Whittaker & Likens, 1973)
and to pneumatophores and prop roots stimulating aero-
bic decomposition (Kitaya et al., 2002; Chimner, 2004) of a
larger amount of fresh material (Chimner & Ewel, 2004;
Jauhiainen et al., 2008a) by larger populations of bacteria
and fungi (Hadi et al., 2001). On the other hand, higher
soil temperatures (Melling et al., 2005b; Ali et al., 2006;
Ludang et al., 2007) and pH (Murayama & Bakar, 1996a, b;
Rumbang et al., 2008) enhance decomposition in open,
agricultural sites.

Micrometeorological (eddy covariance) measure-
ments offer reliable estimates of total net ecosystem
CO2 exchange with the (local) atmosphere. Relating
these to changes in soil carbon is impossible, however,
without simultaneous assessment of changes in bio-
mass and litter stocks (cf. Lohila et al., 2007) and emis-
sions of methane and dissolved and particulate carbon.
This applies to disturbed and recovering forests, as well

as old-growth forests (cf. Luyssaert et al., 2008; Lewis
et al., 2009) and plantations. Closed chamber methods
can be used to measure the respective contributions of
surface vegetation, rhizosphere respiration, litter de-
composition and peat degradation, but particularly in
forested sites (includes agroforestry) these require more
sophisticated set-ups (Hanson et al., 2000; Kuzyakov &
Larionova, 2005; Kuzyakov, 2006) than used in the
available studies from tropical peatlands. Melling et al.
(2007a) attempt to exclude rhizosphere respiration by
‘trenching’, i.e. inserting a cylinder into the peat sever-
ing roots well before �ux measurements (Alm et al.,
2007; Mäkiranta et al., 2008) and – without indication
of drainage depth – arrive at heterotrophic soil
�ux rates from a 5 year old oil palm plantation of
3400–4100 g CO2m� 2a� 1 (930–1120 g C m� 2a� 1). The
measurement method (chamber design and sampling
method) used by Melling et al. (2007a) tends to under-
estimate CO2 �uxes by 15–20% (Melling et al., 2005b) or
more (Norman et al., 1997), however. Moreover, trenching
results in increased soil moisture (Hanson et al., 2000;
Mäkiranta et al., 2008) and reduces the stimulating ‘prim-
ing effect’ labile organic substances (root exudates, recent
dead root material) have on decomposition of the recalci-
trant peat (Mäkiranta et al., 2008; cf. Hansonet al., 2000;
Kuzyakov et al., 2000; Kuzyakov, 2006). On the other
hand, trenching prevents addition of slow cycling below
ground litter, but this �ux seems limited in oil palm
plantations (Melling et al., 2007a). In conclusion, the actual
�ux from the 5-year-old oil palm plantation may amount
to 4 5000 g CO2m� 2a� 1. In open, unforested sites, a
combination of transparent and dark closed chambers
and a rigorous measurement scheme allows for reliable
measurements of CO2 emissions from heterotrophic
soil respiration (Drö sler, 2005). Possible biases and pitfalls
associated with methods chosen (chamber design,
method of �ux derivation, measurement frequency and
time of day) and resulting uncertainties deserve more
explicit attention in studies on CO 2 �uxes from tropical
peatlands.

Methane emissions are restricted to high water levels
when methanogenesis occurs under anaerobic condi-
tions close to the surface and re-oxidation of methane is
limited (Segers, 1998; Fig. 3). In comparison to tempe-
rate and boreal peatlands, methane emissions from
tropical peatlands are low (Fig. 3). Pneumatophores in
tropical peatswamps suppress methane production and
stimulate methane re-oxidation by oxygen transport
into the root zone. On the other hand root decay
and root exudation will promote methane production
(Segers, 1998). Furthermore, pneumatophores and prop
roots are known to serve as methane mediators to the
atmosphere in other types of forested swamps (Pulliam,
1992; Kreuzwieser et al., 2003; Purvajaet al., 2004) and
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are likely to do the same in peatswamps where also
tree-aerenchyma-mediated methane emissions (Rusch
& Rennenberg, 1998) should not be ruled out. But also
in agricultural sites, where pneumatophores are absent,
methane emissions are low, even at high water levels
when re-oxidation will be limited (cf. Jauhiainen et al.,
2001, 2004; Inubushiet al., 2003; Furukawa et al., 2005;
Melling et al., 2005c). Under such anaerobic conditions
methane may be oxidized by sulphate (Kirk, 2004), but
sulphates will only be present in larger concentrations
close to the often pyrite-rich mineral subsoil of tropical
peatlands (Neuzil et al., 1993; Haraguchi et al., 2005) or
in areas �ooded by contaminated water (Miyajima &
Wada, 1999; Uedaet al., 2000; Hadi et al., 2001, 2005).
More likely low methane emissions from tropical
peatlands relate to the poor substrate quality of the
peats (high polyphenol content, e.g. lignin; Polak, 1975;
Calvert et al., 1991; Durig & Calvert, 1991; Yonebayashi
et al., 1992; Esterle & Ferm, 1994; Brady, 1997). Labile
components are quickly depleted from the near-surface
layers by aerobic decomposition (Brady, 1997; Chimner
& Ewel, 2005; Yule, 2008) and lateral discharge (Yule &
Gomez, 2009), and methanogenesis from the remaining
more recalcitrant material is low (Miyajima et al., 1997;
Jacksonet al., 2008). Part of the leached organic com-
pounds may be transported down the peat pro�le
(cf. Waddington & Roulet, 1997), where it can serve as
substrate for methanogenesis (Charman et al., 1994).
Indeed, in bogs of north America and Europe dissolved
methane and CO2 in deeper peat layers have been
found to be only about half the age of the surrounding
peat matrix (Charman et al., 1994, 1999; Chantonet al.,
1995, 2008; Clymo & Bryant, 2008). The young age of
this methane (and CO2) is explained by methanogenesis
through reduction of CO 2 (Hornibrook et al., 1997;
Miyajima et al., 1997; Chasaret al., 2000; Nakagawa
et al., 2002; Clymo & Bryant, 2008; Steinmann et al.,
2008) provided by fermentation of old peat and younger
dissolved carbon (Charman et al., 1994; cf. Nakagawa
et al., 2002; Chantonet al., 2008). As young CO2 and CH 4

are brought in directly from upper layers as well, the
dissolved gases will be of younger age than the dis-
solved organic compounds at the same depth (Clymo &
Bryant, 2008).

The fact that the low methane emissions from tropical
peatswamps are mostly derived from young sources
supports the idea of limited decay of deeper peat
(Chanton et al., 1995), as surmised from the linear
age–depth relationships (cf. Dommain et al., 2009;
cf. Gorham et al., 2003). Peat accumulation in the tropics
is attributed to low decomposability of the material
(Chimner & Ewel, 2005; Yule, 2008; Yule & Gomez,
2009) and anaerobic decomposition of old, recalcitrant
material indeed may prove to be negligible.

Methane emissions from rice paddies on tropical peat
soil can be substantial. Furukawa et al. (2005) report low
emissions from peatland paddy sites at lower water
levels and extremely high emissions up to
35 mg CH4 m� 2 h� 1 from peaty alluvial soils at high
water levels. Similarly, Hadi et al. (2005) found emis-
sions of up to 14 mg CH 4 m� 2 h� 1 in rice paddies on peat
soil. Rice provides easily degradable material as a
source for the production of methane that is then
transported to the atmosphere through its aerenchyma
(Neue, 1993). The methane emitted from peatland rice
paddies predominantly stems from acetate fermenta-
tion and is of modern age (Nakagawa et al., 2002).
Particularly when rice straw was added, dissolved
organic carbon was higher in drained tropical peatlands
used for sago cultivation, resulting in increased
methane production and accumulation of methane in
deeper soil layers (Inubushi et al., 1998). Similar high
concentrations of methane in the soil were observed in
tropical peatlands used for sago and oil palm cultiva-
tion by Melling et al. (2005c), who ascribed these to
higher soil temperature (Ludang et al., 2007) and rate of
decomposition. The accumulated methane may contri-
bute substantially to emission rates when these subsur-
face soil layers are opened to the atmosphere, for
example through land use (Inubushi et al., 1998) or by
ebullition (cf. Ueda et al., 2000). In Minnesota peatlands
Glaseret al. (2004) observed localized and episodic large
methane ebullition events when a drop in barometric
pressure during periods of low water level decreased
the pressure on methane pockets con�ned by dense
wood layers. Similar processes may also take place in
the woody tropical peats. Their localized extent and
episodic nature make these large ebullition events hard
to detect by closed chamber measurements (Glaseret al.,
2004; cf. Comaset al., 2007; Denmead, 2008). Using the
eddy covariance technique in a Finnish fen, Rinne et al.
(2007) also observed highest methane �uxes during dry
periods, although values were modest compared with
the �ndings of Glaser et al. (2004) and Comas et al.
(2007). Small-scale ebullition may be responsible for
spikes in methane emission observed when soil moist-
ure drops in drained tropical peat soils (cf. Furukawa
et al., 2005; Takakaiet al., 2005).

Whereas they display comparable erratic behaviour,
nitrous oxide emissions (up to 19 000mg N2O m� 2 h� 1)
and particularly consumption values (up to
� 63mgN2O m� 2 h� 1) of tropical peatland sites are large
compared with values from temperate and boreal Europe
(cf. Velthof et al., 1996; Augustin et al., 1998; Flessaet al.,
1998; Münchmeyer, 2001; Maljanen et al., 2004; Regina
et al., 2004; Von Arnold et al., 2005a, b), where peak
emission values reach � 5000mg N2O m� 2 h� 1 (Velthof
et al., 1996; Augustin et al., 1998) and peak net uptake is
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ca. � 8mg N2O m� 2 h� 1 (Mü nchmeyer, 2001). Factors
regulating N 2O consumption by the soil are not yet
well understood and need further study (Chapuis-Lar-
dy et al., 2007). Emissions of N2O from tropical peat soil
depend on soil moisture and land use (Hadi et al., 2000;
Takakai et al., 2006; Melling et al., 2007b). The highest
observed N2O emissions were from drained and ferti-
lized agricultural peat soils (Takakai et al., 2006) and
occurred when water �lled pore space was between
� 60% and � 90%, pointing at denitri�cation as the
main underlying process. As fertilizer was applied in
form of NH 4

1 -N, nitri�cation must also play an impor-
tant role, either as direct source of N 2O, or by providing
the necessary NO3

� for denitri�cation (Takakai et al.,
2006; Hashidoko et al., 2008; cf. Inubushi et al., 2003;
Furukawa et al., 2005). Next to denitrifying bacteria
(with a high potential for N 2O production; Hashidoko
et al., 2008), also fungi may play a major role in N 2O
production in tropical peat soils (Yanai et al., 2007). The
role of plants in mediating N 2O emissions (cf. Rusch &
Rennenberg, 1998; Kreuzwieseret al., 2003) needs to be
assessed. In light of the complex dependencies and
resulting erratic behaviour of N 2O �uxes, measurement
frequency needs to be high, particularly during the
rainy season (Melling et al., 2007b), to arrive at robust
emission estimates. Takakai et al. (2006), based on
year-round monthly measurements and linear interpo-
lations, arrive at emissions from fertilized agricultural
lands of 3.3–40.7 g N2O m� 2 a� 1 (with a global warming
potential equivalent to 980–1210 g CO2 m� 2 a� 1;
cf. Forster et al., 2007), which are very high compared
with emissions from agricultural peatlands of tempe-
rate Europe (Table 1), by far exceed the IPPC default
value of 2.5 g N2O m� 2 a� 1 (IPCC, 2006) and emphasize
the need for further studies and proper land use guide-
lines. On the basis of the limited set of available data,
primary, secondary and drained tropical peatswamp
forests are indiscernible from agroforestry sites on peat

with respect to N 2O emissions. Annual emissions –
based on linear interpolations – from forested tropical
sites are comparable to those from forested temperate
European sites (Table 1).

Carbon balance

The net carbon uptake of an undrained south-east
Asian primary peatswamp forest as measured using
the eddy covariance technique (532 g C m� 2a� 1, Suzuki
et al., 1999) is an order of magnitude higher than the
long-term carbon accumulation rates of tropical
peatswamps as determined with palaeoecological tech-
niques (Dommain et al., 2009). This discrepancy points
to additional sequestration or considerable unac-
counted loss of carbon from the eddy covariance plots.
A net increase in standing biomass may explain part of
the difference. Export of dissolved gaseous carbon will
be limited (cf. Hornibrook et al., 1997; Glaseret al., 2004;
Clymo & Bryant, 2008; Steinmann et al., 2008) and
hardly affect the balance. Similarly, the amount of
carbon lost through methane emissions is small. In
contrast, export of dissolved organic carbon (DOC)
may constitute a substantial part of the peatland carbon
balance, as seen in boreal peatlands (Rouletet al., 2007;
Nilsson et al., 2008). Tropical peatland waters can have
very high DOC concentrations (Miyamoto et al., 2009;
Yule & Gomez, 2009) and, together with lower amounts
of particulate organic carbon (POC) (cf. Yoshioka et al.,
2002), this carbon is exported in substantial amounts
(Tachibana et al., 2006; Alkhatib et al., 2007; Baumet al.,
2007; Rixenet al., 2008; cf. Hopeet al., 1994; Harrison
et al., 2005) and rapidly decomposed (cf. Hedges et al.,
1997; Raymond & Bauer, 2001). In order to get a clearer
picture of carbon losses from tropical peatlands in
relation to drainage and land use, more research on
the loss of carbon through blackwater streams is

Table 1 Annual nitrous oxide �uxes from peatlands in tropical south-east Asia and in temperate Europe

Land use g N2O m� 2 a� 1 mean (range)

Tropical south-east Asia Drained agricultural land (fertilized), n 5 8 14.28 (1.12–40.7)
Drained, open vegetation (abandoned, not fertilized), n 5 5 0.11 (� 0.17–0.63)
Forested (drained and undrained peatswamp, agro-forestry), n 5 9 0.54 (� 0.08–2.10)
Paddy, n 5 5 0.10 (� 0.06–0.32)

Temperate Europe* Drained agricultural land (fens/fertilized), n 5 80 0.97 (� 0.05–8.86)
Forested (drained and undrained), n 5 14 0.57 (0.04–2.69)
(Semi-) natural (incl. rewetted), n 5 23 0.10 (� 0.01–0.27)

Negative values denote net uptake by the ecosystem.
*Data from Augustin & Merbach (1998); Augustin et al. (1998); Augustin (2003); Brumme et al. (1999); Drösler (2005); Flessaet al.
(1997); Hendriks et al. (2007); Jacobset al. (2003); Müller (1999); Tauchnitz et al. (2008); Velthofet al. (1996); Von Arnold et al. (2005a, b);
Wild et al. (2001).
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needed. The high rate of decomposition in drained
peatlands may lead to higher production of DOC that
is transported out of the system through drainage
canals (Holden et al., 2004) together with increased
POC loads from soil erosion.

In recent decades, human induced �res in south-east
Asian peatlands have resulted in huge amounts of peat
carbon released to the atmosphere, with single �re
events resulting in losses up to well over 1 m of peat
(Page et al., 2000, 2002; Limin et al., 2004). Based on
available measurement data, the mean rate of �re-
related peat loss amounts to 34 cm per �re event (Table
2; cf. Heil, 2007). This is considerably lower than the
average peat loss of 51 cm measured in the EMRP area
in Central Kalimantan (Indonesia) during the severe
1997/1998 El Niño drought (Table 2; Page et al., 2000,
2002). Pageet al. (2002) arrive at an average loss of
29.1 kg C m� 2 for the 1997 peatland �res (Table 2). Using
a higher volumetric carbon density of 0.070 g cm � 3 (bulk
density of 0.13 g cm� 3 � carbon content of 0.54; Shimada
et al., 2001), Heil et al. (2007) arrive at a slightly higher
estimate of 34.9 kg C m� 2 for the same event. Above
estimates of volumetric carbon density are derived from
dry bulk density and carbon content assessments over
total peat depth. Because of compaction, bulk density in
the upper layers of drained peatlands may be consider-
ably higher (cf. Melling et al., 2005b, 2006; Saharjo &
Nurhayati, 2005; Ali et al., 2006; Koolet al., 2006; Kurnain
et al., 2006; Takakaiet al., 2006; Saharjo, 2007; Ywihet al.,
2009). Departing from a volumetric carbon content of
0.086 g cm� 3, Limin et al. (2004) report �re-related emis-
sions in the EMRP area of 47.5 and 18.6 kg C m� 2,
respectively, for the El Niñ o years 1997 and 2002 (Table
2). The limited number of available measurements
(Table 2) implies emissions of � 26 kg C m� 2 from a

typical �re event. Compared with emissions from oxi-
dative peat loss of 0.9 kg C m� 2a� 1 for each 10 cm of
additional drainage depth, peat �re emissions are con-
siderably larger, exceeding Holocene carbon accumula-
tion rates by two orders of magnitude (cf. Dommain
et al., 2009).

While monitoring of peatland �res in south-east Asia
is ongoing (Fuller & Fulk, 2001; Bechteler & Siegert,
2004; Siegertet al., 2004; Hayasaka, 2007; Langneret al.,
2007; Miettinen, 2007; Phuaet al., 2007; Mastura, 2008;
Putra et al., 2008; Tanseyet al., 2008; Langner & Siegert,
2009), data on the actual volume of peat losses are
scarce and adequate estimates of the relevant carbon
content are lacking. Studies into both parameters are
urgently needed to arrive at better estimates of carbon
losses from these tropical peatland �res. If we assume a
total area of � 19� 109 m2 of peat soil burnt during the
1997 �res in south-east Asia (Heil et al., 2007), with each
m2 emitting 26 kg C (Table 2), peat carbon emissions
from the 1997 �res would have amounted to
� 494 Tg C. This value corresponds well with the
� 486 Tg peat carbon emissions (67% of total emissions
of 726 Tg) of van der Werf et al. (2008), who used CO
measurements from the MOPITT satellite to optimize
bottom-up estimates based on burnt area. Above values
are only slightly higher than the lower estimate of 380–
460 Tg peat carbon of Pageet al. (2002). Based on van
der Werf et al. (2008), average annual �re-related peat
carbon emissions for the 2000–2006 period amount to
� 86 Tg C (67% of total emissions of 128 Tg), which is in
line with the 91.5 Tg C of Heil (2007). These estimates
are three to four times smaller than the lower estimate
of Hooijer et al. (2006), who arrived at mean annual
emissions from �res for the 1997–2006 period of
� 385 Tg C, with � 340 Tg C from peat (cf. Pageet al.,

Table 2 Carbon emissions from peat �res and related parameters

Burnt peat
depth (cm) Year Bulk density (g cm � 3) Carbon content

Emission
(kg C m � 2)

Fire
type Reference

37 (25–60) 1988, 1994 C DID & LAWOO (1996)
51 (20–150) 1997 0.100* 0.57* 29.1 (11.4- 85.5) W Pageet al. (2000, 2002)
55 (25–85) 1997 0.160 (0.100–0.220) 0.54 (0.53–0.56) 47.5 (13.3–104) W Liminet al. (2004)
21 (3.5–44.5) 2002 0.160 (0.100–0.220) 0.54 (0.53–0.56) 18.6 (6.3–37.1) W Liminet al. (2004)
27 (15–30)w 2002 W Usup et al. (2004)
12 (0–32) 2001, 2002 0.155 (0.060–0.220) 0.50 (0.46–0.54) 9.0 (0–27.4) E Saharjo & Munoz (2005);

Saharjo & Nurhayati
(2005); Saharjo (2007)

Mean
34 0.144 0.54 26.1

Data are mean values (range in parentheses).
*Data from Neuzil (1997).
wOwn calculations based on weight loss data.
C, clearance �re; W, wild�re; E, experimental �re.
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2002) – or, recalculating for the 2000–2006 period, at
� 270 Tg of peat carbon.

Whereas yearly balances of oil palm plantations on
tropical peat soil may suggest no or only small carbon
losses (Melling et al., 2007a), more comprehensive long-
er term lifecycle analyses all arrive at clear carbon
debits (Germer & Sauerborn, 2007; Pastowski et al.,
2007; Fargione et al., 2008; Reijnders & Huijbregts,
2008; Wicke et al., 2008; Danielsen et al., 2009). The
CO2 emissions from peat degradation assumed in these
studies range from 1.8 kg CO2m� 2 a� 1 (Germer & Sauer-
born, 2007), to 3.7–5.5 kg CO2m� 2 a� 1 (Reijnders & Huij-
bregts, 2008), 3.9 kg CO2 m� 2 a� 1 (Wicke et al., 2008) and
5.5–7.3 kgCO2 m� 2a� 1 (Fargione et al., 2008). The mea-
surements of Melling et al. (2007a) indicate emission
values from oxidizing peat of 5 kg CO 2 m� 2 a� 1 or more.

Conclusions

Subsidence in south-east Asian peatlands shows a clear
linear dependency on water level, increasing by
0.9 cm a� 1 for each 10 cm of additional drainage depth.
Whereas subsidence seems to level off to remain at
� 4.5 cm a� 1 at mean annual water levels deeper than
50 cm, recent evidence suggests there is further increase
in subsidence until drainage depths of � 1 m are at-
tained. With a conservative estimate of 40% for the
oxidative component in subsidence, CO2 emissions
amount to at least 900 g CO2m� 2a� 1 ( 5 9 t CO2ha� 1a� 1)
for each 10 cm of additional drainage depth (up to a
depth of 50–100 cm). Hooijer et al. (2006) use a similar
relationship of 910 g CO2m� 2a� 1 and arrive at total an-
nual emissions from peat oxidation in degrading south-
east Asian peatlands of � 600 Mt CO2 (170 Tg C). Should
emissions cease to increase with drainage depths below
50 cm, these total emissions would still amount to
� 475 Mt CO2 (130 Tg C). More concerted studies into
subsidence to arrive at better emission estimates are
particularly opportune, as subsidence assessments by
remote sensing may be a rapid and cheap method for
monitoring CO 2 emissions from drained peatlands.

Based on the limited amount of direct measurements,
34 cm of peat is lost in an average tropical peat �re,
which corresponds to 26 kg C m � 2. This is more than 20
times as much as the annual oxidative loss from 50 cm
deep drained peat soil and exceeds average Holocene
accumulation rates by 350 to over 1000 times (cf. Dom-
main et al., 2009). Applying this peat loss estimate to the
total area of peat soil burnt during the 1997 �res in
south-east Asia (� 19 000 km2; Heil et al., 2007), peat
carbon emissions from this event would have amounted
to � 494 Tg C, which corresponds well with the
� 486 Tg of van der Werf et al. (2008), and is near the
lower estimate of Page et al. (2002). Van der Werf et al.

(2008) and Heil (2007) estimate annual �re-related peat
carbon emissions for the 2000–2006 period to amount to
� 90 Tg C, which is considerably lower than the
often cited estimate of Hooijer et al. (2006) of
� 385 Tg C. In contrast to hitherto assumed (Hooijer
et al., 2006), regular peat oxidation after drainage on
the longer run seems to contribute more to annual CO 2

emissions from south-east Asia than peat �res.
The database on CO2 emissions from drainage and

�re in tropical peatlands is still poor. Most drainage-
related emission data stem from dark chamber mea-
surements that are inadequate for determining net CO 2

�uxes to the atmosphere. Hardly any publication suf�-
ciently considers and discusses biases, pitfalls and un-
certainties associated with the �ux measurement
method chosen (chamber design, method of �ux deri-
vation, measurement frequency and time of day). Con-
sidering its diurnal and seasonal patterns, measurement
of CO2 �uxes must be frequent and intensive. To arrive
at reliable net CO2 �uxes between forested ecosystems
and the atmosphere, rhizosphere respiration must be
excluded and changes in litter and biomass stocks must
be assessed. Assessing carbon stock changes further-
more involves quantifying �uxes of methane and dis-
solved and particulate carbon.

Total soil respiration �uxes from dark chamber mea-
surements do not represent net-emissions and addres-
sing them in terms of global warming potential is
misleading and has led, for example, to the erroneous
conclusion that oil palm plantations on drained peat are
to be preferred over natural peatswamps in terms of
radiative forcing (MPOC, 2006; Corley, 2007). The few
passable gas measurements suggest that peat oxidation
losses from drained peatlands, including oil palm plan-
tations, reach similar values as those derived from
subsidence measurements, i.e. � 5 kg CO2 m� 2 a� 1

(5 50 t CO2 ha� 1 a� 1) or more. This implies that the
emission factor of biofuel derived from oil palm grown
on tropical peat soil amounts to at least � 400 g CO2-
eq MJ� 1 (Wicke et al., 2008; cf. Couwenberg, 2007),
which by far exceeds emission factors of common fossil
fuels (cf. IPCC, 2006).

Peat losses not only lead to the emission of carbon,
but also to the irrevocable loss of palaeo-archives.
During the 25 year rotation period of an oil palm
plantation on coastal peat soil more than 1750 years of
stored information is lost. A typical �re in the EMRP
area destroys at least 500 years and in extreme cases
several millennia of palaeo-information. The informa-
tion lost is particularly valuable as it covers the devel-
opment of peatswamps in relation to Late Holocene
climate variability, particularly El Nin ˜o activity, and
thus provides necessary baseline information for cli-
mate mitigation projects under the REDD umbrella.
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Methane emissions from south-east Asian peatlands
show a clear relationship to water level. Values are
generally low (and often negative) for water levels
below � 20 cm and higher and more variable when
water levels are above this threshold. Whereas plant-
mediated methane emissions need to be quanti�ed and
the possibility of periodic large scale ebullition must be
assessed, in all likelihood methane emissions from
tropical peatswamps are small due to the recalcitrance
of the peat.

Whereas they display comparable erratic behaviour,
nitrous oxide emissions from fertilized tropical agricul-
tural peat soils are high, sometimes even extremely high,
compared with those from agricultural peatlands of tem-
perate Europe. Emissions from degraded, unfertilized,
abandoned sites as well as from primary and secondary
forest sites are low. More thorough measurement schemes
are needed, particularly in light of the extreme emission
spikes measured by Takakai et al. (2006).

Assessment of the global warming potential of tropi-
cal peat soils, i.e. the radiative forcing of CO 2, methane
and nitrous oxide combined, as used in climate change
policies (cf. Forster et al., 2007), depends on robust
estimates of net annual emissions. With respect to land
use on tropical peat soils, such robust estimates are not
yet available for CO 2, the most important anthropo-
genic greenhouse gas (Forsteret al., 2007), nor for N2O.

Their predominant dependence on water level shows
that rewetting of drained tropical peat soils will lead to
large reductions of CO2 emissions, also when condi-
tions of net carbon sequestration are not reached. In
contrast to temperate and boreal peatlands, the risk of
substantial increase in methane emissions is low. The
high N 2O emissions during the rainy season are re-
stricted to heavily fertilized drained sites and it is
highly improbable that rewetting will induce N 2O
emissions that negate the CO2 emission reductions.
There is, however, an urgent need for further quantita-
tive research on greenhouse gas exchange to support
the development of consistent policies for climate
change mitigation.
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Indien. Verhandelingen der Koninklijke Academie van Weten-

schappen te Amsterdam, Afdeeling Natuurkunde (tweede sectie), 3,
1–85.

Pulliam WM (1992) Methane emissions from cypress knees in a
southeastern �oodplain swamp. Oecologia, 91, 126–128.

Pumpanen J, Kolari P, Ilvesniemi H et al. (2004) Comparison of
different chamber techniques for measuring soil CO 2 ef�ux.
Agricultural and Forest Meteorology, 123, 159–176.

Purvaja R, Ramesh R, Frenzel P (2004) Plant-mediated methane
emission from an Indian mangrove. Global Change Biology, 10,
1825–1834.

Putra EI, Hayasaka H, Takahashi H, Usup A (2008) Recent peat
�re activity in the Mega Rice Project area, Central Kalimantan,
Indonesia. Journal of Disaster Research, 3, 334–341.

Raymond PA, Bauer JE (2001) Riverine export of aged terrestrial
organic matter to the North Atlantic Ocean. Nature, 409,
497–500.
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+l1h1 Vxpdwud/ Eruqhr/ Shqlqvxodu Pdod|vld,1 Shdw dffxpxodwlrq lq wkh wurslfv uhpdlqv dq hqljpdwlf
skhqrphqrq/ ehfdxvh wkh frqvwdqwo| kljk whpshudwxuhv ri 5905:£F vkrxog wkhruhwlfdoo| gulyh udslg vrlo fduerq
wxuqryhu dqg wkxv qrw hqdeoh wkh dffxpxodwlrq ri shdw1 Wkhuhiruh wklv wkhvlv dovr h{soruhv wkh phfkdqlvpv wkdw
fdxvh shdw irupdwlrq lq wkh Vrxwkhdvw Dvldq wurslfv dv zhoo dv wkh gulyhuv ehklqg fkdqjlqj udwhv ri fduerq
dffxpxodwlrq1 Fduerq g|qdplfv zhuh dqdo|}hg dw wkh uhjlrqdo vfdoh +436Ñ438 np 5, ri Vrxwkhdvw Dvld ryhu
ploohqqldo wlphvfdohv +sdshu/ L/ LL, dqg dw wkh orfdo vfdoh +434Ñ435 p 5, ri d shdwodqg vlwh rq dqqxdo wr fhqwhqqldo
wlphvfdohv +sdshu LLL/ LY,1

Sdshu L suhvhqwv wkh iluvw v|vwhpdwlf fodvvlilfdwlrq ri wkhqhduo| 493/333 np5 Vrxwkhdvw Dvldq orzodqg shdwodqgv
+ehorz :3 p d1v1o1, lqwr jhrjudsklf shdwodqg w|shv1 Wkh shdwodqgv zhuh glylghg lqwr 4, frdvwdo shdwodqgv ri
Shqlqvxodu Pdod|vld/ Vxpdwud/ dqg Eruqhr +•463/333 np5, dqg lqwr lqodqg shdwodqgv +•63/333 np5, ri 5,
Fhqwudo Ndolpdqwdq +vrxwkhuq Eruqhr,/ 6, wkh Nxwdl edvlq +hdvwhuq Eruqhr,/ dqg 7, wkh Xsshu Ndsxdv edvlq
+zhvwhuq Eruqhr,1 Frdvwdo shdwodqgv iruphg e| sulpdu| pluhirupdwlrq gluhfwo| rq iuhvko| h{srvhg pdulqh ru
pdqjuryh vrlov zlwk wkh orzhulqj ri wkh vhd ohyho gxulqj wkh Odwh Krorfhqh1 Lq frqwudvw/ lqodqg shdwodqgv iruphg
yld sdoxglilfdwlrq rq hlwkhu whuuhvwuldo vdqg vrlov +Fhqwudo Ndolpdqwdq, ru e| erwk sdoxglilfdwlrq dqg
whuuhvwuldol}dwlrq +Nxwdl edvlq/ Xsshu Ndsxdv edvlq,1 Wkhvhtxhqfh ri shdwodqg lqlwldwlrq zdv hvwdeolvkhg e|
dsso|lqj wkh frpprq fxpxodwlyh edvdo gdwh iuhtxhqf| dssurdfk +sdshu L,1 Wklv phwkrg uhyhdohg fohdu
gliihuhqfhv lq wkh wlplqj ri shdwodqg lqlwldwlrq= 4, wkh Xsshu Ndsxdv shdwodqgv duh wkh roghvw srvwjodfldo shdw
irupdwlrqv dqg gdwh iurp 53/333046/333 fdo ES +fdohqgdu |hduv ehiruh suhvhqw,/ 5, lqodqg Fhqwudo Ndolpdqwdq
shdwodqgv gdwh iurp 47/8330<333 fdo ES/ 6, wkh Nxwdl shdwodqgv gdwh iurp ;63307<33 fdo ES/ dqg 7, dqg wkh
frdvwdo shdwodqgv gdwh iurp ::330533 fdo ES1

Frdvwdo shdwodqgv kdyh d Krorfhqh dyhudjh fduerq dffxpxodwlrq udwh ri :: j F p 05|u04/ ehlqj uhfrjql}hg dv
wkh joredoo| prvw hiihfwlyh whuuhvwuldo hfrv|vwhpv lq whupv ri orqj0whup fduerq vhtxhvwudwlrq1 H{fhsw iru wkh
Nxwdl shdwodqgv/ wkh Krorfhqh dyhudjh fduerq dffxpxodwlrqudwhv ri lqodqg shdwodqgv duh vljqlilfdqwo| orzhu
+53063 j F p05|u04, dqg yhu| vlplodu wr wkh dyhudjh orqj0whup udwhv ri qruwkhuqshdwodqgv1

Ioxfwxdwlrqv lq sdvw udwhv ri fduerq dffxpxodwlrq ri Vrxwkhdvw Dvldq shdwodqgv frxog iru wkh iluvw wlph eh olqnhg
wr sdohrfolpdwlf fkdqjhv/ sulpdulo| yduldwlrqv lq prlvwxuh dydlodelolw| +sdshu L/ LL,1 K|gurfolpdwlf lqioxhqfhv
rq fduerq dffxpxodwlrq udwhv zhuh uhodwhg wr vkliwv lq wkh phdq srvlwlrq ri wkh Lqwhuwurslfdo Frqyhujhqfh ]rqh/
fkdqjhv lq wkh lqwhqvlw| ri wkh Dxvwudo0Dvldq prqvrrq v|vwhp/ dqg yduldwlrqv lq wkh iuhtxhqf| ri wkh Ho Ql˜r0
Vrxwkhuq Rvfloodwlrq1

Lq frqwudvw/ shdwodqg lqlwldwlrq dqg h{sdqvlrq zdv gulyhq e| vhd0ohyho fkdqjh +sdshu L/ LL,1 Wkh ghjodfldo ulvh lq
vhd0ohyho lv lghqwlilhg dv wkh sulpdu| gulyhu iru lqodqg shdwodqg irupdwlrq lq Eruqhr/ ehfdxvh wkh ulvlqj vhd0ohyho
4, orzhuhg wkh k|gurorjlfdo judglhqwv lq wkh Vrxwkhdvw Dvldq lvodqg dufklshodjr lqgxflqj ulvlqj jurxqg dqg
vxuidfh zdwhu ohyhov rq wkhvh lvodqgv/ dqg 5, ohg wr kljkhu dwprvskhulf prlvwxuh dydlodelolw| gxh wr wkh dvvrfldwhg
h{sdqvlrq ri pdulqh zdwhu pdvvhv rq wkh vkhoi iorru1 Sdshu LLvkrzv wkdw lqodqg shdwodqg lqlwldwlrq dqg
h{sdqvlrq zdv prvw h{whqvlyh gxulqj ghjodfldo phowzdwhu sxovhv/ zkhq wkh udwh ri vhd0ohyho ulvh h{fhhghg 43
pp |u 041 Rqo| zkhq wkh udwh ri vhd0ohyho ulvh kdg vorzhg grzq wr d wkuhvkrog ri 517 pp |u04e| •:333 fdo ES
frxog shdw dffxpxodwlrq dorqj wkh frdvwv nhhs xs zlwk wkh vhd0ohyho ulvh dqg frdvwdo shdwodqgv frxog irup1
K|gur0lvrvwdwlf dgmxvwphqw ri wkh Vxqgd Vkhoi ohg wr d vhd0ohyho orzhulqj e| fd1 8 p ryhu wkh sdvw 7833 |hduv1
Idoolqj vhd ohyhov h{srvhg h{whqvlyh pdulqh duhdv wkdw zhuhudslgo| frorql}hg e| shdw vzdps iruhvwv1 D qhzo|
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ghyhorshg phwkrg iru wkh uhfrqvwuxfwlrq ri sdvw shdwodqg duhd edvhg rq wudqvihu ixqfwlrqv +sdshu LL, uhyhdov wkdw
:3( ri wkh shdwodqgv ri Vxpdwud dqg Ndolpdqwdq rqo| iruphg gxulqj wkh sdvw 7333 |hduv1 Pruhryhu/ wklv qhz
wudqvihu ixqfwlrq dssurdfk vkrzv wkdw wkh frpprq edvdo gdwhv dssurdfk ryhuhvwlpdwhg wkh h{whqw ri shdwodqgv
lq wkh sdvw1 Wklv phwkrg/ lq jhqhudo/ ohdgv wr kljkhu udwhv riuhfrqvwuxfwhg fxpxodwlyh shdw fduerq xswdnh iru wkh
sdvw1

E| frpelqlqj uhfrqvwuxfwhg shdwodqg duhdv dqg phdq udwhv rifduerq dffxpxodwlrq ryhu ploohqqldo wlphvfdohv
iurp hdfk shdwodqg w|sh wkh fduerq xswdnh ri doo shdwodqgv iurp Vxpdwud dqg Ndolpdqwdq frxog eh txdqwlilhg
iru wkh sdvw 48/333 |hduv +sdshu LL,1 Fduerq xswdnh uhpdlqhgehorz 4 Whudjudp +Wj, F |u04iurp 48/33308333
fdo ES ehfdxvh wkh wrwdo duhd ri shdwodqgv zdv ohvv wkdq 63/333 np51 Udslg shdwodqg h{sdqvlrq gulyhq e| wkh
orzhulqj ri vhd0ohyho ryhu wkh sdvw 8333 |hduv lqfuhdvhg fduerq xswdnh rq Vxpdwud dqg Ndolpdqwdq wr ryhu :
Wj F |u04dqg uhvxowhg lq dq h{srqhqwldo jurzwk ri wkh uhjlrqdo shdw0fduerq uhvhuyrlu wr d vl}h ri ryhu 53 Sj F1
Vrxwkhdvw Dvldq shdwodqgv wkhuhiruh kdg qr vljqlilfdqw uroh lq wkh Odwh Sohlvwrfhqh dqg Hduo| Krorfhqh joredo
fduerq f|foh1 Krzhyhu/ ehfdxvh ri wkhlu udslg h{sdqvlrq diwhu 8333 fdo ES e| ryhu 433/333 np5 wkh shdwodqgv
ri Vrxwkhdvw Dvld ehfdph d joredoo| lpsruwdqw fduerq vlqn gxulqj wkh Odwh Krorfhqh dqg olnho| fdxvhg dq
dwprvskhulf FR5 gudzgrzq ri 405 ssp +sdshu LL,1 Wklv suhylrxvo| xquhfrjql}hg elrvskhulf fduerq vlqn sduwo|
frpshqvdwhg iru frqwhpsrudqhrxv whuuhvwuldo fduerq orvvhv dvvrfldwhg zlwk wkh ghvhuwlilfdwlrq ri Qruwkhuq
Diulfd1

Wkh phfkdqlvpv wkdw hqdeoh kljk udwhv ri fduerq dffxpxodwlrq ri frdvwdo shdwodqgv zhuh h{soruhg lq d shdw fruh
vwxg| suhvhqwhg lq sdshu LLL1 Khuh wkh xvh ri d qhz frulqj whfkqltxh iru wkh wurslfv dqg wkh dssolfdwlrq ri qrq0
lqydvlyh jhrsk|vlfdo phdvxuhphqwv zhuh hpsor|hg wr ghulyhd kljk0uhvroxwlrq uhfrug ri fduerq dffxpxodwlrq
udwhv1 Wklv vwxg| surylghv wkh iluvw ghvfulswlrq ri shdwodqg srrov iru Vrxwkhdvw Dvld/ zklfk irup dv wls0xs srrov
iurp idoolqj wuhhv vxfk dvVkruhd doelgd1 Edvhg rq d sroohq dqg pdfurirvvlo uhfrug d irvvlo wls0xs srro frxog eh
lghqwlilhg lq wkh fruh dqg dq dvvrfldwhg fduerq dffxpxodwlrq udwh ri 433 wr ryhu <33 j F p05|u04ghwhuplqhg1
Wkxv wls0xs srrov ixqfwlrq dv orfdo krw vsrwv iru fduerq dffxpxodwlrq/ ixqgdphqwdoo| gliihuhqw iurp qruwkhuq
khplvskhuh shdwodqg srrov/ zklfk dfw dv qhw0fduerq vrxufhv1 Iurp d wlph0vhulhv ri dhuldo skrwrjudskv wkh udwh
ri wuhh idoo dqg wkxv srro irupdwlrq zdv ghwhuplqhg dw 317 wuhh kd04|u04+sdshu LLL,1 D vlpxodwlrq prgho lqglfdwhv
wkdw xs wr 93( ri wkh shdw ghsrvlwhg lq shdw grphv ri Eruqhr lv ghulyhg iurp iloohg xs irvvlo srrov Ñ fkdqjlqj
wkh sdudgljp wkdw Vrxwkhdvw Dvldq shdwodqgv pdlqo| irup iurp ehorzjurxqg elrpdvv dqg surylglqj dq
h{sodqdwlrq iru wkh udslg fduerq dffxpxodwlrq ri wkhvh hfrv|vwhpv1

Wkh folpdwh lpsdfw ri shdwodqgv lv/ krzhyhu/ qrw rqo| uhodwhg wr wkhlu fdsdflw| wr udslgo| vwruh fduerq/ ehfdxvh
shdwodqgv dovr uhohdvh wkh vwurqj juhhqkrxvh jdv phwkdqh Ñ de|0surgxfw ri dqdhurelf ghfrpsrvlwlrq1 D phwd0
dqdo|vlv ri phwkdqh hplvvlrq gdwd iurp Vrxwkhdvw Dvldq shdwodqgv +sdshu LY, vkrzv wkdw wkhlu dyhudjh dqqxdo
phwkdqh uhohdvh ri 6 j FK7 p 05|u04lv orzhu wkdq wkh dyhudjh dqqxdo uhohdvh ri •< j FK7 p 05|u04iurp qruwkhuq
shdwodqgv/ dowkrxjk wkh kljkhu wurslfdo vrlo whpshudwxuhvvkrxog ohdg wr vljqlilfdqwo| kljkhu hplvvlrqv1 Wkh
olplwhg ghjuhh ri dqdhurelf ghfd| lv h{sodlqhg e| wkh uhfdoflwudqfh ri wkh ghsrvlwhg elrpdvv/ zklfk frqwdlqv
kljk dprxqwv ri oljqlq dqg wdqqlq/ surylglqj dqrwkhu h{sodqdwlrq iru udslg fduerq dffxpxodwlrq1 Orz dqdhurelf
ghfrpsrvlwlrq wrjhwkhu zlwk kljk udwhv ri fduerq dffxpxodwlrq lpso| wkdw olplwv wr yhuwlfdo shdw erj jurzwk lq
Vrxwkhdvw Dvld duh qrw vhw e| fxpxodwlyh dqdhurelf ghfd| dv lq qruwkhuq udlvhg erjv1 Lqvwhdg shdw erj jurzwk
lv olplwhg e| dhurelf ghfrpsrvlwlrq uhodwhg wr zdwhu0wdeohorzhulqj dv vkrzq e| d ghulyhg olqhdu uhodwlrqvkls
ehwzhhq wkh dprxqw ri uhohdvhg FR5 iurp dhurelf shdw ghfrpsrvlwlrq dqg wkh phdq dqqxdo ghswk riwkh
shdwodqg zdwhu0wdeoh +sdshu LY,1

Wkh folpdwlf hiihfw ri Vrxwkhdvw Dvldq shdwodqgv zdv ghwhuplqhg e| wkh joredo zduplqj srwhqwldo +JZS,
phwkrg/ zklfk frpsduhv fduerq xswdnh zlwk phwkdqh hplvvlrqv lq whupv ri FR50htxlydohqwv1 Wkh orz phwkdqh
hplvvlrqv dqg kljk fduerq dffxpxodwlrq udwhv ri frdvwdo shdwodqgv uhvxow lq d qhw dqqxdo xswdnh ri 4673 nj FR50
htxly1 kd04|u04ryhu d 433 |hdu JZS wlph0krul}rq1 Xqghu qdwxudo frqglwlrqv frdvwdo Vrxwkhdvw shdwodqgv h{huw
d vljqlilfdqw qhw frrolqj hiihfw rq wkh joredo folpdwh lq frqwudvw wr qruwkhuq shdwodqgv/ zklfk kdyh d zduplqj
hiihfw ru dfw folpdwlf qhxwudo rq wklv wlph iudph1 Lw fdq eh frqfoxghg wkdw wkh wurslfdo shdwodqgv ri Vrxwkhdvw Dvld
duh wkh vwurqjhvw fduerq vlqnv dprqj doo shdwodqgv joredoo|zlwk d qrwdeoh lqioxhqfh rq wkh HduwkÖv udgldwlyh
exgjhw1

Krzhyhu/ wrgd| dq hvwlpdwhg <3/333 np5 ri shdwodqgv lq Vrxwkhdvw Dvld lv gudlqhg iru djulfxowxuh +h1j1 rlo sdop
sodqwdwlrqv, dqg ghiruhvwdwlrq1 Wkhvh gudlqhg shdwodqgv uhohdvh dqqxdoo| ryhu 473 Wj F |u04iurp dhurelf shdw
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ghfrpsrvlwlrq1 Gudlqdjh dovr idflolwdwhv wkh uhjxodu vsuhdg ri shdw iluhv lq wklv uhjlrq/ zklfk rq dyhudjh uhohdvh
durxqg :8 Wj F |u041 Rqjrlqj wrwdo fduerq orvvhv +•553 Wj F |u04, h{fhhg wkh qdwxudo fduerq xswdnh e| d idfwru
ri 58 dqg ghprqvwudwh wkdw wkh hqwluh Vrxwkhdvw Dvldq shdwodqg uhjlrq kdv uhfhqwo| vzlwfkhg iurp d joredoo|
lpsruwdqw fduerq vlqn wr d joredoo| vljqlilfdqw vrxufh ri dwprvskhulf FR 5 +sdshu LL/ LY,1
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]xvdpphqidvvxqj

Prruh vlqg hlqh zlfkwljh Nrpsrqhqwh lp joredohq Nrkohqvwriinuhlvodxi/ gd vlh odqjiulvwljh
Nrkohqglr{lgvhqnhq xqg ehghxwhqghq Txhoohq yrq Phwkdq gduvwhoohq1 Lp Yhuodxi ghv Kror}Œqv +glh
yhujdqjhqhq 441:33 Mdkuh, ¡ehuwudi glh nrqwlqxlhuolfkh FR50Ihvwohjxqj gxufk Wruidnnxpxodwlrq glh
Phwkdqhplvvlrqhq qruglvfkhu Prruh1 Glhv i¡kuwh }x hlqhp Qhwwr0N¡koxqjvhiihnw dxi gdv Hugnolpd1 Glh
Ehghxwxqj wurslvfkhu Prruh lp joredohq Nrkohqvwriinuhlvodxi xqg eh}¡jolfk ghu Ehhlqioxvvxqj ghv
Vwudkoxqjvkdxvkdowv ghu Hugh lvw elvkhu mhgrfk qlfkw jhnoŒuw/ rezrko 44( ghu zhowzhlwhq PrruioŒfkhq lq ghq
Wurshq olhjhq1 Nolpdprghooh plw lqwhjulhuwhp Nrkohqvwriinuhlvodxi kdehq wurslvfkh Prruh elvkhu qlfkw
ehu¡fnvlfkwljhq nœqqhq/ gd nhlqh }xyhuoŒvvljhq Gdwhq }x ghuhq odqjiulvwljhu Nrkohqvwriiihvwohjxqj xqg
Ñiuhlvhw}xqj h{lvwlhuhq1 Lq glhvhu Glvvhuwdwlrq zxugh gdvSureohp dqjhjdqjhq/ lqghp Prrudxveuhlwxqj xqg
Udwhq ghu Nrkohqvwriiihvwohjxqj xqg Ñiuhlvhw}xqj i¡u gdv VsŒwtxduwŒu +vsŒwhv Sohlvwr}Œq/ Kror}Œq, ghv juœ©whq
wurslvfkhq Prrujhelhwhv/ zhofkhv lq V¡grvwdvlhq olhjw/ ghwdloolhuw uhnrqvwuxlhuw zxughq1 Wruidnnxpxodwlrq lq
ghq Wurshq eohlew hlq uŒwvhokdiwhv SkŒqrphq/ gd glh nrqvwdqw krkhq Whpshudwxuhq yrq 5905:£F wkhruhwlvfk glh
udvfkh Xpvhw}xqj yrq Erghqnrkohqvwrii yrudqwuhlehq vroowhq1 Gdkhu zxugh lq glhvhu Duehlw dxfk yhuvxfkw glh
sulpŒuhq Phfkdqlvphq/ zhofkh Wruielogxqj lq ghq v¡grvwdvldwlvfkhq Wurshq yhuxuvdfkhq/ }x lghqwlil}lhuhq xqg
glh WulhenuŒiwh klqwhu YhuŒqghuxqjhq lq Nrkohqvwriidnnxpxodwlrqvudwhq jhqdx }x ehvwlpphq1 Glh
Nrkohqvwriig|qdpln zxugh vrzrko dxi uhjlrqdohu Hehqh +4360438 np 5, yrq V¡grvwdvlhq ¡ehu wdxvhqgmŒkuljh
]hlwvndohq +Duwlnho L/ LL,/ dov dxfk dxi orndohu Hehqh +4340435 p 5, hlqhv Prruvwdqgruwhv ¡ehu mŒkuolfkh elv
kxqghuwmŒkuljh ]hlwvndohq xqwhuvxfkw +Duwlnho LLL/ LY,1

Duwlnho L ehlqkdowhw glh huvwh v|vwhpdwlvfkh Jolhghuxqj ghu 4931333 np5 v¡grvwdvldwlvfkhu Wlhiodqgvprruh +xqwhu
:3 p ¡1g1P1, lq jhrjudsklvfkh Prruw|shq1 Glh Prruh zxughq lq4, N¡vwhqprruh ghu Kdoelqvho Pdod|vld/
Vxpdwud xqg Eruqhr +•4631333 np5, xqg lq 5, Lqodqgvprruh +•631333 np5, yrq ]hqwudondolpdqwdq
+V¡geruqhr,/ Nxwdlehfnhq +Rvweruqhr, xqg Rehuhv Ndsxdvehfnhq +Zhvweruqhr, hlqjhwhlow1 N¡vwhqprruh
hqwvwdqghq gxufk sulpŒuh Prruelogxqj gluhnw dxi iulvfk h{srqlhuwhq pdulqhq Vhglphqwhq rghu
Pdqjuryhqeœghq dov Irojh ghu Phhuhvslhjhodevhqnxqj lp VsŒwhq Kror}Œq1 Lqodqgvprruh hqwvwdqghq gxufk
Yhuvxpsixqj yrq whuuhvwulvfkhq Vdqgeœghq +]hqwudondolpdqwdq, rghu gxufk glh Sur}hvvh Yhuvxpsixqj xqg
Yhuodqgxqj +Nxwdlehfnhq/ Rehuhv Ndsxdvehfnhq,1

Glh }hlwolfkh Deirojh ghu Prruhqwvwhkxqj zxugh gxufk glh nxpxodwlyh Iuhtxhq} edvdohu Wruigdwlhuxqjhq
huplwwhow +Duwlnho L,1 Glhvh Phwkrgh }hljwh noduh Xqwhuvfklhgh lq ghu }hlwolfkhq Deirojh ghu Prrulqlwllhuxqj= 4,
glh Prruh lp Rehuhq Ndsxdvehfnhq vlqg glh Œowhvwhq Prruelogxqjhq xqg gdwlhuhq dxi hlqhq ]hlwudxp
}zlvfkhq 5313330461333 fdo ES +Ndohqghumdkuh yru khxwh,/ 5, glh Prruh ]hqwudondolpdqwdqv dxi 4718330<333
fdo ES/ 6, glh Prruh ghv Nxwdlehfnhqv dxi ;63307<33 fdo ES xqg7, glh N¡vwhqprruh dxi ::330533 fdo ES1

Plw :: j F p 05 d04 ehvlw}hq N¡vwhqprruh glh kœfkvwh kror}Œqh Gxufkvfkqlwwvudwh lq ghu Nrkohqvwrii0
dnnxpxodwlrq xqg nrqqwhq gdplw dov joredo hiil}lhqwhvwh whuuhvwulvfkh ‡nrv|vwhph i¡u odqjiulvwljh
Nrkohqvwriiihvwohjxqj lghqwlil}lhuw zhughq1 Plw Dxvqdkph ghu Prruh ghv Nxwdlehfnhqv kdehq Lqodqgvprruh
ghxwolfk qlhguljhuh kror}Œqh Gxufkvfkqlwwvudwhq lq ghu Nrkohqvwriidnnxpxodwlrq +53063 j F p05d04, Ñ vhku
Œkqolfk ghq odqjiulvwljhq Udwhq qruglvfkhu Prruh1

Ioxnwxdwlrqhq ghu Nrkohqvwriiihvwohjxqjvudwhq v¡grvwdvldwlvfkhu Prruh lq ghu Yhujdqjhqkhlw nrqqwhq huvwpdolj
Vfkzdqnxqjhq ghv SdoŒrnolpdv }xjhrugqhw zhughq/ kdxswvŒfkolfk ghq Yduldwlrqhq lq ghu
Qlhghuvfkodjvyhui¡jedunhlw +Duwlnho L/ LL,1 K|gurnolpdwlvfkh Hlqio¡vvh dxi glh odqjiulvwljh
Nrkohqvwriidnnxpxodwlrq zxughq yhuxuvdfkw gxufk Yhuvfklhexqjhq lq ghu plwwohuhq Srvlwlrq ghu
Lqqhuwurslvfkhq Nrqyhujhq}}rqh/ YhuŒqghuxqjhq ghu LqwhqvlwŒw ghv Dxvwudo0Dvldwlvfkhq Prqvxqv|vwhpv xqg
Yduldwlrqhq lq ghu DnwlylwŒw ghu Ho Ql˜r0Rv}loodwlrq1

Lp Jhjhqvdw} gd}x yhuxuvdfkwhq srvwjod}ldoh PhhuhvvslhjhoŒqghuxqjhq glh Hqwvwhkxqj xqg Dxveuhlwxqj yrq
Prruhq lq V¡grvwdvlhq +Duwlnho L/ LL,1 Ghjod}ldohu Phhuhvvslhjhodqvwlhj zxugh dov qrwzhqgljh Udqgehglqjxqj
i¡u Prruelogxqj lp Lqodqg yrq Eruqhr lghqwlil}lhuw/ gd ghu dqvwhljhqgh Phhuhvvslhjho ghq k|gurorjlvfkhq
Judglhqwhq lp v¡grvwdvldwlvfkhq Dufklsho yhuulqjhuwh1 Glhv hukœkwh ghq Juxqg0 xqg RehuioŒfkhqzdvvhuvslhjho
dxi ghq Lqvhoq1 ]xvŒw}olfk i¡kuwh glh Ioxwxqj ghv Vxqgd0Vfkhoiv }x kœkhuhu dwprvskŒulvfkhu
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Zdvvhuyhui¡jedunhlw1 Duwlnho LL }hljw/ gdvv Prrulqlwllhuxqj xqg Prrudxveuhlwxqj lp Lqodqg yrq Eruqhr
zŒkuhqg Skdvhq ehvrqghuv vfkqhoohq Phhuhvvslhjhodqvwlhjv +vrj1 ghjod}ldoh Vfkpho}zdvvhusxovh, yrq ¡ehu
43 pp |u 04dp juœ©whq zduhq1 Huvw dov yru fd1 :333 Mdkuhq glh Udwh ghv Phhuhvvslhjhodqvwlhjv xqwhu ghq
Vfkzhoohqzhuw yrq 517 pp d04 ilho/ nrqqwh Wruidnnxpxodwlrq hqwodqj ghu N¡vwh plw ghu srvwjod}ldohq
Wudqvjuhvvlrq plwkdowhq xqg N¡vwhqprruh hqwvwhkhq odvvhq1 Glh k|gurlvrvwdwlvfkh Vhqnxqj ghv Vxqgd0Vfkhoiv
i¡kuwh ¡ehu glh ohw}whq 7833 Mdkuh }x hlqhu Phhuhvvslhjhodevhqnxqj yrq fd1 8 p1 Ghu idoohqgh Phhuhvvslhjho
ohjwh jur©ioŒfklj Phhuhvvhglphqwh xqg Pdqjuryhqeœghq iuhl/ zhofkh gluhnw yrq KrfkprruzŒoghuq ehvlhghow
zxughq1 Hlqh qhx hqwzlfnhowh Phwkrgh }xu jhqdxhq Uhnrqvwuxnwlrq iu¡khuhu PrruioŒfkhq edvlhuhqg dxi
Wudqvihuixqnwlrqhq +Duwlnho LL, yhughxwolfkw/ gdvv :3( ghu JhvdpwprruioŒfkh yrq Vxpdwud xqg Ndolpdqwdq
huvw zŒkuhqg ghu ohw}whq 7333 Mdkuh/ ¡ehuzlhjhqg hqwodqj ghu N¡vwhq/ jheloghw zxughq1 Dx©hughp }hljw ghu
qhxh Wudqvihuixqnwlrqhqdqvdw}/ gdvv glh khunœppolfkh Phwkrgh ghu nxpxodwlyhq Iuhtxhq} edvdohu Gdwlhuxqjhq
glh PrruioŒfkh lq ghu Yhujdqjhqkhlw ¡ehuvfkŒw}wh1 Gdplw i¡kuw ohw}whuh Phwkrgh juxqgvŒw}olfk }xu Huplwwoxqj
}x krkhu Phqjhq jhvshlfkhuwhq Nrkohqvwriiv lq Prruhq lq ghuYhujdqjhqkhlw1

Glh Lqwhjudwlrq yrq uhnrqvwuxlhuwhq PrruioŒfkhq plw plwwohuhq wdxvhqgmŒkuljhq Udwhq yrq
Nrkohqvwriidnnxpxodwlrq i¡u glh ylhu Prruw|shq hupœjolfkwh hv/ glh Nrkohqvwriiihvwohjxqj yrq doohq Prruhq
Vxpdwudv xqg Ndolpdqwdqv +Lqgrqhvlvfk Eruqhr, i¡u glh ohw}whq 481333 Mdkuh }x txdqwlil}lhuhq +Duwlnho LL,1 Glh
Nrkohqvwriiihvwohjxqj eolhe xqwhu 4 Whudjudpp +Wj, F d04 yrq 48133308333 fdo ES/ gd glh yhui¡jeduh
PrruioŒfkh plw zhqljhu dov 631333 np5 uhodwly jhulqj zdu1 Vfkqhooh Prrudxveuhlwxqj zŒkuhqg ghu ohw}whq 8333
Mdkuh/ hupœjolfkw gxufk glh Phhuhvvslhjhodevhqnxqj/ i¡kuwh }x hlqhp udvdqwhq Dqvwlhj ghu uhjlrqdohq
Nrkohqvwriiihvwohjxqjvudwh elv }x phku dov : Wj F d04xqg gdplw }x hlqhp h{srqhqwlhoohq Zdfkvwxp ghv Wrui0
Nrkohqvwriivshlfkhuv }x ¡ehu 53 Shwdjudpp +Sj, F1 V¡grvwdvldwlvfkh Prruh vslhowhq gdkhu nhlqh ehghxwhqgh
Urooh lp vsŒwsohlvwr}Œqhq xqg iu¡kkror}Œqhq joredohq Nrkohqvwriikdxvkdow1 Zhjhq ghu pdvvlyhq
IoŒfkhq}xqdkph yrq ¡ehu 4331333 np5 ¡ehu glh ohw}whq 8333 Mdkuh vlqg v¡grvwdvldwlvfkh Prruh hlqh joredo
ehghxwhqgh Nrkohqvwriivhqnh zŒkuhqg ghv VsŒwhq Kror}Œqv jhzrughq xqg uhgx}lhuwhq ghq dwprvskŒulvfkhq
FR5 Jhkdow xp jhvfkŒw}wh 405 ssp +Duwlnho LL,1 Glhvh elvkhu xqhundqqw jheolhehqh elrvskŒulvfkh
Nrkohqvwriivhqnh kdwwh gdkhu }xp Whlo }hlwjohlfkh whuuhvwulvfkh Nrkohqvwriiyhuoxvwh lp VsŒwhq Kror}Œq/
¡ehuzlhjhqg dov Irojh ghu Ghvhuwlil}lhuxqj Qrugdiulndv/ nrpshqvlhuw1

Glh Phfkdqlvphq/ zhofkh glh krkhq Nrkohqvwriidnnxpxodwlrqvudwhq ghu N¡vwhqprruh hupœjolfkwhq/ zxughq
lq hlqhu Wruinhuqvwxglh xqwhuvxfkw +Duwlnho LLL,1 PlwwhovQxw}xqj hlqhu qhxhq Erkuwhfkqln i¡u glh Wurshq xqg
ghu Dqzhqgxqj qlfkw0lqydvlyhu jhrsk|vlndolvfkhu Phvvxqjhq nrqqwh hlqh }hlwolfk krfkdxioœvhqgh
Uhnrqvwuxnwlrq yrq Nrkohqvwriidnnxpxodwlrqvudwhq huuhlfkw zhughq1 Glhvh Vwxglh lvw johlfk}hlwlj glh huvwh
Gduvwhooxqj ghu Nrkohqvwriig|qdpln yrq vwhkhqghq PrrujhzŒvvhuq lq V¡grvwdvlhq/ glh gxufk Zlqgzxui yrq
EŒxphq +}1E1Vkruhd doelgd, lq gdgxufk dxvjhkrehqhq Erghqœiiqxqjhq hqwvwhkhq +wls0xs srrov,1 Edvlhuhqg
dxi Sroohq0 xqg Pdnurirvvlogdwhq nrqqwh hlq irvvlohu +jhi¡oowhu, Srro plw hlqhu hqwvsuhfkhqghq
Nrkohqvwriidnnxpxodwlrqvudwh yrq 433 elv ¡ehu <33 j F p05d04lghqwlil}lhuw zhughq1 Wls0xs srrov ixqnwlrqlhuhq
dov orndo ehghxwvdph Nrkohqvwriivhqnhq lqqhukdoe hlq}hoqhu Prruh xqg gdplw juxqgvŒw}olfk dqghuv dov
PrrujhzŒvvhu qœugolfkhu Prruh/ zhofkh dov Nrkohqvwriitxhoohq djlhuhq1 Gxufk glh ]hlwuhlkhqdqdo|vh yrq
Oxiweloghuq zxugh hlqh jhjhqzŒuwljh Udwh yrq Edxpzxui +xqgjhnrsshowhu Srroelogxqj, yrq 3/7 EŒxphq kd0

4 d04ehvwlppw +Duwlnho LLL,1 Ehuhfkqxqjhq hlqhv Vlpxodwlrqvprghov hujhehq/ gdvv elv }x 93( ghv Wruinœushuv
ghu Krfkprruh Eruqhrv dxv dxijhi¡oowhq Srrov ehvwhkhq nœqqhq Ñ zdv gdv ehvwhkhqgh Sdudgljpd ghu
Zxu}howruielogxqj whlozhlvh huvhw}w xqg hlqh HunoŒuxqj i¡u glh doojhphlq krkhq Nrkohqvwriidnnxpxodwlrqvudwhq
olhihuw1

Ghu Nolpdhlqioxvv yrq Prruhq lvw mhgrfk qlfkw qxu dxi ghuhq Ndsd}lwŒw Nrkohqvwrii }x vshlfkhuq }x uhgx}lhuhq/
vrqghuq lvw dxfk hlqh Ixqnwlrq ghu hplwwlhuwhq Phqjh ghv vwdunhq Wuhlekdxvjdvhv Phwkdq Ñ hlq Hqgsurgxnw yrq
dqdhurehp Deedx rujdqlvfkhu Vxevwdq}1 Hlqh Phwddqdo|vh yrq Phwkdqhplvvlrqhq v¡grvwdvldwlvfkhu Prruh
+Duwlnho LY, ehohjw/ gdvv ghu mŒkuolfkh gxufkvfkqlwwolfkhPhwkdqdxvvwr© yrq 6 j FK7 p 05d04jhulqjhu lvw/ dov ghu
mŒkuolfkh Dxvvwr© yrq gxufkvfkqlwwolfk < j FK7 p 05d04dxv qruglvfkhq Prruhq/ rezrko glh krkhq wurslvfkhq
Erghqwhpshudwxuhq ehghxwhqg kœkhuh Phwkdqhplvvlrqhq hupœjolfkhq vroowhq1 Ghu jhulqjh dqdhureh Deedx
zlug gxufk glh Uhndo}lwudq} ghu dejhodjhuwhq Elrpdvvh/ glhhlqhq krkhq Oljqlq0 xqg Wdqqlqjhkdow dxizhlvw/
yhuxuvdfkw xqg vwhoow hlqh zhlwhuh HunoŒuxqj i¡u glh krkhq Nrkohqvwriidnnxpxodwlrqvudwhq wurslvfkhu Prruh
gdu1 Jhulqjhu dqdhurehu Wruideedx }xvdpphq plw krkhq Udwhqyrq Nrkohqvwriidnnxpxodwlrq ehghxwhw/ gdvv
Krfkprruzdfkvwxp lq V¡grvwdvlhq qlfkw gxufk nxpxodwlyhq dqdhurehq Deedx ehjuhq}w lvw/ zlh lq hlqljhq
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qruglvfkhq Krfkprruhq1 Gdv Kœkhqzdfkvwxp ghu Prruh lvw gdjhjhq gxufk dhurehq Wruideedx olplwlhuw1 Glhvhu
zlug gxufk Zdvvhuvwdqgvdevhqnxqj yhuxuvdfkw/ zlh hv vlfk dqkdqg hlqhu khujhohlwhwhq olqhduhq Eh}lhkxqj yrq
FR50Iuhlvhw}xqj dxv dhurehu Wruiplqhudolvlhuxqj xqg ghp plwwohuhq/ mŒkuolfkhq Zdvvhuvwdqg lq Duwlnho LY }hljw1

Ghu Nolpdhiihnw v¡grvwdvldwlvfkhu Prruh zxugh gxufk glh Wuhlekdxvsrwhqwldo0Phwkrgh/ zhofkh
Nrkohqvwriidnnxpxodwlrq plw Phwkdqdxvvwr© lq FR50Htxlydohqwhq yhujohlfkw/ huplwwhow1 Glh jhulqjhq
Phwkdqhplvvlrqhq xqg glh krkhq Nrkohqvwriidnnxpxodwlrqvudwhq ghu grplqlhuhqghq N¡vwhqprruh uhvxowlhuhq
lq hlqhu Qhwwr0FR5 Vshlfkhuxqj yrq 4673 nj FR50htxly1 kd04d04huplwwhow i¡u hlqhq 4330mŒkuljhq ]hlwkrul}rqw1
Xqwhu qdw¡uolfkhq Ehglqjxqjhq kdehq v¡grvwdvldwlvfkh N¡vwhqprruh vrplw hlq ghxwolfk n¡kohqghv
Wuhlekdxvsrwhqwldo 0 lp Jhjhqvdw} }x qruglvfkhq Prruhq/ glh dxi glhvhp ]hlwkrul}rqw nolpdhuzŒuphqg rghu
doohqidoov nolpdqhxwudo zlunhq1 Hv ndqq jhvfkoxvvirojhuwzhughq/ gdvv glh wurslvfkhq Prruh V¡grvwdvlhqv glh
uŒxpolfk vwŒunvwhq Nrkohqvwriivhqnhq doohu joredohq Prruw|shq gduvwhoohq xqg qdw¡uolfkhuzhlvh hlqhq
ghxwolfkhq Hlqioxvv dxi ghq Vwudkoxqjvkdxvkdow ghu Hugh kdehq1

Doohuglqjv vlqg jhjhqzŒuwlj vfkrq jhvfkŒw}wh <31333 np5 PrruioŒfkh lq V¡grvwdvlhq i¡u Odqgzluwvfkdiw +}1E1
‡osdopsodqwdjhq, xqg i¡u Dekro}xqj hqwzŒvvhuw1 Glhvh guŒqlhuwhq PrruioŒfkhq hplwwlhuhq mŒkuolfk ¡ehu 473
Wj F d04gxufk dhurehq Wruideedx1 Glh HqwzŒvvhuxqj hupœjolfkw dx©hughp glh Dxveuhlwxqj yrq PrrueuŒqghq/
glh }xvŒw}olfk mŒkuolfk fd1 :8 Wj F d04 iuhlvhw}hq1 Glh jhjhqzŒuwljhq dqwkursrjhq yhuxuvdfkwhq
Nrkohqvwriiyhuoxvwh +•553 Wj F d04, ¡ehuvwhljhq glh qdw¡uolfkh mŒkuolfkh Nrkohqvwriiihvwohjxqj plw hlqhp
Idnwru yrq 58 xqg ehohjhq/ gdvv vlfk uh}hqw glh jhvdpwh Prruuhjlrq V¡grvwdvlhqv yrq hlqhu joredo
ehghxwvdphq Nrkohqvwriivhqnh }x hlqhu joredo ehghxwhqghqTxhooh i¡u FR5 jhzdqghow kdw +Duwlnho LL/ LY,1
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HunoŒuxqj

Klhuplw hunoŒuh lfk/ gdvv glhvh Duehlw elvkhu yrq plu zhghu dq ghu Pdwkhpdwlvfk0
Qdwxuzlvvhqvfkdiwolfkhq IdnxowŒw ghu Huqvw0Prulw}0Duqgw0XqlyhuvlwŒw Juhlivzdog qrfk hlqhu
dqghuhq zlvvhqvfkdiwolfkhq Hlqulfkwxqj }xp ]zhfnh ghu Surprwlrq hlqjhuhlfkw zxugh1

Ihuqhu hunoŒuh lfk/ gd© lfk glhvh Duehlw vhoevwŒqglj yhuidvvw xqg nhlqh dqghuhq dov glh gdulq
dqjhjhehqhq Kloivplwwho xqg Kloihq ehqxw}w xqg nhlqh Wh{wdevfkqlwwh hlqhv Gulwwhq rkqh Nhqq0
}hlfkqxqj ¡ehuqrpphq kdeh1
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Dfnqrzohgjhphqwv

L dp yhu| judwhixo wr p| dgylvru Kdqv Mrrvwhq zkr lqihfwhg ph zlwk wkh shdwodqg yluxv dqg wklv yluxv
eurxjkw ph wr wkh shdw vzdpsv ri Vrxwkhdvw Dvld1 Kdqv pdgh lw srvvleoh wkdw L hqghg xs zrunlqj lq
vrph ri wkh prvw uhpdundeoh sodfhv L kdyh hyhu ehhq wr1 Kdqv jdyh ph wkh iuhhgrp lq ghyhorslqj p|
rzq lghdv dqg vflhqwlilf dssurdfkhv dqg dozd|v surylghg hqwkxvldvp/ fuxfldo lghdv/ ghhs nqrzohgjh/
qlfh rog errnv rq wkh h{sorudwlrq ri Lqgrqhvld/ dqg lpsruwdqwo| vljqlilfdqw ilqdqfldo vxssruw iru wklv
vwxg|1 Kdqv 0 L krsh zh fdq vdyh vrph ri wkh odvw shdw vzdps iruhvwv$

Sdxo Jodvhu zdv p| vhfrqg dgylvru dqg L rzh klp d orw dv kh wdxjkw ph qrw rqo| wkh hohphqwv ri
vw|oh/ wkh lpsruwdqfh ri wkh k|gurjhrorjlfdo vhwwlqj/ dqg wkh dgydqwdjhv ri d irxu0lqfk Olylqjvwrqh
fruhu/ exw kh dovr surylghg frqvwdqw vxssruw dqg dgylfh zlwkzulwlqj dqg ghyhorslqj lghdv1 Sdxo lv d
wuxh vfkrodu lq vhyhudo vflhqwlilf glvflsolqhv dqg L ehqhilwhg hqruprxvo| iurp klv nqrzohgjh1 Wkdqn
|rx Sdxo iru wkrurxjko| hglwlqj doo p| pdqxvfulswv$

Pdq| lghdv lq wklv wkhvlv ghyhorshg wkurxjk orqj dqg lqwhqvhglvfxvvlrqv zlwk p| froohdjxh Mrkq
Frxzhqehuj1 Mrkq dqg L vshqg pdq| orqj hyhqlqjv zulwlqj sdshuv wkdw zloo krshixoo| dgydqfh wkh
xqghuvwdqglqj ri wurslfdo shdwodqgv1 Wkdqn |rx Mrkq$

Pxfk ri wklv grfwrudo uhvhdufk zdv ixqghg e| judqwv iurp Gxhqh h1Y1 dqg L wkhuhiruh zdqw wr wkdqn
Dfklp VfkŒihu iru wkh jhqhurxv vxssruw1 Gxhqh dovr riihuhg hpsor|phqw gxulqj sduw ri p| SkG1

Wkh Juhlivzdog shdwodqg jurxs zdv d ixq sodfh wr zrun dw iru qhduo| 43 |hduv1 Lq sduwlfxodu L zdqw wr
wkdqn Pduwlq Wkhxhundxi/ Vxvdqqh Deho/ Glhun Plfkdholv/ Dqqlh Zrmdwvfknh/ dqg Dopxw Vsdqjhqehuj
iru wkhlu vshflilf khos gxulqj p| SkG wlph lq Juhlivzdog1 L dovr wkdqn Vdelqh Nhoo iru suhsdulqj p|
shdw vdpsohv dqg Shwhu Nœqlj iru klv khos zlwk lghqwli|lqj wurslfdo pdfurirvvlov dqg iru jlylqj dffhvv
wr sodqw pdwhuldo iurp wkh Erwdqlfdo Jdughq1

P| iluvw riilfldo zrun lq Lqgrqhvld zdv pdgh srvvleoh wkurxjk wkh khos ri Pdufho Vloylxv dqg Mloo
Kh|gh ri Zhwodqgv Lqwhuqdwlrqdo1 Wkdqn |rx iru rshqlqj wkh grruv wr Lqgrqhvld$

P| zrun lq Lqgrqhvld zdv odujho| edvhg dw wkh Zhwodqgv Lqwhuqdwlrqdo0Lqgrqhvld Surjudpph
khdgtxduwhuv lq Erjru1 L zdqw wr wkdqn wkh zkroh whdp ri ZLLS/lq sduwlfxodu Uh}d Oxelv/ Q|rpdq
Vxu|dglsxwud/ \xv Uxvlod Qrru/ L1W1F1 +\r|rn, Zlelvrqr/ Glsd Udlv/ Ihuu| Kdvxgxqjdq/ Gdqgxq
Vxwdu|r/ Oxvldqd Qxulv/ Dqjjlwd Ndolvwdqlqjvlk/ dqg Olol Pxvolkdw iru krvwlqj ph gxulqj p| ylvlwv wr
Lqgrqhvld1 L ohduqhg d orw iurp wkh Zhwodqgv whdp gxulqj vhyhudo zrqghuixo ilhog wulsv wr wkh shdw
vzdpsv ri Vxpdwud dqg Ndolpdqwdq1 Whulpdk Ndvlk$

Wkh shdw0iluh jurxs dw wkh Xqlyhuvlw| ri Sdodqjnd Ud|d khdghg e| Dvzlq Xvxs surylghg dgplqlvwudwlyh
dqg shuvrqdo vxssruw iru ilhog zrun lq Fhqwudo Ndolpdqwdq dqg d yhu| qlfh riilfh dwprvskhuh gxulqj
p| wlph lq Sdodqjnd Ud|d1 Whulpdk Ndvlk$

L kdg wkh xqltxh rssruwxqlw| wr vwxg| frpsohwho| xqwrxfkhg shdw vzdps iruhvwv lq Euxqhl1 Wklv
srvvlelolw| fdph wkurxjk wkh lqylwdwlrq iurp wkh VPDUW shrsoh Doh{ Free/ Fkduohv Kduyh|/ dqg
Odxuh Jdqgrlv1 L wklqn zh ghyhorshg d surgxfwlyh frooderudwlrq ryhu wkh sdvw |hduv dqg L krsh zh fdq
frqwlqxh vr lq ixwxuh1 Ilhogzrun dqg lq sduwlfxodu frulqj lqEuxqhl zdv pdvvlyho| vxssruwhg e| Doh{/
Odxuh/ Fkduolh/ dqg dovr Dp| Fkxd/ Ndl Ixx0Plqj/ Ehuqdug Qj/Ndpduldk Dex Vdolp/ Vdolkdk Vxxw/
Xopdu Judih/ Mdqj/ Udkd|x/ Zdwx/ D}odq/ Urvdlgl/ dqg Fod|wrq1

L dovr kdg wkh sohdvxuh wr zrun zlwk Zlp Jlhvhq/ zkr wdxjkw ph pxfk derxw wkh iorud ri shdw vzdps
iruhvwv dqg zlwk zkrp wkh frqfhsw ri sdoxglfxowxuh zdv dgydqfhg wr Lqgrqhvldq shdwodqgv1 Lq wkh
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Nxwdl edvlq Zlp dqg L h{soruhg zlwk d olwwoh gxjrxw fdqrh d iuhvkzdwhu vzdps zklfk lv krph wr
vhyhudo uduh furfrgloh vshflhv Ñ oxfnlo| zh glgqÖw phhw dq|1

Prvw ri wkh dqdo|wlfdo zrun rq shdw fruhv iru wklv wkhvlv zdv grqh gxulqj wkuhh ylvlwv wr wkh OdfFruh
idflolw| dw wkh Xqlyhuvlw| ri Plqqhvrwd1 Wkh fruh ode lv rqh ri wkh ehvw sodfhv wr zrun dw dqg L olnh wr
wkdqn Dqghuv Qruhq/ Dp| P|uer/ Nulvwlqd Eudg|/ U|dq RÖJudg|/ dqg Mhvvlfd Khfn iru doo wkhlu khos
dqg wkh vrfldo krxuv dw wkh eduv durxqg fdpsxv1 Lq sduwlfxodu/ LÖp judwhixo wr Dqghuv zkr fdph xs zlwk
pdq| lghdv rq krz wr ghvljq d irxu lqfk vtxduh urg slvwrq fruhuiru zrrg shdw dqg zkr rujdql}hg wkh
frqvwuxfwlrq ri wklv ghylfh/ zklfk hyhqwxdoo| uhfryhuhg lqfuhgleoh shdw fruhv iurp Euxqhl1

Rwkhu khosixo shrsoh lq Plqqhvrwd duh Ddurq ÕZdoo|ÖOlqjzdoo dw OOR lq Gxoxwk zkr uxq wkh [UI
vfdqv ri p| fruhv dqg Hg Fxvklqj zkr hqwkxvldvwlfdoo| lqwurgxfhg ph wr wkh sroohq iorud ri Lqgrqhvld
dqg vkrzhg ph klv xqltxh uhihuhqfh froohfwlrq1

Wklv grfwrudo vwxg| dovr ehqhilwhg iurp iuxlwixo glvfxvvlrqv zlwk Ere Pruoh|/ Mlp Uxvvhoo/ Vdqg|
Qhx}lo/ Vwhyh Iuronlqj/ Jhrii Krsh/ Lqjr Glwwulfk/ Wloo Kdqhexwk/ Wkrpdv Nohlqhq/ dqg Khuehuw
Glhprqw1

L kdyh wr eh yhu| judwhixo wr Vwhiil/ Vwhidq/ Dqwrq/ dqg Pduldq zkr zhuh dozd|v zhofrplqj ph dw wkhlu
krph lq Juhlivzdog gxulqj wkh odvw 7 |hduv Ñ wkdqn |rx vr pxfk iru |rxu krvslwdolw|$

Iulhqgv khuh dqg wkhuh pdgh wkh exv| |hduv vr pxfk hdvlhu= vshfldo wkdqnv wr Mœuj/ Wrp/ Pdwkldv/
Pdwwkldv/ dqg Wuhyru1

Zkloh L zdv rq d ilhog wuls lq Ndolpdqwdq p| judqgsd sdvvhg dzd| vxgghqo|1 Wklv lqfuhgleoh pdq
sdyhg wkh zd| iru p| olih dqg L zrxogqÖw kdyh ehfrph d qdwxudolvw zlwkrxw klp1 Rsd |rx uhpdlq d
frqvwdqw vrxufh ri lqvsludwlrq1

L zdqw wr wkdqn p| vlvwhu dqg p| gdg iru vxssruwlqj ph lq vr pdq|zd|v ryhu wkh sdvw |hduv1 Gdqnh$

P| prwkhu ghvhuyhv vshfldo dssuhfldwlrq ehfdxvh vkh wrrn juhdw fduh ri ph gxulqj p| zulwlqj |hdu lq
Juœglwvfk1 Pdpd dozd|v kdg gholflrxv phdov dqg qlfh fdnhv uhdg| rq wkh wdeoh dqg qhyhu frpsodlqhg
zkhq L fdph wrr odwh ehfdxvh L zdv zrunlqj rq d pdqxvfulsw1 Lw kdv qrw ehhq vdlg hqrxjk=
Ylhohq Gdqn$

L nqrz vkh grhvqÖw olnh wr eh phqwlrqhg dw wkh hqg= O|gld |rx duh wkh ehvw$ \rxu frqvwdqw
hqfrxudjhphqw/ prwlydwlrq/ dqg oryh nhsw ph jrlqj1 Hurndpdqr dklq|d$
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