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414 Lgwurgxfwlirq

D jhghudo frgvhgvxv hilvwy wkdw wkh HduwkOv shdwibaitide tiplrdfigw Ig wkh joredo fduerq flfoh dv wkh|

dfw dv erwk orqgjOwhup vignv iru dwprvskhulf fduerq glrfigh,+dqg vijglifdgw vrxufhv iru phwkdgh +EK

+Jrukdp 4<<4/ PdfGrgdog hw dol 5339/ Pdwwkhzv 5333/ XBES3#dw dffxpxodwlrg ryhu pdq| ploohqgld kdv

exlow xs shdw ghsrviwv rq doo frqwlghgwv/ zkifk uhssnrbvgepMpwhuuhvwuldo uhvhuyrluv iru fduergl Prvw ri wkiv
fduerq Iv vwruhg Iq kljkOodwlwxgh shdwodqgv Ig d Waradrgthww618 ploolrg hdqg frpsulvhy fd1 788
shwdjudp +Sj, F +Jrukdp 4<<4,1 Wkh exlogxs ri wklv grunitiwgdqg fduerq uhvhuyrlu surgxfhg d joredo ghw
folpdwlf frrolgj hiihfw ryhu wkh Krorfhgh shulrg dv ERswdnh e| shdw dffxpxodwirg h{fhhghg wkh uhohdvhri

FK. iurp shdw ghfrpsrviwirg +luronlgj hw do1 5339/ luronlgj ) kishw 533:,1 Pruhryhu/ hduwk vivwhp prghov
uhyhdo wkdw shdwodaqgv zhuh Igioxhqflgj wkh joredoutffiryskdfhaqwudwlirg wkurxjkrxw wkh Krorfhgh

+Zdqj hw do1 533</ Nohlghqg hw dol 5343,1 Srodu Ifh@frukizndvikdw wkh dwprvskhulf frgfhgwudwirgdi FR

urvh iurp 593 sduw shu ploolrg e| yroxph +sspy, €| ;333 |hduy @r d suhOlggxvwuldo ohyho ri 5;3 sspy
+Lgghupijkoh hw dol 4<<</ Prqqlgq hw dol 5334,/ pdiqo|| dtRyhoxevjdvvigj iurp fdoflxp fduergdwh

+FdFR;, frpshqvdwirg ri wkh ghhs rfhdq +Eurhfnhu hw dol 5334/ Zddii 533<, dqg FqfEhflsiwdwirg g

vkdoorz pdulgh zdwhuv +11h1 exlogxs ri frudo uhhiv/ Qlgjztan1 5336/ Nohlghg hw dol 5343,1 H{shulphgwv zlwk
wkh folpdwhOfduerq f[foh prgho FOLPEHUS500SM Iqglfdwkiwdaharvskhulf ERrafhgwudwirg ryhu wkiv

shulrg zrxog kdyh ulvhq ixuwkhu zlwkrxw wkh frqwhpsrudiahotwirg ri shdwodqgv +Nohlghg hw dol 5343,1
Krzhyhu/ doo wkhvh prgho vwxglhv rgo| Igfrusrudwhg gaymavikhuq shdwodqgv/ dowkrxjk 44( ri wkh joredo
shdwodqg duhd Iv orfdwhg |lg wkh wurslfv +Sdjh hw daI&add, Liderqg iru wklv Igfrpsohwh frqvighudwirg

Iv wkdw wkh orgjowhup fduerq f|folgj ri wurslfdo shdwoddgsriuo| xqghuvwrrg wr surylgh uholdeoh gdwd vhwv1

Ghwhuplglgj wkh orgjowhup Igioxhgfh ri wurslfdo shdwgadiggrvskhulf juhhgkrxvh jdv frgfhgwudwlirgv dgg
wkh HduwkOv udgldwlyh exgjhw uhtxluhv urexvw cdpfngwiindegixodwlyh jurzwk ri wkh fduerq srro Iq
wurslfdo shdwodqgv dv zhoo dv Iwv sdvw fduerq edoftgirdiidinairi sdvw fduerq edodqfh lwvhoi ghshqgv
rg zhoo frqvwudlghg hvwlpdwhv ri orgjowhup fkdgjhv Idcgpéiwdou/ udwhv ri fduerq xswdnh ghulyhg iurp shdwO
fruhv/ dqg phdvxuhphgwv ri gdwxudo phwkdgh uhohdvbniylj Uriohw 533:,1 Txdqgwli|lgj wkh orgjOwhup
fduerq g|gdplfv ri wurslfdo shdwodqgv zloo grw rqo| ohdghwivehu xqghuvwdqglgj ri wkh elrvskhulf frqwurov dqg
Ipsdfwv rq wkh HduwkOv folpdwh vjvwhp gxulgj wkh Odydu[fzswizloo Iqgluhfwo| surylgh fulwifdo gdwd iru
dvvhwvlgj wkh srvvleoh uhvsrgvh ri wkh wurslfdo shdyve@fddefh wr ixwxuh joredo folpdwh fkdgjhl

Wkh odujhvw nqgrzq frqfhqgwudwirg ri wurslfdo shdwodggg dwhtixdwruldo Vrxwkhdvw Dvld/ vshfliffdoo| rq
Shqlgvxodu Pdod|vid/ dqg wkh Ivodqgv ri Vxpdwud/ Ergddhizdixighd +Dgghuvrg 4<;6,1 Wkh shdwodqgyv Iq
wklv uhjlrg duh hvwlpdwhg wr h{whqg ryhu 57;/328guhd fruuhvsrqglgj wr 89( ri doo wurslfdo shdwodggv
+Sdjh hw dol 5344,1 Iru frpsdulvrq wkiv duhd Iv htxdo Wr sivkhwivhuq Jhupdg|1l Sdjh hw dol +5344, hvwipdwhg
wkdw 9;18 Sj F/ duh vwruhg Igq wkh shdw vrlov ri VixwkhgidexbBvitklydohqw wr 44047 ( ri wkh joredo shdwO
fduerq srro +Sdjh hw do1 5344,1 Wkiv pdvv ri fduerq Iv Hijwdar fd1 65 ssp ri dwprvskhulf ERu ;( ri

wkh fxuuhgw frgfhqwudwirg 1 I§Rvkh dwprvskhuh N Kljkoljkwlgj wkh joredo vljglilfdgffaih htxdwruldo
shdwodqgv ri Vrxwkhdvw Dvld Iq wkh fduerq f[foh1l Wkh mifvlyine ri wklv griwrudo wkhvlv wkhuhiruh duh wr
uhfrgvwuxfw wkh fkurgrorj|/ jhrjudskif glvwulexwlrg/ ddgh dw zkifk wkiv wurslfdo fduerg uhvhuyrlu ghyhorshg
dv zhoo dv wkh idfwruv wkdw jryhughg Iwv jurzwk1
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llixuh 4 = Shdwodqg glivwulexwlrq lg htxdwruldo Vrxwkhdvw Dvld1

415 Vwxg| duhd

WKkIv wkhvlv irfxvhv rq wkh Virxwkhdvw Dvldg shdwodqgw/ii/&pagvud/ dgg Shqlgvxodu Pdod|vid/ dg duhd wkdw
vsdqv d glvwdgfh ri 5933 np iurp <8£ H wr 44<£ H dgg 4583 np ilkBOQ wr 8£ V +lIj1 4,1 WKIv uhjlrg krogv
derxw 48</333 nfri shdwodqggv/ zklfk jhghudoo] rffxu Iq wkh orzodqgv dwitrofwyrilohvv wkdq 83 p dgg duh
prvwo| grphg odggirupv ri wkh rpeurwurskif udivhg erj w|s&mppdiq hw dol 5343,1 Wkh Ivodqg ri Erughr
zlwk dq duhd ri :58/833 nplv wkh wklug odujhvw Ivodqg rq Hduwk dqgg Iv glylghg édiiBdagtvid/ dgg

Euxghl Gduxvvdodpl Wkh Lggrghvldg sduw ri Erughr/ fasptigvxtt) fryhuv :6( ri wkh Ivodqg/ dqg Iv pdigo|
orfdwhg lg wkh vrxwkhuq dqg hdvwhug sduw/ zkhuhdvdekinviRivaawi Vdudzdn dgg Vdedk fryhu 59( orfdwhg

Ig wkh gruwkzhvwhugq wr gruwkhuq sruwlrgl Wkh vpdo&éxajwviy orfdwhg ehwzhhg wkhvh wzr vwdwhv dgg
fryhuv rqo| 31;( ri wkh Ivodqgg +Ij1 4/ PdfNIgqrg hw dol 4<4<Brughr frqwdlqv dssur{lpdwho| :</333 hp
shdwodqg zlwk 93/833pfdwhg Iq Ndolpdgwdg/ 4:/733tgpwkh Pdod|vidqg vhfwlrg dgg 4333 Euxghl
+Dqghuvrqg 4<97/ Pxwdole hw dol 4<<5/ Zdk|xqwr hw doppadgHwedol 5347,1 Vxpdwud fryhuv 75:/633

np ° pdnlgj Iw wkh vi{wk odujhvw Ivodqg rq Hduwk dqg Iv sdgiawtdLagyklv Ivodqg frqwdlqv durxqg :5/333 np

ri shdwodqg/ orfdwhg pdigo| Ig wkh orzodqgyv ri wkh hdwZdkikgwr hw dol1 5336,1 Lg frqwudvw/ Shglgvxodu
Pdod|vld kdv d shdwodqg duhd ri rqo| derxw ;/733-Rpwdole hw dol 4<<5,1 Dssur{lpdwho| 563 ploolrg shrsoh
olyh Ig wklv zkroh uhjlrg1

Wklv shdwodqg uhjirg zdv fkrvhq iru vwxg| ehfdxvh lw ufwulavitkhuhgw elrjhrjudskif vhwwigj Ig whupv ri lwv
jhrorj|/ hfrorj)/ dgg folpdwh1 Shqlgvxodu Pdod|vld/ Erudiyxpdwud wrjhwkhu zlwk Mdyd/ dgg Edol dgg wkh
vxuurxqglgj vpdoohu Ivodggy frpsulvh wkh elrjhrjudskjirgini VVxggdodggl Wkiv lvodqg dufkishodjr Iv sduw ri
wkh Hxudvldg frqwlghgwdo sodwh dv doo Ivodggv krsidwiaganikdih vkdoorz Vxqgd Vkhoi N wkh odujhvw
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lljxuh 5= Wurslfdo shdw vzdps iruhvw1 Skdvlf frppxglw| 6 zZWkkuhd doelgdggSdqggdaxv dgghuvrgll
Ig wkh Phggdudp shdw grph +Euxghl/ Erughr,1 Skrwr wdnhaiejwkku rq Qryl 51 53441

frqwlghgwdo vkhoi rqg Hduwk +WImd 4<;3,1 Gxulgj whiiSifinijved wkh odgg duhd rqg wkh Vxqgd Vkhoi zdv
wzlfth dv odujh dv Iw Iv wrgd| +Vdwkldpxuwk]| ) Yrulv 5338xvéhdxulgj wkhvh shulrgv ri orzhu vhd ohyho prvw

ri wkh vkhoi zdv h{srvhg surylglqgj d odqg frqghfwirg ehwzhdp lvodggv dgg pdigodgg Dvid1 Wklv odqg pdvv
zdv whuphg OVxqgdodagO e| Prohgjuddii +4<54,1 Wkh wkiwifsdghfwirg ri wkh Ivodggv gxulgj ixoo jodfldo
shulrgv h{sodlqv wkhlu surgrxqgfhg iorudo dqg idxqdamgle@klwpruh 4<:8,1 Ehfdxvh Vxggdodqg kdv dq
hyhuOzhw +shukxplg, folpdwh wkh uhjlirqgOv qdwxudq yhjiyldiuhhq +11h1 dvhdvrgdo, wurslfdo udlgirunvwl Rq
Shqglgvxodu Pdod|vid wkh Ndgjdu0Sdwwdgll Olgh +dw viltdedpgd wr Wkdlodqg, irupv wkh gruwkhuq
erxqgdul| ri Vxggdodqg zlwk wkh elrjhrjudskif uhjlrg ri LqgdExupd dqgg Iwv vhdvrgdo udlgiruhvwy +Fruohww
533<,1 Lg wkh hdvw wkh hgjh ri wkh vkhoi sodwirup frigilgikialZdoodfhOv Olgh/ uhsuhvhgwigj wkh erxggdul
zlwk wkh elrjhrjudskIif uhjlrg ri Zdoodfhd1 Zdoodfhd Iv dlypmdvkhg e| lwv vijglilfdgwo| hquifkhg Ig Dxvwudoldq
iorudo dqg idxgdo hohphgwv dqg fkdudfwhulthg e| d vhdpngiddgdpdwh +Zklwpruh 4<:8/ ydg Zhow}hg hw
dol5338,1

Vxggdodqg Iv rgh ri wkh prvw vshflhv ulfk uhjirqv rg Hduwksdigigxghg dprgj wkh fxuuhgwo| 67 ghvljqdwhg
elrglyhuviw| krwysrwy rg wkh sodghw +Plwwhuphlh ikl 5&Bswirgdoo| elrglyhuvh uhjlrg hiklelwv d

klik ghjuhh ri hqghplvpl Lw frqwdlqv durxqg 581333 sodfifmwvshkifk 481333 duh hqghplf dgg dw ohdvw
5:<6 yhuwheudwh vshflhv zlwk 43;8 hqghplfv +P|huv 5338hE&hkalhu hw dol1 5337,1 Qrwdeol/ wkiv elrglyhuviw]|
krwvsrw Iv wkh rqo| rgh ziwk d vijgliifdgw shdwodqg duliagikikbjirgOv shdwodqgv frgwulexwh wr Iwv kljk
elrglyhuviw| Iv grw zlgho| uhfrjgithgl Wkh shdwodqgv wixhdge| fryhuhg e| d shfxoldu wi|sh ri wurslfdo
udlgiruhvw/ fdoohg shdw vzdps irunvw +Dqghuvrq 4<;8/Mgwkrxjk shdw vzdps iruhvwy duh zdwhuorjjhg/
rpeurwursklf/ gxwulhqwOsrru/ dgg dflglf hgylurgphgwu sddigw vshflhv ulfkghvv Iv vwloo uhpdundeol kljk Ig
frqwudvw wr udlvhg erjv iurp rwkhu uhjlrgvl Vr idu/ 463&gdvéodqw vshflhv/ ri zkifk :53 duh zrrg| vshflhv/

kdyh ehhq irxqg Ig wkh shdw vzdps iruhvwv ri Vixwkhdvw Dviacta346,1 Derxw iliw| wuhh vshflhv ri wklv iorud
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vhhp wr eh vroho| uhvwulfwhg wr wklv shdwodqg kdellndwhtEil Jitp1,1 Iru h{dpsoh/ Dgghuvrqg +4<96, olvwv
575 wuhhv vshflhv rxw ri 6;: j|pgrvshupv dqg dgjlrvshupv/ dpdovr 64 swhulgrsk|whv iru wkh shdw vzdps
iruhvwv ri Vdudzdn dqg Euxghl +qruwkzhvw Erughr,/ dggoxdpe?lupdgwr +5333, uhsruw 643 zrrg| dqg
khuedfhrxv sodgw vshflhv iru wkh shdw vzdps iruhvwy dd-Ngwipdgwdq Ig vrxwkhug Erughrl Iru Vxpdwud
477 glihuhqw wuhh wd{d iurp shdw vzdps iruhvwv frxognditighegy vshflhv ohyho e| Eudg| +4<<:,1 Hylghqwo|
wkh htxdwruldo shdw iruhvwy duh pxfk ulfkhu Ig vshflmumiddaposhdwodqgy vxtk dv wkh udivhg erjv ri Qruwk
Dphulfd wkdw frgwdlg ohvv wkdq 53 ydvfxodu sodgw kstftvwalver vshflhv ri wuhhv +Jodvhu 4<<5,1 Wkh
glyhuviw| ri wuhh vshflhv Iq rgh khfwduh ri shdw vzdps irdgjlw ehwzhhq fd1 93 wr 473 vshflhv +VIperorq )
Plupdgwr 5333,1 Krzhyhu/ Ig gruwkzhvw Erughr doprvw prigftilswuhh vwdgqgv ri wkh Glswhukféoghd
doelgdryhu odujh sruwlrgv ri wkh shdw grph sodlqv +Dgghuvrd &1 Wkh Glswhurfdusdfhdh duh rgh ri
wkh odujhvw sodqgw idplolhv ri wuhh Ig htxdwruldo Vuidvbdyjwik wkh Dgdfdugldfhdh/ Dgqrqdfhdh/
Hxskrueldfthdh/ IJxwwlihudh/ Odxudfhdh/ Prudfhdh/ Ppliwdfleldfhdh/ dgg Vdsrwdfhdh wkdw duh dovr grplgdgw
idplolhv Ig shdw vzdps iruhvwv Ig whupv ri vshflhv gxpehghidag 4<96,1 Wkh idxqdo glyhuviw| ri VxggdodggOv
iruhvwhg shdwodqgv Iv grwhzruwk| wrrl Vijglifdgwajghvaif juhdw dsh vshflhv/ wkh Vxpdwudg rudgjoxwdq
Srqjr deholl dgg wkh Erughdq rudgjox®dujr s|jpdhxv — erwk rffxu Ig shdw vzdps iruhvwv/ zlwk wkh odwwhu
vshflhv fxuuhqwo| kdylgj Iwv odujhvw srsxodwirqv lgwkidgisdruhvwy ri Vrxwkhug Erughr +PruurjkOEhuqdug
hw dol 5336,1 Pruhryhu/ wkh Ifrglf exw joredoo| hggdafipalagieiq wijiEdgwkhud wijulv vxpdwglitielwy wkh
odvw frdvwdo shdwodqgv ri hdvwhuq Vxpdwud1 Hgghgilkiglwétbnsrrov dgg ulyxohwyv ri shdw vzdpsv Iq
Vxggdodqg wkdw frgwdlg dw ohdvw 4;3 kljko| haghplf il w€pjf4<<7,1 Rqo| uhfhgwo| Nrwwhodw hw dol +5339,
ghvfulehg wkh ilvk vshflBdhgrflsulv surjhghwifdiurp shdw vzdpsv ri Vxpdwud/ zklfk dw ohvv wkdq 4 fp
ohgjwk zdv wkh ZruogOv vpdoohvw ngrzq yhuwheudwhridwwdinufsivirgl Shdw vzdps iruhvwy duh wkhuhiruh
dq Ipsruwdqw dvvhw iru joredo elrglyhuviw| frqvhuydyitegxgdwho|/ wkhvh xgltxh hfrv|vwhpv duh fxuuhqwol|
udslgo| glvdsshdulgj ehfdxvh ri ghirunvwdwirg/ ghjudgtigyhuvirg wr rlo sdop sodgqwdwlirqv/ dqg shdw iluhv
dgg wkhlu ghduOwhup vxuylydo Iv Iq juhdw shulo +PitodnsiBghs;, hw

Ehfdxvh wkh Ivodqg dufkishodjr vwudggohv wkh htxdwrbmtudwxuhv duh frqgvwdqwo| kljk dw 59 wr 5:£F
wkurxjkrxw wkh |hdu +Zdowhu ) Olhwk 4<9304<9:, wkh Mggukotagrz vhdv kdyh kljk vhd vxuidfh
whpshudwxuhv wkdw ohdg wr shuvivwhqw frayhfwifgdyiahykijgfwlylw| uhvxowv Ig dggxdo udlgidoo ri derxw
5333 wr ryhu 7333 pp rg wkh Ivodggv dqg gulyhv wkh Lawbiwaysitjhgfh Jrgh +LWF], ryhu Vrxwkhdvw

Dvld +Zdowhu ) Olhwk 4<9304<9:/ Doguldg dqg Vxvdgwr Ba86/i wkh kljk whpshudwxuhv wkh odujh dprxgqwv
ri prqwko| udlgidoo jhghudwh d srviwlyh privwxuh edoddgligduwy ri wkh uhjlrg wkdw doorzv iru wkh irupdwirg
ri grphg dqg udlqOihg +rpeurwursklf, shdwodggvl Dvwgfidwk wkh vhdvrgdo vkliwy ri wkh LWF] duh wkh wzr
uhjirgdo prgvrrg vivwhpv wkdw Igioxhgfh wkh folpdwh Nwwkjnusikzhvw pravrrg dag wkh gu] vixwkhdvw
prgvrrgl lurp Pd| wr Vhswhpehu wkh vixwkhdvw prqvrrg subydlqg fdq surgxth d gu| vhdvrg Ig vrxwkhuq
Erughr/ vixwkhug Vxpdwud/ Mdyd dgg Edol ehwzhhg Mxaitqeghvitiorqwko| udlgidoo gursv ehorz 433 pp
+Doguldq dgg Vxvdgwr 5336,1 Wklv uhjlrgdo folpdwlfsawiginag olnho| h{sodqdwirqg zk| rpeurwursklif
shdwodqggv duh devhgw iurp Mdyd dgg Edoll Rq lqwhuddgkeamdiigidoo yduldelolw] Iv kljk I Vrxwkhdvw Dvlid
ehfdxvh wklv uhjlrg Iv surgh wr iuhtxhgwo| uhfxuulgj Hdw@igwy wkdw fdxvh zlghvsuhdg gurxjkwv +Khqggrq
5336,1 Ghiruhvwdwlrg dgg shdwodqggOgudigdjh kdyhriduxéraydu wdeohv wkdw idflolwdwh vhyhuh shdw dqgg iruhvw
iluhv Iq Lggrghvld gxulgj prghug Ho QI'r gurxjkw hyhgwvukikihvhg pdvviyh dprxgwv ri fduerq wr wkh
dwprvskhuh +Sdjh hw do1 5335,1

Wkh h{fhswirgdo elrjhrjudsklif/ hfrorjlf/ dqg folpdwrorilf fraglwlirgv ri wkh Vrxwkhdvw Dvldg shdwodqg uhjlrg
wrjhwkhu zlwk wkh vith ri lwv joredoo| vijglilfdqw fduecoviirxog suryrnh ghhs vilhgwlilf Igwhuhvw iurp ydulrxv
ilhogvl Krzhyhu/ xs wr wkiv wiph wurslfdo shdwodqgwnkdydnfrdpfighudeo| ohvv vilhgwililf dwwhqwlirg wkdq
gruwkhuq shdwodqgvl Wkh vwxg| ri wurslfdo shdwogitmydegojvehfhgwxu| djr dv wkhlu h{lvwhgfh uhpdighg
odujho| xgngrzq wr wkh vilhqwlilf zruogl
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416 Uhvhdufk kivwrul|

WKkh suhydlolgj vilhqwlilf grjpd xqwlo durxqg 4<33 zdv whdlw isupdwirg frxog grw rffxu Ig wkh wurslfv/
ehfdxvh sodqw olwwhu zrxog ghfrpsrvh udslgo| xqghu wikdr$liito whpshudwxuhv +Srodn 4<66,1 WKkKIv grwlirq
vwduwhg wr fkdgjh zlwk wkh sxeolfdwlrqg ri wkh ehgfkpdivhv@@th WurshgOVxpsiiodfkprru0Qdwxu ghv
Surgxnwlyhq FduerqvO e| Srwrgle ) Nrrughuv +4<3<,/ zKiflwigiwhg d vwloo rgjrigj vilhgwlilf ghedwh
vxuurxqglgj wkh txhvwirg zkdw phfkdglvpv fdxvh shdw irligdigwkh wurslfvl Wkh Gxwfk erwdglvw Vimihuw
Nrrughuv kdg ghvfulehg wkh rffxuuhgfh ri d shdwodqg zlwkpilvhuv ri shdw ghdu wkh yloodjh ri Vidn rg wkh
hdvw frdvw ri Vxpdwud/ zklIfk kh kdg wudyhuvhg dv d phpeaihuM}ukipdq h{shglwlrq ri 4;<4 +LM}hupdq hw dol
4;<8,1 Nrrughuv grwhg krz dugxrxv lw zdv iru wkh sduw| wnadgijk wkh pxgg| vzdps irunhvw/ exw
ghyhuwkhohwv pdgh ghwdlohg ghvfulswirqv ri wkh insidwirghigffoxglgj pruskrorjlfdo dgdswdwilrgv ri wuhhv
Igfoxglgj vwlow urrwv dgg sghxpdwrskruhv viplodu wrxagnidp pdgjuryh irunvwyl Wkh Jhupdg frdo jhrorjlvw

Khqul Srwrgle zdv vwuxfn e| NrrughuvO ghvfulswirgv xwigWiddwudq vzdps iruhvwy dv dq dgdorjxh iru wkh
frdo iruplgj iruhvwyv ri wkh Fduerglihurxvl Lg wkhlu mdgtfdsrg Srwrgle dqg Nrrughuv +4<3<, sursrvhg wkdw
wkh Fduerglihurxv frdo iruhvwv pxvw kdyh iruphg xqghufdevioipdwh zlwk viplodu frqglwlirgv wr wkdw ri wkh
prghuq wurslfdo shdw iruhvwv ri Vxpdwudl Wkh| dujxha/iwtdisiveri irunvw iruphg dv iodw ihg odqgirupv
+OVxpsiiodfkprruO,/ d ylhz wkdw shuvivwhg iru pruh wkbdusa |Srwrgle dag NrrughuvO Igioxhgwldo sxeolfdwirg
vwlpxodwhg wkh h{sorudwlrq dgg ghvfulswirq ri pdqg| vslsifdodqgv iurp Shqglgvxodu Pdod|vld/ Erughr/ Mdyd/
wkh Sklolsslghv/ Vul Odgnd/ dqg Hdvw Diulfd ehwzhhq<d®ampi<63 +Srodn 4<66,/ zkifk froohfwlyho|
vkrzhg wkdw shdw irupdwlirg zdv lgghhg srvvieoh g wktavemsifvl

Zlwk wkh dsshdudqfh ri wkh vhplgdo zrun OXhehu Wrui xqgdP@lngghuoEqglivik LaglhgO e] wkh Gxwik
sdohrerwdglvw Holvdehwk Srodn Ig 4<66 d sdudgljp vidiwlzevhig Ig wkh ixgfwlrqgdo xqghuvwdqglgj ri wkh
orzodqg shdwodqgv ri Vrxwkhdvw Dvid1 Srodn +4<66, radpepprqvwudwhg wkh grphg gdwxuh ri frdvwdo
iruhvwhg shdwodqgv lg zhvwhug Lggrghvid +Vxpdwudddgepydettyhg rq wrsrjudsklf ohyholgjl Vkh h{solflwo|
uhfrjgl}hg wkdw wkhvh hfwhaqvlyh shdwodqgv duh rpedsiqgiidwhg e| wkhlu orz sk +6N7,/ orz dvk frqwhaw
+e4(,/ roljrwursklf gxwulhgw ohyhov/ dqg prvw Ipsrunelgmidilu vwrudjh ri udlq zdwhu deryh wkh vxuurxqglgj
whuudlg/ g frqwudvw wr wkh ruljlgdo prgho ri Srwrgle ) INmugd<3<,1 Dowkrxjk Srodn +4<66, zdv wkh iluvw wr
uhfriglth wkh dgdorj| ri wkh grphg Lggrghvidq shdwodqgdiwrgierjv Ig gruwkzhvw Hxursh/ vkh dovr grwhg
wkdw wurslfdo shdw grphv dssduhgwo| iruphg vroho| wpljzéhHg frqwudvw wr Hxurshdgq erjv Iq zkifk wkh
pdmru shdw iruphuv duh Vskdjgxp prvwhvl Wkh iuhtxhgvhdfiuuzrrg g wkh Lggrghvidg shdwodggv fuhdwhg
frqvighudeoh sureohpv iru H1 SrodnOv dwwhpswv wr uhfrytipshv ziwk h{lvwlgj shdw fruhuv N d
phwkrgrorjifdo sureohp zkifk doo uhvhdufkhuv vwloo giffjldgkifk Iv vshflilfdoo| dgguhvvhg Ig wkiv wkhviv
+Er{4/sdshu LLL,1

Lg wkh 4<83v Mdphv D1 U1 Dgghuvrq ehjdq klv Ipsruwdgwwigigtndwru| dgg fodvvli| shdw vzdps iruhvw ri
Vdudzdn dqg Euxghl +gruwkzhvw Erughr,1 Lq klv Sk1Gkihstiaeigwhg wrsrjudsklf vxuyh|v wkdw uhyhdohg
wkh frqyh{ grphg vkdsh ri wkhvh shdw odqgirupv +DgghuvAgli44€97, h{sdqglgj SrodnOv revhuydwilrqv iurp
Vxpdwud dgg Ndolpdgwdqg wr gruwkzhvw Erughrl Kh davg g¥ktuéud dgg shdw vzdps iruhvw yhjhwdwirg
w]shv ri wklv uhjlrg/ zkifk kh glylghg Igwr vi{ skavif frppxq Iwlhv +Dqghuvrq 4<94d/ 4<96,1 Wkhvh iruhvw
frppxglwihv fryhu wkh grphg shdwodqgv Iqg fragfhqwulf dunsajw ziwk skdvlf frppxglw| +S1F1 4, fryhulgj

wkh grph pduijlav/ S1IF1 5N7/ grplgdwhé/éfuhd doelgavkh grph sodigv +lij1 5,/ dgg S1F1 8N9/ dv vwxqwhg
iruhvwv wkh zhw grph fhqwhuv Iq rqo| d ihz zhoo ghyhorshdpgivdvDgghuvrg 4<94d/ 4<96/ 4<;6,1 Dgghuvrq
dqg wkh Jhupdq iruhvwhu Hehukdug Eujqlj dovr pdgh wielrliluydwirqv dgg txdgwiwdwlyh vwxglhv ri gdwxudo
glvwxuedqfh dgg sdwfk g|qdplfv Ig wkh h{whedydind doelgauhvwy dqgg uhfriglthg wkhlu vxvfhswielolw| wr
zlqg wkurz/ oljkwalgj gdpdjh/ dqg Igvhfw rxweuhdnv +hijdLooy 4<94e/ 4<97/ Euiqlj/ 4<97,1 Pruhryhu/
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llixuh 6= Prgho ri d wurslfdo shdw grph ghsrviw looxvwudwlqj wiythgtasrviwirg ri zrrg shdw +iljxuh
wdnhq iurp Srodn 4<66,1

Dqghuvrg +4<97, sursrvhg wkdw wkh shdw grphv ri Vdudzdaxdbydbyhorshg rq pdgjuryh vrlov/
frgiluplgj dg hduolhu lgwhusuhwdwlrq ri Zheehu +4<8g rqadjitiwrp dgdo|vlv ri vhglphgw xqghughdwk d frdvwdo
iuhvkzdwhu vzdps lg Shqlqvxodu Pdod|vid1l Qrwdeo|widdlfduerq gdwhv iurp Vrxwkhdvw Dvidg shdwodggv
zhuh uhsruwhg e| Zloirug +4<93, wkdw Igfoxghg d surilbhRidlwigl shdw grph +Vdudzdn, zlwk d edvdo
udglrfduerq gdwh ri 75:3 ES +ehiruh suhvhqw, dqg d edvddg8®vES iru wkh Odzdv shdw grph +Vdudzdn,/
vkrzlgj wkdw wkhvh frdvwdo shdwodqgv zhuh ri Odwh Kuljigtigikh vhulhv4d= djhv iurp Pduxgl lgglfdwhg
ghfolglgj udwhv ri shdw dffxpxodwirg ryhu wiph dqg Dgghde8y, vxjjhvwhg wkdw wkliv ghfuhdvh zdv olnho]|
uhodwhg wr wkh surjuhwvlyh vxffhwvirg ri wkh skdvif mgweivilhvl Wkiv k|srwkhviv zdv odwhu frgiluphg e|

d sroohq gldjudp iurp wkh Pduxgl suriloh wkdw uhyhdohdadodegiwryh vzdps wkdw zdv uhsodfhg deryh e|

wkh vhtxhqfh ri skdvlf frppxglwlhv 4 wr 9 kdg vxffhvvlyho|uphg +Dgghuvrg dqg Pxoohu 4<:8,1

WKkIv vwxg| zdv iroorzhg e| ghz uhsruwv iru wkh iluvw edsfdoerdgydwhy ri #7<33 ES iru frdvwdo shdwodggv
lg Shqglgvxodu Pdod|vld +Kdvhogrgfn{ 4<::,/ 5643 ES dqg 36S3iru frdvwdo shdwodqgv Iq Ndolpdgwdq
+Qrwrkdglsudzlur 4<;4, dgg 78:8 dqg 7:;3 ES iru frdvwdo satygv Iq Vxpdwud +Glhprgw ) ydg Uhxohu 4<;7/
Vloylxv hw dol 4<;7,1 Wkhvh edvdo gdwhv zhuh yhu|krighaglismnwing e| Zloirug +4<93, ixuwkhu lgglfdwigj

d |rxqj djh ri frdvwdo Vrxwkhdvw Dvldq shdwodggvl

Dw durxqg wkh vdph wiph/ Pruoh| +4<;4, ghwhuplghg e| sgmtwjg\dwkdw wkh Vhedgjdx shdwodqg ri Fhgwudo
Ndolpdgwdg/ 433 np iurp wkh frdvw/ glg grw irup ryhu pdgjugyisrviwv exw Igvwhdg ryhu d plghurwurskif
vzdps ulfk Ig judvvhvl Vihiihupdgg hw dol +4<;:, vkrzhgwktdia shdwodqgy ri Fhgwudo Ndolpdgwdg/ Iq idfw/
ghyhorshg ryhu vdqg| srg}ro sodlqv 43048 p deryh dgmditiawobilyhov/ iru zkitk wkh| dgrswhg wkh whup Okljk
shdwO1 Wkhq Vihiihupdgg hw do1 +4<;;, uhsruwhg Widuitusgdiaityv iru wkh kljk shdwv/ uhyhdoldj wkhlu pxfk
hduolhu ruljlg gxulgj wkh Hduo| Krorfhgh +;593 ES, frpsdwhgrkdw ri wkh frdvwdo shdwodqgvl Shukdsv pruh
Ipsruwdqwo| wkh dxwkruv dovr vkrzhg wkdw wkh OkljkishBhgwaiiglo Ndolpdgwdq kdg dssduhgwo| vwrsshg
dffxpxodwlgj vhyhudo wkrxvdagg |hduv djr dv Igihuuhg iu88i83333 |hdu rodF djhv dw 4 p ghswkl

Lg wkh odwh 4<;3v wr plg 4<<3v frdo jhrorjlvwv pdgh h{whgxdyhv Iq Pdod|vidq dgg Lggrghvldg shdwodggv
xvlgj wkh grphg wurslfdo shdwodqgv dv prghov iru Fduerglitdo iruplgj hgylurgphgwy +h1j1 Fdphurg hw
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dol 4<;</ Free hw dol 4<<6/ Vwdxe ) Hvwhuoh 4<<7,1 Dvkimkhinefgtu frdo iruplgj zhwodggv zhuh sduwo|
frqvighuhg wr kdyh ehhq grphg/ rpeurwursklif shdw vzdpsv sisrvhg wr Srwrgle ) NrrughuvO +4<3<, hduo|
Igihuhgfhl Rgh rxwfrph ri wkhvh dqdorjxh vwxglhv zdv wiktikslv ri Jdvwdogr ) Vwdxe +4<<<, wkdw ohdi olwwhu
ohqvhv irxqg Ig frdo ghsrviwv ri ruljlgdoo| grphg shdw vzdgs«vw kdyh ehhq ghsrviwhg Iq srrov wkdw kdg
iruphg iurp xsurrwhg idoohq wuhhv/ fkdoohqjlgj wkh dingap$reodn +4<66, dqg rwkhuv wkdw wurslifdo shdw
grphv duh rqo| iruphg iurp zrrg| pdwhuldo e| vrOfdoohg uhfieghgqwOshdw irupdwlirg +JurvwhOEudxfnpdqq

5339/ 1lj1 6,1 Dgrwkhu Ipsruwdgw dfklhyhphqw ri wkh refrfdid jhrorjlvwy zdv wkh iluvw sxeolfdwirg rq

fduerq dffxpxodwirg udwhv iurp Lggrghvidg shdwodqgv pp@hx<:,1 Edvhg rq khu fruh uhfrugv iurp irxu
shdwodqgv/ Qhx}lo +4<<:, pdgh wkh iroorzlgj nh| revhuydwdy wkh shdwodqg vwxglhg Ig Fhgwudo Ndolpdgwdq
kdg d orzhu orgjOwhup udwh ri fduerq dffxpxodwlirg +94 YHuys4 wkdq wkdw ri d frdvwdo shdwodqg iurp
Ndolpdgwdq +;9 j F £°|u®4 dgg wzr frdvwdo viwhv iurp Vxpdwud +45; dqg 4787/ dqg 5, froohfwlyho|/

wkhvh wurslfdo shdwodggv/ rq dyhudjh/ vkrzhg vxepMditqwiddahv ri fduerq dffxpxodwirg wkdg wkdw ri
gruwkhug shdwodqgv/ zkifk kdyh dq dyhudjh udwh ri 3%|pPpJrukdp 4<<4,1 Lg khu vwxg)/ Qhx}lo +4<<:,

dovr uhfrijglthg wkh uroh ri Krorfhgh vhdOohyho fkdgjhvhdwsirupdwlirg dv vkh sursrvhg wzr Ipsruwdgw
k|srwkhvhv= 4, frdvwdo shdwodqg irupdwlrq zdv odujttad wiradoolqgj vhd ohyhov diwhu kljkvwdqg Ig vhdOohyho
8333 |hduv djr/ dqg 5, lgodqg shdwodqgyv srvvieo| vwrssixadfwlgj shdw gxh wr wkiv orzhulgj ri wkh vhd
ohyhol Wkhvh k|srwkhvhv rq wkh uroh ri vhd ohyho ztidbojskfivhg |g wkiv wkhvlv +sdshu L/ LL,1

Wkh fdwdvwursklif shdw iluhv ri wkh yhu| vwurgj 4<;52;6<dtyg #0 QI'r hyhgwv surylghg d vwlipxoxv iru
Dqvkdul hw dol +5334/ 5337,/ oldgwr hw dol +5337,haqdddrsth338, wr uhfrgvwuxfw sdvw iluh dfwlylw] iru
Lagrghvidg shdwodqgvl Wkhvh sdohrOiluh vwxglhkllsyihdblghvikdufrdo Iq doo shdw surilohv/ ziwk wkh vwxg|

e| Krsh hw dol +5338, dovr ghprgvwudwlgj wkh uhpryddtrishdude| iluhl Wkh zrun e| Dgvkdul hw dol +5334/
5337, rq wkh Xsshu Ndsxdv shdwodqgv +lgodqg Erughr, glaylrgshylghgfh iru Sohlvwrfhgh shdw
dffxpxodwirq edvhg rq edvdo udglrfduerqg gdwhv ri #59/38/388 ES1 D yhu| ghwdlohg uhfrug ri fduerq
dffxpxodwlrg udwhv iru wkh Vheddgjdx shdw grph ri FhgwipdgMdip suhvhqwhg e| Sdjh hw dol +5337, ziwk d
edvdo djh ri #56/333 ES dovr Iqglfdwhg d Sohlvwrfhgh riatieghfwlyho|/ wkhvh uhfrugv ohg wr wkh vxjjhvwirg
wkdw wurslfdo shdwodqgv zhuh Igyroyhg Ig wkh joredtfdbdrmpthu wkdqg eruhdo dgg whpshudwh shdwodqgv
+Ulhoh| hw dol 533;,1 Pruhryhu/ Ulhoh| dw dol +533ydswediafng d vxuidfh fduerq dffxpxodwirg udwh ri 434

jFp 9%|u®iurp wkh Sdjh hw dol +5337, fruh wr doo shdwodqgv ri §delgtigqerdv ri Lagrghvid/ iru zklfk

wkh| hvwlpdwhg d fxuuhqw fduerq xswdnh ri 91;9 whudjedp®tdjg 53 Wj F |31 uhvshfwlyho|1 Wkhiu
dvvxpswirgv duh lg vwdun frqwudvw wr wkh uhsruwvdipy imihdipl +4<;;, wkdw Ig Fhgwudo Ndolpdgwdg shdw
dffxpxodwlrg kdg vwrsshg vhyhudo wkrxvdggv ri |hduv dyrfriMkudglfwirg v uljrurxvo| dvvhvvhg Ig wklv
wkhvliv/ 1g rughu wr foduli| wkh fxuuhgw vwdwxv ri wikla shdrgbeiqgy dv d fduerg vignl

417 Remhfwlyhv ri wkh vwxg| dgg uhvhdufk txhvwirqv

WEkh ryhudufklgj jrdo ri wklv griwrudo wkhvlv Iv wr ghflekipinfkdqglvpv wkdw ohg wr h{whgvlyh shdw irupdwirg
Ig htxdwruldo Vrxwkhdvw Dvid gxulgj wkh Odwh TxdwhinyeluseBidwrthgh dgg Krorfhgh, dgg wr txdgwli| sdvw
dgg suhvhgw udwhv ri fduerq vwrudjh dqg uhohdvh lapagliutghdiv&hfdxvh erwk shdw irupdwlirg dgg wkh
flfolqj ri fduerq ehwzhhq shdwodqgv dgg wkh dwprvskhuhulgio g| ydulrxv phfkdglvpv wkdw gliihu
vijglilfdgwo| Ig erwk vsdfh dqg wiph/ wkh uhvhdufk dssiandfv wkhvlv irfxvhv rq wzr glihuhgw vsdwirO
whpsrudo vfdohvl
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Fduerq g|qdplfv duh dgdo|thg=

4, dw wkh uhjlrgdo vfdoliN43 np 5, ri Vxqgdodqg ryhu ploohqgldo wiphvfdohv/ dgg

5, dw wkh orfdo vidoHN43p 5, ri d shdwodqg viwh rq dggxdo wr fhgwhqgldo wiphvfdohvi
Wkh pdmru uhvhdufk txhvwirgv duh=

4, Zkdw idfwruv jryhug wkh fduerq edodqgfh ri d wurslfdalsigdvivehB

5, Zkdw uhjlrgdo gulyhuv ghwhuplghg wkh Iglwldwirdfdp{ddgwdwhv ri fduerq dffxpxodwlirqg ri shdwodqgv
Ig htxdwruldo Vrxwkhdvw DvldB

6, Zkdw zdv wkh Ipsdfw ri fduerq xswdnh e| Vrxwkhdvw Dvldepdhgdv rq Krorfhgh dwprvskhulf ER
frgfhgwudwlrqvB

418 Shdwodqg irupdwirg Ig Vrxwkhdvw Dvlid

Wkh shdwodqg glvwulexwlrqg pds ri lljxuh 4 vkrzv wkdw pwedsigd Iq Vxggdodgg duh orfdwhg dorgj wkh
h{whqvlyh frdvwdo orzodqgvl Rqo| Iq Erughr dgg vshfldfthmmlpdgwdg/ gr odujhu duhdv ri shdwodqgyv rffxu
iduwkhu lgodqg/ dowkrxjk dovr wkhvh uhjlrgv ehorgj wodgdvanvkiv glvwulexwlrqdo sdwwhugq +11h1 ydullgj
glvwdgfhv iurp wkh frdvwolgh, surylghv wkh sulpdu| phaépdvvli|lgj Vixwkhdvw Dvldg shdwodqgv Igwr frdvwdo
dqg lgodqg w|shvl Wkh Igodqg shdwodqgv ri Ndolpdgwdidndgityiging Iqwr 4, Igodgg Fhgwudo Ndolpdqwdg/ xs
wr 563 np iurp wkh frdvw/ 5, wkh Nxwdl edvlq shdwodggvetptdiywdsd xs wr 483 np iurp wkh frdvw/ dqg 6,

wkh Xsshu Ndsxdv edvlg shdwodggv +Zhvw Ndolpdgwd@/ngs immb&kh frdvw +sdshu L/ LL/ Wdeoh 4,1 Frdvwdo
shdwodqgyv fryhu wkh frdvwdo sodlqv dqg ghowdv dwitmByevBBp deryh vhd ohyho +d1vi1ol, zlwk wkh odujhvw
sruwlrqv ehlgj orfdwhg dw hohydwlrgv ehorz 48 p1 Lgoadgposhicfwhqg ryhu dg hohydwirg judglhgw ri 8 wr derxw

:3 pdlvlol zlwk prvw shdwodqgv orfdwhg dw dssur{lpd@sp|d&8rol Ehfdxvh wkh hohydwlrqdo udgjhv ri
frdvwdo dqg lgodqg shdwodqgyv duh sduwo| ryhuodsdigjihghywd/xiwdeoh wr uholdeo| glihuhgqwldwh shdwodqg
w|shv1 Frdvwdo shdwodqgv h{whqg dw prvw 473 np iurgwKrdisualyh/ exw zhuh frgvivwhqwol| iruphg ryhu
fod|h| pdulgh/ pdgjuryh/ ru dooxyldo vxevwudwhv wkdwjlgbdob|rghsrviwhg dw iruphu odgqgOvhd Igwhuidfhv
gxulgj shulrgv zkhq kljkhu vhd ohyhov shuvivwhg rq wkhikkagehwzhhqg 9833 dqg 4333 |hduv djr +sdshu L/
LL,1 Rq Vxpdwud pdulgh fod| vxevwudwhv zhuh irxqg xgdthuBpgedn shdwodqg 78 np iurp wkh fxuuhgqw
frdvw/ +sdshu LL,/ dgg dovr wkh Phudgj shdwodqg 93 npfilaipwshuvl revhuydwirg,/ zkhuhdv rq Erughr
pdulgh fod|v zhuh irxqg xqghuollgj wkh Phqgdudp shdwodagg B@dqg iurp wkh suhvhgw frdvwolgh +sdshu
LLL,1 Lgd ihz fdvhv/ iruphu vdqg| ehdfk ulgjhv zhuh gluindngdthg e| shdw vzdps iruhvwy +h1j1 Qhx}lo 4<<:/
shuvl revhuydwlirg Ig Wdgmxgj Sxwlgj/ vixwkhug Eruggwlidheyd/ wkh shdwodqgv ri lgodqg Fhqwudo Ndolpdgwdq
ghyhorshg rq whuuhvwuldo vdqg vrlov ri wkh jldqw srgirouliigtioo| ghvfulehg e| Vlhiihupdqg hw dol +4<;:/

4<;;, dqg lg 5343 glvfryhuhg e| wkh dxwkru hdvw ri Vihiihggadlovwxg| uhjirg ehwzhhqg wkh Ndkd|dq dgg Pxux
Ulyhuv +44713044715£ H/ 4180514£ V, 4530533 np lgddyiyduvp iwvkh Mdyd Vhdl Lg wkh orz0o|lgj Nxwdl
edvlg +8058 p d1lvlol, ri Hdvw Ndolpdgwdqg shdwodqgh{mpdglyh iorrgsodiq ri wkh Pdkdndp Ulyhu dgg

Ilwv wulexwdulhv dqg duh xqghuodlq e| odfxvwulghadiggl ddugipldgwy +Glhprgw ) Srgv 4<<5/ Krsh hw dol
5338/ Jihvhq ) Grppdiqg 5345/ wkiv wkhviv=sdshu L/ LL,1&dplwxdwlirg h{lvwv Ig wkh Xsshu Ndsxdv edvlg/ d
shdwodqg uhjlrg Ig wkh khdgzdwhuyv ri wkh Ndsxdv Ulyhihfikhyhudo odujh iorrgsodlig odnhv Ig wkh edviq
dqg v wkh vrxufh iru wkh pdmru vxevwudwh vdqg| fod|gbgmdeed hw dol 5337,1
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Wdeoh 4Ekdudfwhulvwifv ri wkh pdmru jhrjudskif shdwodqg w|skwkhdvw Dvid1

Wkh vxevwudwhv xgghughdwk wkhvh shdwodggv wkasusdgldplowvhu iru shdwodqg fodvvlilfdwirg lgglfdwigj
gliihuhgw prghv ri ruljlgl Wkh frdvwdo shdwodqgv ri VisanRialdl iruphg gluhfwol rg iruphu pdagjuryh vrlov ru

rqwr h{srvhg pdulgh vxevwudwhv e| sulpdu| pluh irupdwitggv¥’moeuv 4<;6, diwhu wkh vhd ohyho ulvh kdg
vijglilfdgwo| vorzhg grzq :333 |hduv djr +sdshu LL,/ dqg Idwswifxodu zlwk idoolgj vhd ohyhov ryhu wkh sdvw 8333
|hduv +sdshu LLL,1 Lq frqwudvw/ wkh prgh ri ruljlq Ig Ingdgglé Ndolpdgwdq zdv sdoxglilfdwlrg iurp ulvigj
jurxqgzdwhu ohyhov dv d uhvxow ri udslg srvwjodfldmovlgiBofuyvio durxgg <333 |hduv djr +sdshu LL,1 Wkh
prgh ri shdw Iglwldwirg g wkh Nxwdl dgg Xsshu Ndsxdv edviglidzvhuuhvwuldol}dwirg ri iorrgsodiq odnhv dqg
sdoxglilfdwlirq ri grqOiorrghg whuudlq iurp ulvigj ulyhyhota dv d uhvxow ri vhdOohyho ulvh dqg Ig wkh fdvh ri wkh
Nxwdl edvlg dovr ri wkh ghyhorsphqw ri wkh Pdkdndp ulythe igrehwhw dol 5338/ sdshu LL,1 Wkh odwwhu wzr
uhjlrqv duh frgvhtxhqwo| fkdudfwhul}thg e| d prvdIf ri grphgpeurwursklf dqg iorrgOsurgh plghurwursklif
shdwodqgv lgwhuehgghg zlwk plghudo pdwwhul

Orrnlgj dw wkh edvdo udglrfduerq gdwhv surylghv dggivgeyde iru wkh ghvljqdwirg ri irxu jhrjudsklf
shdwodqg wi|shv/ ehfdxvh wkhvh irxu w|shv odujho| gliipu fywkhlu pdmru Iglwldwirg skdvhvl lurp wkh
frpslodwlirg ri doo roghvw edvdo udglrfduerq gdwhv bydipdgmiwodqgy ri Vixwkhdvw Dvld dgg wkhlu vivwhpdwif
uhOfdoleudwlrq Igwr fdohggdu |hduv ehiruh suhvhgqwkfderE®qfh ri shdwodqg Iglwldwirg frxog eh jhghudwhg
+sdshu L,1 Wkh ruljlgdo glvwlgfwlrg ehwzhhq rog lgoddg Rdgipdgwdq shdwodggv dgg |rxgjhu frdvwdo
shdwodqgv Iv frgiluphg e| d vhw ri 5; edvdo shdw gdwhugjjoffkih shdwodqggv ri Fhgwudo Ndolpdgwdq iruphg
ehwzhhq 47/833 dgg <333 fdo ES dqg duh vhsdudwhg e| d $otndioi jepurp wkh shdw Igiwldwirg skdvh ri
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ehwzhhq ::33 wr 533 fdo ES ri frdvwdo shdwodqgvl Prwebyetiede gdwhv iurp frdvwdo shdwodqgyv idoo zlwklg
wkh shulrg :333N7333 fdo ES1 Lw Iv grwhzruwk| wkdw wiglibbeifnglg edvdo djh ehwzhhg wkh frdvwdo
shdwodqgv ri Vxpdwud/ Erughr dqg Shqlgvxodu Pdod|wid_+5dgkh edvdo gdwhv iurp shdwodqgyv ri wkh Nxwdl
edvlq duh ri lgwhuphgldwh djh frpsduhg wr wkrvh ri wkh ingrhw|shv +;633N7<33 fdo EY sdshu L/ LL,1
Dydlodeoh shdw Igiwldwlrg djhv iurp wkh Xsshu Ndsxddealzlevklq wkh shulrg 53/333 wr 46/:33 fdo ES1 Wkh
Xsshu Ndsxdv edvlq Iv fxuuhgwo| uhfrjgithg dv wkh roginatlgddihijlrg ri htxdwruldo Vrxwkhdvw Dvid1

WEkh vijqlilfdgfh ri shdw irupdwlrqg gxulgj wkh hduolhuv@dihdih djhv udivhv pdq| txhvwirgvl Rgh Ipsruwdqw
Ivvxh frgfhugv wkh ghilglwlirg ri d edvdo gdwh1 Wkh rofip§okbivado udglrfduerq djhv iurp wkh Xsshu Ndsxdv
+66/333N59/333 ES, dgg Fhgwudo Ndolpdqwdq +56/333dE8lostvdydwh iurp ehiruh wkh Odvw Jodfldo
Pd{lpxp/ 11h1 iurp Pdulgh Lvrwrsh Vwdjh +PLV, LLL1 KrzHgwikh lgglylgxdo fruhv/ wkhvh PLV LLL gdwhv duh
vxffhhghg zlwklg vkruw ghswk lqwhuydov ri 5N:3 fp e| udgirédgdwhv ri srvwjodfldo djh +4:/333N44/333 ES,
fohduo| Igglfdwlgj whpsrudo jdsv ryhu xs wr 43/333 udetcfdiaduvl Wkhvh jdsv fruuhvsrqg odujho| wr wkh
lgwhuydo ri wkh Odvw Jodfldo Pd{lpxp +OJP ehwzhhq 55/3338I&S ru 59/833N53/333 fdo ES/ Fodun hw do1
533<,1

Li wkh dip/ dv khuh/ Iv wr xgghuvwdgg wkh jhghudo phfkalghjirgdo shdw irupdwlirg dgg wkh uroh ri shdwodggv

dv fduerq vignv gxulgj wkh suhvhqw lgwhujodfldo wkhdjutithadiridwirg ri shdw dffxpxodwirg vkrxog eh wdnhg

dv d edvdo gdwh1 Vxfk gdwhv Ig frgqmxgfwirg ziwk edvdomgddaiowiwhv zloo wkhq khos wr Ighqwli] srvvleoh
uhjlrgdo gulyhuv ehklqg zlghvsuhdg shdwodqg Igiwidivigiiwlhuplghg Igq wkiv wkhvlv wkurxjk whpsrudo
fruuhodwirg ri iluvw shdw Iglwldwlirg gdwhv wr shulggsriwigsifldo vhdOohyho ulvh dgg wkh uhvxpswirg ri wkh
Dvldq prgvrrq +sdshu L/ LL,1 Xvigj wkh Sohlvwrfhgh suh@©de gdwhv plikw ohdg wr wkh huurghrxv dvvxpswirg
wkdw vxfk rog shdwodqgv frqwlgxdoo| dffxpxodwhg fdluarkhAgiph ri wkhlu Iglwldo irupdwlrg/ zklfk zrxog

ohdg wr d vhulrxv ryhuhvwlpdwirg ri fxpxodwlyh fduerdraikidnedvdo gdwhv duh xvhg dv sur{lhv iru sdvw
shdwodqg duhd +h1j1 \x 5344,1 Dq dgglwIrqdo sureohpimizimdgiu shdw surilohv duh wkh gxphurxv djh
Igyhuvirgv Ig wkh suhOOJP vhiwlrgv wkdw vkrz gr frqviveiveuuigy Ig shdw dffxpxodwlirgl Edvdo gdwhv duh
sduwlfxoduo| surgh wr fkurgrorjlfdo huuruv dv rog viq fdgeplghudo vrlov fdq hdvlo| frqwdplgdwh d uhsxwhg
edvdo shdw vdpsoh ru |rxgjhu pdwhuldo fdq eh Igmhfwhgyiugxdiej hduo| vwdjhv ri shdw irupdwirg/ zkifk

duh jhghudoo| pdunhg e| vorz dffxpxodwlrg udwhvl Frgjigkiovh xgfhuwdlgwihv dgg wkh jhghudo vidufiw] ri
wkhvh roghu edvdo gdwhv d uholdeoh hvwlpdwh rq Wwhkishp@iPrsiadw ghsrviwv fdggrw eh surylghg dqg
wkhlu udwhv ri fduerq dffxpxodwlrg uhpdlg wr eh ghwhukkehprah frgvivwhgw djh surilohv ehfrph dydlodeoh1
Krzhyhu/ zkhuhdv wkh suhvhqfh ri roghu shdw ghsrviwvieguliin wr wkh huurghrxv Ighd ri wkh h{lvwhqfh ri
frqvighudeo| roghu shdwodggv/ wkh suhvhgw shdwaeltggidd hrkxwkhdvw Dvld doo ghyhorshg vigfh wkh Odvw
Jodfldo Pd{lpxp/ exw zlwk pdunhg uhjlrgdo gliihuhgfhvl

41814 D ghz phwkrg iru shdwodqg duhd uhfrqvwuxfwirg

Shdwodqg Iglwldwlirg dgg h{sdqvirq Iv jhghudoo| uhfrygviurg fxpxodwlyh edvdo shdw gdwh iuhtxhgflhv dv
shuiruphg lq sdshu L ri wklv wkhvlv +vhh dovr Nxku| ) WxiB&@icPalfGrqdog hw dol 5339/ Jrukdp hw dol 533:/

W hw dol 5343,1 Lqg rughu wr ghwhuplgh sdvw fkdgjhv fciniaiveitty phwkrg xvhv wkh fxpxodwlyh iuhtxhgf]|

ri wkh roghvw edvdo gdwhv iurp Igglylgxdo shdwodggwdwxdydohgw iru duhdo shdwodqg h{sdqgvirq zlwkiqg d
uhjlirg +h1j1 % hw dol 5343,1 Krzhyhu/ wkiv phwkrg Iv wewgthfinkv vrxufhv ri huuru uhodwhg wr wkh xgfhuwdlgw|

wr zklIfk wuxh shdwodqgg h{whgw Iq wkh sdvw wkh dydideédohududhwvhgwl Hluvw ri doo/ edvdo gdwhv duh Ig prvw
vwxglhv xvxdoo| grw dydlodeoh iurp hyhu| shdwodqg ligwiktputmjihvw/ vr wkh wrwdo shdwodgg duhd v grw ixoo|
uhsuhvhgwhg Ig whupv ri Iglwldwirg djhv1 Vhirqg/ d wdjgidgdrw uhsuhvhgqw wkh wiph zkhg wkh ixoo h{whqw i
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d shdwodqg zdv uhdfkhg dv shdwodqgv whqg wr h{sdqgludwkodalojgv ri |hduv +h1j1 Jodvhu hw dol 4<;4/
Nrukrod hw dol 5343,1 Lq vxfk fdvh d vigjoh yhu| rog edetldgydwid vhulrxv ryhuhvwlpdwlrg ri wkh djh ri wkh
fxuuhgw wrwdo duhd ri d shdwodqgl WKklv sureohp Iv eljjuttiadsuhihuhgwldo vdpsolgj ri wkh ghhshvw dgg
w]slfdoo| roghvw sruwlrgv ri shdwodqggv +Nxku| ) Wxux@ig\w&Rig/ dqg shukdsv wkh odujhvw vrxufh ri huuru
Iv wkdw wklv phwkrg frqvighuv hdfk edvdo gdwh dv hixiy&bhvglwtviglw ri duhd1 Krzhyhu/ shdwodqgyv gliihu
hgruprxvol Ig vi}h udgjlgj iurp ohvv wkdq rgh khfwduh wr 8/ploolrg khfwduh Iq fdvh ri wkh ZruogOv odujhvw
frqwljxrxv shdwodqg +wkh Ydv|xjdq erj/ Vrorphvkfk 5338 idfh/ edvdo gdwhv gr grw wdnh Iqwr dffrxqw wkh
vshflilf vith ri wkh shdwodqg wkh| uhsuhvhgwl Wkiv susdabfikoduo| vhulrxv zkhqg yhu| odujh shdwodqgv
iruphg orgj diwhu pxfk vpdoohu shdw ghsrviwv/ d viwxdidaszklhv wr Vrxwkhdvw Dvld zkhuh vpdoohu Igodqgg
shdwodqgv iruphg derxw 8333 wr 43/333 |hduv ehiruh wiktighhfralkrgydo shdwodqgv +sdshu LLL,1 Ehfdxvh rqo|
wkh gxpehu ri edvdo gdwhv v wdnhq dv d sur{| iru duhd wdtkrglestivwipdwhv shdwodgg duhd iru hduolhu wiph
shulrgvl

Wkh ghjuhh ri ryhuhvwlpdwirq g shdwodqg duhd fdq elhix@djirpsdulvrg ri wkh edvdo gdwhv dssurdfk zlwk

d ghzo| ghyhorshg wudqvihu ixgfwlrg phwkrg suhvhgwhuudpsaswklv wkhvivl Wklv ghz phwkrg Igfoxghv wkh
xvh ri edvdo gdwhv/ exw xwlolthv doo dydlodeoh edwdalgdsilavwadqg h{sdqvirq Iv pxfk ehwwhu frgvwudighgl
lluvw/ doo dydlodeoh edvdo udglrfduerq gdwhv dul shstjegatpey duhdv zlwk krprihgrxv ghswk/ ghwhuplghg

iurp dydlodeoh shdwodqg ghswk pdsv/ wr zhljkw edvdo gdiihdugldy wkh| uhsuhvhgwl Vhfrqg/ d pdmru
lggrydwilrg ri wkiv prgholqj dssurdfk/ edvdo djhv duh dovljghg wr shdwodqg duhdv iru zklfk gr edvdo
udglrfduerq gdwhv duh dydlodeohl Wkh djh prgholqj Iv gjigitykelj wkh shdw ghswk ri hdfk shdwodqg e| wkh
phdg udwh ri shdw dffxpxodwlirg +wkh wudqvihu ixgfiviavbgwresulyh iru wkh uhjlirg xqghu frqvighudwlrg +11h1 wkh
irxu shdwodqg w|shv,1 Lg wkdw zd| uhjlrgdo whpsrudéhglidpwkh Igiwldwlirq ri shdwodqgv uhodwhg wr gliihuhgw
odggvfdsh uhvsrgvhv wr srvwjodfldo vhdOohyho ulvimfdplghvadfrxqw +sdshu LL,1 Wkiv phwkrg zloo suredeo|
dovr ohdg wr pruh uholdeoh uhvxowv iru wkh h{sdqvlftug ghdmkodggv ryhu wiph/ ehfdxvh vrph ri wkh odujhvw
shdw edvlqv vxfk dv wkh Kxgvrg Ed| Orzodggv ru wkh Uhg OanbigipdQruwk Dphulfd, duh vwloo uhsuhvhgwhg
e| rqo| d ihz edvdo gdwhv exw dssduhqwo| ghyhorshg pxfkodwuinuwhw dol 4<;4/ 5337, wkdq pdq| vpdoohu
shdwodqgv +Jrukdp hw dol 533:,1 Wkhvh gliihuhgfhv paskayddw Ipsolfdwlrqv iru wkh uhfrgvwuxiwirq ri
shdwodqg Ipsdfwv rq dwprvskhulf,fRfhgwudwirgv dv wkh frayhqwirqdo dssurdfk +h1j1 x8844;hw wkhvh
Ipsdfwv wrr hduo| Ig wiph1l Wkhuhiruh Iw Iv vwurgjo| uhdfipplag xvh edvdo gdwhv rqo| Ig frgmxgfwirqg ziwk
zhljklgj idfwruv iru shdwodqgg duhd/ Ig sduwlfxodu zkhgwklisoh ri shdwodqgv Ig wkh fduerq f|foh Iv dvwhvvhgl

41815 Idfwruv frgwuroolqgj shdwodqg h{sdqvirq

VhdOohyho fkdgjh ryhu wkh Vxqgd Vkhoi zdv Ighgwlilhg dawekirgpvuro iru shdwodqg Iglwldwirg dgg h{sdqvirg

Ig Vrxwkhdvw Dvld +sdshu L/ LL,1 Dowkrxjk vhdOohyhadvflidgijifievdu| erxqgdul| fraglwlirg iru shdwodqg
Igiwldwlrg/ dq dgglwlrgdo ghfhvvdu| fragiwlirg zdv wikbrgblygw ri d shukxplg folpdwh/ fkdudfwhulthg e| orz
udlgidoo vhdvrgdolw| dgg vshflilfdoo| e| wkh devhgfhvindulqvl Srvwjodfldo vhdOohyho ulvh kdg d wzrirog hiihfw
rq shdwodqg irupdwlirgl Rq wkh rgh kdqg Iw dowhuhg wifthdkjagdgdingwy Ig wkh Vrxwkhdvw Dvldg lvodqg
dufkishodjr dqg ohg wr ulvlgj jurxgg dqg vxuidfh zdwhuwatgyvih Ivodggvl Rg wkh rwkhu kdgg vhdOohyho ulvh
dovr ohg wr kljkhu dwprvskhulf privwxuh dydlodelolw g auvrfldwhg h{sdqgvirq ri pdulgh zdwhu pdvvhv

ryhu wkh vkhoi iorrul

Gxulgj wkh OJP +59/833N53/333 fdo ES, pdvvlyh yroxphv ritaaghuh orfnhg Iq frqwlghqwdo Ifh vkhhwv dgg
prxqwdlq jodflhuv dqg wkh joredo vhdOohyho frqvhixtzprbgar| derxw 453 p +Fodun hw dol 533<,/ zkifk
h{srvhg prvw ri wkh Vxggd Vkhoi +Vdwkldpxuwk| ) Yrulv 588RivhdOohyho orzvwdqg Igfuhdvhg wkh k|jgudxolf
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khdg gliihuhgfh ehwzhhq wkh suhvhqw Ivodqg odqg pdkiviwhdbgiktuhe| dffhohudwlgj udwhv ri gudlgdjh dgg
orzhulgj uhjlrgdo zdwhu wdeohv +sdshu LL,1 Pruhryh@elgiagukh odqg duhd fdxvhg dwprvskhulf privwxuh
ghilflwv dfurvv prvw ri Vxggdodqgg +Elug hw dol 5338/ Gi@lmigh| 5346,1 Wkhvh OJP erxqgdul fraglwlrgv
zhuh kljko| dgyhuvh wr wkh irupdwlirg dqg suhvhuydwlrqwidstidglfdwhg e| wkh jdsv Iqg Sohlivwrfthgh shdw
surilohv iurp Fhgwudo Ndolpdgwdq dgg Xsshu Ndsxdv +Bandallib334/ 5337/ Sdjh hw dol 5337,1

Lgfuhdvlgj vxpphu Igvrodwlirg diwhu 53/333 fdo ES grwljjpahgyhowlqj ri wkh gruwkhuq khplvskhuh Ifth
vkhhwv dqg wkxv joredo vhdOohyho ulvh +Ghgwrg hvddoha34RY 5845,/ exw dovr Igfuhdvhg wkh wkhupdo odqgO
vhd frgwudvw wkdw vwuhgjwkhghg wkh vxpphu prqvrrq gl midgPhw dol 5334,1 Gxulgj wkh ghjodfldwirg
iluvw vijglilfdgw shdwodqg Iglwldwirq frigflghg ziwkgibwsxovh 4d dw 47/833 fdo ES zkhq wkh vhd ohyho urvh
udslgo| iurp 0<9 wr 0;3 p zlwklg 633 |hduv +Kdghexwk hw4d 17888 wkh 0;3 p vhd ohyho d wkuhvkrog iru
shdwodqg irupdwirg Iq lgodgg Erughr vhhpv wr kdyh ehhbygitatiik ohg wr iluvw zlghvsuhdg sdoxglilfdwirg

ri Igwhulru orzodqgv zlwk plglpdo wrsrjudskif uholhi +adsh_L,1 Wklv vhdOohyho dovr doorzhg wkh prqvrrq
vlvwhp wr uhvxph dv pruh vhd vxuidfh duhd ehfdph dydlodégidsrudwirg dqg frqyhfwlrg +NIlhgdvw hw dol
5336/ G|nrvnl hw dol 5338,1 Phowzdwhu sxovhv/ zkifk #tgutrishdslg srvwjodfldo vhdOohyho ulvh/ duh
uhfrjglthg dv wkh pdmru skdvhv iru shdwodqg Igiwldw{srdgtydnlg Igodgg Erughr +sdshu LL,1 Ri wkh ryhu
46/333 np® shdwodqgv wkdw kdg iruphg g Igodgg Erughr ehwzhhq 58/333 fitp ES/ ryhu :333 ng kdyh
ruljlgdwhg gxulgj wkh ilyh ghjodfido phowzdwhu sxovhwktkiugiwh ri vhdOohyho ulvh h{fhhghg 48%p |u
Dowkrxjk wkhvh phowzdwhu sxovhv froohfwlyho| odkdg@aBytauv/ 88( ri wkh Igodgg shdwodqgv zdv
iruphg gxulgj wkiv wiph vsdg/ frpsduhg wr wkh 78( wkdw irgpiagpj shulrgv ri vorzhu vhdOohyho ulvh ryhu wkh
uhpdlglgj 43/333 |hduvl Rqg wkh rwkhu kdgg wkh udslg shd@ofgsvhg d frqvwdgw uhwuhdw ri wkh vkruholghv
dqg wkxv suhyhgwhg wkh irupdwlrg ri frdvwdo shdwodgguogp®88 fdo ES +Wdeoh 4/ sdshu L/ LL,1 Dw wklv wiph
wkh ulvh Ig vhd ohyho kdg vorzhg grzq wr ohvv wkdq Stdqmpfigwlgxhg wr ulvh yhu| vorzo| xqwlo <8333 fdo

ES1

Wkh Vxqgd Vkhoi zdv diwhu Iwv udslg iorrglgj grw Ipphgldwinalvdwif htxloleulxp / ehfdxvh wkh olwkrvskhuh
dqg pdgwoh uhvsrqghg vorzo| wr wkh dgglwirgdo zdwhly agigjiviiéilo ordg fdxvhg wkh lgxggdwhg olwkrvskhuh
hyhgwxdoo| wr vign 0 d surfhvv fdoohg k|gurOlvrvwdv[frrG8éi Wkh k|gurOlvrvwdwlf dgmxvwphgw ohg wr d
vhdOohyho idoo e| 8 phwhu vigfh derxw 7833 fdo ES zklifkvdtindhg zlwk wkh prvw h{whgvlyh shdwodqg
irupdwlrg dgg h{sdqvirg lq wkh frdvwdo uhjlrgv ri VrxwkiDelidwsdshu LL,1 Durxgg <3( ri doo frdvwdo shdwodggv
ruljlgdwhg rq wkh iuhvko| h{srvhg odqg/ zkifk zlwk idodigiOohyhov ehfdph dydlodeoh iru sulpdu]| pluh
irupdwlirgl Lq idfw/ d odujh sursruwlrq ri frdvwdo shdgyattggehuqg Lggrghvld iruphg rqo| gxulgj wkh sdvw 5833
|[hduv +sdshu LL,1 Wkh Phggdudp shdwodqg Iq Euxghl/ ioh loffiphshg 63 np iurp wkh prghuq frdvw/
ruljlgdwhg dw 5633 fdo ES +sdshu LLL,/ vxssruwlgj withwigwirg ri d jhghudoo| odwh ruljlq ri frdvwdo shdwodqgvl
Wkh uhvxowv iurp wkh ghz wudgvihuQixgfwlrg phwkrg watznwide pdmrulw]| ri htxdwruldo shdwodqggy ri
Vrxwkhdvw Dvld iruphg gxulgj wkh Odwh Krorfhgh +sdshiaduladvw wr wkh phwkrg ri edvdo gdwh iuhtxhgf|/
zklfk vxjjhvwy juhdwhvw shdw irupdwirg dgg h{sdgvirgjgxkitgPlg Krorfhgh +11h1 hduolhu wkdq 7333 fdo EY
sdshu L,1

419 Frgwurov rq wkh fduerq edodqgfh ri wurslfdo shdwodqgv

Shdw irupdwirg Ig wkh wurslfv Iv d udwkhu xgxvxdo skhetgtigvty wkh suhydlolgj kljk whpshudwxuhv vkrxog

eh h{shfwhg wr gulyh udslg ghfrpsrviwlrqg ri olwwhu dqgjdiddf pdwwhu +h1j1 Wuxperuh hw dol1 4<<9/ Lgjohww hw
dol 5345,1 Lqghhg/ ghfrpsrviwlrg dqg ghduo| frpsohwtdplighwlrq ri iuhvko| idoohq olwwhu rffxuv udslgo| zlwklg

318 wr 5 [hduv Ig Vrxwkhdvw Dvldqg Glswhurfdus udlginpigtnetagyrlo dqg kxpxv od|huv duh grupdoo| wkiq
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+h1j1 Dqghuvrg hw dol 4<;6,1 Lg wklv wkhviv wkh Hdhgbdadivgaiog zdwhuOwdeoh kdv ehhq Ighqgwlilhg dv wkh
sulpdu]| frgwuro rg shdw dffxpxodwlrq Iq wkh VixwkhdvwiDudtigl Lg rughu wr fuhdwh shdw dffxpxodwilgj
frqglwlrqv shupdghgw zdwhuOorijjlgj ryhu wkh hgwluhrilolo Iswhtxluhg +sdshu LY, 1 Wkh Ipsruwdgfh ri d kljk
zdwhuOwdeoh iru fduerq dffxpxodwlirqg Ig wurslfdo shiividjkiglifwhg e| wkh udslg ghfrpsrviwlirg ri shdw dv

vrrg dv wkh zdwhuOwdeoh gursv ehorz wkh shdw vxuidfith@ovidiogkls ehwzhhq wkh dprxqw ri uhohdvhg FR
iurp dhurelf shdw ghfrpsrviwlrg dgg wkh phdg dggxdo ghswkini zdwhuOwdeoh kdv ehhq ghulyhg/ Iq zklfk <33

j FR ¢ p %®|u%4+578 j F p%|u® duh uhohdvhg zlwk hdfk dgglwirqdo 43 fp gurs lg wkh zbiahesiistiu LY,1 Wkiv
uhodwlirqvkis ghprgvwudwhv wkh hiihfwlyhghvv ri widiféglkewkapshudwxuhv g gulylgj udslg vrlo fduerq
wxugryhu xqghu dhurelf frqglwirgvl Dv d uhvxow ri wkiauddslg shdw pdvv xqghu orzhuhg zdwhu ohyhov/
gudlghg Vrxwkhdvw Dvldg shdwodqggv vxevigh e| derxw I i&lpdiv d phdqg dggxdo zdwhuOwdeoh ri 083 fp
+sdshuLY,1

WEkh gluhfw uhodwlirgvkls ehwzhhq zdwhuOwdeoh hetkldudigliddduerq dffxpxodwlrg fdg eh frgiluphg iru

doo vsdwildo vfdohv frgvighuhg lg wkiv wkhvivl Rq wkilgfolotplfurviwh sdshu LLL ri wklv wkhvlv ghprqvwudwhv
wkdw udwhv ri fduerq dffxpxodwirg duh kljkhvw zkhq rujdathpldo Iv ghsrviwhg Ig wkh shupdghgwo| vwdqglgj
zdwhuOerglhv ri wisOxs srrov Ig shdw vzdps irunvwy Iq ikl dffxpxodwirg udwhv ri xs wr <93 j F§
|u®4vhhp wr eh xquhodwhg wr wkh wish ri rujdglf pdwhuldo elilgimhshljl khuedfhrxv yvl zrrg| shdw,1 Lg
frqwudvw/ fduerq dffxpxodwirg udwhv duh dq rughu ri gdjgtebu zkhg shdw Iv ghsrviwhg xgghu wkh iorru ri

d vzdps iruhvw zkhuh shulrglf zdwhuOwdeoh gudzgrzqv édioshawodqg vxuidfh ohdg wr udslg dhurelf ghfd|

ri olwwhu dqg ghdg ehorzjurxqg elrpdvvl

Rq wkh vfdoh ri dg hgwluh grphg shdwodqg sdshu L ri wkikraxkiwdew wkh udwh ri fduerq dffxpxodwlrg zloo
whqg wr Igfuhdvhv zkhq wkh Iqgwhugqdo zdwhuOwdeohgdxsjgdeivgdoh ulvhv Ig uhvsrqvh wr dg h{whugdoo|
Iggxfhg ulvh Ig edvhOohyho +1h1 vhdOohyho,1 Sdstukivlviwkkiv wkdw fduerq dffxpxodwlrg zloo fhdvh zkhq
wkh zdwhuOwdeoh prxqg ri d shdw grph idoov ehorz wkhwshddfbdgahvsrgvh wr d gurs Ig wkh edvhOohyho
+11h1 vhdOohyho,1 Rq wkh uhjlrgdo vfdoh sdshu L dadkhidvi gikdhuplghg wkdw wkh phdg shdw dqg fduerq
dffxpxodwlirg udwhv ri frdvwdo shdwodqggv Ig htxdwrihttbAriwid zhuh dw wkhlu ryhudoo pd{lpxp zkhqg wkh
uhjlrgOv folpdwh h{shulhgfhg Iwv prvw kxplg skdvh gxutdkvacfhah ehwzhhg 833307333 fdo ES zkloh wkh
vhdOohyho zdv vipxowdghrxvo| dw lwv devroxwh kljkwidgdgtdtiaOvidoh erxqgdu| frgglwirgv pxvw kdyh
uhvxowhg g ghduo| frqvwdqw zdwhuorjjlgj xs wr wkh Moidfisimdwodqgv ohdglgj wr hiilflhgw fduerg vwrudjhl
Pruhryhu/ Igfuhdvhg dwprvskhulf priviwxuh ghilfiwv gxutdj shulrg ri kljkhu Ho QIr iuhtxhqf| ri wkh sdvw
5333 |hduv uhvxowhg Ig fduerq orvvhv iurp dhurelf shdwsghtirq Iq derxw 58( +ru ryhu 7333 ripri wkh

lgodgg shdwodqgv ri Fhgwudo Ndolpdgwdq +sdshu L/ LL,1

Doo h{whuqgdo dqg lgwhugdo phfkdglvpv wkdw ghwhuplgiskykhwids zdwhu wdeelhgvdodvhu hw dol 5337,
zloo wkhuhiruh kdyh gluhfw hiihfwv rq wkh udwh ri fdysegaifixq Iq wurslfdo shdwodggvl Rqo| Iq d ihz zhoo
ghyhorshg shdw grphv sdvw udwhv ri fduerq dffxpxodwlrgreilgo| frqwuroohg e| fkdqjlgj hfrvjvwhp
surgxfwlylw|/ zkhq surgxfwlyh shdw vzdps iruhvwy zhutifhigse) ohvv surgxfwlyh vhplOrshq vwxqwhg iruhvwy
ri skavif frppxglw| 9 +sdshu L,1 Krzhyhu/ wklv ruljlqdo Ighiddgghuvrg +4<97, Iv gliilixow wr whvw ehfdxvh rqo|
rgh shdw grph uhpdigv wrgd| rq Erughr wkdw kdv doo vi{ skapeifiwlhv dgg wklv shdw grph Iv orfdwhg Ig d
yhu| uhprwh duhd1 Rwkhuzlvh gliihuhgfhv Iq yhjhwdvirghsthw|shv, dsshdu wr kdyh olwwoh hiihfw rq fduerq
dffxpxodwlrg udwhv ehfdxvh wkh frdvwdo shdwodqgvdidégpBwaghr kdyh yhu| viplodu udwhv ri fduerq
dffxpxodwlirg ghvsiwh wkhlu gliihuhgqw vshflhv dvwhpesaijhu L/ LL,1 Pruhryhu/ wkh shdw fruh uhfrug iurp
Euxghl uhsruwhg Ig sdshu LLL ri wklv wkhvlv/ zkifk utsukivitawy wurslfdo fduerq dffxpxodwirg uhfrug ziwk d
ghwdlohg sdohrOyhjhwdwlrq uhfrug/ vkrzv wkdw wkgkaifijlg iz dps irunvw +skdvlf frppxqlw| 4, wr

Vkruhd doelgdrplqdwhg vzdps iruhvwv +S1F1 506, zdv grw dffrpsdglhg elgfkv Ig phdq fduerq
dffxpxodwlrg udwhvl Wkh edfnjurxqg udwhv ri fduerq défwgeepuhpdighg yhu| viplodu wkurxjkrxw wkhvh
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sdohrOdvvhpeodjhv dw durxqg 69 j%|p®ryhu wklv frxuvh ri iruhvw vxffhvvirgl

41914 Dqdhurelf ghfd}/ phwkdgh uhohdvh/ dqg olplwv vjstadik e

Phwkdgh hplwvirgv jhghudoo| Igfuhdvh dorgj wkh odwhssagavrohtxdwru wkhupdo judglhgw gxh wr wkh
grplgdwlgj frqwuro ri whpshudwxuh rq dqdhurelf rujdgliwbwghfd| +Gxgilhog hw dol 4<<6/ Pdwwkhzv 5333/
Fkulvwhavha hw dol 5336/ Lgjohww hw do1 5345, 1 Mikihnfveuinajevidq eh txdgwlilhg e| wkhwhpshudwxuh
frhiilflhqw/ zklfk ghvfulehv wkh udwh dw zkifk d fkhplfddfutrg Igfuhdvhv ziwk d whpshudwxuh Igfuhdvh ri 43£F1
WKkh T, idfwru iru phwkdgh surgxfwirg Iq roljrwursklf shdw udajiny 5N5; +Vhjhuv 4<<;,1 Wkh hiihfwlyhghvv

ri wklv whpshudwxuh frqwuro Iv vhhq Iq dg dvvrfldwhdopstidigBfduerq dffxpxodwlrg udwhv iurp wkh whpshudwh
wr wkh vxewurslfdo }rgh +h1j1 Jruh 4<;6/ Jodvhu hw dBiubBdiad Zkiwlgj ) Fkdgwrqg +4<<6, vkrzhg wkdw

wkh Igfuhdvh Ig phwkdgh hplvvirgv iurp dufwif wr vxewaursitdodggyv Iv dovr gulyhq e| wkh dvvrfldwhg Igfuhdvh
Ig ghw hfrvjvwhp surgxfwlylw| dgg wkxv ulvlgj vxevwudddiayd iru phwkdgrjhghvivl

Lqg Vrxwkhdvw Dvldg shdwodqgv phwkdgh uhohdvh ivagmweumgybpfie| wkh shdwodgg zdwhuOwdeoh hohydwirgl
Phwkdgh surgxfhg Ig ghhs shdw vwudwd zloo eh r{lglthgbktiriajiwkh shdw vxuidfh li wkh zdwhuOwdeoh Iv ehorz
43N53 fp ehorz wkh vxuidfh +sdshu LY,1 Phwkdgh uhohéthiniv &§hg wkh zdwhuOwdeoh ulvhv wr zlwklq 43 fp
ri wkh vxuidfh +11h1 zkhq wkh shdw vxuidfh Iv ixoo| zdhghuoripljkwo| iorrghg,/ viplodu wr wkh phwkdgh
hplwvirg g|qdplfv ri gruwkhug shdwodqgv +FkulvwhaviidpBaaid Wkh phdqg Fghohdvh iurp Vrxwkhdvw Dvidg
shdwodqgv dw d zdwhu wdeoh udgjh ri ehwzhhq N43 wr .B3jiAi 316 %ki¥*zIwk d pd{lpxp phdvxuhg

hplwirg ri 6 pj FK p ®ki#*+sdshu LY, 1 Wkhvh krxuo| hplvvirgv fdq eh vidohg xszduglpahlr dg dggxdo
dyhudjh uhohdvh ri 6 j Fi %u®4+63 nj FK, kd*|u®; dqgg d pd{lpxp uhohdvh ri 5916 j FK p %°|u®+596 nj

FK kdP*|u4 1 Vxusulvigjo/ wkh dyhudijh doggxdo phwkdgh uhohdvh yi°P R v orzhu wkdg wkh hvwipdwh

1 <jFK . p%[ud*e| gruwkhug/ roljrwurskif shdwodqgv +Fkulvwhavhot@wEodlgk hw dol 5347,/ dowkrxjk
phwkdgh hplvvirqv duh vxevwdgwldoo| uhgxfhg gxulgwbidnigwky Ig gruwkhug uhjlrgvl Udwhv ri phwkdgh
hplvwirgv iurp Vrxwkhdvw Dvldq shdwodqgv vwurgjo| dimdadwikin joredo whpshudwxuhOgulyhq hplvvirg wuhggl
Ixuwkhupruh/ wkh hvwdeolvkhg uhodwlirqvkls ehwzhingplavikaigdgg ghw hfrvlvwhp surgxfwlylw| +Zklwlgj

) Fkdqwrq 4<<6, zrxog suhglfw rughu ri pdjgiwxgh kljkhu daighplivvirgy ri durxgg 93N:3 FIK; p %5|u04

iru Vrxwkhdvw Dvld/ ehfdxvh ri wkh udigiruhvwOv kljpdbpestdxiwlylw| +4633K4933 j F$5|u®4 Nkr hw

dol 5346,1 Reylrxvo| erwk whpshudwxuh dqg hfrvlvwhpsing>xduh grw wkh grplgdgw frqwurov iru phwkdgh
hplwvirgv iurp iruhvwhg shdwodggv Iq Vrxwkhdvw Dvidgl

Ehfdxvh phwkdgh hplvvirqv duh Igglfdwlyh ri dgdhurelf ghflwirg Iq frpsohwho| zdwhuorjjhg shdwodggv/
orz hplvvirg udwhv Igglfdwh wkdw wkh ghsrviwhg rujdaldpdirgindw vzdps iruhvwy Iv kljko| uhvivwdgw wr
dgdhurelf ghfd|1 Lgghhg/ Iw kdv ehhq vkrzq wkdw zrrg| degliimiv olwwhu Ig wkh roljrwursklf shdw vzdps
iruhvwv kdyh kljk oljglg dgg wdqgqlq frafhgwudwirqv/ wiglnvssuwhfwirg djdlgvw khuelyru| +Euxhqlj 4<<3/
woh ) Jrph} 533<,1 Dowkrxjk ghdg elrpdvv Iv vwloo udslgofrgsrvhg xqghu dhurelf frqglwlrgv gxh wr wkh
frqvwdqwo| kljk whpshudwxuhv dgg wkh dydlodeloiwg dagjiprivwxuh wr ghwulyruhv dqg plfurehv/ wkh srru
vxevwudwh txdolw| Igklelwv dgdhurelf ghfd| vxevwégddthool/ LY,1 Wkiv Igihuhgfh Iv vxssruwhg e| wkh
glvfryhu| ri zhoo suhvhuyhg ohdyhv Iq d srro ghsrviw wigbdwABB83 [hduv rog +sdshu LLL,1 Shdw erjjurzwk Iq
Vrxwkhdvw Dvld Iv wkxv grw olplwhg yhuwlfdoo| e| fxppmithuhghf ghfd| dv vxjjhvwhg iru vrph gruwkhuq
shdwodqgv +Fo|pr 4<;7/ Fo|pr hw dol 4<<;,1 Erj khljkw lfadtggo| olplwhg e| dhurelf ghfd| zkhq d kljk
zdwhuOwdeoh fdgqgrw eh pdigwdlghg zlwklg d shdw grph,3athulgwhusuhwdwirg Iv vhhq Ig wkh vkdsh ri fduerq
pdvv dffxpxodwirg fxuyhv suhvhqwhg Ig sdshu LL ri wkht Wklievidffxpxodwirg fxuyhv ri frdvwdo shdw grphv
duh olghdu/ Igglfdwlyh ri frqvwdgw shdw dffuhwlirg zlektorzighfd| xqghu dqgdhurelf frgglwlrqv/ zkhuhdv
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pdvv dffxpxodwlirg fxuyhv ri lgodgg shdw grphv duh frqyh{ifkldv Iqgifdwlyh ri kljk udwhv ri dhurelf ghfd|
dqg olplwhg shdw dffuhwlirg gxh wr uhjxodu zdwhuOwdepti gudzg

41915 Fduerq dffxpxodwilrq Iq srrov ri wurslfdo iruhvwhepstadyv

Sdshu LLL ri wkiv wkhvlv suhvhgwv wkh iluvw uhsruviawilsipdeyaiftiuerq dffxpxodwlrg udwhv iru shdwodqg srrov
iru grphg Vrxwkhdvw Dvldg shdwodqgvl Srrov doorz udgldffepeodwlirg dgg uhsuhvhqw orfdo krwvsrwy iru
fduerq exuldo Ig shdw vzdps iruhvwy ehfdxvh wkh| pdiguwpipsiow erglhv ri vwdqglgj zdwhul Zkhuhdv srrov

Ig gruwkhug wuhhohwvv ru wuhhOsrru rpeurwursklf shdwdaggbwdyh ihdwxuhv wkdw odujho] ruljlgdwh iurp zdwhu
h{fhvv zkhq d iodwwhu erj sodlq uhvwulfiwv odwhudegiefkd4iki35/ Jodvhu ) Mdqvvhqv 4<;9/ Mrrvwhq 4<<6/
Frxzhgehuj ) Mrrvwhq 4<<<,/ shdwodqg srrov Iq wurslfdesitdnerjv duh wkh surgxfwv ri wuhhOidoo/ zklfk Iv d
frpsohwho| gliihuhgw prgh ri ruljigl Vshflilfdoo| wkh wdg@exwwuhwhkgihd doelgdiuhhv ri gruwkzhvw Erughr

duh yhu| vxvfhswleoh wr zlgg wkurz dqg h{fdydwh odujhiighsarrwhgl Wkhvh wisOxs srrov fdgq uhdfk d
gldphwhu ri ryhu ; p dgg d ghswk ri 4183 p1 Wkh irupdwlrq rix¢/ls@rov gudpdwlfdoo| fkdgjhv wkh
fkurgrvwudwljudsk| dw wkh plfurviwh vidoh ehfdxviowilifdidwhy shdw zkifk Iv uhsodfhg e| [rxgjhu rujdqlf
pdwhuldo ohdylqgj d givfrgiruplw| dqg d whpsrudo jds Iq ¥ddstrdw suriloh +l1j1 7,1 Lg rughu wr Ighqwli] vxfk
orfdo glvwxuedqgfhv dgg wkh ghswk Igwhuydo ri d vhglidghdiu|ffuhv ghhg wr eh gdwhg dw ilgh Igwhuydov ri dw
prvw 83 fp +llj1 8,/ zkhuhdv ghwhuplglgj wkh wiph vsdq ri dptgwvdu| jds uhtxluhv gdwlgj dw wkh thqwlphwhu
vfdoh1 Wkh yhu| orz yhuwlfdo gdwlqgj uhvroxwirq ri dyutoatelbtivw Dvidg shdw fruhv +sdshu L, Iv olnho| wkh
uhdvrq zk| wkiv surfhvv kdv suhylrxvo| grw ehhq uhfriglgidv|slfdo skhgrphqgrg ri shdw vzdps iruhvwyvl

Lq frqwudvw wr gruwkhugq shdwodqg srrov/ zkifk duh hastufivddy dwprvskhulf fduerq uhvxowlgj iurp shdw
ghfrpsrviwlrg dw wkh ghjudglgj srro erwwrp +Kdplowrqg AwdeiShoohwlhu hw dol 5347,/ wurslfdo shdwodqgg srrov
uhsuhvhgw Ipsruwdgw fduerq vignv/ ehfdxvh kljk dprxgeaxdab| surgxfhg deryhjurxgg olwwhu duh ghsrviwhg

Iqg wkh dgdhurelf erwwrp ri wkhvh srrov/ wkhuhe| hvfdstgjfdihfrpsrviwirgl Rwkhuzlvh deryhjurxqg olwwhu
fdggrw gluhfwo| uhdfk wkh shupdghgwo| zdwhuOorijjHigiedifhogp, ri wkh shdw vzdps dv lw Iv wudsshg e| wkh
ghwzrun ri exwwuhvv dqg rwkhu vxuilfldo urrw wishv dehgwwistuidfh zkhuh Iw udslgo| ghfrpsrvhv
dhurelfdoo|1 Rgo| zkhq d wuhh Iv xsurrwhg wkh fdwrwhay@irs udslg deryhjurxqg olwwhu lgsxwy +1j1 7,/
zklIfk h{fnhg wkh surgxfwlylw] ri ehorzjurxqg urrw elrpdvv jed idfwru ri 518N6 +Nkr hw do1 5346,1 Dv d uhvxow
wurslfdo shdwodqg srrov frpsohwhol iloo Iq ziwk shdwvg8@ik533 |hduv dagg surgxfth shdnv Iq fduerg
dffxpxodwlirq udwhv ryhu fhqwhagldo vidohv ri derxw 8BRRIE3%|u%4+sdshu LLL,1

WiphOvhulhv ri kljkOuhvroxwirg dhuldo skrwrjudsk| vikidwawkh fxuuhqw udwh ri wu¥ikiidiod @pelgshdw
vzdps iruhvwyv Iv 317 wuhR{{ifdqg Iw fdg wkxv eh dvvxphg wkdw derxw 73 wis0xs srrov irgp kjtiwduh
sorw rivkruhdvzdps iruhvw Ig 433 |hduv +sdshu LLL,1 Wkhvh sdwfk gledipkur d vijglifdgw dowhudwilrq ri
wkh shdw grph vwudwljudsk| wkurxjk iuhtxhgw wuhhQigtidwlag stro irupdwlrg dqg Igiloolgjl Qhljkerulgj
shdw fruhv fdg wkhuhiruh vijglifdgwo| gliihu Iq wkhig fifigoxodwirg kivwrulhv/ zkhuhdv wkh uhvsrqvh ri
fduerq dffxpxodwlirg wr orfdo glvwxuedqfhv odujho| remiddihuhodwlirqvkls ri dffxpxodwirg udwhv iurp vigjoh
fruh uhfrugv wr wkdw ri dg hqwluh shdw grph1 Wkh folpdeif fopfduerq dffxpxodwlirg udwhv fdg frqvhtxhqwol
eh hdvlo| plvigwhusuhwhg zkhq edvhg rq wkh dqdo|viv afdfkdty zkhuhdv wkh Igioxhgfh ri kljkhu iuhtxhgf]
folpdwh yduldelolw| dw ghfdgdo wr fhqwhqqgldo wiphpidaiuhwinoydeoh ziwk wklv wish ri uhfrugl Rqo| duud|v
ri fruhv iurp glihuhgw shdwodqgv pd| uhyhdo odqgvfdstiidqda®vidoh uhvsrgvhv ri shdw fduerq f|folgj wr
folpdwilf yduldwirgvl Wkh Igglylgxdo fruh uhfrugv ghhigwhgtdwhg Igwr uhfrugv ri phdq fduerq dffxpxodwirg
udwhv wkdw duh dyhudjhg ryhu orgjhu wiph vsdqv +83804888yddv, wr uhpryh orfdo yduldelolw| iurp vkruwO
whup wisOxs hyhgqwv +sdshu LL,1
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llixuh 7= Fduwrrqg looxvwudwlgj wkh irupdwirq ri d wisOxs srro digfyuwrgidg djhOghswk prgho +iurp
erwwrp wr wrs,1 D, xqwlo 4333 ES zrrg shdw dffxpxodwlrgcérghuw iorru dw d udwh ri 4 piffilnvxowhg

Ig d 5 p ghhs zrrg shdw ghsrviw +eurzq froru,1 E, Ig 4333 ES d wlobv dgg h{fdydwhv d 4 p ghhs kroh Iq

zklfk d wisOxs srro irupv +eoxh froru,1 Ohdi olwwhu Iv Igpihgl] ghsrviwhg wkhuhlgl Wkh uhvxow Iv d
vhglphgwdul] jds ri 4333 |hduvl F, <33 ES/ diwhu 433 |hduslgi difikpxodwlrg dw 43 pp |&*wkh wisOxs

srro kdv frpsohwho| iloohg +juhhq froru,/ zkhuhdv wkhrphdwgjurzq e| dgrwkhu 43 fp1 Wkh uhvxow v

d vwhhs Igfuhdvh Ig wkh djhOghswk fxuyhl G, 3 ES/ wkiroug@sesler kdv ehhq ryhujurzg e| <3 fpri

zrrg shdw dw d udwh ri 4 pp%ti Wkh grwwhg/ eoxh olgh looxvwudwhv wkh wudngtiws siadvidapdwirg
+11h1 shdwOgrph vfdoh shdw dffxpxodwirg,1
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llixuh 8= Hiihfwv ri glihuhgw gdwlgj lgwhuydov rq sdwwhuqv fsgkeolgwdii udwhv looxvwudwhg e| h{dpsoh

ri fruh PGP4405D +suhvhgwhg Iq sdshu LLL,1 Dw gdwlgivginvB14a318 p vkruw wisOxs hyhgw fdg eh
fdswxuhg +shdw dffxpxodwirg udwh ri 59§ Douhdg| dw odujhu gdwilgj Igwhuydov +A318 p, wkgwvisOxs hyh
Iv grw fdswxuhg dqg|pruh dgg wkh shdw dffxpxodwlirg fxuyiigbgivWkh hiihfwy duh zruvhghg zlwk ohvv gdwhv/
dv wislfdo iru pdqg| shdw fruh uhfrugv iurp Vrxwkhdvw Dwéthe-&d LLL, 1
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Shdw vzdps iruhvw g|qdplfv dqg dvvrfldwhg srro ghyhorsgihdwlyho| frqwuro udwhv ri fduerq dffxpxodwirg

dw wkh plfurviwh vidoh dqg Iq frpsdulvrg wr folpdwif ru ivlduwgdo gulyhuv wkhvh orfdo g|gdplfv duh
uhvsrgvleoh iru wkh kljkhvw udwhv ri fduerq dffxpxodwhkquil@ghfdgdo wr fhqwhggldo wiphvfdohvl Froohfwlyhol/
wisOxs srrov pdnh d vijglilfdgw frqwulexwlIrg wr wkh rydijudmtwhy ri fduerq dffxpxodwilrq ri shdw grphv Iq
Vrxwkhdvw Dvldq dgg duh uhfrjglthg dv wkh nh| exuldanbabjhisduwyv ri wuhhv vxfk dv orjv dgg eudqgfkhvl
Exulhg zrrg kdv ehhq irxqg ghsrviwhg Ig erwk yhuwlfdo ddjgduuao srviwlirgv +l1j1 9d/ sdshu LLL, dgg wkiv
hqgljpdwlif duudgjhphgw fdq rqo| eh h{sodlghg e| vhglphqwtisfviwirqg Ig srrovl Shdw irupdwirg Iq srrov v d
ghzo| Ighgwlilhg shdw dffxpxodwlirg surfhvv wkdw rsteuiigrinxdfwirg ziwk wkh surfhvv ri uhsodfhphgqwOshdw
irupdwlirqg e| wkh Igjurzwk ri urrwv iurp wuhhv ru vkuxev xdghulvw iorrul Lq dgglwlirg/ wkh shupdghgw zdwhu
erglhv wkdw duh frgvwdqwo| ehlqj iruphg vhhp wr suryldgtdal@wy iru ilvk dgg rwkhu ditxdwlf rujdglvpv
frqilghg wr shdw vzdpsv dqg frxog dovr eh Ipsruwdqw ihdmaxkigurorijlfdo vhoiOuhjxodwlrg ri wkh grphg
shdwodqgv ri Vrxwkhdvw Dvid1

41916 OrqjOwhup udwhv ri fduerq dffxpxodwilrg

Frqwlgxdoo| kljk surgxfwlrq udwhv ri uhfdoflwudqw elgdwxjkrxw wkh |hdu dgg ghsrviwlrg xgghu zdwhuO
orjjhg frgglwlrgv ohdg wr frpsdudwlyho| kljk udwhv ri fdgeffxpxodwirg Iq Vrxwkhdvw Dvid1 Uhjlrqdo udwhv ri
fduerq dffxpxodwlirg zhuh fdofxodwhg e| dyhudjlgj doodbatidruh uhfrugv iurp hyhu| jhrjudskif shdwodqg

w]sh Igwr phdq ydoxhv iru ploohqqgldoOvfdoh shulrgv dggwklirhqwluh Krorfhghl Wkh Krorfhgh dyhudjh
fduerq dffxpxodwlirg udwhv gliihu pdunhgo| ehwzhhqg widhiplilhg shdwodqg uhjlrqvl Frdvwdo shdwodqgv dgg
wkrvh ri wkh Nxwdl edvlq kdyh kljk dyhudjh udwhv ri :: dqg #455°|u®#/ uhvshfwlyho| frpsduhg wr wkh udwhv

r 64 dqg 55jF p %|u®iru Fhgwudo Ndolpdgwdg dgg Xsshu Ndsxdv edvlg shdwsidigdyhaoh+Wdeoh 4/
sdshu LL/ LLL,1 Wkh orzhu dyhudjh udwhv iru wkh Krosffidihddvpvhu wzr uhjlrgv uhvxow iurp vijgliffdgwol|
uhgxfthg fduerq dffxpxodwlirg udwhv ri durxqg 4; j PRu®*gxulgj wkh Odwh Krorfhgh gulyhq e| edvhOohyho
orzhulgj iurp vhdOohyho idoo dqg dovr e| kljikhu Ho QI'rldfiMgdshu L/ LL,1 Wkhvh Odwh Krorfhgh erxqgdu|
frqglwirgv dovr ohg wr dhurelf shdw ghfrpsrviwlrg iurp gudw sruwlrqv ri shdw grphv dgg dvvrfldwhg fduerq
orwhv ri 48N438 j F #5|u%+sdshu LL,1 Wkhvh orz fduerq dffxpxodwlrq udwhv dddaudiiluerqg orvvhy
uhsodfh wkh dffxpxodwlirg hvwlpdwh ri 434 PHy®*iru wkh suhvhqw e| Ulhoh| hw dol +533;,1 Shdw iluhv
frqwulexwhg rqo| orfdoo| wr fduerq orvvhv +11h1 Nxwdtjgadpigwuxiwlyh sdohrOiluhv zhuh suhvxpdeo| pdiqo|
fdxvhg e| kxpdq dfwlylw| gxulgj gu| lqwhuydov +Krsh hwadyl §8wxudo shdw iluhv dsshdu wr eh h{wuhpho| uduh
dqg orfdol}hg glvwxuedqgfh hyhgqwv Ig shdw vzdps iruhxjknwkdigrorfhgh +sdshu LLL,1

loxfwxdwirqv Ig uhjlrgdo fduerq dffxpxodwlrq udwhv gwidgjKrorfhgh uhvxowhg odujhol iurp orgjOwhup
k|gurfolpdwilf fkdgjhv gulyhq e| wkh suhfhwvirgdo flfoh whargxodwhv Igvrodwlrq +sdshu LL,1 Wkh Hduo|
Krorfhgh vxpphu prgvrrg pd{lpxp +G|nrvnl hw dol1 5338, uhvxhg g kljkhvw fduerq dffxpxodwlirq udwhyv +¢93
jFp 9%u% Ig Fhgwudo Ndolpdgwdq/ zklfk zhuh deuxswo| uhgxfhg wF 7% |u®*e| udlgidooOghilfiwv
dwvrfldwhg zlwk wkh ;15 nd hyhqw +sdshu L/ LL,1 Frdggdaiblaskgghg wr d pd{lpxp Iq htxdwruldo
frqyhfwlyh dfwlylw| durxgg 8333 |hduv djr +Sduwlq hw:dnlvk3khvw dyhudjh fduerq dffxpxodwirq udwhv
rne<3jFp %u%+sdshulLL,l

Ryhudoo/ orgjowhup fduerq dffxpxodwlirg udwhv ri Viiwkiigehdwodaggv duh 5N7 wiphv kljkhu +88KN:: j F

p %|u®4 sdshu LOLLL, wkdq uhsruwhg Krorfhgh dyhudijh udwiwcrstidwadqgy +4<N5< §%y89 Jrukdp

4<<4/ hw dol 533<,1 Wkh kljkhu dffxpxodwlirqg udwhv lef\Mnxikdd duh wkh uhvxow ri frqvwdgw kljk elrpdvv
surgxfwlylw| iurp d 45 prgwk orqj jurzlgj vhdvrg/ zkhuhdv Igiruwkhug shdwodggv surgxfwlylw| dgg wkxv shdw
dffxpxodwlrq v Igwhuuxswhg e| wkh zlqwhu vhdvrgl
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Er{4= Phwkrgrorjlfdo dgydgfhv iru wurslfdo shdw fruh vwxglhv1l

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 Il 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 |lll,
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 lljxuh 9= Shdw frulgj whfkgrorj|1 D, Gljlwdo fruh Ipdjh ri
reconstruction of deposition dynamics and  fruh GPW4404E040 iurp Gdplw +Euxghl, zlwk d 63 fp wkI

past carbon accumulation rates (paper Ill).  zrrg od|hul E, Fruh froohfwlirg ziwk wkh prglilhg Olylgjw

The amount of wood in a core strongly  vtxduh urg sivwrg fruhu Ig wkh Gdplw shdw grph +Eu
influences its bulk density, which is a critical  skrwr frxuwhv] ri Xopdu Judih,1 F, Wkh vhuudwhg fxwwigj

parameter for the calculation of carbon  yjwkh 43 fp zIgh fruh eduuhol

accumulation rates and carbon pools (paper

I, ). 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 Ill). 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™, paper Ill) 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 Il). Wide-diameter cores also provide more
material for dating. A notable finding of paper Il 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.
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Odwh Txdwhuqgdu| Fduerq F|folgj ri Vrxwkhdvw Dvldg shdwodqgv 0 V|qwkhvilv

Frpelglgj ploohggldoOvfdoh fduerq dffxpxodwlrg udwipwitkh irxu shdwodqg uhjlrqv ziwk wkh uhfrgvwuxfwhg
shdwodqg duhdv doorzhg wkh txdgwlilfdwirq ri sdvwhjllgdofidwerg xswdnh e| doo shdwodqgv iurp Vxpdwud

dgg Ndolpdgwdq +sdshu LL,1 Wklv uhfrgqvwuxfwlirq vkrzkig utiabiwlyho| vpdoo ryhudoo shdwodqg duhd Ig wkliv
uhjlrg xgwlo 8333 fdo ES uhvxowhg Igq dq dggxdo fduerq kstwmdnivkdqg 4 Wj FOfu Wkh udslg shdwodqg
h{sdqgvirg gulyhq e| vhdOohyho orzhulgj ryhu wkh sdvw 8B8&Fdixvhg wkh fduerq xswdnh Ig Vxpdwud dgg
Ndolpdgwdq wr Igfuhdvh wr d udwh ri ryhu : \WLPud uhvxow ri frqvwdgw shdwodagg h{sdqvirg gxulgj wkh Odwh
Krorfhgh wkh uhjlrgOv shdwodqg fduerq srro urvh h{srqbfwidyhu 53 Sj F +sdshu LL,1

41: Wkh Igioxhgfh ri Vrxwkhdvw Dvldq shdwodqgv rq dvifpRRRkhu
frgfhqwudwlirqv

Wkh frpsdulvrq ri edvdo gdwhv iurp Vrxwkhdvw Dvidg dgg@ptombidg shdwodqgv Iq lljxuh : grhv grw vxssruw
wkh grwirg ri Ulhoh| hw dol1 +533;, wkdw wurslfdo shdndgiggihafigj wkh joredo fduerq f|foh hduolhu wkdq
gruwkhug shdwodqgvl Rqo| wkuhh shdw +uhO,|qlivtgdrengkiadvey Dvid gdwh iurp ehwzhhq 53/333 dgg
47/333 fdo ES gxulgj wkh ghjodfldwirg dv frpsduhg wr ;9 egha¥e gdwhv iurp Qruwk Dphulfd +Jrukdp hw dol
533:,1 Wkh wiph zkhq erwk wurslfdo dgg gruwkhuq shdvdagtgigyyedyhg Iq wkh joredo fduerq f|foh diwhu wkh
odvw Ifh0djh Iv wkhuhiruh hvwhgwldoo| wkh vdph +lIj1 :,1

Urexvw hvwlipdwhv ri fduerg xswdnh e| Vrxwkhdvw Dvldgyglickegdjrw kdyh ehhg hvwdeolvkhg zlwkrxw wkh
fodwvlilfdwlrq ri uhjlrgdo shdwodqg w|shv1 Dv wkh inulillghhghdwodqg wi|shv gliihu vijglifdqwo| Ig whupv ri
wkhlu vith/ djh/ dgg orgjOwhup fduerq dffxpxodwlirq udiemh-4Nfqo| e| frgvighulgj wkhvh gliihuhgfhv fdg
uhjlrgdo uhsuhvhgwdwlyh udwhv ri fduerg xswdnh eh pddhy £&¢iE Li Iw Iv dvvxphg wkdw Vrxwkhdvw Dvldg
shdwodqgv duh pdligo| ri Odwh Sohlvwrfhgh ruljlg wkHhpdmkigHwpxodwlyh fduerg xswdnh zrxog eh wrr kljk1

Li Odwh Krorfhgh fduerq orvvhv iurp lgodgg shdwodqgvabibaiwho| frqvighuhg wkhg suh053wk fhqwxul|
hvwlpdwhv iru dqgxdo fduerg xswdnh zrxog dovr wxugq jkwdiirdth| hw dol 533;,1 Wkhuhiruh/ Igihuulgj wkh
froohfwlyh fduerg xswdnh ri doo Vrxwkhdvw Dvldq shaiwadborgjoh fruh ri d shfxoldu shdwodqg uhjlrg +11h1
Fhqwudo Ndolpdgwdg/ Sdjh hw dol1 5337, Iv plvuhsuhvijadudybivigiruplgj v wkh oxpslqj ri shdw fruh

uhfrugv iurp erwk orzodqg shdwodqgv dag wurslfdo prxbdwttapsigy Iqwr d vigjoh Owurslfdo shdwodqg w|shO/
ehfdxvh wkh yhu| vpdoo +vxe,doslgh shdwodqgv duhhgqwdwiighiriswkh folpdwh uhjlph iru wkh h{whqvlyh
orzodqg shdwodqggv dqg uhvxowlgj phdq fduerq dffxpxativiivcduh frgvhtxhgwo| pxfk wrr orz +451; j F

p %|u®Y X hw dol 5343,1

Wkh uhfrgvwuxfwirg ri sdvw udwhv ri fduerg xswdnh dalg skkstwwihgw ri wkh uroh ri Vrxwkhdvw Dvldq
shdwodqgyv Ig wkh Krorfhgh fduerq f|foh kdv ehhq vijglitfiddgydqgfhg e| Igwhjudwlgj wkh wudqvihuOixgfwirg
edvhg shdwodqgg duhd hvwlpdwhv zlwk uhjlrgdoo| ubushdagudinhy ri fduerq dffxpxodwlrg +sdshu LL,1 Wkh
uhvxowv ri wklv ghz dssurdfk vkrz wkdw Vrxwkhdvw Dddgwsbtiyerw kdyh d vijglilfdgw uroh Iq wkh Odwh
Sohlvwrfhgh dgg Hduo| Krorfhgh fduerq flfoh1 Wkh uroklftéiavshdwodggv Iq wkh joredo fduerq f|foh Iv rgh ri
Oodwhu Ipsruwdgfh® uhvxowlgj iurp wkh zighvsuhdgfidimivdo shdwodqgv ryhu wkh sdvw 7333 |hduvl Wklv
h{sdqvlrg dqg dvvrfldwhg Igfuhdvlgj fduerg xswdnh olhgajiodqg dwprvskhulf ERjudzgrzq ri derxw 405

sspy +sdshu LL,1 Wkh Ipsruwdgw Odwh Krorfhgh elrjhrfinipifafwy ri wkh Vrxwkhdvw Dvldg shdwodqgv uhsruwhg
lg wkiv sdshu sduwo| frpshqvdwhg iru frqwhpsrudghrxvkéimfsfduerq orvvhv pdigo| uhodwhg wr wkh
ghvhuwlilfdwlrg ri Qruwkhugq Diulfd +Fodxvvhq hw dalryrigdiiEdol 5335,1
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lljxuh :=  Fxpxodwlyh iuhtxhqf| ri roghvw edvdo shdw gdwhv iurp @tuvifd BJrukdp hw dol1 533:, dgg
Vrxwkhdvw Dvld +xsgdwhg vhw ri Grppdiq hw dol 5344 #sdskin $cvw 53/333 |hduvl

Krzhyhu/ fduerq dffxpxodwlirg dorgh grhv grw uhsuhvhgwoettiihfw ri shdwodqggv rq wkh folpdwh vjvwhp/
ehfdxvh zhw shdwodqgv dovr hplw phwkdgh/ d srwhawhytiatykish frpelghg hiinfw ri FR xswdnh dgg FK
uhohdvh fdg eh h{suhvvhg Ig whupv ri joredo zduplgj srerg@l Iq FR.Ohtxlydohqwv,/ zkifk L ghwhuplgh
khuh iru wkh Ipsruwdgw frdvwdo shdwodqgvl Wkh JA8G7RKodwlyh wr,FRwhjudwhg ryhu d 433 |hdu wiphO
krul}rg dgg lgfoxglgj folpdwhOfduerq ihhgedfnv/ P|kuh hei 346,1 Dyhudjhg ryhu wkh sdvw ploohqglxp wkh
orgjOwhup ghw fduerq dffxpxodwlrq udwh ri frdvwdo shddwdgglyhudjh 9717 j F §°|u®*+sdshu LL,/
htxlydohgw wr d ERswdnh ri 5693 nj FR kdP4|[u%+@ 977 nj F Kju®4{ +77245,,1 Wkh dyhudjh uhohdvh ri 63
nj FK  kd*|u%+sdshu LY, uhsuhvhawv d JZS ri 4353 ni.6Rxlyl kéf|u®+@ 63 nj FKkd*|u®4{ 67,1 Wkh
uhvxowlgj ghw edodqfh Iv dg dggxdo xswdnh ri 467DnidRR k& +698 nj F kd*[u®41 Xqghu gdwxudo
frqglwlrgv wkh h{whqvlyh frdvwdo shdwodqgv ri Vrxwithdiyilv B¥ohdu ghw frrolgj hiihfw rq wkh joredo folpdwh
ryhu d 433 |hdu JZS wiphOkrul}rql Zkhg wklv dyhudjh ydoxkwdohg wr wkh 463/332 falvwdo shdwodqgv

ri htxdwruldo Vrxwkhdvw Dvld wkh wrwdo dprxgw gixgwaRRzrxog eh 4:175 Wj EBhtxlyl [§4+71:8 Wj F

[ut41

WKIv qdwxudo folpdwif hiihfw/ krzhyhu/ Iv grw rshudwdgjitdagghfdxvh wurslfdo shdwodqgv kdyh ehhq
h{whgvlyho| gudighg dqg frqyhuwhg wr djulfxowxudgdiuidwtiggoduo| exuglgj +Sdjh hw dol 5335/ Plhwwlghqg
hw dol 5345,1 Dg hvwlpdwhg <3/f33mmbhwodqg duh fxuuhgwo| dqwkursrjhglfdoo| gudighghtdim Dvid dqg
uhohdvh dggxdoo| ryhu 473 WPHtp dhurelf shdw ghfrpsrviwlirg/ frpsduhg wr wkh gdwxuglerépxswdnh ri

durxqg < Wj F |§*urp doo shdwodqgv ri Vxqgdodqg +Grppdig hw dol Iq sdggindrguhjxodu shdw iluhv Ig
Vxpdwud dqg Erughr fdxvh dq dyhudjh dggxdo fduerqg orvv fE§W*vigfh wkh |hdu 5333 +ydqg ghu Zhui hw
dol 533;,1 Wkh frpelghg fduerq orvvhv ++553 WPE ifthhg wkh gdwxudo xswdnh e| d idfwru ri 58 dqg vkrz
wkdw wkh hgwluh Vrxwkhdvw Dvidg shdwodqg uhjlirpMatividhthawpdq Ipsruwdqw fduerg vign wr d joredoo|
vijglitfdgw vrxufh ri dwprvskhulf FR, +sdshu LL,1

Lw fdq eh frgfoxghg wkdw Vrxwkhdvw Dvldg shdwodqgMilidgvd ghiglwlyh juhhgkrxvh hiihfw rg wkh

dwprvskhuh dgg zhuh wkxv Ipsruwdqw elrvskhulf folpdaltfersulru wr wkh hud ri zlghvsuhdg dgwkursrjhqlf
ghjudgdwlrg dgg ghvwuxfwirgl Wkh ryhudoo gdwxudithfalpomihvh wurslfdo shdwodqgv Iv rg wkh 433 |hdu
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JZS wiphOkrul}rg glvwlgfwo| glihuhgw iurp wkdw ri grqukiduwodqgv/ zklfk kdyh d folpdwif zduplgj hiihfw

ru dfw folpdwlf ghxwudo rq wkiv wiph iudph ehfdxvh ri wthiplatg udwhv ri dggxdo fduerq dffxpxodwlrg dqg
uhodwlyho| kljkhu hplwvlirgv ri phwkdgh +Urxohw 53334igkhkitigwrqg 5334/ luleruj hw dol 5336/ Ydvdqghu

) Nhwwxghq 5339,1 Lq hvvhqgfh/ wurslfdo shdwodqgv W i@wiklhzhuh wkh vwurgjhvw fduerq vignv ri doo
shdwodqgyv joredoo|l Wkhvh ghz uhvxowv hpskdvith wiadiddanli I§foxgh wurslfdo shdwodqgv Iq ixwxuh
vipxodwlirgv ri joredo folpdwhOfduerq f|foh prghovl

Ehfdxvh lw frxog eh uhfrigithg wkdw Vrxwkhdvw Dvidgghldywekigju gdwxudo vwdwh h{huwhg dq Ipsruwdqw folpdwif
frrolgj hiihfw wkurxjk ghw juhhgkrxvh jdv uhprydo iurp wikigtvskhuh/ wkh rgjrlgj shdwodqg ghjudgdwirg dqg
ghvwuxfwlrg kdv wr eh frqvighuhg d joredo hgylurgphaivadngleiv iw wxuqv wkhvh hfrvlvwhpv lqwr vijglilfdgw
fduerq vrxufhvl Hyhu| dwwhpsw |g surwhfwligj wkh oddpssinalmwve Ig Vrxwkhdvw Dvid ghhgv ixoo gdwlirqdo
dqg lgwhugdwlirgdo vxssruw/ Ig rughu wr pdigwdlq wignvpgpowh uhjxodwlrg ixgfwirg ri xggudighg shdw
vzdps iruhvwv/ exw dovr wr vwrs wkh Igkhuhgw dqg lobtrelrgliadelw| orvvhy iurp ghiruhvwdwlirg dgg gudigdjhl

L krsh wklv wkhvlv surylghv Ipsruwdgw dujxphgwyv iru @inopggurwhfwlrg dgg uhkdelolwdwilrg ri wkh xgltxh
htxdwruldo shdwodqgyv ri Vixwkhdvw Dvid1
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41; Uhihuhgfhv

Doguldg/ H1) Vxvdgwr/ U1G1 +5336, Lghqwl3fdwirg ripidaipv gdigidoo uhjlrqv ziwklg Lggrghvld dgg wkhiu
uhodwlrgvkls wr vhd vxuidfh whpshuaywulddwirgdo Mrxugdo ri Folpding6fifi 768N47851

Dqgghuvrg/ M1D1U1 +448KkH hfrorj| dqg irunvw wishv ri wkh shdw vzdps iruhvwy @dfdddg Euxghl Iq
uhodwlrg wr wkhlu vioylixXo@xrwrudo glivwhuwdwlirg/ Xglyhuviw]| ri Hglgexujk/ X1N1

Dagghuvrg/ M1D1U1 +4<94e, Wkh ghvwuxfwirq ri Vkrulndhdeelejcdia xglghgwlilhg Igviidpdiuh Iruhvwul
UhylhZ 73/ 4<N5<1

Dqgghuvrg/ M1D1U1 +4<96, Wkh iorud ri wkh shdw vzdp$ Wrdbewarr dqg Euxghl/ Igfoxglgj d fdwdorjxh ri
doo uhfrughg vshflhv ri iorzhulgj sodqwv/ ihugv dqg itwdldioghqv Exoohwlg/ VIgjdsrei/ 464N55;1

Dqgghuvrg/ M1D1U1 +4<97, Wkh vwuxfwxuh dgg ghyhorsshdww vizaigsv ri Vdudzdn dqg Euxgiizh
Mrxugdo ri Wurslfdo Jhrjudsk;/ :N491

Dqghuvrg/ M1D1U1 +4<;6, Wkh wurslfdo shdw vzdpsv rirtielwidd) Lg= Jruh/ DIM1SHfrgyhpv ri
wkh Zruog 7E1 Pluhv=Vzdps/ Erj/ Ihq dqg Prrul Uhjlrgdo VimgHovhylhu/ Dpvwhugdp/ Qhz \run/ ss1
4:4N4<<1

Dgghuvrg/ M1D1U1 ) Pxoohu/ M1 +4<:8, Sdo|qrorjifdo drsgirthgh shdw dqg d Pirfhgh frdo ghsrviw iurp
QZ Erughrl Uhylhz ri Sdodhrerwdq| dgg Sdo|qgrorofji</ 5<4N6841

Dqgghuvrg/ M1P1/ Surfwru/ M1 ) Ydoodfn/ K171 +4<;6, Hdfvanlixglhv Ig irxu frqwudvwigj orzodgg udlg iruhvwy
Ig Ixgxqj Pxox Qdwlrgdo Sdun/VVdudzdn= LLL1 Ghfrpsrviwfityshv dqg gxwulhgqw orvvhv iurp ohdi olwwhul
Mrxugdo ri Hfrorj|/ :4/ 836N85:1

Dqvkdul/ J1/ Nhuvkdz/ D1S1 ) ydg ghu Ndduv/ V1 +5334, hvdwth¢odqg Krorfhgh sroohq dqg fkdufrdo
uhfrug iurp shdw vzdps irunvw/ Odnh Vhgwduxp Zlogolih ydhwthvw Ndolpdgwda/ Lggrghvidl
Sdodhrjhrjudsk]/ Sdodhrfolpdwrorij|/ Sdodhrhfrorj|/ 4:4/ 546N55;1

Dqgvkdul/ J1/ Nhuvkdz/ D1S1/ ydq ghu Ndduv/ V1 ) Mdfre@3%dHegylurgphgwdo fkdgjh dgg shdwodqg iruhvw
glqdplfv Ig wkh Odnh Vhawduxp duhd/ Zhvw Ndolpdgwdayitdstrogaqgdo ri Txdwhuqgdu| Viho#/
96:N9881

Elug/ P1L1/ Wd|oru/ G1 ) Kxqw/ F1 +5338, Sdodhrhqylurgfaivpatiu Vrxwkhdvw Dvid gxulgj wkh Odvw Jodfldo
Shulrg= d vdydqqd fruulgru Iq Vxqgdodaggiihuqdu| Vilhgfh Uhylhzy7/ 555;N55751

Eodlgh/ G1/ Pxugl|duvr/ G1/ Frxzhgehuj/ M1/ Qdjdwd/ R0FIbgrg/ 11/ Vlulg/ D1/ Vwudfn/ P1/ Wxlwwlod/ H1V1
) Zlovrg/ G1 +5347, Fkdswhu 61 Uhzhwwhg rujdglf vrioviidigklKIV1/ Nuxj/ W1/ Wdqgdeh/ N1/ Vulydvwdyd/ Q1/
Eddvdqvxuhg/ M1/ Ixnxgd/ P1 ) Wur{ohu/ W1J1SHFI§®347/ 5346 Vxssohphqw wr wkh 5339 LSFF Jxlgholghv
iru Qdwlirgdo Juhhgkrxvh Jdv Lgyhgwrulhv= Zhwa@®feR Jhghyd/ ss1 614861751

Eudg)/ P1D1 +4<<Rujdglf Pdwwhu G|qdplfv ri Frdvwdo Shdw Ghsrviwv Iq Vxdygughvid Sk1G wkhviv/
Xglyhuviw| ri Eulwivk Froxpeldl
Eurhfnhu/ Z1V1/ O|gfkOVwihjolw}/ M1/ Fodun/ H1/ Kdiragtiy/111+5334, Zkdw fdxvhg wkh dwprvskhuhOv

FR; frqwhgw wr ulvh gxulgj wkh odvw ;333 |GddBplvwul/ Jhrsk|vifv/ Jhrvivwhpv/ 5/
4395/grl=431435<25334JF3334::1

Eurynlg/ Y1/ Ehqgwvhg/ M1/ Fodxvvhqg/ P1/ JdgrsrovnleBddiNiF1/ Shwrxnkry/ Y1) Dgguhhy/ D1 +5335,
Fduerq flfoh/ yhjhwdwlrg/ dqg folpdwh g|qdplfv Iq wkh Kngti= h{shulphgwv zlwk wkh FOLPEHUOS prghol
Joredo Elrjhrfkhplfdo F|fohv / 49/ ;904N;90531

Euiglj/ H111 +4<97, D vwxg| ri gdpdjh dwwulexwhg wr gligewaicduhdv ri Vkruhd doelgd iruhvw Iq Vdudzdn/
Frpprgzhdowk Iruhvwu| Uhylhz76/ 467N4771

Euxhglj/ H1I1 +4<<3, Roljrwursklf iruhvwhg zhwodggwjgriErdug= Oxjr/ D1H1/ Eulgvrg/ P1) Eurzg/ V1 +hgvl,
Hfrvlvwhpv ri wkh Zruog 481 Iruhvwhg Zhwaddigvhylhu/ Dpvwhugdp/ R{irug/ Qhz \run/ Win|r/ ss1 5<<K667
Exujhu/ S1/ Fkduul-0Gxkdxw/ D1/ Frqqdg/ M1 ) DoeuhfRd, SVcKEqrplf fkdudfwhulvdwirg ri iuhvk
Glswhurfdusdfhdh uhvigv e| jdv fkurpdwrjudsk|Npdvv vetgiwvu| +JFNPV,= Surylglgj foxhv iru
lghgwlilfdwlrq ri xgngrzq dufkdhrorijlfdo uhvigLfkdhrorjlfdo dgg Dgwkursrorilfdo Vilhgfthe/ 4;8N5331

Fdphurg/ F1F1/ Hywhuoh/ M1V1) Fxuwlv/ D1S1 +4<;<jMgkhdglajaiqg fkhplvwul ri vhohfwhg shdwOiruplgj
haylurgphgwy iurp whpshudwh dgg wurslfdo odidwkgigeivirgdo Mrxugdo ri Frdo Jhirdg| 438N4891
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Fkulvwhgvhg/ W1U1/ Suhgwlifh/ L1F1/ Ndsodg/ MI¥IKdghetkIghl +4<<9, Phwkdgh iox{ iurp gruwkhuq
zhwodqgv dqg wxqgyvtioxy B/ 985N9941

Fkulvwhqgvhg/ W1U1/ Hnehuj/ D1/ Vwucep/ O1/ Pdvwhddimmy/R1Y/Stxivw/ P1/ Vyhgvvrg/ E1K1/ QnEghg/
K1/ Pduwindighg/ SIM1 ) Rvnduvvrg/ K1 +5336, |dfwrwofgjwdujh vidoh yduldwirgv Ig phwkdgh hplvirgv
iurp zhwodggudhrsk|vifdo Uhvhdufk Ohwwie®/ 4747/ grl=431435<25335J0349;7;1

Fodun/ S1X1/ G|nh/ D1V1/ Vkdnxg/ M1G1/ Fduovrg/ D1 ZRaiduwk/ E1/ Krvwhwohu/ V1Z71) PfFdeh/ D1P1
+533<, Wkh Odvw Jodfldo Pd{lpxihqgfty 658/ :43N:471

Fodun/ S1X1/ Vkdnxg/ M1G1/ Ednhu/ S1D1/ Eduwahig/\GLMELIrENIH1/ Fduovrg/ D1H1/ Fkhaj/ K1/ Ndxipdg/
G1V1/ OIx/ 11/ Pdufkiwwr/ W1P1/ PI{/ D1F1/ Pruuloo/ G&EbRmmitu/ E101/ Sdkgnh/ N1/ Uxvvhoo/ M1P1/ Zklworfn/
F1/Dgnlqv/ M1I1/ Eorlv/ M101/ Fodun/ M1/ Fropdg/ WZHa1Aruzhu/ E1S1/ Kh/ 11/ Mrkgvrg/ W1F1/ O|gfkO
Vwihjolw}/ M1/ Pdunjudi/ Y1/ PfPdgxv/ M1/ Plwurylfd?Mif/ S1L1 ) Zlooldpv/ M1Z1 +5345, Joredo folpdwh
hyroxwirg gxulgj wkh odvw ghjodfidBurtiihglgjv ri wkh Qdwirgdo Dfdghpl ri Vfngfitd3</ H4467NH44751

Fodxvvhg/ P1/ Nxedw}nl/ F1/ Eurynlg/ Y1/ Jdgrsrovnl/ Didji§dqa/ S1 ) Sdfkxu/ K1 M1 +4<<<, Vlpxodwirq ri
dq deuxsw fkdgjh Iq Vdkdudq yhjhwdwilrg Iq wkh plgOKraifingki¥Ifdo Uhvhdufk Ohwwis®v 536:N53731

Fol|pr/ U1V1 +4<;6, Shdw1l Lg= Jruh/ D1M18ivivgipv ri wkh Zruog 7D1 Pluhv= Vzdps/ Erj/ Ihq dqg
Prrul Jhghudo Vwxglhdovhylhu/ Dpvwhugdp/ Qhz run/ ss1 48<N5571

Fo|pr/ U1V1 +4<;7, Wkh olplwv wr shdw erj jur8kidrvrskifdo Wudqgvdfwlirgv ri wkh Ur|do Vrflhw| ri Orggrq
E/ 636/ 938N9871

Fo|pr/ U1V1/ Wxuxghg/ M1 ) Wrorghg/ N1 +4<<;, Fduerq défwinpla shdwodBdrirv/ ;4/ 69;N6;;1

Free/ M1F1) Fhflo/ F1E1 +4<Réghuq dgg Dgflhqw FrdoOlruplgj Hgylurgphginshrorijlfdo Vrflhw] ri
Dphulfd Vshfldo Sdshu 5;91 JVD/ Erxoghul

Fruohww/ U1W1 +8838xH{rorj| ri Wurslfdo Hdvw DldR{irug Xqlyhuviw| Suhvvl

Frxzhgehuj/ M1 ) Mrrvwhg/ K1 +4<<<, Srrov dv plvvigj olghwat ri grwklgj Ig wkh ehlgj ri pluhvl Lg=
Vwdggha/ YIM1/ Wdoolv M1K1 ) Phdgh/Sdiivaudhg Pluhv dgg Pluh Srrov N Ruljlq dgg Ghyhorsphagh/ lor
dqg Idxqd1 Eulwivk Hfrorjlfdo Vrflhw]/ Orqgra/ ss1 ;:N4351

Ghawrg/ J1K1/ Dgghuvrg/ U111/ Wrjjzhlohu/ M1U1/ HgZddgfA/Bkdhihu/ M1P1 ) Sxwqdp/ D1H1 +5343, Wkh
odvw jodfldo whuplqdWitgfh/ 65;/ 4985N49891

Glhprgw/ Z1K1 ) ydg Uhxohu/ K1 +4<Sk|virjudsk| dqg S|ulwh Irupdwlirqg Ig Ehuedn/ Vxpdwud/ Lajgrid
Uhvhdufk Lgvwiwxwh iru Qdwxuh Pdqdjhphgw +ULQ,/ Dugkhpl

Glhprgw/ Z1K1) Srqv/ O1M1 +4<<5, D suholplgdu| grwh rqubdiwliq dqg joh|lgj Ig wkh Pdkdndp Igodqg
arrgsodlg/ Hdvw Ndolpdgwdg/ Lggrghvid1 Lg= DplgxgdioNddy V101/ DY} E1/ Vdpl/ M1/ Vdopdk/ |1/ Viwl
Shwipdk/ K1) Fkrr/ VIW1 +hgwirfhhglgjv ri wkh Lgwhugdwirgdo V|psrvixp rq Wurslidaw®laidg/ 9043 Pd|
4<<4/ Nxfklgj/ Vdudzdn/ Pdod|viil Pdod|vidq Djulfxowxudo Uhvhdufk dgg Ghyhorsphgwvh.bMetiex
Oxpsxu/ ss1 :7N;31

GIQh)Ir/ S1Q1 ) Wihugh)/ M1H1 +5346, Wkh hiihfw ri vhdoplogfila LggroSdfiilf folpdwidwxuh
Jhrvilhgth / 9/ 7;8N7<41

Grppdlg/ U1/ Frxzhgehuj/ M1 ) Mrrvwhg/ K1 +5343, K|gurodtf vhoiOuhjxodwilrg ri grphg shdw vzdpsv Iq
vrxwkOhdvw Dvld dqg frqvhtxhgfhv iru frqvhuydwirg dggaeivaPluhy ) Shdw9 +38,/ 4N4:1

Grppdlg/ U1/ Frxzhgehuj/ M1) Mrrvwhg/ K1 +5344, Ghyhorsptiqg fduerq vhtxhvwudwirg ri wurslfdo shdw
grphv lg vrxwkOhdvw Dvld= olgnv wr srvwOjodfldo vidigginydad Krorfhgh folpdwh yduldelofxdwhuqgdul|
Vilhgth Uhylhzy 63/ <<<N43431

Grppdlg/ U1/ Frxzhgehuj/ M1/ Jodvhu/ S1IK1/ Mrrvwha/ Klidpléxwud/ L1Q1Q1 +5347, Fduerq vwrudjh dqg
uhohdvh Ig Lggrghvldg shdwodqgyv vigfh wkh odvwagfijrdiidwindu| Viihgfh Uhylhze:/ 4AN651

Grppdlg/ U1/ Glwwulfk/ L1/ Jlhvhg/ Z1/ Mrrvwha/ K1/ UdivGdyIxv/ P1 ) Zlelvrgr/ LIW1F1 +lq suhvv,
Hfrvlvwhp vhuylfhv/ ghjudgdwirg dgg uhvwrudwilrg ri stidswig wkh Vrxwkhdvw Dvidg wurslfvl Lg= Erqg/ D1/

Doorww/ W1/ Hydqv/ P1/ Mrrvwhg/ K1) Vwrghpdg/ Sidwagldg Uhvwrudwlirg dgg Hfrvlvwhp Vhuylfhv=
Vilhgfh/ Sudfwith/ Srolfl. Fdpeulgjh Xqglyhuviw| Suhvv/ Fdpeulgjhl

Gxqilhog/ S1/ Gxprgw/ U1) Prruh/ W1U1 +4<<6, Phwkdghwlrcggifig frqvxpswirg Ig whpshudwh dgg
vxedufwlif shdw vrlov= uhvsrqvh wr whpshudwxwirtigglsitjl dqg Elrfkhplvwul/ 58/ 654N6591
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Gxwwad/ V1/ Pdoolfn/ P1/ Pdwkhzv/ U1S1/ Pdqg/ X1/ JuhBgiArngyd{hqd/ U1 +5343, Fkhplfdo frpsrviwirg
dgg sdodhrerwdglfdo ruljlg ri PIrfhgh uhviqv iurp Nhudodfiidiq frdvw/ zhvwhuq Lgilddugdo ri Hduwk
V|vwhp Vilhgfhd4</ :44N:491

G|nrvnl/ F1D1/ Hgzdugv/ U101/ Fkhaj/ K1/ dg/ G1/ FdI/kbdj/ P1/ Olg/ \U/ Tlgj/ M1/ Dg/ 11 ) Uhyhqgdxjk/
M1 +5338,1 D kljkOuhvroxwlrg/ devroxwhOgdwhg KragfjohftbgDvIdq prgvrrg uhfrug iurp Grgjjh Fdyh/
Fklgd1Hduwk dgg Sodghwdu| Viihgfh Qrs@ehdN;91

luleruj/ W1/ Vrhjddug/ K1/ Fkulvwhqvhg/ W1U1/ Oor|g/ $ddliry Q1V1 +5336, Vlehuldq zhwodqgv= Zkhuh d
vign Iv d vrxufhdhrsk|vifdo Uhvhdufk Ohwwied/ 545</ grl=431435<25336J034::<:1

luronlgj/ V1 ) Urxohw/ Q1 W1 +533:, Krorfhgh udgldwlykjitpfidfw ri gruwkhuq shdwodqg fduerq
dffxpxodwirg dgg phwkdgh hplvvirgddredo Fkdgjh Elrorj| / 46/ 43:<N43;;1

luronlgj/ V1/ Urxohw/ Q1) Ixjohvwyhgw/ M1 +5339, Krzugyshétvodqgyv Igioxhgfh wkh Hduwk*v udgldwlyh exgjhw=
Vxvwdlghg phwkdgh hplwirg yhuvxv vxvwdighg fduergawddwhrdylrxugdo ri Jhrsk|vifdo Uhvhdufk=
Elrjhrvilngfhv / 444/ J3433;/ grl=431435<25338MJ3333<41

Jdvwdogr/ U1D1) Vwdxe/ M1U1 +4<<<, D phfkdglvp wr hfssaltyldydwirg ri ohdi olwwhu ohqgvhv Iq frdov
ghulyhg iurp udivhg pluh@tlodhrjhrjudsk}/ Sdodhrfolpdwrorj) Sdodhrhfrorj|/ 47</ 4N471

Jihvhg/ Z1 +5346Sdoxglfxowxuh= vxvwdlgdeoh dowhugdwlyhv rq ghjadgbdcshdarghvidl TDQV Dfwlylw|
616= TxIfn Dvvhvvphgw dgg Qdwirgzigh Vfuhhglgj ri Shdwatn® Uhvrxufhv dqg Diwlirg Sodqgglgj iru wkh
Lpsohphgwdwilrg ri d Qdwirgdo Orzodqg Vviudwinjirgvxow Prww PdfGrgdog/ Dugkhpl

Jihvhg/ Z1 ) Grppdlg/ Ul +5345, H{sorudwru| vxuyh|v Ig wkh SW1 Flswd Gdyld Pdqglul duhdiig Px
Dgfdorgj VxeO0GIvwulfw/ Hdvw Ndolpdgwdgl Prghov iqdeziastidwodqg ghyhorsphgw dgg frqvhuydwirg Ig
Lqgrghvld Hxurfrqvxow Prww PdfGrgdog/ Dugkhpl

Jodvhu/ S1 +4<<5, Yhjhwdwlrg dgg zdwhu fkhplvwul|l d&KZWjk/ Friilg/ E1 ) Ddvhqgj/ Q1 H1 +hykh,
sdwwhughg shdwodqgv ri PlgdhMagighuviw| ri Plgghvrwd Suhwv/ Plgghdsrolv/ ss1 48N591

Jodvhu/ S1K1 ) Mdgvvhqv/ M1D1 +4<;9, Udlvhg erjv Ig QrulfideDypindgviwlrgv Ig odqgirupv dqg jurvv
vwudwljudskdadgldg Mrxugdo ri Erwd@j7/ 6<8N7481

Jodvhu/ S1K1/ Zkhhohu/ J1D1/ Jrukdp/ H1 ) Zulikw Mu/ Ké5 Wakdh<sdwwhughg pluhv ri wkh Uhg Odnh
shdwodqg/ gruwkhug Plgghvrwd= yhjhwdwirg/ zdwhualdpbiqairupvMrxuqgdo ri Hfrorj/ 9</ 8:8N8<<1

Jodvhu/ S1K1/ Kdgvhg/ E1/ Vihjho/ G1L1/ Uhhyh/ D1VISLRMlgh337, Udwhv/ sdwkzd|v dgg gulyhuv iru
shdwodqg ghyhorsphqw Ig wkh Kxgvrg Ed| Orzodggv/ gruegpkidudy/R=dgdgtiirxuqdo ri Hfrorj|/ <5/
4369N43861

Jodvhu/ S1K1/ Yrolg/ M1F1/ Jlyglvk/ W1M1/ Kdqvhg/riEil) MdRdf +5345, Fduerq dgg vhglphgw dffxpxodwirg

Ig wkh Hyhujodghv +XVD, gxulgj wkh sdvw 7333 |hduviybdwhldgurxufhv ri huuMixuqdo ri Jhrsk|vifdo
Uhvhdufk= Elrjhrvflngfhy 44:/ 336359/ grl=431435<25344MJ334;541

Jruh/ DIM1S1 +4<#8v|vwhpv ri wkh Zruog 7E1 Pluhv= Vzdps/ Erj/ Ihg dgg Prruhjifqgdo Vwxglhv
Hovhylhu/ Dpvwhugdp/ Qhz frunl

Jrukdp/ H1 +4<<4, Qruwkhuqg shdwodggv= uroh Iq wkh fitudogffuredeoh uhvsrqvhv wr folpdwlf zduplgjl
Hfrorjlfdo Dssolfdwirqv 4/ 4;5N4<81

Jrukdp/ H1/ Ohkpdg/ F1/ G|nh/ D1/ Mdqvvhqgv/ M1 ) G|nh/ QMW §B3udo dgg vsdwldo dvshfwy ri shdwodqg
lgiwldwirg iroorzlgj ghjodfldwirg Iq Qruwk Dphulicktwhugdu| Vilhafh Uhylnz59/ 633K6441
JurvwhOEudxfnpdqq/ J1 +5339, Euxfkzdogwruih xqg Eux@izl(IEE?b]{u ludjh ghu Hgwvwhkxqj yrq Wruihqg plw
Kro}uhvwhBufkly iju Qdwxuvikxw} xqg Odqgvikdiwviruviki@j 5<N741

Kdplowrg/ M1G1/ Nhoo|/ F1D1/ Uxgg/ M1Z1P1/ Khvvohldg@®ohIQ1W1 +4<<7, lox{ wr wkh dwprvskhuh ri
FK dqgg FR;iurp zhwodqg srqgv rq wkh Kxgvrg Ed| orzodqgv +KE®WxLigdo ri Jhrsk|vifdo Uhvhdufk
<</ 47<8N48431

Kdghexwk/ W1/ Vwdwwhjjhu/ N1 ) Jurrwhv/ S1P1 +5333rglaisigndth Vxqgd Vkhoi= d odwhOjodfldo vhdOohyho
uhfrugMflhgfty 5;;/ 4366N43681

Kdvhogrgfn{/ S1 +4<::, Wkh sdo|qgrorj| ri d Krorfhgh pdujlqe shdw vzdps hqgylurgphgw Iq Mrkruh/ Pdod|vid1
Uhylhz ri Sdodhrerwdg| dgg Sdo|gror|57/ 55:N56;1
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Khqgrg/ K1K1 +5336, Lqgrghvidg udlgidoo yduldelolfva kids@®VR dqg orfdo dluOvhd lqgwhudikkgddo

ri Folpdwi49/ 4::8N4:<31

Krsh/ J1/ Fkrnndolgjdp/ X1 ) Dgzdu/ V1 +5338, Wkh vwud¥fjddg 3uh klvwru| ri wkh Nxwdl shdwodaqgv/
Ndolpdgwdg/ Lggrghviciwhugdu| Uhvhdugk?/ 73:N74:1

LM}hupdg/ M1Z1/ ydq Ehpphohg/ M1I1/ Nrrughuv/ V1K1 y/EathiRg] +4,;<&zduv grru Vxpdwudl Wrfkw ydg
Sdgdgj gqddu Vidh Erkg/ Kdduohp 2 Nroii/ Edwdyld1

Lgghupikoh/ D1/ Vwrfnhu/ W11/ Mrrv/ 11/ IIivikhu/ K1/ KpMAK/ Zdkohqg/ P1/ Ghfn/ E1/ Pdvwurldqgl/ G1/
Wnikxpl/ M1/ Eoxglhu/ W1/ Phhu/ U1 ) Vwdxiihu/ E1 +4dkghKdaergOfifoh glgdplfv edvhg rg FR5
wudsshg Iq Ith dw Wd]oru Grph/ DawdPatifckiie<;/ 454N4591

Lgjohww/ N1V1/ Lgjohww/ S171/ Uhgg)/ N1U1 ) Rverdty, Witpstoidwxuh vhaviwlylw| ri juhhgkrxvh jdv
surgxfwlrg Ig zhwodgg vrlov ri gliihuhgw yhjhwddrrtkhplvwu| / 43:/ ::N<31

Mrrvwhg/ K1 +4<<6, Ghgnhq zlh hlg Krfkprru= K|gurorjlivikh&d&vwuhjxodwlrg yrq Krfkprruhg xqg ghuhq
Ehghxwxqj iju ZIhghuyhug@Evvxaj xqg Uhvwdxitindmpib6/ <8N4481

Nkr/ O1N1/ Pdokl/\1 ) Wdg/ VIN1V1 +5346,1 Dggxdo exgjimvigdovyduldwlirg ri deryhjurxqg dqg
ehorzjurxqg ghw sulpdul surgxfwlylw| Iq d orzodqg glsvdusrfrunvw Iq Erughvirxuqdo ri Jhrsk|vifdo
Uhvhdufk= Elrjhrvilhgfhy 44;/ 45;5N45<91

NIhgdvw/ P1/ Kdghexwk/ W1M1/ Shohmhur/ F1) Vwh&nHG¥KUrEBB| ri phowzdwhu sxovh 4d dgg wkh
EAoolqgj zduplgj= Qhz hylghgfh iurp wkh Vrxwk Fklgd Vikdbrj| /64/9:N:31

Nohlghg/ W1/ Eurynlg/ Y1/ yrq Eork/ 21/ Dufkhu/ G1 dgg Prgkdl +5343, Krorfhgh fduerq flfoh g|qdplfvl
Jhrsk|vifdo Uhvhdufk OhwwithO35:38/ grl=431435<2533<J03746<41

Nrukrod/ D1/ Uxssho/ P1/ Vhss@&/ K1/ Y Eoludgwd/ PIMWlupdghawuoep/ M1 +5343, Wkh Ipsruwdqfh ri
gruwkhug shdwodqg h{sdqvirg wr wkh odwhOKrorfhgbruskhtiltiphwkdghTxdwhuqdu| Vilhgfth Uhylhzv

5</ 944N94:1

Nrwwhodw/ P1/ Eulw}/ U1/ KxI/ W1 K1) Zlwwh/ N1H1 +5388/ Sdifur jhgxv ri Vrxwkhdvw Dvldq f|sulglg

ilvk zlwk d uhpdundeoh vh{xdo glpruskivp/ frpsulvhv wkhogty vpdoohvw yhuwigutivaglojv ri wkh Ur|do
Vrflhw| E= Elrorjlfdo Vilhqgfhy5:6/ ;<8N;<<1

Nxku)/ S1) Wxuxghg/ M1 +5339, Wkh srvwjodfldo ghyhorgphigelordgg vxedufwlf shdwodqgvl Lg= Zlhghu/ U1N

) Yiww/ G1K1 +hdmijhdo Shdwodqgg Hfrvivwhpvl Hfrorjlfdo Vwxglhv/ Yrasdlgjhu/ Ehuolg/ Khighoehuj/
ss158N791

Odpehfn/ N1 +5344, JodflrOK|gur Lvrvwdv|1l Lg= Krsoh|/gdH¢ffiforshgld ri Prghuq Frudo Uhhiv=
Vwuxiwxuh/ Irup dgg Surfhvw1 Hafl|forshgld ri Hduwk Vildd#tsulgihu/ Gruguhfkw/ ss1 7<4N7<:1

PdfGrgdog/ J1P1/ Ehlopdg/ G121/ Nuhphghwvnl/ N1Y1/ Wkhéplwk/ O1F1 ) Yholfknr/ D1D1 +5339, Udslg
hduo| ghyhorsphaqw ri flufxpdufwif shdwodaggv dag dwpikhulag FR, yduldwlrgwafihgfty 647/ 5:8N5:;1

PdfNIggrg/ N1/ Kdwwd/ J1/ Kdolp/ K1) Pdgjdoln/ D1 +4¥&Rh Hfrorj| ri Lggrghvid Vhulhvl Yroxph LLL= Wkh
Hfrorj| ri Ndolpdgwdq +Lqgrghvidqg Erught,R{irug Xglyhuviw| Suhvv1

Pdwwkhzv/ H1 +5333, Zzhwodqgvl Lg= Nkdolo/ P1miMdrvskollf phwkdghl Lwv uroh Ig wkh joredo
haylurgphavVsulgjhu/ Qhz run/ ss1 535N5661

Plhwwlighg/ M1/ VKI/ F1) Olhz/ V1F1 +5345, Wzr ghfdghwsifgliroplq Vrxwkhdvw Dvld*v shdw vzdps iruhvwvl
lurqwlhuv Iq Hfrorj| dgg wkh Haylurgphbg/ 457N45;1

Plwwhuphlhu/ U1D1/ Ureohv Jlo/ S1/ Kriipdqg/ P1/ Slojulgukinv/ W1/ Piwwhuphlhu/ F1J1/ Odpruhdx{/ M1 )
Gd Irgvhfd/ J1D1E1 +533Kywvsrwy uhylvidikgnph{/ Frqgvhuydwirg Lqwhuqdwirgdo/ Zdvkigjwrgq G1F1

Prohgjuddii/ J1D1I1 +4<54, Prghuq GhhsOVhd Uhvhdufk ldaviknLqgldg Dufkishodjvkh Jhrjudskifdo
Mrxuqdd:/ <8N44;1

Prgglg/ H1/ Lgghupikoh/ D1/ GEoohgedfk/ D1/ lojfniw/dwiiiu/ E1/ Vwrfnhu/ W1I1/ Ud|qdxg/ G1) Edugrod/
M1 +5334, Dwprvskhulf FRjfhqwudwlirgv ryhu wkh Odvw Jodfldo Whup\éfthefity 5<4/ 445N4471

Pruoh|/ U1IM1 +4<;4, Ghyhorsphqw dqg yhjhwdwirq glgdpiferzodqg rpeurjhgrxv shdw vzdps Iq
Ndolpdgwdq Whaqjdk/ LagrghMdduqgdo ri Elrjhrjudsk|/ ;/ 6;6N7371
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Lgwurgxfwirg

PruurjkOEhugdug/ K1/ Kxvvrg/ V1/ Sdjh/ V1 H1) Ulhoh|/ 38BRB1Srsxodwlrg vwdwxv ri wkh Erughdq rudgjo
xwdq +Srqjr s|jpdhxv, Ig wkh Vhedgjdx shdw vzdps iruhvwiiridp Ndolpdgwdqg/ LggrdBivtatilfdo
Frgvhuydwlirntg43/ 474N4851

Pxwdole/ D1D1/ Olp/ M1V1/ Zrqj/ P1K1 ) Nrrqydl/ O1 +4<<Hydfdhul}dwlrg/ glvwulexwlrqg dgg xwlol}dwirg ri
shdw Iq Pdod|vid1 Lg=Dplgxgglg/ E1\/ Wdqg/ V101/ D@ [EMIY VVdopdk/ 1/ Viwl Shwipdk/ K1) Fkrr/ V1W1
+hgvSurfhhglgjv ri wkh Lgwhugdwlrgdo V|psrvixp rq Wurslfdow®lddgl Pdod|vid/ Nxtklgj/ Vdudzdn/ 4k<4
Pdod|vldq Djulfxowxudo Uhvhdufk dgg Ghyhorsphaqwh/i\Nudesh@xpsxu/ ss1 :N491

Plhuv/ Q1/ Plwwhuphlhu/ U1D1/ Plwwhuphlhu/ F1J1/ Gid Japhf) Nhgw/ M1 +588jlyhuviw| krwvsrwy iru
frgvhuydwlrg sulrulwth@dwxuh/ 736/ -86N:8:1

Plkuh/ J1/ Vklgghoo/ G1/ Euerg/ 1LP1/ Froolqv/ Z1/ Ixjohgwi/M1/ Kxdqj/ M1/ Nrfk/ G1/ Odpdutxh/ M111/ Ohh/
G1/ Phqgr}d/ E1/ Qdndmlpd/ W1/ Urerfn/ D1/ Vwhskhgv/I3axvdivl ) Tkdqgj/ K1 +5346, Dgwkursrjhglf

dqg Qdwxudo Udgldwlyh Iruflgjl Lg= Vwrfnhu/ W1I1/ dip@ahs JIN1/ Wijgru/ P1/ Doohg/ VAINL/ Ervikxqj/ M1/
Qdxhov/ D1/ [Id/ \l/ Eh{/ Y1) PIgjoh|/ S1P1 +hgwWgolpdwh Fkdgjh 5346= Wkh Sk|vifdo Vflhgfh Edvivl
Frgwulexwlrq ri Zrunlgj Jurxs L wr wkh lliwk Dvvhvvphqw Whsrwkh Lgwhujryhugphgwdo Sdgho rq Folpdwh
Fkdgjh 1 Fdpeulgjh Xglyhuviw| Suhvv/ Fdpeulgjh/ Qhz run/ ss1 9831

Qhx}o/ V1J1 +4<<:, Rqvhw dgg udwh ri shdw dqgg fduerqdifixgimirxu grphg rpeurjhgrxv shdw ghsrviwv/
Lggrghvidl Lg= Ulhoh|/ M1R1 ) Sdjh/ V1HEl#gightyiw| dgg Vxvwdlgdelolw] ri Wurslfdo Shdivddpgdud
sxeolvklgj/ Fdugljdg/ ss1 88N:51

Qj/ SIN101 +4<<7, Shdw vzdps ilvkhv ri Vrxwkhdvw Dvicvivtgigihu wkuileadfhdot:6/ 4N81

Qrwrkdglsudzlur/ W1 +4<;4, Shdw Ghsrviwlirg/ dq Lgoly Vikdj@dwxudo Ffolgj ri Qlwurjhg/ dgg Lwv Srvvleoh
Dfwlydwlrg iru Djulfxowxuhl Lg= Zhwvhoddu/ U1/ Vigsyrghiwizdoo/ W1 +h@iyurjhqg F|folgj Iq VrxwkO
Hdvw Dvldg Zhw Prgvrrqdo HfrvjvwiipWkh Dxvwudoldq Dfdghpl] ri Vilhgfh/ Fdgehuud/ ss1 46<N47:1

Sdjh/ V1H1/ Vihjhuw/ 11/ Ulhoh|/ M1R1/ Erhkp/ K1G1Et Malglg/ V1 +5335, Wkh dprxgw ri fduerq
uhohdvhg iurp shdw dqg iruhvw Ruhv Iq Lggrghvid gxul@dwxiim53/ 94N981

Sdjh/ V1H1/ Zjvw/ U1D1M1/ Zhivv/ G1/ Ulhoh|/ M1R1/Vk@pgZvV1K1 +5337, D uhfrug ri Odwh Sohlvwrfhgh
dqg Krorfhgh fduerq dffxpxodwirg dqg folpdwh fkdgjh iurp dgxdwruldo shdw erj +Ndolpdgwdag/ Lggrghvid,=
Ipsolfdwlrgv iru sdvw/ suhvhgw dag ixwxuh fduerq g|geliskugdo ri Txdwhugdu| Vilhtdis/ 958N9681

Sdjh/ V1H1/ Ulhoh) M1R1) Edgnv/ FIM1 +5344, Joredadqdpsnilwdqfh ri wkh wurslfdo shdwodqg fduerq
srrolJoredo Fkdgjh Elrorj| / 4:/ :<;N;4;1

Sduwlg/ M1Z1/ Free/ N1P1/ Dgnlqv/ M111/ Fodun/ E1 ) }@&idsjgh533:, PloohqgldoOvfdoh wuhqgyv lg zhvw
Sdfli3f zdup srro k|gurorj| vigfh wkh odvw jodfldo pd{lpxpTdwxuif7</ 785N7891

Shoohwlhu/ O1/ Vwudfkdg/ L1E1/ Jdughdx/ P1 ) Urxcd#w/, @diweétgihohdvh iurp eruhdo shdwodqg rshq
zdwhu srrov= Lpsolfdwlirg iru wkh frqwhpsrudu| F h{fkddibxtigdo ri Jhrsk|vifdo Uhvhdufk= Elrjhrvilhgfhiv
44</ 53:N5551

Srodn/ H1 +4<66, Xhehu Wrui xqg Prru lg QlhghuoEqghiitYiggidggholgjhg ghu Nrglgnolmnh Dfdghplh
ydq Zhwhavfkdsshg wh Dpvwhugdp/ Dighholgj QdwxxunRbgh whafevihg/ 4N;81

Srwrgle/ K1) Nrrughuv/ V1K1 +4<3<, Glh WurshgOVxpsiiadiigddwxu ghu Prruh ghv surgxnwlyhq Fduerqvl
Mdkuexfk ghu Noegljolfk Suhxvvivikhq Jhrorjlvikhg Odgglvaics/ 6;<N7761

Ulgjzhoo/ M1/ Zzdwvrg/ D1M1/ Pdvolg/ P1D1 ) Ndsodqg/ M1 Risea®/Irqv ri frudo uhhi exlogxs iru wkh
frqwurov rq dwprvskhulf FR/gfh wkh Odvw Jodfldo Pd{lpxgtiohrfhdqrjudsk)/ 4;/ 43;6N43<51

Ulhoh|/ M1R1/ Zjvw/ U1D1M1/ Mdxkldighg/ M1/ SdjmvkaHLZisesimhu/ D1/ Vihjhuw/ 11/ Olplg/ V1K1/
Ydvdgghu/ K1) Vwdkokxw/ P1 +533;, Wurslfdo shdwodqggweréthwe fduerq jdv hplvvirgv dqg frqwulexwirg

wr folpdwh fkdgjh surfhvvhvl Lg= Vwudfn/ PShdhgadggv dgg folpdwh tkddjigwhugdwirgdo Shdw Vrflhwl/
M|yEvn|oE/ ss1 47;N4;41

Urvhgehuu| G1R1/ Jodvhu/ S1K1/ Vihjho/ G1L1 ) Zhh&3381 8k ri k|gudxolf khdg wr hvwlpdwh yroxphwulf
jdv frgwhgw dgg hexoolwlrg iox{ Iq qruwkhuq shd&abgviUhvrxuthv UhvhdufR</ 4399/
grl=431435<253352U3346::1

Urxohw/ Q1W1 +5333, Shdwodqgv/ fduerq vwrudjh/ jydivigkrggg wkh N|jrwr surwrfro= survshfwv dqg
vijglilfdgfh iru Fdgdgd1Zhwodgg®3/ 938N9481



Odwh Txdwhuqgdu| Fduerq F|folgj ri Vrxwkhdvw Dvldg shdwodqgv 0 V|qwkhvilv

Vdwkldpxuwk]/ HLY1IK1IN1 ) Yrulv/ KIN1 +5339, Pdsv ri Kiokthd ohyho wudgvjuhwvirg dgg vxephujhg odnhv
rq wkh Vxqgd Vkheikh Qdwxudo Kivwru| Mrxugdo ri Fkxodorgjnrug Xqlyseenpiovs/ 4N771

Vhjhuv/ Ul +4<<;, Phwkdgh surgxfwirg dgg phwkdgh fragwgessvlhylhz ri surfhvvhv xqghuollgj zhwodqg
phwkdgh iox{h&rjhrfkhplvwu| / 74/ 56N841

Vlhiihupdgq/ J1/ Wulxwrpr/ V1/ Vdghopdg/ P1W1/ NuhNddm&ptukdglpxo|r/ V1D1 +4<;:, Wkh shdw jhghvlv

Ig wkh orzodqgv ri Fhgwudo Ndolpdgwdq surylgfhl Wkiglulggstifefh ri srg}rolvdwirg dqg edg gudiqdjh/
wkh wzr pdiq surfhvvhv ri shdw jhghvlv Ig Ndolpdgwdodgvidogdwirgdo Shdw Vrflnw| V|psrvixp rg Wurslfdo
Shdw dgg Shdwodqgv iru Ghyhorsphaw/ rjjdnduwd/ Ladrgiudu| <N47/ 4<;1 Lqwhugdwlirgdo Shdw Vrflhw)/
Vijldnduwd/ ss1 493N4;31

Vihiihupdqg/ J1/ Irxuglhu/ P1/ Wulxwrpr/ V1/ Vdghopdgl R MWhpdk/ D1P1 +4<;;, Yhorflw| ri wurslfdo iruhvw
shdw dffxpxodwlrg Ig Fhqwudo Ndolpdgwdq surylgfh/ ldygEeringhr, 1 Légarfhhglgjv YLLL Lgwhugdwirgdo
Shdw Frgjuhvv/ Ohglgjudg ;;/ Vhiwlirly Lgwhugdwirgdo Shdw Vrflhw|/ Ohglgjudg/ ss1 <3N<;1

Vloylxv/ P1M1/ Viprqv/ K171 ) Yhukhxjw/ ZLM1P1 +4gofy/ Yhjhwdwirg/ ldxqd dgg Qdwxuh Frgvhuydwirq ri
wkh Ehuedn Jdph Uhvhuyh/ Vxpdwud/ Lgdrdiv@l Frgwulexwlrqv wr Uhvhdufk rq Pdgdjhphgw ri Qdwxudo
Uhvrxufhv 4<;7061 Uhvhdufk Lgvwiwxwh iru Qdwxuh Pdgdjbgkigpl

Viperorg/ K1) Plupdgwr/ H1 +5333, Fkhfnolvw ri sodqw wslditwkh shdw vzdps iruhvwv ri Fhqwudo
Ndolpdqwda/ Lggrghvid13ughhglgjv ri wkh Lgwhugdwirgdo V|psrvixp rq Wurslfdoa®kidgvl Erjru/
Lggrghvld/ 55056 Qryhpehu 44<rnndigr Xglyhuviw| ) Lggrghvidqg Lgvwiwxwh ri Vilhogthwvi:ssN4<31

Vmoeeuv/ K1 +4<;6, Pluhv ri Vzhghql Lg= D1 M1 S1EfoHwvtydy ri wkh Zruog 7E1 Pluhv=Vzdps/ erj/ ihq
dqg prrul Uhjlrgdo Vwxglihwovhylhu/ Dpvwhugdp/ Qhz \run/ ss1 9<N<71

Vrorphvkfk/ D1L1 +5338,1 Wkh Zhvw Vlehuldg OrzodqgeHigOilidl ) Nhggl/ S1D1 +hikh zruogOv
odujhvw zhwodqgv= hfrorj| dqg frqvhuydvdpeulgjh Xglyhuviw| Suhvv/ Fdpeulgjh/ ss1 44N951

Vwdxe/ M1U1 ) Hvwhuoh/ M1V1 +4<<7, ShdwOdffxpxathetip ghswmrpv ri Vdudzdn/ hdvw Pdod|vid1l
Vhglphgwdu| Jhrorjf ;</ <4N4391

Wmld/ K1G1 +4<;3, Wkh Vxqgd Vkhoi/ VHIBvigLliw iju Jnrpruskrorjlh/ QI / 57/ 738N75:1

Wuxperuh/ V1H1/ Fkdgzifn/ R1D1 ) Dpxqgvrg/ Ul +4<<9, Udéigidjh ehwzhhq vrlo fduerq dqg
dwprvskhulf fduerq glr{lgh gulyhqg e| whpshudwxuh fkadjtiigfh/ 5:5/ 6<6N6<91

ydg ghu zhui/ J1U1/ Ghpshzroi/ M1/ Wuljj/ V1Q1/ UdqgHiww/Ntiviekdwod/ S1V1/ Jljolr/ O1/ Pxugl|duvr/ G1/
Shwhuv/ Z1/ Pruwrg/ G1F1/ Froodw}/ J1M1/ Gropdg/ Dl ) BHiut+533;, Folpdwh uhjxodwlrq ri Ruh
hplvvirqv dgg ghiruhvwdwirg Ig htxdwruldo Buldiihglgjv ri wkh Qdwlrgdo Dfdghp| ri Vflihgfihvi38/
53683N536881

ydq Zho}hg/ S1F1 Voln/ M1Z111 ) Dodkxkwd/ M1 +5338wétlavirgisdwwhuqv dgg sodwh whiwrglfv Ig Pdohvidl1
Elrorjlvnh Vnuliwh88/ 4<<N54:1

Ydvdgghu/ K1 ) Nhwwxghg/ D1 +5339, Fduerq Iq eruhdoehtieredgjgghu/ ULN ) Yiww/ G1K1 Ehgwdo
Shdwodqg Hfrvjvwhpvl Hfrorjifdo Vwxglhv/ Yrb/4ylgjhu/ Ehuolg/ Khighoehuj/ ss1 498N4<71

Zdk|xqwr/ Ulwxqj/ V1) Vxedjmr/ K1 +5338hwd Oxdv Vhedudq Odkdg Jdpexw gdg Ndqgxqjdg Nduerq gl
Sxodx Vxpdwhud2Pdsv ri Duhd ri Shdwodqg GlvwulexwlIrgetqgrgivhqw Ig Vxpdwhud/ 4<<305335
Zhwodqgv LgwhugdwlrgdoOLqgrghvid Surjudpph dggKttedeiitv Fdgdgd/ Erjrul

Zdk|xqwr/ Ulwxgj/ V1) Vxedjmr/ K1 +5333hwd Vhedudq Odkdq Jdpexw/ Oxdv gdq Ndqggxgjdg Nduerq gl
Ndolpdgwdqg2Pds ri Shdwodqg Glvwulexwlirq Duhd dgg Fdpangquig Ndolpdgwdg/ 53330538#%0dqgyv
LgwhuqgdwlIrgdoOLqggrghvid Surjudpph dqg Zlogolih Kdigjaghiv Erjrul

Zdowhu/ K1) Olhwk/ K1 +4<9304@pdgldjudpp0zhowdwbdivikhu/ Mhqgdl

Zdqj/\IM1/ Fkhgj/ K1/ Hgzdugv/ U101/ Dg/ 11V1/ Zx/ M14/ FkR1 ) Grudoh/ M1D1 +5334, D kljkOuhvroxwirg
devroxwhOgdwhg odwh Sohlvwrfhgh pravrrg uhfrug iurgligxiosidgd Vihgfty 5<7/ 5678N567;1

Zdqj/\1/ Urxohw/ Q1 W1/ luronlgj/ V1) P|vdn/ O1 D1 +533<|pMstkiwdqfh ri Qruwkhuqg Shdwodqgv Iq joredo
fduerq vivwhpv gxulgj wkh KrorfhgRalpdwh ri wkh Saewo;6N9<61

Zheehu/ P1 O1 +4<87, Wkh pdgjuryh dgfhvwu] ri d iuhvkzdapsiivzhvw vxjjhvwhg e[ Iwv gldwrp iorudl1
Pdod| Iruhvwhut:/ 58N591



Lgwurgxfwirg

Zhehu/ F1D1 +4<38hehu glh Yhjhwdwlrg xqg Hgwvwhkxgj ghv Krfkprruv yrq Beglavp PhphoghowSdxo
Sduh}/ Ehuolgl

ZKklwlgj/ JAM1 ) Fkdgwrg/ M1S1 +4<<6, Sulpdu| surgxfwirgifgri phwkdgh hplvvirg iurp zhwodo@divxiih
697/ :<7N:<81

ZKiwlgj/ JIM1 ) Fkdgwrg/ M1S1 +5334, Juhhgkrxvh fduegfredatiwodqggv= phwkdgh hplvvirg yhuvxv fduerq
vhitxhvwudwlkjfhooxy &/ 854N85;1

Zklwpruh/ W1F1 +4<8/urslfdo Udlg Iruhvw ri wkh Idu Hbireduhqgrg Suhvv/ R{irugl

Zloirug/ J1H1 +4<93, Udglrfduerq djh ghwhuplgdwlirgv ristlkdgdu| vhglphgwv Ig Euxghl dgg gruwkhdvw
VdudzdnEulwivk Erughr Jhrorijlfdo Vxuyh|1 Dggxdo Uhsruw/ 486531

Zulikw/ K1H1 +4<<6, Fruh frpsuhwir@lpgrorj| dgg Rfhdgrjudsk| /6;/ 9<<N9<<1

Zulikw Mul/ K1H1/ Pdqg/ G1K1 ) Jodvhu/ S1K1 +4<;7, Shawrigfishdw dgg odnh vhglptfvarjl / 98/
98:N98<1

W/ ]1 +5344, Krorfhgh fduerq iox{ kivwrulhv ri wkh zruog@shsodqgv Joredo fduerqOfifoh Ipsolfdwiteki
Krorfhgh/ 54/ :94N::71

X/ ]1F1/ Ehlopdg/ G1Z1 ) Mrghv/ P1F1 +533<, Vhgviwlylwjuin@hugq Shdwodqggv wr Krorfhgh Folpdwh Fkdgjhl
Lg= Edlug/ D1/ Eho|hd/ O1/ Frpdv/ [1/ Uhhyh/ D1 ) Vodwind Pdueig Flfolgj lg Qruwkhug Shdwodigv
Jhrsk|vifdo Prgrjudsk Vhulhv/ yroxph 4,71 Dphulfdqg Jhrsk| vifdo Xqlrg/ Zdvklgjwrg/ ss1 88N9<1

X/ 11/ Orlvho/ M1/ Eurvwhdx/ G1S1/ Ehlopdg/ G171 ) Kxgw5328] Joredo shdwodqg g|gdplfv vigfh wkh Odvw
Jodfldo Pd{lpxpl1 Jhrsk|vifdo Uhvhdufk OhwwidtAO46735/ grl=431435<25343J03768;71

woh/ F1P1 ) Jrph}/ O1Q1 +533<, Ohdi olwwhu ghfrpsrviwlcMarsifdo shdw vzdps iruhvw Ig Shglgvxodu
Pdod|vidZhwodqgv Hfrorj| dqg Pdqdjhphais:/ 564N5741

Xoldgwr/ H1/ Kludndzd/ N1 ') Wvxml/ K1 +5337, Fkdufrdgatyitjinufkhplfdo surshuwlhv dv dqg hylghgth ri
Krorfhgh Ruhv g wurslfdo shdwodgg/ Fhagwudo NdolggigiwddMigrsifv 47/ 88N961
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Ghfodudwlrg derxw p| frqwulexwlrg wr wkh iroorzlgj irxingds

Sdshu L= Grppdlg/ U1/ Frxzhgehuj/ M1 ) Mrrvwhg/ K1 +534d0Gpkiqw dqg fduerg vhixhvwudwirg
ri wurslfdo shdw grphv Ig vrxwkOhdvw Dvld= olgnv wifldawbgitbhyho fkdgjhv dgg Krorfhgh
folpdwh yduldelolidwhuqdu| Viihgfh Uhylhi3/ <<<N43431

L ghvljghg wkiv vwxg| wrjhwkhu zlwk wkh frOdxwkruwihgfraidinfydwd/ fdoleudwhg wkh udglrfduerq gdwhv/ dqg fdo
fxodwhg wkh srigw djh hvwlpdwhv1 Wrjhwkhu zlwk Mrka&rkZbdevliihg wkh shdwodgg w|shv dgg jhghudwhg
wkh edvdo gdwhv vhixhgfhl L fdofxodwhg phdqg shdw digpicaerdyd udwhv iru hdfk wish dgg Igwhjudwhg
shdwodqg gdwd zlwk gdwd rq sdohrfolpdwh dqg vhdGahympivkspdgxviulsw ziwk lgsxwy iurp Mrk@ Frx
zhgehuj dqg ihhgedfn iurp Kdgv Mrrvwhqgl

Sdshu LL= Grppdlg/ U1/ Frxzhgehuj/ M1/ Jodvhu/ S1IKL/Maywixu|dglsxwud/ L1Q1Q1 +5347,
Fduerq vwrucijh dqgg uhohdvh Iq Lggrghvldg shdwodqdvadiyiiv giijodfldwiFg@iwhuqdu| Vilhgfh
Uhylhzv <:/ 4AN651

L ghvljghg wklv vwxg| dqg ghyhorshg wkh wudgvihu ixeiwdrly ids prghoolgj wkh edvdo djh ri xqgdwhgshd
wodqggvl L jhghudwhg wkh JLV pdsv ri vhdOohyho fkdgjpddmgrgbdavirg dqg wkh hohydwirg suriloh@l L shu
iruphg doo fdofxodwlIrqv iru uhfrgqvwuxfwlgj sdvw shdadcggaw udwhv ri fduerq vwrudjh dgg uhohdvh/ dgg sdvw
fduerq srrovl Q|rpdq L1 Vxu|dglsxwud surylghg wkh JLVIshaivdyvodvl L suhsduhg wkh pdgxvfulsw/ zklfk zdv
ilgdol}hg zlwk wkh khos ri doo frOodxwkruvl

Sdshu LLL= Grppdlg/ U1/ Free/ D1/ Mrrvwhg/ K1/ JodvRk81R11101/ Jdqgriv/ O1/ NdI/ 11P1/
Qruhg/ D1/ Vdolp/ N1D1/ VxOxw/ Q1V1K1 ) Kduyh| Flllhgviepiwmwg|qdplfv dgg wisOxs srrov
gulyh sxovhv ri kljk fduerq dffxpxodwlrq udwhv Iq d wurstidie grph Ig Erughr +Vrxwkhdvw Dvid, 1
Mrxuqdo ri Jhrsk|vifdo Uhvhdufk N Elrjhrvilhgfhis

L ghvljghg wkiv vwxg| dgqg ghyhorshg wkh ghvljq ri wkh showrjiwkhu ziwk Dgghuv Qruhgl L vhohfwhg wkh
vdpsolgj viwhv dqg froohfwhg wkh fruhv zlwk wkh khos i€t Fkxd/ Odxuh Jdggriv/ IxxOPIgj Ndl/

Ndpduldk D1 Vdolp/ dgg Q1 Vdolkdk K1 VxOxw1 L vdpsohdpgidntinaphg doo jhrfkhplfdo/ sroohg/ plgh

udo/ dqg Ipdjh dgdo|vhv dv zhoo dv wkh grqOghvwuxfwlyippbydmed L fdofxodwhg fduerq dffxpxodwirg udwhv
dqg ghwhuplghg wuhh idoo iurp dhuldo skrwrjudskvl kginplngitulexwhg wkh srroOprgho uhvxowvl L zurwh
wkh iluvw gudiw ri wkh pdgxvfulsw dqg ilgdolthg Iw zhifk inhgeoo frodxwkruvl

Sdshu LY= Frxzhgehuj M1/ Grppdiq U1 ) Mrrvwhq K1 +5343 Kiuiahgv iox{hv iurp wurslfdo
shdwodqgv Ig vrxwkOhdvwibrédd Fkdgjh Elrorj| / 49/ 4:48N4:651

L ghvljghg wklv vwxg| wrihwkhu zlwk Mrkq Frxzhgehuj dggahfesohfwhg wkh juhhgkrxvh jdv hplvvirg gdwd
dqg shuiruphg wkh phwd0dgdo|vhvl Mrkq Frxzhgehuj stumdptphwdOdqdolviv irufelgg QR hplvvirg

gdwd dqg L shuiruphg wkh phwdOdgdo|viv,idgéKuh hplvvirg gdwd1 Mrkqg Frxzhgehuj dag L Igwhusithwhg wk
gdwd dqgg zurwh wkh pdgxvfulsw wrjhwkhu zlwk lgsxwv itiprdelig 1

Uhge Grppdiq Suril Gul Kdgv Mrrvwhq
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Sdshu L

Ghyhorsphgw dqg fduerqg vhtxhvwudwlrg ri wurslfdo shdwligkwkwkOhdvw Dvid=
olgnv wr srvwOjodfldo vhdOohyho fkdgjhv dgg Krorfhgiwifoyoldldelolw|
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1. Introduction

abstract

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 Nifio activity as exempli ed by several truncated peat
pro les. Peatdomes from the Kutai basin are allyoungerthan 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 mmyr ! for Central Kalimantan, .89 mmyr ! for Kutaiand .77 mmyr *for
coastal domes of Sumatra and Borneo. The mean Holocene carbon sequestration rates amount to 31.3 g C
m 2yr for Central Kalimantanand 77.0gCm 2yr for coastal sites, which makes coastal peat domes of
south-east Asia the spatially mostef cientterrestrial ecosystem in terms of long term carbon sequestration.
2011 Elsevier Ltd. All rights reserved.

into the response of peatlands to climate change can be gleaned
from the palaeo-record ( Moore et al., 1998; Belyea and Malmer,

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 ¥ 10° 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 % 10° 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

* Corresponding author. Tel.: p 49 3834 864177; fax: p 49 3834 864114.
E-mail address: rene.dommain@gmx.de (R. Dommain).

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

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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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 ( Brinig, 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

Fig. 1. Map of the western Malay Archipelago with the approximate position of the study sites listed in

surrounding Indo Paci ¢ 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 w4000 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
Nifilo-Southern Oscillation (ENSO; Hendon, 2003). El Nifio events
are associated with more pronounced and extended droughts. La
Nifia events are associated with anomalously wet conditions. In
recent decades, large scale res during El Nifio 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 from domed peatlands on Peninsular Malaysia,
Sumatra and Borneo (5 N -3 Sand 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

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 ).

69



Grppdlg hw dol 5344 Ghyhorsphgw dqg fduerq vhtxhvwudwilrq 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.1to 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-
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Table 1
List of study sites from Fig. 1
No. Site Country Peat dome Reference
type
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 Harie Indonesia  Coastal Silvius et al., 1984

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 % 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 (mmyr 1) were determined
by dividing the thickness of a peat layer between neighbouring
radiocarbon dates by the corresponding time span ( n ¥4 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 ¥4 15 pro les; inland Central Kali-
mantan, n ¥ 11; Kutai, n ¥ 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 %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

Berbak River Supiandi and Furukawa, 1986
Delta Supiandi, 1988
Cameron et al., 1989, 1990

6 Muara Telang Indonesia Coastal Furukawa, 1994
7 Pontianak, Indonesia  Coastal Notohadiprawiro, 1981
Rasau Jaya Diemont and Supardi, 1987b
Herbert Diemont, pers. comm.
Anshari et al., 2010
8  Teluk Keramat Indonesia  Coastal Neuzil, 1997
9 Rajang River Malaysia Coastal Staub and Esterle, 1993, 1994
Delta Staub and Gastaldo, 2003
10 Baram River Malaysia, Coastal Wilford, 1960
area Brunei Anderson, 1964
Darussalam Anderson and Muller, 1975
Tie and Esterle, 1992
Woodroffe, 2000
Colin Woodroffe, pers. comm.
11 Lawas River Malaysia Coastal Wilford, 1960
area
12 Pulau Petak Indonesia  Coastal Notohadiprawiro, 1981
Delta Supiandi, 1988
13 Kahayane Indonesia  Inland Sieffermann et al., 1988, 1996
Katingan Central Neuzil, 1997
watershed Kalimantan Page et al., 1999, 2004

Yulianto et al., 2004a
Yulianto and Hirakawa, 2006
Wiist et al., 2008

Wiist, 2009

Hope et al., 2005

14 Kutai basin Indonesia  Kutai

peat domes of Sumatra and Borneo ( Fig. 2). The time weighted
mean Holocene peat accumulation rate is 0.54 mmyr * for Central
Kalimantan peat domes, 1.89 mm yr ! for Kutai peat domes and
1.77mmyr *for coastal peat domes. Coastal peat domes of Borneo
have a time weighted mean Holocene peat accumulation rate of
1.52mmyr !(n¥.5)and those of Sumatra of .83 mmyr ! (nv410).
For the Late Glacial and the beginning of the Holocene the mean
apparentrate of peat accumulation atinland Central Kalimantan sites
varies between 0.6 and 0.8 mmyr L. 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 declinesto  w 0.7 mmyr ! and at around

Table 2
Dry bulk density and carbon content of Central Kalimantan and coastal peats.
Region Mean dry bulk Mean carbon Reference
density (g cm %) content (%)
1, 1, i
Central 0.130 (n ¥2 6) 57.4 (n ¥4 9) Neuzil, 1997

0.112 (n % 114)® 56.7 (n ¥4114)* Shimada et al., 2001
Kalimantan 0.080 (n % 43)° 57.1 (n%43)° Page et al., 2004

60.3 (n ¥4 68) Yulianto et al., 2004a
Mean 0.105 57.8

0.068 (n % 13) Diemont and Supardi, 1987a

Coastal 0.066 (n % 10) 58.4 (n ¥ 12) Cameron et al., 1989
0.084 (n¥29)  58.0(n¥29)  Neuzil, 1997
Mean 0.076 58.1

2 Includes data from ‘terrace’, ‘basin/domed’ and ‘marginal’ peat types.
b Excludes upper 90 cm of raw humus.
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Table 3
Basal dates of south-east Asian lowland peat domes.
Core/Lab ID Radiocarbon Pointage  Location Study site Country Latitude  Longitude  Reference
date estimate No. from
(14C yr BP) (cal BP) Fig. 1
073340 12370 110 14 465 Sebangau, Central Kalimantan, Borneo 13 Indonesia 2 23S 11351'E  Waist et al., 2008
PK5-C14 9510 200 10 817 West of Palangka Raya, Central 13 Indonesia 2 10°'S 113 40’ E Neuzil, 1997
Kalimantan, Borneo
0zL264 8880 60 9991 Exe Mega Rice Project area (Block C), 13 Indonesia 219'S 114 03' E  Waist, 2009
Central Kalimantan, Borneo
PK2-C14 8140 180 9053 North of Palangka Raya, Central 13 Indonesia 204S 11347’ E Neuzil, 1997
Kalimantan, Borneo
E2P23-3 7500 220 8321 Enggelam, Kutai basin, East 14 Indonesia 0 10’S 116 17" E Hope et al., 2005
Kalimantan, Borneo
GAK-11893 6830 180 7697 Batang Hari Delta, Jambi, Sumatra 5 Indonesia 120'S 103 54’ E Supiandi, 1988
MLT1-4 6610 200 7484 Lake Melintang, Kutai basin, East 14 Indonesia 017'S 116 19' E Hope et al., 2005
Kalimantan, Borneo
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 24N 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 128N 102 08' E Supardi et al., 1993
GAK-11896 5710 130 6520 Batang Hari Delta, Jambi, Sumatra 5 Indonesia 130'S 103 54’ E Supiandi, 1988
K1P17-3 5500 130 6280 Kupang Baru, Kutai, East 14 Indonesia 0 11'N 116 36’ E Hope et al., 2005
Kalimantan, Borneo
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 133N 102 06’ E Neuzil, 1997
SK7-T3 4915 90 5669 Siak Kanan, Riau, Sumatra 3 Indonesia 102'N 102 07’ E Neuzil, 1997
SRR-757 4896 70 5642 Pekan Nanas, Johore, 1 Malaysia 1 30'N 103 29 E Haseldonckx, 1977
Peninsula Malaysia
44 4780 55 5499 Berbak National Park, Jambi, 5 Indonesia 129°s 104 19'E  Silvius et al., 1984
Sumatra
GRO 1963 4270 70 4819 Marudi, Baram River area, 10 Malaysia 4 09'N 114 14 E Wilford, 1960
Sarawak, Borneo
JB 4250 210 4815 Batang Hari Delta, Jambi, Sumatra 5 Indonesia 120'S 104 00’ E  Cameron et al., 1989
WK3-C14 4040 170 4521 Teluk Keramat, West Kalimantan, 8 Indonesia 125N 109 08' E Neuzil, 1997
Borneo
ANU 8184 3960 180 4412 Baram River area, Brunei, Borneo 10 Brunei 4 27N 114 17 E  Woodroffe, 2000
Darussalam Woodroffe, pers. comm.
WK 26757 3784 40 4163 Rasau Jaya, West Kalimantan, Borneo 7 Indonesia 015'S 109 22’ E Anshari et al., 2010
B4 3570 502 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 14N 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
NZz-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, 6 Indonesia 2 38'S 104 53’ E Furukawa, 1994
Sumatra
KB 3 1140 502 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 106 S 104 04’ E Supiandi, 1988

Shibata et al., 1997

2 assumed sigma range (not reported).

7000 cal BP it decreases further, eventually to remain below
0.4 mmyr *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 2, followed by a Holocene maximum of
45 mmyr ! between w7500 and w 6800 cal BP. The mean rate
then declines stepwise to reach 1 mmyr * 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 mmyr *
and reaches its Holocene maximum of 2.5 mmyr  * at w 4800 cal BP
and a second, similarly high value at w 4000 cal BP (Fig. 3). From
w 4820 t0 4270 cal BP peat accumulationwas 3.6 mmyr  *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 mmyr ! 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 mmyr %

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 ° for Central Kalimantan sites and 0.044 g Ccm 2 for
coastal sites. The time weighted mean apparent rate of Holocene
carbon accumulation amounts to 3.3 gm 2 yr ! for Central Kali-
mantan and to 77.0 g m 2 yr ! for coastal peat domes ( Table 4).

4.4. Truncated pro les

A number of inland Central Kalimantan ( n¥48), Kutai (n %2) and
coastal peat domes (n % 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
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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.

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 wiill
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; Wust 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; Wust 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; Wist 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 ( Wist 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  rstfed
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 w1 mm yr
(Fig. 3); applying the average C density of 0.06 g cm 3, the mean
C-accumulation is estimated to have been w60 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 gm 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

1

6<



Odwh Txdwhuqgdu| Fduerq F|folgj ri Vrxwkhdvw Dvldg shdwodqgv 0 Sdshu L

1004 R. Dommain et al. / Quaternary Science Reviews 30 (2011) 9991010

age [cal BP]
0 2000 4000 6000 8000 10000 12000

Sunda Shelf
relative sea level (m)

Gunung Buda stalagmites
5'°0 (%)

peat depth (m)

cumulative number of
basal peat dates

El Junco
(% sand)

(o]
peat acc. (mm yr”)
C-Kalimantan domes

basal dates
per cal kyr

o N b~ O

0 2000 4000 6000 8000 10000 12000
age [cal BP]

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 d*®0 records from Northern Borneo ( n ¥ 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 (Galapagos) lake sediment record (% sand); higher values indicate stronger El Nifio activity (from
Conroy et al., 2008). (f) mean peat accumulation rate (mm yr %) 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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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)
north of Palangka Raya, C-Kalimantan (PK3)
All C-Kalimantan sites

Teluk-Keramat, West Kalimantan (WK3)
Siak Kanan, Riau Sumatra (C2)
All coastal sites

22.3 (6.5¢ 121.4)
51.2 (37.078.3)
31.3 (16.6e 73.2)

68.1 (55.6 €79.7)
75.6 (56.2e 103.4)°
77.0 (55.4e 107.1)2

Page et al., 2004
Neuzil, 1997

Neuzil, 1997
Diemont and Supardi, 1987a

@ For all unspeci ed sites mean bulk density and carbon content ( Table 2) are used in the calculation.

° Qutlier of 190.8gCm 2yr %

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
etal., 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 etal.,
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
atw0.3mmyr 1 (w20gCm ?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
cCm? 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; Wust et al., 2007 ). These high rates refer to the accu-
mulation of living roots and raw humus of modernage ( Weiss etal.,
2002; Page et al., 2004; Wust 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 Nifio 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 Nifio droughts lead to large evaporative losses from these
peatlands (Takahashi et al., 2002) and water level draw-downs of
up to 1e2 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 , ux (eddy
covariance) measurements of the near-natural Sebangau peat
swamp forest that show a release of w100 g C m 2yr ! between
May 2004 and May 2005, a non-El Nifio year ( Hirano et al., 2007).

Several palaeoclimate records indicate particularly intense El
Nifios 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 Nifios 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 Nifio 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 w6800 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
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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 Nifio
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
peatdomeswas w 1.7 mmyr 1 (w75gCm 2yr 1), well above the
contemporaneous rate of Central Kalimantan domes ( Fig. 3). The
peak in mean peat accumulation (2.5 mmyr %107gCm 2yr YHat
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 accumulationto  w 1.6 mmyr
(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,

1

75

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 w4.5 cm yr ! (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 Nifio intensity. In fact, an ENSO
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Table 5
Comparison of regional overviews on mean peat and carbon accumulation rates of
raised bogs.

Region Method N Peat Carbon Reference
(sites) accumulation accumulation
rate rate
(mmyr %) (gm 2yr Y
SE-Asia
Central Time- 11 0.54 31.3 This study
Kalimantan  weighed
average
Coastal Time- 14 1.77 77.0 This study
weighed
average
Finland LORCA >500 e 20.8 Turunen
et al., 2002
Russid LORCA e 0.34 38.1 Botch
etal., 1995
Canada, USR LORCA 32 0.55 26 Gorham
et al., 2003

2 Only Pine forested bogs.
5 Including some fens.
¢ LOng-term apparent Rate of Carbon Accumulation.

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; Wist et al.,
2003). The bulk density of these swamp forest hardwoods can be
considerable and reach values near 1 g cm 2 or more (e.g. Aglaia
rubiginosa, Dryobalanops rappa, Koompassia malaccensis Pala-
quium cochleariifolium, Shorea balangeran ICRAF, 2003. 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 770gCm 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 EI Nifio 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 Nifio 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 Nifios for major parts of the study area ( Li et al., 2007).
Such changes will promote further carbon losses from drained
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peatlands if suf cient conservation management measures are not
implemented.
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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)
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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 L 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 L until 6 ka and then
increased to 7.2 Tg C yr * 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 Nifio activity
induced an annual carbon release of 0.15 Tg C yr * 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 CO; 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

carbon cycle since the Middle Paleozoic as indicated by continental
coal deposits (Berner, 2003; Greb et al., 2006). Coal reservoirs are

Tropical peatlands are an integral part of the Earth s terrestrial generally derived from peat deposits produced by swamp forests, in
biosphere and have been an important component of the global 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

* Corresponding author. Tel.: b 49 3834 864177; fax: p 49 3834 864114, considered to represent important modern analogues for past coal

E-mail address: rene.dommain@gmx.de (R. Dommain). forming environments ( Cobb and Cecil, 1993).

http://dx.doi.org/10.1016/j.quascirev.2014.05.002
0277-3791/ 2014 Elsevier Ltd. All rights reserved.
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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.

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

85

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 Nifio-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.
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Peatlands are believed to be important in the global carbon cycle
as signi cant long-term sinks of atmospheric CO , (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 » 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 , 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 ¥ 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 ¢
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 Nifio-Southern Oscillation (ENSO; Hendon,
2003) and particularly in Sumatra also strongly in  uenced by the
Indian Ocean Dipole (I0OD) ( Saji et al., 1999). El Nifio 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 e50 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 €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 e50 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
400t ha ! (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 (O 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 cmka 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, 201). 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 % 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? 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 800e1200 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),
Wosten 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 %2 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 mmyr *forinland Central Kalimantan,
3) 1.89 mm yr ! for the Kutai basin, and 4) 0.46 mm yr ! 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.
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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 Borneotobe 77gCm  2yr 1,
in contrast to 3.3 g C m 2 yr ininland 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 ° 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 *C
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 beneaththe  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
modern peat 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 etal., 1996; Hirano et al., 2012 ). As
a result peatlands from inland Central Kalimantan have modern
calibrated radiocarbon ages down to a depth of w1 m below the
surface (Weiss et al., 2002; Page et al., 2004; Wiist et al., 2008). For
three inland Central Kalimantanpeatpro  leswe rejected the modern,
uppermost radiocarbon dates and extrapolated the peat accumula-
tion rate derived from the two preceding (hon-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 etal. (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 ¥2 megagram ¥ 108 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
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determined in units of Tg Cyr ! (Tg Y teragram ¥ 10%? 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 % 6) or rates of peat accumulation along with mean
values of carbon density ( n ¥ 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 ¥4 petagram ¥, 10° 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

Table 1
Changes in peatland area, carbon accumulation rates, rates of regional carbon storage

cores (n ¥ 8) from undrained sites in inland Central Kalimantan are
truncated with near surface (0O 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 ¥ 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 ( Wosten 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

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 Area (1000 km 2) 17.88 17.88 15.27 13.15 12.70 12.43 10.45 10.11 9.02 881 744 628 375 279 279 081
Kalimantan 1000 yr mean CAR 18.15 16.94 21.97 19.78 18.78 2442 28.82 4225 53.17 57.68 42.81 35.39 28.83 36.86 20.23 1.19
(gcm?yr M
C storage (Tg C yr %) 0.25 023 033 025 0.23 0.27 0.30 0.44 050 0.64 035 023 013 0.17 0.18 0.00
C release (Tg Cyr %) 0.14 0.4
C pool (Pg C) 3.83 3.73 367 335 3.10 2.87 2.62 2.32 193 146 093 058 039 0.27 0.09 0.00
Upper Kapuas Area (1000 km 2) 4.62 462 462 3.02 3.02 2.15 2.15 2.15 215 186 186 186 186 1.86 1.39 1.25
1000 yr mean CAR 2258 1411 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
(gcm2yr Y
C storage (Tg C yr %) 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 %) 0.01  0.01
C pool (Pg C) 0.84 0.76 0.71 0.69 0.68 0.63 0.56 0.51 044 037 030 023 0.16 0.09 0.04 0.01
Kutai Area (1000 km 2) 455 335 335 335 335 3.14 2.96 111 0.41
1000 yr mean CAR 64.03 58.32 87.02 83.66 87.72 111.41 177.89 213.89 145.02
(Cmyr M
Cstorage (TgCyr) 025 016 029 027 029 034 041 030 0.06
C release (Tg Cyr %) 0.01 0.01 0.003
C pool (Pg C) 2.01 180 164 135 1.09 0.79 0.46 0.16 0.02
Coastal Kalimantan Area (1000 km 2) 33.46 2270 13.60 597 5.97 0.50 0.50
1000 yr mean CAR 64.38 68.30 66.21 79.47 91.44 67.40 84.50
(gCm?yr M
C storage (Tg C yr 1) 2.16 155 090 048 0.56 0.03 0.04
C pool (Pg C) 4.28 242 139 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 64.38 68.30 66.21 79.47 91.44 67.40 8450 86.93
(gCm2yr
Cstorage (TgCyr ) 447 359 213 197 243 091 006 0.01
C pool (Pg C) 1214 829 595 429 234 043 004 0.01
Western Indonesia  Area (1000 km 2) 131.54 101.87 68.58 47.55 46.43 27.62 16.74 13.45 1159 10.67 930 8.14 561 465 4.18 2.06
(sum) mean CAR 5484 55.19 53.94 63.00 77.13 58.67 5194 60.69 54.84 66.11 44.96 37.08 35.26 49.42 49.20 0.94
@cmZyr ?
C storage (Tg C yr l) 7.21 561 3.68 299 3.58 1.62 0.87 0.82 064 0.71 042 030 0.20 0.23 0.21 0.00
C release (Tg Cyr %) 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 3.00 239 183 123 080 055 036 0.13 0.01

2 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 . Between 11.7 ka and 5.6 ka peatland
expansion was more than twice as fast at about 1900 km 2 ka % 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? (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? 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,
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carbon storage and release. Carbon storage and release are expressed as annual rates at
each millennial boundary.

surpassing the peatland areas of Kutai and Upper Kapuas. After-
wards coastal peatlands of Kalimantan only increased marginally
until 2.3-t0-0.5 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
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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
121gCm 2yr 'at91kaandof130gCm 2yr 'at8.6ka. After 7.7
ka CAR remained low between about 30 and 5g Cm 2 yr * pro-
ducing a convex carbon mass accumulation curve (quadratic
polynomial t, r?y, 0.953). The total accumulated carbon mass after
12,800 years amounts to 2950 Mg C ha

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
and7ka(91gCm 2 yr 1) but afterwards varied between 55 and
65gCm 2 yr L The carbon mass accumulation curve is linear until
4.5 ka (r? ¥4 0.984) or slightly concave (quadratic polynomial t,
r? 14 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 ameanofca70gCm 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, 113gC m 2 yr 1 petween 3.1 and 3 ka, and
about110gCm 2yr !between 1.3 and 0.8 ka. The resulting carbon
accumulation curve is linear ( r? ¥ 0.997) to slightly concave
(r? ¥40.998) producing a total carbon mass of 3800 Mg C ha ! after
about 5100 years of peat growth.

Accumulation at the coastal site Teluk Keramat (Kalimantan,
Fig. 3b) also uctuates around an average of about 70gCm 2yr 2,
but with much less amplitude. A maximum CARof98gCm  2yr !
occurs between 0.5 and w 0.2 ka. The corresponding carbon mass
accumulation curve is linear ( r? v, 0.995) to slightly concave
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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, 12 v, 0.999). The total accumulated carbon
mass of this 4500 year old peatland is 3250 Mg C ha % 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 ! by 15 ka to
7.2 Tg Cyr ! 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
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Fig. 4. Peatland carbon pools of western Indonesia over the past 15,000 years.

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 ! over the entire study period. The
maximum value of 0.09 Tg Cyr ! 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? large area at a rate of 0.01 Tg C yr ! (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 Cyr * prior to the Holocene
and then increased to a Holocene maximum of 0.64 TgCyr at9ka
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 * from 6 ka to O 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 * (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 ! and increased to a Holocene maximum of 0.4 TgC
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 * 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 * or 92%.

The regional rate of carbon storage in coastal Kalimantan was
stillinsigni  cantat 6 and 5 ka, but at 4 ka it was already comparable
to the carbon storage of all inland regions of Kalimantan. Carbon
storage rosetoa nal, maximum rate of 2.2 Tg Cyr ! 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 's
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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 ! 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 TgCyr ‘at3to2
ka. Over the last two millennia the regional rate of carbon storage
increased greatly to 4.5 Tg C yr ! 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 ). 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
(0Oe 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
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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.

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 mmyr ! (13e
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 ? of Kalimantan that are presently located at an elevation
thatisonly 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 km?) of this low-lying
land is currently covered with peat in Sumatra and 26%
(w 5000 km ) 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
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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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Dryas.

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 ¢ 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
(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 e 16 ka), which was the

1
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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 41 mmyr * (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 myr ' (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 (ig. 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 1la 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 Bglling/Allerad (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
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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 (12.9e11.7 ka) when the rate of rising sea level also
decreased to about 6 mmyr ! (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 mmyr *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
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 mmyr !, 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 ! and continued to

1

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 p 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 arate of ca 1 e2 mmyr 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 etal.,
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 €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 *C 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
77gCm 2yr *(Dommain et al., 2011 ), which is four times higher
than that of northern peatlands (18.6 g C m 2 yr L Yuetal, 2009)
and more than six times higher than that of the subtropical peat-
lands of the Florida Everglades (121 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 ! for the southern part of the West Siberian peat
basin, which is, however, largely of Early Holocene age ( Smith etal.,
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 L 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 ! (Gorham et al., 2003; C content
of 51.7% from Gorham, 1991), compared to an estimated 3500 Mg C
ha ! 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 (15e5.5
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 w3 Tg C yr ! 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 ! for the
West Siberian Lowlands ( Smith et al., 2004 ), but lower than the
average 11 Tg C yr ! 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 ! on an area basis of 3.3  10° km?
(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 ° 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



Grppdlg hw dol 5347 Fduerq vwrudjh dgg uhohdvh Iq Lggrghvidg shdwodggv

R. Dommain et al. / Quaternary Science Reviews 97 (2014) 432 23

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

Indermihle et al. (1999) explained the post 8 ka rise in CO ; by
the release of 195 Pg C from the terrestrial biosphere. Records of
Bce co, from Antarctic ice-cores, however, invalidate the sole
attribution of the CO ; 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 CO, 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 ».

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
tothe 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
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 , after

1

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 , prior to the
onset of modern peatland degradation. The actual atmospheric
impact might have been a CO, drawdown on the order of 1 e2
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 factorsin  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., 2019. 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 ¢ 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 , 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 » fertilization effect ( Prentice et al.,
2011), allowing for carbon accumulation to increase from 1 to
30gCm 2yr !between 15 and 11 ka ( Fig. 2; 9).

The major climatic change during the Lateglacial e Holocene
transition in the Indo-Paci ¢ 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 ¢ 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 ! 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 ¢ 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 w20to w90gCm 2yr !at9.5ka (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 ! 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 CARof91gCm 2 yr 1 of coastal peatlands from
Kalimantan and Sumatra was synchronous with the recorded Ho-
locene rainfall maxima at 5 e4 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 etal., 2011 ). The
following decline in mean CAR by 25 g C m 2 yr * 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 aninter  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 ¢ 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
Partin et al., 2007) and from Flores (grey line: actual data, red line: 5-point running mean: from
wax dD record of moisture history from the Makassar Strait off Sulawesi (blue line: actual data, black line 5-point running mean: from

from speleothems from Borneo (upper red line: from

Laskar et al., 2004). B) d**0-based moisture reconstructions
Grif th etal., 2009). C) leaf-
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 , concentration from the EPICA Dome C ice-core record (from Monnin et al., 2001 ; Fluckiger et al., 2002). G) Annual rate of carbon

storage of the total of western Indonesian peatlands at each millennial boundary.
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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 Nifio
activity. The abrupt increase of El Nifio intensity at 2 ka triggers the release of the
additionally accumulated carbon. El Nifio record at the bottom is from Conroy et al.
(2008).

suggest that inland peatlands in Kalimantan stopped accumulating
and, in fact, started to lose surface peat in response to enhanced EI
Nifio activity during the last 2 ka.

The stronger El Nifio 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, ElI Nifio 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 ¢ 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 onthe 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 peatpro les ranges from15t0105gCm 2yr *
(mean ¥438Cgm 2 yr 1 nv47, 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 gCm 2 yr !
(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 %, 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 peatres

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 e 150 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 Nifio 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 Nifio 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 etal., 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 Nifio 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. Wosten 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 EI
Nifio reconstruction of Moy et al. (2002) identi es 5, 5, 3, and 9 El
Nifio events per 100 years respectively for these four periods of
possible re activity. If res were directly controlled by EI Nifio
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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

droughtsthen3t0 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
20kgCm 2 per re.

These potential carbon losses from Late Holocene peat res are
in the lower range of modern  re-related losses (6e 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?) 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

Fig. 10. Eddy ux tower site of Hirano et al. (2007, 2012) .

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 Yininland 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 Cyr * (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
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years. During wet La Nifla years carbon emissions in western
Indonesia are much lower ( w 35 Tg C yr ) than during dry El Nifio
years (w 130 Tg C yr *; van der Werf et al., 2008 ). The res of the
major El Nifio 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 TgCyr ! (van
der Werf et al., 2008). The estimated carbon release from Late
Holocene peat res of 0.1e3.6 Tg C yr ! 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
(range: 160-250 Tg C yr *; 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 ¥ by 2020 and to 250 Tg C yr ! 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 CO, concentration in the atmosphere.
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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.

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 ,
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 mmyr * 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
2.4mmyr !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
Nifio 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 »
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 , concentrations.
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lruhvw g|gdplfv dgg wilsOxs srrov gulyh sxovhv
r kljk fduerq dffxpxodwlrg udwhv Iq d wurslfdo
shdw grph Ig Erughr +Vrxwkhdvw Dvld,
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vxfk dv orgjOwhup vkliwv Ig wkh phdq srviwlrg ri wkh Lsifdauiarayhujhgfh Jrgh +Grppdlig hw dol 5347,1

Krz0 hyhu/ ehfdxvh ri wkh h{wuhpho| orz gxpehu ri dydloddgitfduerqg gdwhg shdw fruhv +h1j1 Vxsdugl hw dol
4<<6/ Qhx}lo 4<<:/ Sdjh hw do1 5337,/ Iw uhpdigv xgfohdiw&rg tiffxpxodwirg udwhv Iq Igglylgxdo shdwodggv
kdyh ydulhg ryhu vkruwhu wiph vsdqvl Lq sduwlfxadw gdialderiq dffxpxodwlirg udwhv rq ghfdgdo wr
fhgwhqgldo wiphvfdohv kdyh vhogrp ehhq uhvroyhg/ Zkinghitkhww ehklgg ioxfwxdwlrgv rg wkhvh wiphvfdohv
ghhg wr eh Ighgwlilhg wr Ipsuryh suhglfwirgv rq wkh ixweuédodqgfh ri wurslfdo shdwodggvl

Lg jhghudo/ folpdwh dv pdglihvwhg e| uhjirqdo whpshuttygxsbiaflsiwdwirg Iv eholhyhg wr h{huw dq
ryhuzkhoplgj frqwuro rq shdw fduerq dffxpxodwirq e| lgiatyj erwk sodgw surgxfwlylw| dgg rujdglf pdwwhu
ghfrpsrviwirg +h1j1 Orwwhv ) JIhjohu 4<<7/ hw do1 538kafiek) hw dol 5346,1 Krzhyhu/ vwxglhv Ig gruwkhugq
shdwodqgv vkrzhg wkdw yhjhwdwlrg fkdgjhv/ dxwrihgl§iglstisfbvvhy dqg hfrvjvwhp glvwxuedgfhv fdg dovr
surgxth yduldwlrgv Ig fduerq dffxpxodwlrg udwhv g slkysMepgitshgghqw ri folpdwif fkdgjh +h1j1 Nloldg hw dol
5333/ Pdxtxr| hw dol 5335/ Wxuhwvn| hw dol 5335/ Frxzhdémijyhqg 5338,1 Iru wurslfdo shdwodqgv ri
gruwkzhvw Erughr/ Dgghuvrqg +4<94d/ 4<;6, vxjjhvwhg witginsigelw vzdps iruhvw vxffhvvirg shdw
dffxpxodwlrg ghfolghv ehfdxvh ri fkdgjlgj yhjhwdwlirgl Rwyhu/ k|gurorjifdo ihhgedfn phfkdglvpv vhhp wr
plwljdwh yduldelolw]| Iq dwprvskhulf privwxuh vxsso| lgpadkfivurskif shdw vzdps iruhvwy +Grppdig hw dol
5343, dgg wkxv olnho| diihfw orgjOwhup udwhv ri fduergaiffxirq +Grppdig hw dol 5344,1 VIplodu wr gruwkhug
iruhvwhg shdwodqgv/ wkh sdwwhuqv dqg g|gdplfv ri Dddgtsihdw vzdps iruhvwy duh dovr vwurgjo| Igioxhgfhg
e| ydulrxv glvwxuedgfh djhgwv +Dgghuvrg 4<94d/ Euxhg|fla¢xvthswlelolw| wr givwxuedgfh Iv sduwifxoduo| kljk
lg wkh/kruhd doelgghdw vzdps iruhvwy ri gruwkzhvw Erughr +l11j1 4,/ zkItk dusdfvhg e| zlqg wkurz/
olikwqlgj gdpdjh/ Igvhfw rxweuhdnv/ gurxjkwv/ wuhddggipdvv pryhphgwv ri shdw +h1j1 Dgghuvrg 4<94d/
4<94e/ 4<97/ 4<99/ Eujqlj 4<97/ 4<:4/ 4<:6/ Zloirug 4<9941l 5,1 Zlqg wkurz dgg wr vrph h{whqgw oljkwqglg;
zloo fdxvh wkh jhghudoo| vkdoorzOurrwhg wuhhv ri shewwizzdperw dqg idoo wkhuhe| whdulgj d fdylw]| Iqwr
wkh shdw Iq zklfk d wisOxs srro irupv +\dpdgd 4<<:/ lj1 5,1\M8urfhvv kdv ehhq k|srwkhvl}hg e| Jdvwdogr

dgg Vwdxe +4<<<, wr fuhdwh shuhqgldoo| iorrghg viwiphg stidwgpdggv/ zklfk surylgh rswipxp fraglwirgv

iru wkh suhvhuydwilrq ri gholfdwh sodgw olwwhul \&hg|biaavikial jnghudo sdudgljp wkdw wurslfdo shdw vzdps
iruhvwv pdlgo| ghsrviw zrrg| shdw +Srodn 4<66, zlwk stvfitgehtxhgfhv iru wkh udwhv dqg vsdwlrOwhpsrudo
sdwwhugqy ri fduerq dffxpxodwlrgl Wkh hiihfwv ri iruhtmmiesdf glvwxuedgfh uhjlphv/ dgg srro irupdwirg rq

wkh dffxpxodwilrg ri fduerq ryhu wiph kdyh suhylrxvo| grwgdgyhvwljdwhg Ig wurslfdo shdwodqgv dgg duh
wkhuhiruh wkh irfxv ri wkiv vwxg|l Iru pruh wkdq wzr ghfdghikhdvw Dvid vxiihuv iurp zlghvsuhdg dgg
Igfuhdvlgj ghiruhvwdwlirg wkdw kdv uhvxowhg Iq aaywebdfiapdti gdwxudo shdw vzdps iruhvwv +Plhwwlighg hw
dol 5345, vhyhuho| olplwlgj uhvhdufk Igwr wkh qdwxtidoi gtgdph xqltxh hfrvjvwhpvl Euxghl riihuv dg
xgsdudoohohg rssruwxglw| iru d uhsuhvhqwdwlyhxeghetdtitvindv kdueruv wkh odvw Igwdfw uhpgdgwy ri grphg
shdw vzdpsv Ig Vrxwkhdvw Dvid1

4141 Phwkrgrorjlfdo sureohpv

H{sorulgj orgjOwhup shdwodqg g|qdplfv zlwk wdujhwhgughdigdo|vhv surylghv d ghhshu phfkdglvwif
xqghuvwdqglqj ri wkh pdmru shdw dffxpxodwlirg surfhvwimvdgighuv Ipsruwdgw edvholgh Igirupdwirg iru
prghug dqg ixwxuh glvwxuedqfh uhjlphv +PfOdxfkodq hwi dd@13B@iw fruhv ghhg wr eh dgdo|thg dw kljk
whpsrudo uhvroxwirg wr surylgh ghwdlohg lgvijkwv sdpgdetvdrg dgg fduerq g|gdplfvl Uhjuhwwdeol/ shdw
fruh vwxglhv ri Vrxwkhdvw Dvldq shdw vzdps iruhvwy dgrgdifdkio| vhyhuho| frgvwudlghg e| wkh odujh
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llixuh 4= Shdwodqg glvwulexwlrg rgq Erughr vxshulpsrvhg rg d VUWRIadfjohydwlirg prghol Wkh eurzq
sro|jrqv pdun shdwodqgv wkdw duh orfdwhg zlwklg wkhilgidewlidgjh Vkruhd doelgdWkh uhg vtxduh
pdunv wkh duhd vkrzq Iq Ilj1 61 Qxpehuv ghgrwh rwkhu stghlvqadigihg Ig wkh whiw= 4, Udmdgj Ghowad/ 5,
Whoxn Nhudpdw/ dqg 6, Udvdx Md|d1

dprxgw ri ghgvh zrrg frqwdlghg Ig wkh shdw ghsrviwv +lI\V&HLdexqgdagfh ri exulhg zrrg +4, riwhq suhyhgwv
frpsohwh fruh uhfryhu|/ +5, orzhuv wkh uhvroxwirq ri allgdré; gdwlgj vigfh wkh zrrg fdq eh ri glihuhgw djh

wkdq wkdw ri wkh dgmdfhgw shdw pdwul{/ +6, frpsolidivexoawgiftiviw| phdvxuhphgwv/ dgg +7, lgwurgxfhv
whpsrudo jdsv Iq sdohrhqylurgphgwdo uhfrgvwuxfwlrgly exfiohq uhfrugv +h1j1l Srodn 4<66/ Dgghuvrq )
Pxoohu 4<:8/ Hvwhuoh ) lhup 4<<7/ Vklpdgd hw dol 5334/48djb38v7/ Vxpdzlgdwd hw dol 533;/ Zjvw hw dol
533;,1 Lgfrpsohwh uhfryhu| ri wkh zrrg iudfwlirg Ig sdumdéxohdgv wr xgfhuwdlgwlhv Ig hvwlpdwlgj wkh exon
ghqviw| dgg fduerq frqwhqw ri shdw surilohvl Wklv Ipsmxwithovhuuru gluhfwo| diihfwy uhfrgvwuxfwhg udwhv ri
fduerq dffxpxodwirg +Grppdig hw dol 5344, dqg uhijlrgdpdwtw ri fduerq srrov +Grppdlg hw dol 5347,1 Wkh

ihz dydlodeoh shdw fruh uhfrugv wislfdoo| vxiihu iurp zigiseiqj Igwhuydov iru erwk udglrfduerqg gdwhv dqg
exon ghqviw|/ zkhuhdv fduerq dffxpxodwirg fxuyhv riwinguadéruwlgj Igirupdwirg rqg wkh sdohrOyhjhwdwirg
+Dqgghuvrg dqg Pxoohu 4<:8/ Pruoh| 4<;4/ Glhprgw ) Vxsdugl/A4sdugl hw dol 4<<6/ Qhx}lo 4<<:/ Sdjh hw
dol 5337,/ zklfk suhfoxghv Igvljkwv Iq krz folpdwh/ ghagthieru dxwrijhglf surfhvwhv diihfw fduerq
dffxpxodwlirql Prghug grqOghvwuxfwlyh whfkgltxhv irk]iatslo/ jhrfkhplfdo/ dgg Ipdjh dgdo|vhv ri fruhv

zlwk yhu| ilgh vdpsolgj Igwhuydov +Urwkzhoo 5339, supthgladwr ryhufrph vrph ri wkh gliilixowlhv Iq
phdvxulgj fruhv ulfk Iq zrrg1

4151 Remhfwlyhv

Khuh zh suhvhgw wkh iluvw fruh uhfrug ri fduerq dffxpxadimity iurp Wkruhd doelgshdw vzdps iruhvw ri

Erughrl Wklv vwxg| zdv ghvljghg wr dgguhvv irxu Ipsruwlgmircgv frgfhuglaj wkh fduerq dqg hfrvjvwhp

g|qdplfv ri wurslfdo shdwodqgv= +4, zkdw frqwurov fdbegmgatiwlirg ryhu wiphvfdohv ri 43 wr 433 |hduv/ +5,

zkdw Iv wkh uhodwlyh Ipsruwdgfh ri h{whuqdo folpdwitigd fefrw|vwhp gulyhuv Ig Igioxhgflgj fduerq
dffxpxodwlrg dw wkhvh wiphvfdohv/ +6, zklfk wishv ri kitypglvwxuedqfh dowhuhg udwhv ri fduerq dffxpxodwirg

Ig wkh sdvw dqg zkdw Iv wkh vsdwildo vljqglilfdgfh ri wikugdgiaw|shv rq wkh vfdoh ri d shdw grph/ dgg +7,

zkdw Iv wkh uroh ri wisOxs srrov Ig wkh fduerq g|qdplfv rilfstorgrphg shdwodqgvB Lqg sduwlfxodu/ zh whvwhg wkh
k|srwkhvlv ri Jdvwdogr dgg Vwdxe +4<<<, wkdw wisOxBdniovdyrudeoh viwhv iru sodgw olwwhu ghsrviwlrg dqg
suhvhuydwlrgl Zh dgguhvvhg wkh odvw wzr txhvwirgvsjjghylmodwirg prgho ri shdw dffxpxodwirg

g|qdplfv edvhg rg wkh fruh uhfrug/ dgdo|vliv ri dhuldo skindskv/ dgg ilhog revhuydwirgvl



Grppdlg hw dol +vxepl, Iruhvw g|qdplfv dgg wisOxs srrov gulyh fduerq dffxpxodwirq

llixuh 5= Skrwrjudskv ri shdw vzdps iruhvw dqg iruhvw shdw |lg EuXdhtDis srro Ig wkh Phggdudp shdw grph
iruphg iurp d idoohdvkruhd doelgdiuhhl Wkh srro Iv ; p dfurvwwl E, H{srvhg shdw zdoo dorqj algkidkwkh
dexqgdqfh ri xgghfrpsrvhg odujh zrrg slhfhv dgg ri vpdoohumwv hpehgghg Ig wkh shdwl F, Ruwkrskrwrjudkuhd
doelgdyrplqdwhg shdw vzdps iruhvw rq wkh Phggdudp shdw grphkrslvw83 p zlgh fdgrs| jdsv surgxfhg e|
oljkwqlgj dqg zlgg wkurzl Skrwr wdnhq e| Euxghl Vxuyh| @ipajw Ig 533<1

51 Vwxg| Duhd

Wkh Phggdudp shdwodqg +7£530 Q dqg 447£530 H/ 111 4 poliw@3riawkh frdvw Igq wkh Ehodiw Glivwulfw ri
Euxghl Gduxvvdodp Ig wkh gruwkzhvwhuq sduw ri wkio htedegguid=rughrl Wkh shdwodqg Iv orfdwhg rq wkh
Igwhuioxyldo glylgh ehwzhhq wkh Phggdudp dgg wkh EduettjURth, dqg Iv rgh ri wkh odvw sulvwigh shdwodggyv
rg Erughrl Lw fryhuv dg duhd ri dssur{lpdwho| 78dgg kdv d vxuidfh hohydwlrg ri 518 wr : p deryh vhd ohyhol
Wkh shdwodqg Iv sduw ri wkh 64@8lajh shdwodqg frpsoh{/ zkltk fryhuv wkh ghowdv ri wkh dayéipodiw
Ulyhuv +l1j1 6d, dgg zklfk frqvivwv ri dssur{lpdwho| 63 lgdéyxdo shdw grphv zlwk shdw ghswkv udgjlgj iurp

4 wr 45 p +h1j1 Dgghuvrq ) Pxoohu 4<:8/ Ixuxndzd 4<;;/ WIh ) klveh 4<<5/ Vwrghpdq 4<<:,1 Odwh Krorfhgh
ghowd surjudgdwlrg +Fdolgh ) Kxrgj 4<<5, dqg surjuhvwhidadug h{sdqvirg ri shdwodqgv Iv lgglfdwhg e| wkh
vrxwk wr gruwk fkurgrvhtxhgfh ri edvdo pdgjuryh dgg shdwwgdw33/ 7733/ 6<33/ dqg 4393 fdo ES dw
Pduxgl/ Vxgjdl Sdjdod|dg/ Oxern Ehodqdn/ dgg Nxdod Edindghtwlyho| +l1j1 6d/ Wih ) Hvwhuoh 4<<5/
Zrrguriih 5333,1

Euxghl kdv dqg htxdwruldoOkxplgOglxuqgdo folbdwerdowhu +4<;8, dgg wkh frdvwdo ehow dqg dyhudjh dggxdo
udlgidoo ri 5;;3 pp +phdvxuhg Ig Vhuld dgqg Nxdod Ehodiwhef#wzh1 dqg 5337,1 Prqwko| udlgidoo gdwd
Igglfdwh frqvwdgwo| shukxplg fraglwirqv ehfdxvh sutifigteyvxusdvvhv srwhqwldo hydsrwudgvsludwirg +11h1 433
pp/ Zdowhu 4<;8, Ig hyhu| prgwkl Wkh orz vhdvrgdolw| lqdadiaglvwulexwlrg fdg eh h{sodlghg e| wkh
ryhuzkhoplgj [hduOurxqg Igioxhgfh ri wkh Lagwhuwurslégdngjhqgfh Jrgh +LWF], ryhu gruwkhug Erughr +Free

hw do1l 533:,1 W|slfdoo|/ udlgidoo Iv yhu| orfdolthgwddyg ktioly| fraqyhfwlyh vkrzhuv gxulgj wkh diwhugrrg/

riwhq dvvrfldwhg ziwk wkxgghuvwrupvl Qhduo| 533 wipxoginuyvdu kdyh ehhqg uhfrughg dw wkh Edqgdu Vhul
Ehjdzdg Lgwhugdwlirgdo Dlusruw +Mdphv 4<;7,1 Whpkpdthwuitpdundeo| frgvwdgw wkurxjkrxw wkh |hdu
zlwk dyhu0djh prgwko| whpshudwxuhv ioxfwxdwlgj ehwlgjghs 59/ zkhuhdv wkh gixugdo whpshudwxuh udgjh

Iv ehwzhhq : dgg <EF +Mdphv 4<;7,1 Xqghu vxfk zdup dgg zhewitblfipggiwlrqv wkh gdwxudo xsodgg yhjhwdwirg

Iv wurslfdo udlgiruhvwl
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Wkh wish ri udlgiruhvw fryhulgj wkh grphg shdwodqgyv ri wdiOEthodiw Ghowd Iv shdw vzdps irunvw +Dgghuvrq
) Pxoohu 4<:8,1 Wkh shdw grphv vkrz d fohdu frgfhqwulf }rqdims wr vI{ vrOfdoohg skdvlf frppxglwlhv

+S1F1 409, +Dqghuvrq 4<;6,1 Wkh vkdoorz shdw grph péuitgliuhg zlwk vshflhvOulfk phg vzdps iruhvw
+S1F1 4, zlwkqg|vw|oxv edgfdgxwdggGdiw|orfodgxv vwhgrvwdiiwgrplgdgw fdgrs| wuhhvl Wkh odujhvw
sruwlrgv ri wkh shdw grphv duh fryhuhg zlwk iruhvw frppxgiw$lF1 507, frpsohwho| grplgdwhg e| wkh
hqghplf Glswhurfdu¥’kruhd doelgéiDgghuvrg 4<96/ Dvkwrq 4<97/ llj1\MKtuhd doelgadiuhhv duh ehwzhhq 63

wr :3 p wdoo/ fdg kdyh d vwhp gldphwhu ri xs wr 518 p/ dqg dojlirexerwuhvv urrwv wkdw h{whgg xs wr 8 p xs
wkh wuxgn dqg vsuhdg 90: p dzd| iurp wkh wuhh +Dvkwrqg 4e@mPEg6/ Ixuxndzd 4<;;/\dpdgd 4<<:,1

Doprvw sxuh vwdqgWkruhd doelgdovr grplgdwh prvw ri wkh Phqgdudp shdw grph +llj1 6e,/ zklvuts wr

6 p Kljk vwdqgv ri wkh prgrfrwSdggdgxv dgghuvrgiup d ghgvh xgghuvwruh|1 Qhduo| flufxodu fdgrs| jdsv
uddgjlgj Ig vith iurp 8 wr 83 p dfurvv rffxu uhjxoduo| g wkh slidzdps iruhvw +11j1 6e,1

61 Pdwhuldov dgg Phwkrgv

6141 Fruh froohfwlirg

Ehwzhhqg 64 Rfwrehu dqg 5 Qryhpehu 5344 irxu slvwrq fruhvieboiffwhg iurp wkh Phggdudp shdw grph Ig
Euxghl Gduxvvdodp xvlgj d prglilhg Olylgjvwrgh vtxduh ukgrgq fruhu htxisshg zlwk d 433 fp orqj/ 43 fp
gldphwhu vwhho eduuho/ dgg d vhuudwhg fxwwiqj hgyrdeZulikw hzklfk doorzhg wkh uhfryhu| ri exulhg
zrrg xs wr 63 fp wklfn1 Fruhv zhuh froohfwhg Iq vxfthvvlyhydulri xs wr 4 p ohgjwk e| d kdoiOurwdwlgj vdzlgj
prwirg dgg vipxowdghrxv grzgzdug wkuxvw dssolhg wr kdggiohdd-ruh vhifwlrqv ri hdfk gulyh zhuh h{wuxghg
Ig wkh ilhog Iqwr vsolw dfu|orglwuloh exwdglhgh vwublgheBég vkisshg wr wkh Qdwlrgdo Odfxvwulgh Fruh
Idflolw| +OdfFruh, dw wkh Xglyhuviw| ri Plgghvrwd/ Plgghdsu vdpsolqj/ dgdo|viv/ dgg shupdghgw frog
vwrudjhl D frpsohwh shdw suriloh ri 41;3 p wkifnghvv zdWvitagpdw 483 p iurp wkh shdwodqg pdujlq +11h1
Phqgdudp Ulyhu/ 11j1 6e,1 Dw 4583 p iurp wkh shdwodqg paujioquw zhuh wdnhg/ exw pdvvlyh kdug zrrg
od|huv dw 4193 p dgg 5198 p ghswk/ uhvshfwlyho|/ suhgblyiwigj frosohwh shdw surilohvl D 81;4 p orqj
suriloh xs wr wkh pdulgh fod| +slvwrq fruh PGP4405D/ ubitamatv wkh OfruhO, zdv froohfwhg Iq vi{ vhiwlrgv
<33 p iurp wkh shdwodqg pdujlg +7£55*5419% Q Odwl dd 4% EBdtqjl, |gdkruhd doelgdwdqg ri

skavlf frppxglw| 6 +lj1 6,1 Wkh fruh zdv wdnhq iurp d voljklsghvvirg ri wkh iruhvw iorru zlwk wkh zdwhu wdeoh
orfdwhg dw wkh jurxqg vxuidfh dw wkh wiph ri frulgj1 Wiiwdrgh zdv gdwhg dqg dgdo|}hg Ig ghwdlo/ h{fhsw
iru wkh orzhuprvw vhiwlrg zkifk frgvivwv hqwluho| ri pdiddfi

6151 Fruh orjjlgj dgg surfhwvlgj

Dw wkh OdfFruh idflolw| wkh zkroh fruh vhiwlirgv ri fruh PGB zhuh iluvw vidqghg zlwk d Jhrwhn PxowlO
Vhqvru Fruh Orjjhu +PVFO, wr dxwrpdwlfdoo| phdvxuh zhvgkgelw| e| jdppdOud| dwwhagxdwlirg dw 318 fp
vdpsolgj Igwhuydovl1 Hdfk fruh vhfwlirq zdv orjjhg wkuhi wliwik wkh fruh urwdwhg 78% vr wkdw wkh jdppd ud|
ehdp sdvvhg wkurxjk glihuhgw furvwOvhfwlrqdo suriletikhdwph ghswk Iqwhuydo wr dffrxqw iru wkh
khwhurjhghiwlhv zlwklg wkh shdwl D phdq ydoxh ri zhvedhépdi§odwhg iurp wkh wkuhh vxfthvvlyh orjjlgj
uxqv iru hyhu| 318 fp vdpsolgj lgwhuydol Rq wkh Jhrwhn PUROduh krul}rqwdoo| sxvkhg sdvw d FdhvixpO
46: jdppd udgldwlrg vrxufh dqg ghwhfwru xqglw/ zklIfk kdv dfkgj wiph ri 43 vhfl Zhw exon ghqviw| Iv wkh
Igyhuvh sursruwlrg ri wkh wrwdo dprxgw ri uhfhlyhg jdppd-tiulj1 Jrolwvfknd hw dol 5334,1 D fdoleudwlrg wxeh
frqvivwigj ri d zdwhu iloohg 43 fp Iqghu gldphwhu DEV sldhddygvhuwhg doxplgxp fruh ri ydu|lgj gldphwhu

zdv xvhg wr fdoleudwh wkh jdppdOghgviw| ydoxhv iru wkatxelghti +Zhehu hw dol 4<<:/ Ehvw ) Jxqq 4<<<,1
WEkh fruh vhfwlrgv zhuh wkhq vsolw orgjlwxglgdoo| ziwtqd@galghg edgg vdzl luhvk vsolwOfruh vxuidfhv zhuh
Ipdjhg zlwk d Jhrwhn PVFOOFLYV zlwk JhrVfdg LY gljlwdo oldgtiphud dw d uhvroxwirg ri 53 shov shu pp

iru  ylvxdo fruh ghvfulswirg dqg vxevhtxhqw Ipdjh dgddlgdbglwlrg/ 5 fp zlgh [Oud| udglrjudskv zhuh
wdnhq dorgj wkh fhgwhu ri wkh vsolw fruh vxuidfhv ziwk[d@udjvidiih vfdgghu dw wkh Odujh Odnhv
Revhuydwru| +Xglyhuviw]| ri Plgghvrwd0Gxoxwk,1

<3



Grppdlg hw dol +vxepl, Iruhvw g|qdplfv dgg wisOxs srrov gulyh fduerq dffxpxodwlrq

llixuh 6= D, Wkh EdudpOEhodiw shdwodqg frpsoh{ ri Euxghl dqg Vdedadivid, Iq gruwkzhvw Erughr ziwk wkh frulgj
orfdwlrg lg wkh Phggdudp shdw grph +uhg grw,1 Qxpehuv A0Wkiu shdw fruh vwxglhv glvixvwhg Ig wkh wh{w1l
Lgwhuioxyldo/ iruhvwhg shdw grphv duh uhsuhvhgwhghbfjddomud Uhjxoduo| vkdshg/ slgn duhdv duh rlo sdop
sodqwdwlrgvl Odqgvdw : HWP Ipdjh iurp 43 Mxo| 53341 E Mdjkwing vdwhoolwh Ipdjh ri wkh Phggdudp shdw grph
zlwk wkh fruh orfdwlrgl Wkh euljkw vsrwv duh fdgrs| jdgldaldudhq iurp Jrrjoh Hduwk +Lpdjh « 5347 Gljlwdo Joreh/

« 5347 FQHV2Dvwulxp,1

<4
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6161 Lpdjh dgdo|viv dgg zrrg frqwhqw

lurp wkh gljiwdo fruh Ipdjhv zh h{wudfwhg eodfn dgg zklwhydwoo zhoo suhvhuyhg zrrg slhfhv odujhu 315
fp 5 zlwk wkh Ipdjh surfhvvlgj vriwzduh LpdjhM yhuvirg 417: €daly 4<<:/ DeuSprii hw do1 5337,1 Wkh iudfwirg
ri zrrg vxuidfh duhd iurp hdfk vxfthvviyh 4 fp Igfuhphgw ri fr uh vxuidfh zdv hvwlpdwhg iurp wkh eodfn dgg
zklwh pdvnv Ig LpdjhM1 Lq dgglwirg/ wkh gxpehu ri zrrg sliaftuh frxqwhg Ig hdfk 4 fp Igfuhphqw xvigj
wkhvh Ipdjhvl

6171 Olwkrvwudwljudsklf fruh ghvfulswirg

Vsolw fruhv zhuh ghvfulehg ylvxdoo| dqg e| phdgv ri vphgtudgdlo|viv ziwk d shwurjudskIf plfurvirsh wr
hvwdeolvk olwkrvwudwljudsklf xglwv dgg wr uhfrug simasidtigisrviwlrg/ ghjuhh ri kxplilfdwirg dv zhoo dv wkh
jhghudo elrorjlfdo frpsrghqwv/ plghudo frpsrviwlrg/ dqdktlufrdo suhvhgfhl Sroohq vdpsohv wdnhg iurp wkh
pdmru olwkrvwudwljudsklif xglwv zhuh suhsduhg dffragliggdug surfhgxuhv +ldhjul ) Lyhuvhq 4<;<, dgg wkh
prvw iuhtxhgw sroohq dgg qrqOsroohq sdo|grpruskv uhftugigwlilfdwirg dgg lgwhusuhwdwirq ri plfurirvvlov
zdv dighg e| Dqghuvrq dgg Pxoohu +4<:8,/ Pdxu| hw do1 kg 8ltho +4<:9,/ ydq Jhho hw dol +4<;4,/ Sdov hw
dol +4<;3,/ Vipprqv hw dol +4<<<,/ Pdr hw dol +5345,/ ddddiigghxavl frppxqgl,1 D ihz vdpsohv ri wkh
edvdo shdwOvhglphgw wudgviwlrg zhuh h{dplghg iru wktitufpdevhqw zlwk d Kiwdfkl WP 4333 wdeohwrs
vfdqqlgj hohfwurg plfurvirsh +VHP, zlwk dq Igwhjudwhg|[@liddfwirg +[UG, dqdo|thul

6181 Udglrfduerq gdwilgj dqg djh prgho

Prvw udglrfduerq gdwhg surilohv iurp wurslfdo shdwddggdvtuyrg wkh dgdo|vlv ri exon shdw vdpsohv +h1j1
Dqghuvrqg ) Pxoohu 4<:8/ Glhprgw ) Vxsdugl 4<;:/ Vxsdugl hiv4to<6/ Qhx}lo 4<<:/ Sdjh hw do1 5337, ghvsiwh
wkh vxvfhswlelolw| ri exon gdwhv wr fkurgrorjlfdo huwtuy éflwkh Igmhfwirg ri |rxgjhu pdwhuldo e| urrwy
+Jodvhu hw dol 5345,1 Wkiv srvwOghsrviwlrgdo fravedjregimr fduerqg pd| uhvxow Ig exon gdwhv ehlgj
vhyhudo kxgguhg |hduv |rxgjhu wkdq pdfurirvvlov ghsifetywigpsrudghrxvo| ziwk wkh shdw pdwul{ +Zjvw hw
dol 533;, ohdglgj wr djh Igyhuvirgv Iq ghgvho| gdwhgsai@djin hw dol 5337,1 Zh wkhuhiruh rqo| vdpsohg
pdwhuldo iurp deryh jurxqg ruljlq Igfoxglgj vhohfwhg sqoldfwrirvviov/ irvvlo uhvig ru Ig wkhlu devhgfh
frgfhgwudwhv ri wkh sroohqOvlth iudfwlrg h{wudfwhgpiwddfa §hdw volfhv iru dffhohudwru pdvv vshfwurphwul|
+DPV, udglrfduerq gdwlqgj +Wdeoh 4,1 Pdfurirvvlov zhutvlitfige| frpsdulvrqg ziwk uhihuhgfh pdwhuldo
froohfwhg dw Phqggdudp ru iurp wkh Erwdglfdo Jdughq ri ZdddjvXglyhuviw|l Sulru wr vxeplvvirqg doo
pdfurirvvlo vdpsohv zhuh wkrurxjko| zdvkhg g kljkOsxulagwhul Shdw vdpsohv iru wkh sroohgOvlth iudfwirg
zhuh erlohg Ig 43( NRK iru 63 plgxwhv/ vinyhg wkurxjk dq ;3 -pfuhhqg dgg wkh ?;3 -p iudfwlrg zdv vihyhg

djdiq wkurxjk d 53 -p vfuhhg wr uhpryh wkh vpdoohvw rujda¥fohv1 Vihyhg vdpsohv +A53 N 2:3 -p, zhuh
ulgvhg zlwk kljkOsxulw| zdwhu wr uhpryh glvvroyhg rujdegikggv/ wkhq erlohg lg 518( QdFoR iru 6 plgxwhv

dqg djdiq Ig KFo iru 63 plgxwhvl Wkh sroohqOvl}h fragfhgvebdivigvshfwhg iru plfurvirsif frqwhqw dgg
glvfdughg li sroohq frqwhgw zdv orz ru grqOsroohq frpsrgtggplgdwhgl Wr ghwhuplgh wkh srvvleoh djh riivhwy
ehwzhhq wkh sroohgOvi}h iudfwirg frgfhqwudwhv dqdwadsieywdh vxeplwwhg d sdlu ri erwk pdwhuldov iurp
wkh vdph ghswk Iqwhuydo dw 6850686 fp1 Wkluwhhq \gigediqwivdiydiov ri 43 wr 93 fp zhuh vxeplwwhg iru
DPV gdwlgj wr wkh Fhagwhu iru Dffhohudwru Pdvv Vshiwuvdaytabth Olyhuprruh Qdwirgdo Oderudwru|
dqgg wkh Qdwlirgdo Rfhdq Vilhgfhv DPV idflolw| dw Zrrgv KrdidBfjudskif Lgvwlwxwirg +Wdeoh 4,1 Udglrfduerq
gdwhv zhuh fdoleudwhg Igwr fdohggdu |hduv ehiruh datie®&mkiih sunvhqw Iv 4<83, xvigj wkh LqwFdo46
fdoleudwlrg fxuyh +Uhlphu hw dol 5346, zlwk wkh vrivediBbFadnxlyhu ) Uhlphu 4<<6,1 VigjohOlhdu djh
hvwlpdwhv zhuh fdofxodwhg dv wkh zhljkwhg phdq ri whblsjighdeulexwirq ri fdoleudwhg djh udgjhv +Whoirug
hw dol 5338/ Wdeoh 4,1 Dq djhOghswk prgho zdv frqvwighabhdoe{ousrodwirg ehwzhhq wkh vigjohOJhdu djh
hvwlpdwhv ri ghljkerulgj gdwhvl Wkh vhglphgw wklfnghiaq &fav ghljkerulgj gdwhv zdv glylghg e| lwv
uhvshfwlyh wiph vsdg wr ghulyh dssduhgw udwhv ri sholswdifédpx

6191 Shdw dqg vhglphgw jhrfkhplvwul|

Zdwhu frqwhqw dqgg orvv0rqOljglwlirg zhuh phdvxuhg fvafisohv wdnhg dw 7 fp lgwhuydovl Zhw vdpsohv zhuh
gulhg lg dq ryhg dw 433£F ryhugljkw/ zhljkhg/ dgg wkhq exi8R8£F Iq d pxiioh ixuqdfh iru irxu krxuv +Ghdq
4<:7,1 Vdpsohv ri 5 ff yroxph zhuh wdnhgq iru hohphgwdo dqgdolviv dw wkh vdph dyéoiqintp wkh
shdw2vhglphgqw pdwul{ +q@<;, ru iurp zrrg slhfthv +g@4<stigirg vdpsohv li zrrg zdv dovr orfdwhg dw wkh
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Grppdlg hw dol +vxepl, Iruhvw g|qdplfv dgg wisOxs srrov gulyh fduerq dffxpxodwirq

uhvshfwlyh vdpsolgj Igwhuydo ru li lw iloohg prvw ri wkiréhihWkh fduerq dqg glwurjhq frgfhgwudwlirgv ri
iuhh}hOgulhg dqg phfkdglfdoo| jurxgg shdw2vhglphqw dgigdinsohv zhuh phdvxuhg ziwk d YdulrOHO LLL
FKQRYV dqdo|thu dw wkh Lgvwlwxwh ri Erwdq| dgg OdggvfdsiXédftauviw| ri Juhlivzdog,1 Fduerq
frgfhgwudwlrgv uhsuhvhqw wrwdo rujdglf fduerq ehfekdwwekin Phqgdudp Iv dfigif ziwk dq dyhudjh sK ri 713
+Jdggriv hw dol 5347, dw zklifk Igrujdqlf fduerq +FgR®jhghudoo| devhqw +Vxffrz ) Vwhjpdgq 5334,1

61:1 Udwhv ri fduerq dffxpxodwirq

WKkh sursruwlrgv ri zrrg dqg shdw pdwul{ Ig hdfk 4 fp Igfuhphogwipdwhg e| Ipdjh dgdo|viv zhuh pxowlsolhg

e| wkh uhvshfwlyh phdvxuhg ru lgwhusrodwhg fduerqdwgfiogyaoxhv ri zrrg dgg shdw wr duulyh dw zhljkwhg
fduerq frgfhgwudwlrgv Iq 4 fp Igwhuydov iru wkh hgwlulribtaivGu| exon ghqviw| zdv fdofxodwhg dv wkh
shufhqwdijh gu| pdvv iurp wkh phdg zhw exon ghqviw|1l Guexdn|gdoxhv ri wkh Igwhuydo 4640484 fp Iq

zklIfk wkh fruh vhfwlrg glg grw frpsohwho]| iloo wkh vwretijfetwih judylphwulfdoo| phdvxuhg e| dgdol}lgj 51:

fp 6 vdpsohv dw 4 fp ghswk Igwhuydov xvigj vwdggdug phwhsgjityjRkalw dffxpxodwlirg udwhv zlwk gu| exon
ghqviw| dqg zhljkwhg fduerq frgfhqwudwlrq |lhoghg dssduthghv ri fduerq dffxpxodwlrgl WiphOzhljkwhg phdq
udwhv ri fduerq dffxpxodwlrg zhuh fdofxodwhg iru hdfkwiwekeljudsklf xglw dv zhoo dv iru wkh hqwluh shdw vwudwxy
e| wdnlgj wkh dyhudjh udwh iurp doo vigjoh |hdu fduerq diiixgrg ydoxhv ryhu wkh frqvighuhg wiph vsdq ri
Igwhuhvw1

61; Wuhh idoo g|gdplfv

Wr dvwhvv wkh vsdwlrOwhpsrudo Ipsruwdgfh ri wisOxsusstodvir dffxpxodwlrg/ wkh iuhtxhqgf| dgg vsdwldo
glvwulexwlrq ri uhfhgw wuhhQidoov zlwklq wkh Phqgdraipsshaww zhuh ghwhuplghg e| frpsdulgj jhrO
uhihuhgfhg dgg ruwkrOfruuhfwhg dhuldo skrwrjudske9-a33RB61<9 p/ sho vith Iv 4< fp, iurp 5335 dqg

533< +llj1 5f,1 Wkh gxpehu ri wuhh idoov gxulgj wklv vhyhaujindiydo zdv hvwdeolvkhg e| frxqwlgj wkh gxpehu

ri wuhhv suhvhqw Ig wkh hduolhu skrwrjudskv wkdw aimggwvadviogwhu rghv Ig wkuhh vhsdudwh 58165 kd vixduhv
Ig wkh gruwkhug/ hdvwhug/ dgg zhvwhug sduw ri wkinfggeinldd/khvedgdo|viv v idflolwdwhg e| wkh glvwigfw dqg
grgOryhuodssilqj fdgrslhv ri lgglylgxdd/kruhd doelgdiuhhvl Lg dgglwlirg/ wkh wrwdo gxpehu ri wuhh furzqv iurp
fdgrs|iruplgj  Vkruhd doelgadiuhhv zdv dovr frxqwhg Ig hdfk vdpsoh vtxduh ri wkh 53 3skawkudsky wr
ghwhuplgh wkh wuhh ghqvlw| Ig wkh shdw vzdps iruhvw1

71 Uhvxowv

7141 OlwkrOvwudwljudsk|

Wkh vwudwiljudsk| ri wkh PGP4405D fruh frqvivwy ri edvdgtpdolv| fod| +7;40793 fp,/ ryhuodiq e| d shdw|

fod| +7930683 fp,/ zkIfk Iv djdlq ryhuodlq e| sxuh shdw iur@803 fp +llj1 7,1 Wkh fruh fdg eh glylghg Igqwr

vi{ ilghu olwkrvwudwljudsklf xglwv +l1j1 7/ Wdeoh 5,8,1ufpl30463 fp frqvivwy ri zhoo kxplilhg +khpilf,

zrrg| shdw zlwk odujho| yhuwlfdoo| rulhgwhg zrrg| dgg kheedurrwohwy dqg vhyhudo kdug zrrg od|huvl Wkh
zhoo suhvhuyhg zrrg slhfhv duh riwhq odujhu wkdq 5 fp lqvgtdiptiwk wkh odujhvw sihfh ehlgj 8 { <18 fp1 Xglw
LL hfwhqgv iurp 4630588 fp dqg Iv frpsrvhg ri yhu| zhoo sulyWigdileurxv shdw ziwk dexqgdqw khuedfhrxv
urrwohwv/ ukl}rphv/ dqg ilgh urrwv +?5 pp, dv zhoo dv kndpepd|huv ri zhoo suhvhuyhg ohdyhv hpehgghg Iq dqg
rujdglf/ pxgg| pdwul{1 Frgvslfxrxv ohdi olwwhu ohqvhwréiw durxqg 463 fp/ 4,7 fp/ dqg 56: fp ghswkl Wkh

wrs ri wkiv xglw/ iurp 4640484 fp Iv yhu| ileurxv/ grplgdwHgkuwlifdoo| duudgjhg khuedfhrxv urrwvl Wkiv xglw
frqwdlqv zrrg slhfhv/ zkifk duh jhghudoo| vpdoohu wkdq hey Xd Xglw LLL iurp 5880673 fp frqvivwv ri zhoo
ghfrpsrvhg/ khplf zrrg| shdw zlwk gxphurxv hpehgghg zrrg iu djphgwvl WKIv xglw frqwdlqv vhyhudo zrrg
ohqvhv dw 58:05:: fp dgg dw 5;40653 fp zlwk wkh odujhvw kiiwlydgj 718 { 715 fpl Wkh zrrg frqwhgw
ghfolghv Ig wkh erwwrp ri wkiv xglw/ zkhuh wkh shdw lutvikpdilpg dgg judghv deuxswol lgwr Xglw LY +6730
683 fp,1 Wkiv edvdo shdw od|hu Iv prvwo| frpsrvhg ri fkdwasghf +vwurgjo| ghfrpsrvhg, shdwl Xglw Y +6830
793 fp, ehorz frqvivwv ri juh| shdw| fod| zlwk ihz vpdoo slhfiari zrrg| uhpgdgwy dgg vwurgjo| kxplilhg

rujdglf pdwhuldol Wkh edvh ri wkiv xglw Iv frpsrvhg ri dgpjadwlrg ri ihug urnmbDfurvwifkixp vs1,1 D vkdus
frqwdfw irupv wkh wudqviwlirg wr wkh edvdo Xglw YL +7080ik 4révIvwy ri pdulgh fod| dgg viow| fod| ri

zklwlivk wr juh| frorul Wkh uhvxowv ri sroohq dqg plghidordgglédwh wkdw wkhvh vi{ olwkrvwudwljudskif xglwy
ilw d wislfdo vxffhwvirgdo vhtxhgfh iurp d edvdo lgxggdwlbtph hqylurgphgw/ wr pdgjuryh dgg iuhvkzdwhu
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Odwh Txdwhuqgdu| Fduerq F|folgj ri Vrxwkhdvw Dvldgq shdwodqgv 0 Sdshu LLL

Wdeoh 4"ddglrfduerq Gdwhv iru wkh Phqgdudp fruh PGP4405D1

Lab Code Depth (cm) Dated material B¢ Radiocarbon 1 calibrated age 2 calibrated age Point age
(%o age (BP) range (cal BP) + range (cal BP) + estimate
VDPD) (probability) (probability) (cal BP)
0S-106377 25.5-26 wood -28.9 460+25 503-520 (1.0) 494-534 (1.0) 512
CAMS 158593 42.5-435 pollen size 660+30 565-587 (0.51) 558-603 (0.5) 615
concentrate 644-665 (0.49) 628-673 (0.5)
CAMS 158594 100-101 bracts >modern >modern >modern >modern
0S-106378 101-102 fossil resin -29.67 755125 671-694 (1.0) 667-710 (0.89) 689
(3 pieces) 712-726 (0.11)
CAMS 158595 131.5-132.5  pollen size 103035 924-966 (1.0) 804-807 (0.00) 946
concentrate 831-853 (0.03)
905-1005 (0.91)
1027-1051 (0.05)
0S-106447 183.5-185 leaf fragments -30.71 1150425 984-1033 (0.51) 980-1098 (0.75) 1063
1047-1082 (0.39) 1101-1149 (0.17)
1114-1117 (0.01) 1158-1173 (0.08)
1161-1171 (0.09)
0S-106696 237-238 2 leaf fragments ~ -29.25 1160+20 1006-1025 (0.21) 989-992 (0.01) 1083
1053-1088 (0.47) 996-1030 (0.20)
1109-1124 (0.12) 1049-1175 (0.79)
1135-1142 (0.05)
1160-1172 (0.15)
CAMS 158596 298.5-300 pollen size 144530 1306-1353 (1.0) 1298-1385 (1.0) 1338
concentrate
0S-106951 341-342 pollen size -23.39 2070£25 1994-2061 (0.89) 1951-1959 (0.01) 2042
concentrate 2089-2099 (0.11) 1971-1977 (0.01)
1986-2121 (0.97)
CAMS 158597 352-353.5 pollen size 2465+30 2465-2540 (0.38) 2379-2395 (0.02) 2563
concentrate 2564-2573 (0.04) 2398-2414 (0.02)
2585-2617 (0.18) 2421-2713 (0.95)
2631-2700 (0.40)
CAMS 158598 352.5-353.5 seed 2315+40 2212-2219 (0.04) 2160-2171 (0.01) 2319
2309-2358 (0.96) 2176-2247 (0.18)
2300-2438 (0.80)
2454-2455 (0.00)
CAMS 158599 399-400 pollen size 2570+40 2542-2560 (0.11) 2495-2597 (0.29) 2667
concentrate 2618-2631 (0.08) 2611-2638 (0.09)
2701-2755 (0.81) 2684-2762 (0.62)
CAMS 158682 456-457 Acrostichum 265535 2747-2782 (1.0) 2742-2809 (0.88) 2776

(fern) root

2813-2844 (0.12)

vzdps iruhvw iroorzhg e| d ilgdo shdw vzdps iruhvw vwdjloh\ede

7151 Udglrfduerg gdwhv dgg djh prgho

Wkh Phggdudp udglrfduerq djh yv ghswk suriloh vkrzv gr dijhwvdov/ h{thsw iru d prghuq gdwh wkdw zdv
rewdlghg iurp eudfwv dw wkh wrs ri vhfwlirg 5 +4330434 lfpA \Wailekiv gdwh zdv uhmhfwhg ehfdxvh d 47F gdwh ri
993 ES zdv rewdlghg 93 fp deryh wklv gdwhg vdpsoh dqg d 4788 S gluhfwo| ehorz +4340435 fp/

Wdeoh 4,1 Wkh gdwhg eudfwv zhuh prvw olnho| gudjjhgxuigfividikivg wkh fruh eduuho zdv Igvhuwhg lgwr wkh
eruh kroh iru wkh vhfrqg gulyhl Wkh udglrfduerq gdwhv iwipwvzi ohdi iudjphgwyv orfdwhg 86 fp dsduw dw
ghswkv ri 4;7 dqg 56: fp gliihu e| rgo| 43 |hduv +Wdeoh 4,1 Zfhdfv wkrvh udglrfduerq djhv ehfdxvh ohdyhv

duh wrr odujh wr pryh yhuwlfdoo| zlwklg shdw surilohwiuadyvvflg wkh dgmdfhgw vdpsohv ri d sroohgOvlth
frgfhgwudwh dgg d vhhg iurp wkh ghswk Igwhuydo 6850686ipigdvith frafhqwudwh Iv 548 udglrfduerq [hduv
roghu wkdq wkh pdfurirvvio dgg wkh fdoleudwhg djh urldjjiowekivh pdwhuldov duh grw ryhuodsslgjl Ehfdxvh
wkh frgfhgwudwh ri wkh sroohgOvl}h iudfwirg frqwdlgingGdoeohqg pdwhuldo ri xgngrzq djh zh glvfdughg wkiv
roghu gdwh Ig wkh djh prgho +1lj1 8,1 Wkh shdw| fod| ghendledkdo gdwh ri fd 5:;3 fdo ES dgg wkh shdw od|hu

d edvdo djh ri 5583 fdo ES ri wkh suredelolw| glvwulexwdaeufdwhg djh udgjhv

Wkh djh prgho ghulyhg iurp olghdu Igwhusrodwirg ehwzkiadpgidyhudijhv ri fdoleudwhg udglrfduerq gdwhv v
fkdudfwhulthg e| d vwhszlvh sdwwhug zlwk uhodwlyttbjrorgjsikhdgl/ vorz dffxpxodwlrg Igwhuuxswhg e| udslg
dffxpxodwlrg sxovhv dw wkh Iglwldwlirq ri wkh pdgjuryldgg/ajtivwhu iru wkh khuedfhrxv shdw od|hu +Xglw LL/ 1lj1
8,1 Udwhv ri shdw dffuhwirq udgjhg iurp 317 wr 5919%Mih kljkhvw dssduhgw udwh ri shdw dffuhwirq ri 5919
pp |u %“rffxuuhg ehwzhhq 43;6 dqg 4396 fdo ES +lIj1 8,1 Wkh dffubiy ri wkh shdw| fod| vhglphqw udgjhg

iurp 416 wr 815 pp |41 Wkh wiphOzhljkwhg phdq dffuhwirg udwh iurp wkh edvindwikifosi| od|hu wr wkh fruh

wrs Iv 4184 pp |3*dqg wkdw ri wkh hqwluh shdw od|hu v 426 pp |u
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Grppdlg hw dol +vxepl, Iruhvw g|qdplfv dgg wisOxs srrov gulyh fduerq dffxpxodwirq

llixuh 7= Phqggdudp shdw fruh PGP4405D vwudwljudsk| zlwk sk|vIfdgrfidnplfdo fruh surshuwlhvl Urpdqg gxpehuv
uhsuhvhgw olwkrvwudwljudsklf xgiwv= L v zrrg shdflarok dtiawe zIwk olwwhu ohgvhv/ LLL zrrg shdw/ LY fkdttihg shd
pdgjuryh vhglphgw/ dgg YL pdulgh vhglphqw> z Iqglfdwhv adfipuv Ig wkh fruh1 Ruljlgdo jdppdOud| ghqviw| gdwd duh
vkrzq Ig juhhg/ eoxh/ dqg slgn dgg wkh phdg ydoxhv |g eodintt@rolghv iurp 4640484 fp ghqrwh uhmhfwhg ghqviw| gdwd
gxh wr Igvxiilflhqw fruh yroxph1l Qrwh wkh uhyhuvhg vitidbfirqwhgwl

7161 Zrrg frqwhgw

Wkh zrrg frqwhgw Ig wkh fruh ydulhv frqvighudeo|1 Vrphrgvuivkh fruh duh grplgdwhg e| gxphurxv
kdugzrrg sihfhv/ zkhuhdv Ig rwkhu sruwlrqv zrrg Iv frpsohafdevhgw +l1j1 9,1 Zrrg sihfhv A315 fw|slfdoo|

fryhu derxw :1:( ri wkh vxuidfh ri wkh vsolw fruhv Ig XgWwW&+€hidw vwudwd,1 Wkh zrrg| shdw od|huv ri Xglw L
dqg Xqglw LLL frqwdlqg derxw 46( dgg 45( zrrg uhvshfwlyhoitgtqj d shdn ydoxh ri 433( dw 53 fp +Xglw L,

dqgg d pd{lpxp ri 87( iru Xglw LLL dw 637 fp +llj1 9,1 Wkh ghduligfh ri zrrg Ig wkh khuedfhrxv shdw ri

Xglw LL Iv uhiohfwhg Ig dq dyhudjh zrrg dexqgdgfh ri rqo| 43feoh 6,1 Wkh txdgwlw] ri zrrg iudjphqwv Iq
frgwljxrxv 4 fp wklfn od|huv ri wkh fruh udgjhv iurp 3 wr 8 st +11j1 9,1

7171 Sk|vlfdo dqg fkhplfdo fruh surshuwlhv ri wkh ghsrviwv

Wkh odujhvw fkdgjhv Ig wkh sk|vifdo dqg jhrfkhplfdo frurskumwlhv rffxu dw wkh wudqviwlirg iurp pdulgh
vhglphgw wr shdw| fod| dw 793 fp dqg dw wkh wudgviwlirghaiwMadl od|hu wr shdw dw 683 fp +1lj1 7,1 Rxw

ri 558: Iqglylgxdo zhw exon ghqvlw| phdvxuhphgwyv iurp wkjibjuxqgv :84 phdqg ydoxhv ri zhw ghgviw|

zhuh fdofxodwhg Iq 318 fp Igwhuydov fruuhvsrqglgj wr diddpbrroxwirg ri 315 wr 45 |hduvl Zhw exon ghqviw|
udgjhv iurp 3186 wr 4163 j ffzlwk d phdq zhw exon ghqviw| ri 31;8 j #ri wkh shdw od|hu dgg 4133%fp

ri wkh shdw| fod| vhglphgw +Wdeoh 5/ 11j1 7,1 Ehfdxvh wkivgatdiw ri wkh shdw Iv durxqg <5( +Wdeoh 5/ 11j1
7, zhw ghgviw| ydoxhv ri ohvv wkdg 31%Ipfgo| wkdw sruwlrqv ri wkh shdw fruh frqwdlq xs wr 8( jdv1

<8
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Wdeoh 58k|vifdo dqg jhrfkhplfdo fruh surshuwlhv ri fruh PGP4405D¥doxhv duh jlyhq dv phdgv/ vwdggdug ghyldwirgv +lagiiyeddifwdgjhv +lg sduhgqwkhvhv,1

Zdwhu frqwhqw Iv h{suhvvhg dv phgldgl

Physical and geochemical core parameters

Unit  Depth Age Peat / Magnetic Gamma-ray Dry bulk Water Ash Organic Carbon Nitrogen
(cm) (cal BP) sediment  suscept. densitg densitg content (% of solid  matter (%  content content
type (10'6 Sl) (gcm™) (gcm™) (%) phase) of solid (%) (%)
phase) matrix matrix
-V 0-350 0-2220  Peat -1.1+04 0.845+0.09  0.072+0.02 919 1.9+1.4 98.1+14 546+39 1.0+03
(-2-0.6) (0.530-1.059)  (0.039-0.176) (82.2-95.1)  (0.4-7.2) (92.8-99.6)  (34.2-60.9) (0.3-1.5)
| 0-130 0-940 Hemic -09+04 0.886+0.10  0.092+0.02 89.9 24+16 97.6+16 546+59  1.1+0.3
wood peat 33 (0.530-0.991)  (0.057-0.176) (82.2-93.5) (0.7-6.2) (93.8-99.3) (34.2-59.9) (0.7-1.9)
I 130-255  940- Fibrous -1.1+0.3  0.799+0.09* 0.062+0.01 92.2 1.5+0.8 985+0.8 542+24  09+0.2
1150 herbaceous
(-1.6-0.6)  (0.629-1.059)  (0.043-0.090) (90.3-93.7)  (0.4-4.1) (95.6-99.6)  (46.4-57.9) (0.3-1.2)
peat
1] 255-340  1150- Hemic -1.3+0.3 0.860+0.07  0.063+0.02 935 1.9+17 98.1+17 545+36 1.0+0.4
2020 woodpeat 5 g (0.702-1.026) (0.039-0.108) (87.4-95.1)  (0.4-7.2) (92.8-99.6) (47.4-60.9) (0.4-1.5)
v 340-350 gggg- Sﬁpfica -1.6+0.1 0.924+0.01  0.129+0.01 855 37+0.7 96.3+0.7 604+06 09+0.1
charre
peat (-1.8-1.4)  (0.900-0.945)  (0.095-0.144) (84.3-89.6) (3.0-4.5) (95.5-97.0)  (59.7-60.8) (0.8-0.9)
v 350-460  2250- Peatyclay -1.1+0.3 1.004+0.04  0.180% 0.05 83.2 402+139 59.8+139 37.4+98 0.7%0.1
2780 (-1.7-0.3)  (0.843-1.064) (0.089-0.427) (74.4-90.5) (4.6-55.9)  (44.1-954) (25.6-59.1) (0.5-1.0)
Vi 460-481 >2780 Clay/ 02+05 1.195+0.08  0432+0.04 637 69.1+7.0 309+7.0 232+157 0.3+0.1
silty clay (-1.3-1.1)  (0.902-1.302)  (0.344-0.491) (58.1-68.7) (62.3-80.8) (19.2-37.7) (13.1-51.0) (0.3-0.4)

*excludes rejected values from 131-151 cm
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Grppdlg hw dol +vxepl, Iruhvw g|qdplfv dgg wisOxs srrov gulyh fduerq dffxpxodwirq
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llixuh 8= Djh prgho ri fruh PGP4405D edvhg rq olghdu Igwhusrodwlrgtetopfdoleudwhg srlgw djh
hvwlpdwhv +wrs,1 Vkrzq duh rghOvljpd fdoleudwhg djtr §dtiitpvhv uhmhfwhg gdwhvl Shdw dffxpxodwirg
udwhv ghulyhg iurp wkh djh prgho +erwwrp,1

Wkh gu| exon ghqviw| ri wkh shdw od|hu udgjhv iurp 31367 jMp 3%%Iwk wkh orzhvw ydoxhv rewdlghg iurp
wkh khuedfhrxv shdw od|hu +Xglw LL, dqg iurp wkh yrig@uidhdw ri Xglw LLL +Ilj1 7/ :,2 Wkh odujhvw
uhfryhuhg zrrg slhfh orfdwhg dw 53 fp ghswk kdv wkh kljkhewogughqgviw| +314:9 j ff 1lj1 :,1 Wkh exon
ghqgvlw| ri wkh khuedfhrxv shdw ri Xglw LL kdv wkh orzhv8d8B8q fp %6 +Wdeoh 5,1 Wkh kljkhvw gu| exon
ghqgviw| ri wkh pdwul{ shdw Iv irxqg lq zhoo ghfrpsrvhg shiduwadXqglw L +phdq 313<5] fij dqg Xqglw LY
+phdq 31463 j f6 1 Wkh hgwluh shdw od|hu/ Igfoxglgj wkh zrrg sduwlfobivdiayudiexon ghqviw| ri 313:4

jfp 99 zkhuhdv wkh shdw| fod| vhglphgw Iv pruh wkdq wzlfh dv3fiaqh fp °9 Wdeoh 5,1

Wkh [Oud| udglrjudskv uhyhdo wkh Igwhuqdo vwuxfwxuh dagkbkfz wkdw wkh shdw frqwdlqv dexggdqw
pdfursruhv/ yrigv/ dgg urrw fkdgghov ylvleoh dv zkiwhwwubsf +11h1 orz ghgviw|, +11j1 :,1 Urrw fkdgghov duh
shufhswleoh dv euljkw/ gduurz/ yhuwlfdoo| rulhgwadpvwhgftviurp 4360443/ 4,40553/ dgg 6540666 fp,1

Wkh shdw od|hu kdv d phdq dvk frqwhqw ri 41<( dqg wkh sladiffjdoeiXqglw Y, d phdq dvk frqwhqw ri 7315(
+Wdeoh 5,1 Lq jhghudo/ erwk fduerqg dqg glwurjhq frafipgeatdidjkhu Ig wkh shdw pdwul{ wkdq Ig hpehgghg
zrrg slhthv +lj1 7/ ;,1 Wkh pdwul{ ri wkh shdw +30683 fp/ q@&®; d phdq fduerq frgfhqwudwilrg ri 8719(/ d

phdg glwurjhq fragfhgwudwilrqg ri 413(/ dqg d phdgq F=Q udwB1i&®+Wdeoh 5,1 Wkh dqdo|}hg zrrg vdpsohv ri
wkh fruh +q@54, kdyh d phdq fduerq frgfhqwudwirg ri 7;181 #k(/ udgjh= 591;N9316(,/ dqg d phdq
glwurjhq frgfhqwudwirg ri 3183315(/ dqg d phdg F=Q udwb8il43:8141 Frpelqglqj fduerq frgfhgwudwlrgv

iurp shdw pdwul{ dgg zrrg |Ihogv d zhljkwhg phdq fduerq frqéwudwirg ri 8717( iru wkh hqwluh shdw od|hul Wkh
shdw| fod| od|hu +Xqglw Y, vkrzv kljko| ydullgj frgfhqwudwlri fduerg +q@63, udgjlqj iurp 5819 wr 8<14(

dqg rq dyhudjh d glvwlgfwo| orzhu ydoxh +6:17(, wkdqg wedlishderyh1 Dovr wkh glwurjhq frgfhqwudwirg
+phdq 31:(, dgg wkh F=Q udwlr +phdq 88, duh orzhu Iq Xqlwly wkdghdw +llj1 ;/ Wdeoh 5,1



Odwh Txdwhuqgdu| Fduerq F|folgj ri Vrxwkhdvw Dvldgq shdwodqgv 0 Sdshu LLL
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lljxuh 9= Zrrg frqwhqw ri fruh PGP4405D1 Vkrzqg duh pdvnv ri kdug zrrg shfhv odujhu 315 $pvdnhq iurp wkh gljlwdo
fruh Ipdjhv ri hdfk fruh vhfwlrg +408,1 Qh{w wr wkh ezOlpditwkh iuhtxhqf| ri zrrg slhfhv Iq hyhu| fhqwlphwhu fruh
Igwhuydo +eduv, dgg wkh shufhgwdjh ri vxuidfh duhd ruzncilirfp +viokrxhwwhv,1 Qrwh wkh devhagfh ri zrrg Ig prvw
ri vhfwlrg 6 fruuhvsrqglgj wr wkh iloohg srro vwudwxpl

7181 Fduerq dffxpxodwlirg udwhv

Dssduhgw udwhv ri fduerq dffxpxodwlirg dw wkh frulgj viwlozhexw vwhdg| dw ohvv wkdq 43% |
gxulgj wzr orgj skdvhv iurp 59;3043;3 fdo ES +Xqlwv YOLLd <@303 fdo ES +Xqglw L,1 Krzhyhu/ wkiv vwhdg|
udwh zdv sxgfwxdwhg e| wzr vkruw sxovhv gxulgj= d, avkhdighdifixpxodwirg vwdjh ehiruh 59;3 fdo ES +Xqglw
Y, zlwk ryhu 633 j F p %5|udqg e, wkh xsshu sruwirq ri wkh shdw vzdps skdvh +Xglw k43i8ri <83 fdo

ES zlwk d 53 |hdu sxovh ri ryhu :33 j F f°|u®*dqg d pd{lpxp ri<93jF p  9u%+llj1 <,1 Wkh zrrg shdw
od|huv ri xglwv L/ LLL/ dqg LY/ iru h{dpsoh kdg yhu| viplu@zhijkwhg phdg udwhv ri 66 wr 73 j PRu®y
zkhuhdv wkh phdq fduerq dffxpxodwlrg udwh ri khuedfhmvsidiw LL zdv ilyh wiphv dv idvw +5381€5 F p
|u®Y Wdeoh 6,1 Wkh wiph0zhljkwhg phdq udwh ri fduerq dffrpzdeh@618 j F p °5|u®4iru wkh hgwluh shdw
od|hu +30683 fp, dqg :313 j F §¥|u®*iru wkh hgwluh rujdqglf ulfk ghsrviw +30793 fp,1 Wkh wnabivfiy
fduerq dffxpxodwirq zdv 4;6 nj F p %iru doprvw 5;33 |hduv ri shdw dqgg vhglphgw ghsrviwlirq dagj #5

p %iru 5583 |hduv ri shdw ghsrviwlrgl

7191 Wuhh idoo g|qdplfv

Wkh Phqggdudp shdw grph Iv pdunhg e| gxphurxv fdgrs| jdsv fulitig e| wuhh idoov wkdw udgjh Ig vith ehwzhhq

8 dqg 83 phwhul Dq dgdo|viv ri dhuldo skrwrjudskv Iggkdwhwkiv wrwdo gxpehu ri wuhhv Ig 533< Ig wkh gruwkhug/
hdvwhug/ dqg zhvwhug vdpsoh vixduhv zdv 469:/ 489:/ dadwSiiwlyhol/ jlylgj dq dyhudjh ghqviw| ri
hphujhgw/kruhd doelgduhhv ri 9317 wuhhv shu khfwduh1 Wkh wrwdo gxpeheimvebht) BR®5 dqg 533<

zdv 83/ :8/ dqg <6/ jlylgj dg dyhudjh udwh ri wuhh idoo ri 34\ ke u®4
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Grppdlg hw dol +vxepl, Iruhvw g|qdplfv dgg wisOxs srrov gulyh fduerq dffxpxodwirq
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llixuh := Gljlwdo fruh Ipdjhv zlwk Igwhusrodwhg djh vidohv dqgpgxghgivwudwljudsklhv iru gu| exon ghqviw| +|hoorz
olgh, dgg zhljkwhg fduerq frqwhgqw +zklwh olgh,1 Wr wikihdiikipdjh duh 5 fp zlgh +odwhudoo| vwuhwfkhg, {Oud|
udglrjudskv wdnhgq iurp wkh fhqwhu ri hdfk vsolw fruh1 i fvkh udglrjudskv fruuhvsrggv wr orz ghgviw| dqg eodfn
froru wr kljk ghqviw|1 Yrlgv dqg urrwv duh ylvieoh dv zkiwbedwxuhvl Qrwh wkh glihuhgw vidoh Ig gu|Oexoun fybigviw| ir
vhiwlrg 8 +uljkw vigh,1 Xglwv L dqg LLL uhsuhvhgw zzdpshasawwv shdw/ Xglw LL srro ghsrviw zlwk khuedfhrxv shdw
dqg olwwhu/ Xqglw LY fkduuhg shdw/ Xglw Y pdgjuryh viegpkaiw/NAL pdulgh vhglphgwl
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Wdeoh 6Sdohrhgylurgphgwdo gdwd dqg udwhv ri fduerg dgg shdvddiixpixu frun PGP4405D1 Ydoxhv duh jlyhg dv phdqgv dggwdligjlsduhgwkhvhyv,1

Paleoenvironmental data

Unit  Depth Age Pegt/ Peat Carbon Mean Macrofossils Microfossils Mineral Reconstructed
(cm) (cal  sediment  ,0cymylation accumulation wood (only most abundant types  content  ecosystem
BP)  type rate* (mm yr'™) rate* cover of pollen, fern and algae
(gCm?yrh (%) spores), charcoal
0-130 0-940 Hemic wood 0.80 40.0 13.1  Woody roots, Shorea albida type, Pandanus, absent Shorea albida peat
peat (0.50— (21.5- resin llex, Asplenium swamp forest (P.C. 2-3)
1.68) 106.2)
1] 130-255 940- Fibrous 6.18 205.9 1.9 Leaves, Campnosperma, Stemonurus,  absent Tip-up pool in Shorea
1150 herbaceous (1.19— (44.6— herbaceous Pandanus, Garcinia cuspidata, albida peat swamp forest
peat 26’ 63) 960' 0) roots (cf. Stenochlaena palustris, gap (P.C. 2-3)
’ ' Pandanus sp., Shorea albida type, Spirogyra
1.38 53.5 cf. Araceae,
cf. Hanguana
(0.42- (11.5- malayana)
26.63) 960.0)
Il 255-340 1150- Hemic wood 0.98 34.2 12.1  Woody roots, Eugenia/Tristania type, Quartz Mixed peat swamp forest
2020 peat (0.60— (11.5- resin Camnosperma, Shorea albida (P.C. 1) in transition to
2'42) 119' 2) type, llex, Stenochlaena Shorea albida forest
' ' palustris, Polypodium (P.C.2)
v 340-350 2020- Sapiric, 0.43 33.2 0.2 absent Stenochlaena palustris, Silicate  Mixed peat swamp forest
2250 charred peat (0.42— (22.5- Campnosperma, Garcinia minerals  (P.C. 1) with local fire
0.60) 39'3) cuspidata, impact
' ' abundant charcoal
\% 350-460 2250- Peaty clay 1.95 135.0 3.4 Acrostichium Campnosperma, Halite, Coastal freshwater swamp
2780 root pocket, Lophopetalum multinervum, Quartz, forest, Mangrove forest
(0.42-5.23) (13.6-771.1) woody roots Pandanus, Stenochlaena Feld- (until ca. 2400 cal BP)
palustris, Nypa fruticans, spar,
Rhizophora stylosa, Pyrite
Acrostichium aureum,
Spirogyra
W 460-481 >2780 Clay/ n.d. n.d. 0.3 absent Nypa fruticans Pyrite, Shallow marine water
silty clay Quartz

* time-weighted mean values are given; n.d. is not determined
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Grppdlg hw dol +vxepl, Iruhvw g|qdplfv dgg wisOxs srrov gulyh fduerq dffxpxodwirq
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llixuh ;= Fduerq dqgg glwurjhq frgfhqwudwilrg ri shdw/ vhglphqw/ dggdpsohv ri fruh PGP4405D1

Age (cal BP)
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lljixuh <= Uhfrug ri fduerq dffxpxodwlirg udwhvl Wrs= fxpxodwlyhdgherv dffxpxodwlirql Erwwrp=
dssduhqw udwhv ri fduerq dffxpxodwlrq Ig dggxdo wiph vwhsv1
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Odwh Txdwhuqgdu| Fduerq F|folgj ri Vrxwkhdvw Dvldg shdwodqgv 0 Sdshu LLL

81 Glvfxwvirq

Shdwodqgv duh frpsoh{ g|qdplf hfrvlvwhpv/ zkifk duh jryhugie| erwk hiwhugdo gulyhuv vxfk dv folpdwh dqg
dovr e| lgwhugdo hfrvjvwhp surfhvwhvl Lgvljkwv rg stgiwbdggphqw fdg eh johdghg zlwk sdohrhfrorjlfdo
whtkgltxhv/ exw wkh uholdelolw| dqg ydoxh ri wkhvhaulriigj\gtashqg rq wkh frpsohwhghvy ri wkh uhfryhuhg
shdw suriloh/ wkh ghswk uhvroxwirg ri wkh vdpsolgMbsiduugidmhflvh fkurgrorj|l Zkhqg udwhv ri shdw dqg
fduerq dffxpxodwlrg duh wr eh ghwhuplghg wkh uhvroxaffeutiri wkh exon ghgviw| uhfrug duh dovr fulwifdo
+Jodvhu hw dol 5345,1 Wkhvh phwkrgrorijlfdo Ivvxhv Kaydp@mivtedwho| dgguhvvhg Ig suhylrxv dgdo|vhv ri
wurslfdo shdw fruhv zlwk kljk zrrg frqwhqw/ zklfk fuhdwhnweewldo vdpsolgj dqg dgdo|wifdo gliilixowlhvl Fruh
PGP4405D |Ihoghg d 5;33 |hdu orqj uhfrug ri fduerq dffxpxodkg dw yhu| ilgh whpsrudo uhvroxwlrg/ d uhvxow
wkdw frxog rgo| eh dfklhyhg wkurxjk wkh dssolfdwlrg riwhdupPV gdwlgj dgg grqOghvwuxfwlyh ghqgviw|
phdvxuhphgwv zlwk yhu| gduurz vdpsolgj lgwhuydovl

8141 Phwkrgrorjifdo dgydqfhv= frulgj/ gdwlqj/ ghqviw|

814141 Frulqj

Shdw ghsrviwv ri wurslfdo vzdps iruhvwy suhvhgw d pamgihfkdsurshu vdpsolgj gxh wr wkh iuhtxhgw
rfftxuuhgfh ri xqghfrpsrvhg zrrg od|huv +l1j1 5e,1 Qxphurxv vwxglhv iurp Vrxwkhdvw Dvldq shdwodqgv uhsruw
wkdw d fruh iurp d vigjoh eruhkroh frxog grw eh frpsohwhg gkin wuhvhgfh ri ghqvh zrrg od|huv +h1j1
Ixuxndzd 4<;;/ Hvwhuoh ) Thup 4<<7/ Vklpdgd hw do1 5334 ditwkigw vwxg| ghprqvwudwhv wkdw wkh prglilhg
Olylgjvwrgh slvwrq fruhu zlwk d vhuudwhg fxwwiqj hgjbditxin wkurxjk dgg uhfryhu wklfn od|huv ri ghgvh
wurslfdo kdugzrrgv wkdw duh xs wr 63 fp wkifnl lurp irxujfdwevhpswy wzr glg grw uhdfk wkh edvdo vhglphgw/
ehfdxvh ri wkh suhvhqfh ri hyhg wklfnhu zrrg/ zklfk idlohguiohdvh zkhq grw frpsohwho| shghwudwhgl Wkh zigh
gldphwhu +43 fp, ri wkh fruh eduuho suhyhqwv ghirupdwikepdqeedgfh wr wkh shdw ideulf +Jodvhu hw dol 5345,/
plglpithv fruh frpsuhwvirg +Zulikw hw dol 4<;7/ Zuljkw 4<g6lqg doorzv wkh uhfryhu] ri fruhv wkdw edvlifdoo|
frgwdlq wkh g viwx zdwhu dqg elrjhqglf jdv frqwhgw +Fo|,44Vkh vhuudwhg fruh eduuho doorzv frulgj wkurxjk
vxevwdgwldo zrrg od|huv dqg ileurxv shdw pdwul{ e| d peMglozkhuhdv dg| frqwdplgdwlrg Iv frgilghg

wr wkh rxwhu shulphwhu ri wkh zlgh gldphwhu fruhv +Zaljkésiyid

Pruoh| +4<;4, idfhg Ig d shdwodqg Ig vrxwkhug Erughr gliilfav Iq uhfryhulgj xqgfrqvrolgdwhg dqg yhu| ileurxv
pdwhuldo zlwk d slvwrg fruhu/ sduwlfxoduo| iurp wkh xespbphul WKkiv revhuydwirg frxog eh frgiluphg iru
Phqgdudp zkhuh dw ydulrxv orfdwlrgv ehorz wkh iruhvwradual ioxIglthg od|hu wkdw uhvhpeohg d zdwhu
srfnhw zdv hgfrxgwhuhg wkdw frxog grw eh ixoo| vdpsobgl-iigrwkhu fkdoohgjh uhpdigv Ig wkh uhfryhu] ri
h{wuhpho| wklifn exulhg wuhh wuxgnv dgqg vwhp edvhv dd} gh Wwitiwgwhuhg dw dqg| ghswk1

814151 Gdwilgj

Wkh dexqgdgfh ri kdugzrrg Ig wurslfdo shdw ghsrviwv fdgudrptsh wkh uhvroxwirg ri udglrfduerq djhOghswk
prghov/ ehfdxvh wkh zrrg| pdwhuldov pd| odujho| eh ghulytpgehorzjurxgg urrw elrpdvv wkdw Igwurgxfhv
[rxgjhu fduerg wr ghhshu ghswkv1 Vxusulvigjo|/ khuedihmev zhuh dovr dexqgdqw Ig wkh shdw frun1 Wkh fruh
Ipdjhv dgg udglrjudskv vkrz wkdw wkhvh urrwv shghwuhmhe@Ambrzgfruh +11j1 :,/ d ghswk Igwhuydo wkdw
uhsuhvhgwv ehwzhhq :18 dqg 7:8 |hduv ri shdw dffxpxo#ivinglphWsdq looxvwudwhv wkh srwhqwldo djh
frqwdplgdwilrg ri exon gdwhv e| khuedfhrxv urrw pdwhuldessagwy wkh ghflvirg wr uhiudlq iurp gdwlgj exon
shdw vdpsohvl Wr vrph h{whqw wkh khuedfhrxv urrwy el gihghiarp SdggdgxwWdeoh 6,/ zklfk fdq

uhdfk d urrwlgj ghswk ri ryhu 4183 p +Zjvw ) Exvwiq 5336,1

Sroohg frgfhgwudwhv surylgh dg dowhuqdwlyh iru geidgicdxon shdw +Eurzg hw dol/ 4<<5,1 Krzhyhu/ wkiv
vwxg| dgg wkdw ri Zjvw hw dol +533;, Iqglfdwh wkdw gpmdayfirgfin wkh sroohq vith iudfwirg ri wurslfdo shdwv
iurp dqg| jlyhg ghswk ohyho duh frqvivwhgwo| roghu wkdeavpldfuiurp deryhOjurxqgg ruljlq ghsrviwhg
frqwhpsrudghrxvo| ziwk wkh shdw1 Wkh roghu djhv ri Orgbgddwhv pd| eh dwwulexwdeoh wr wudgvorfdwirg
ri roghu fduerq e| ixqjl dgg rwkhu khwhurwursklf rujdglvpkivh uhpgdgwy duh wislfdo Ig wurslfdo shdwv +Srodn
4<66,1 Uhvivwdgw grgOsroohq sdo|grpruskv ri xgngrzq djishwimqwdwlrg/ Igfoxglgj ixgjdo vsruhv dgg k|skdh/
uhpdlqv ri ghfrpsrvhg zrrg fhoov/ dgg fkiwlq ri vrloOgzhagjlrujdglvpv duh uhjxodu frpsrghgwv ri wkh sroohq

vith iudfwlrg dgg Igfuhdvh Ig sursruwlrg wr sroohq judiai ldikhu shdw kxplilfdwlrg +Eduwkhophv hw dol 5339,1
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Lq frqwudvw/ pdfurirvvlov ghulyhg iurp deryhjurxqg sogigwiwxuhv vxfk dv ohdyhv dgg vhhgv dv zhoo dv irvvlo
uhvlq |Ihog uholdeoh gdwhv dqg kdyh d odujh suredelgilwhfigiuhg zkhq xvlgj zigh gldphwhu frunvl Wkh

048F ydoxhv ri wkh gdwhg ohdi iudjphqwv +Wdeoh 4, duh ghitimlghagykh fduerq Ivrwrsif vijgdwxuh ri olylgj
Vkruhd doelgsodgw pdwhuldo +05<1:&/ Jdggriv hw do1 5347, vxjjhwwdifkdohdyhv zhuh ghulyhg iurp wkiv
grplgdgw wuhh vshflnvl Wkh fduerq Ivrwrsif vijgdwxuhgiigddo uhvig +05<19:4, Iv dovr zlwklg wkh udgjh ri
phdvxuhg “F ydoxhv iurp iuhvk uhviqv ri ydulrktkruhdvshflhv/ IgfoxglgjVkruhd doelgel0631;a, +Vwrxw

4<<7/ Pxuud| hw dol 4<<;,1

814161 Exon ghqviw]|

Wourslfdo shdw ghsrviwv kdyh yduldeoh ghqgviw| ehfdxahwvkiggyd|huv riwhq frqwdlq dg duud] ri jdv ru
zdwhu iloohg yrigv +l11j1 :,1 Dowkrxjk gu| exon ghgviw| tigdphgwdo sdudphwhu iru wkh fdofxodwilrq ri pdvv
dffxpxodwlrg udwhv/ surshu vdpsolgj ri erwk ghqvh zrrg dyghiugdo yrigv ryhu wkh hgwluh shdw ghswk Iv gliilfxow
zlwk wkh prvw frpprgo| xvhg fkdpehu shdw fruhuv +h1j1 iHiipsheSrodn 4<66/ Hvwhuoh ) Ihup 4<<7/
Vkipdgd hw dol 5334/ Vxpdzlqdwd hw dol 533;,1 Wkhwdpsealdjvwinoxph ri fkdpehu fruhuv fdg ohdg wr

wzlfh dv kljk exon ghqviw| ydoxhv dv frpsduhg wr vdpsothiirieg e| odujh er{ vdpsohuv +63{63{63 fp, wkdw

fdq uhfryhu wkh lqwhuyhglqj yrlg vsdfh +Vxpdzlgdwd h;gbW&Bvh gliihuhgfhv Ig ghqviw| dorgh zrxog
surgxth fduerq dffxpxodwlirg udwhv wkdw gliihu e| d idfwanZi

Wkh Olylgjvwrgh slvwrg fruhu htxlsshg ziwk d 43 fp gldphwituéduuho v grw rqo| deoh wr froohfw Igwdfw fruhv
zlwk wkifn zrrg od|huv/ exw uhfryhuv dovr xqglvwxuehgjgvigioohg pdfursruhv dqg kroorz ukl}rphv dgg

urrwv dv fohduo| uhyhdohg e| [Oud| udglrjudsk| +l1j1 :,1@0mgdvlyh jdppdOud| dwwhgxdwirqg orjjlgj uhshdwhgo|
grgh iurp wkuhh glihuhgw furvwOvhfwirgdo rulhqwdwikgwitph fruh doorzv wkh ghwhfwirg ri wkhvh pdfursruhv
dqg jdv yrlgv/ exw dovr ri vpdoohu zrrg iudjphgwyv zlwklg Wwklkvsdeulf dgg wkxv surgxfhv uhsuhvhgwdwlyh phdqg
ghgviw| ydoxhvl Wkh fdsdflw| ri wkh jdppdOud| dwwhagptomkrg prr fdswxuh wkh frgwulexwlrqy ri erwk yrigv
dqg ghqgvh zrrg dw ilgh vsdwldo uhvroxwirq +318 fp/ Ilj1 @ylghv d vijglilfdgw dgydgwdjh ryhu ghvwuxfwlyh
phwkrgvl

Wkh phdq gu| exon ghqviw]| ri wkh shdw lg wkh fruh Iv udvadgi®jfp+°9 Wdeoh 5,/ hyhg wkrxjk wkh fruh Iv

ulfk Ig ghgvh wurslfdo kdugzrrgv/ zklfk uhsuhvhgw wkhghagtvhuldo Ig wkh shdw +pd{1 31454 \klv orz

ghgviw| Iv wkh uhvxow ri wkh iuhtxhqw rfixuuhgfh ri pdfurdag yrigv/ dgg dovr uhodwhg wr wkh vljglilfdgw
khuedfhrxv shdw od|hu ri orz gu| exon ghqviw| +31395 jfdw frqvwiwxwhv 68( ri wkh shdw suriloh +Wdeoh 5,1
Kdugzrrg Iv fohduo| dq Ipsruwdgw frpsrghqw ri wurslfdo ghdwliwv dv vkrzq e| Iwv dyhudjh frqwhqw ri xs wr

46( Iq zrrg| shdw od|huv ri wkh fruh +Wdeoh 6,1 Krzhyhu/ kdggz dovr frpsohwho| devhgw ryhu ghswk
Igwhuydov ri xs wr :3 fp Ig wkiv fruh +11j1 9/ :,/ ghprgvwydvkdw vijglilfidgw sursruwlirgv ri wurslfdo vzdps

iruhvw shdwv pd| ruljlgdwh iurp khuedfhrxv/ udwkhu wiglicsaaiqw pdwhuldol

Wkh dyhudjh gu| exon ghqgviw] ri 313:5 j%i wkh shdw Iv ghduo] plgzd| zlwklq wkh udgjh ri dyhudjh ydoxh
+31399 wr 313;7 j 5 ghulyhg iurp gdwhg fruhv ri frdvwdo Vxpdwudg dqg Erughslgdsigv +Fdphurg hw dol
4<;</ Qhx}lo 4<<:, dqg fruurerudwhv wkh phdq gu| exon gh@d8:9 jfp  %®hvwlpdwhg iru Vrxwkhdvw Dvldq
frdvwdo shdwodqgv e| Grppdig hw dol +5344,1 Krzhyhukyedoplyhqviw| Iv vxevwdgwldoo| orzhu wkdg wkdw
uhsruwhg iru shdwodqgv iurp Lggrghvldq Erughr wkdwpid@ifgidB815< j fi?s+zdk|xqwr hw dol 5337,1

8151 Wkh ghyhorsphqw ri wkh Phqgdudp shdw grph

OrqjOwhup yhjhwdwlrg vxffhvvirg dqg orfdo sdwfk g|qdpiy &tq Ipsruwdgw Igioxhgfh rg wkh udwhv ri fduerg
dffxpxodwirg Ig wkh Phggdudp shdw grphl Wkh ghyhorsphgiaggdidp iroorzv wkh jhghudo sdwkzd|
ghvfulehg iru Vrxwkhdvw Dvldq frdvwdo shdwodqg\ebylghniidig2ru pdajuryh hqylurgphgw Iv vxffhhghg
e| d wudgviwlrqdo iuhvkzdwhu vzdps dqg ilgdoo| e| shdwinddps +h1j1 Dgghuvrg ) Pxoohu 4<:8/ Dgghuvrg
4<;6/ Vwdxe ) Hvwhuoh 4<<7/ Grppdig hw dol 5344,1

Pdulgh vhglphgwdwirg grplgdwhg dw Phggdudp xgwlo fdd&ES div Igglfdwhg e| wkh uhjxodu rffxuuhqfh ri
hxkhgudo s|ulwh Ig wkh edvdo viow| fod| od|hu +lIIj1 :, uMytkigakhgfh ghfuhdvhg gxulgj wkh hgvxigj
pdqgjuryh irunvw skdvh wkdw odvwhg iurp derxw 5;33 wr &3 3ifdly looxvwudwhg e| urrwv dgg vsruhv ri wkh
pdagjuryh ihugDfurvwifkixp/ sroohq riQ|sd sdop dgdUkl}rskrud vw|orva-Wdeoh 6, dqg wkh plghudo kdolwh +j1
., lqglfdwlgj iorrglgj e| vdolgh zdwhul Wkh vxevhtxhqwutfkqfh riFdpsqgrvshupd dggOrskrshwdoxp
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pxowlghuylxgsroohg dgyywhqrfkodhqd sdoxvwsituhv dw durxqg 5733 fdo ES +Wdeoh 6, uhsuhvhqwv wkh
FdpsqgrvshupdOF|uwrvwdfk|vO]dodfidudqviwirqdo skdvh ehwzhhq pdgjuryh dqg pi{hg shdw vadpsnr
+Dqghuvrg 4<96/ 4<;6/ Dgghuvrq ) Pxoohu 4<:8/ Euxhqlj 4&¥8kh jhghudoo| odujh plghudo frqwhqw ri Xqglw

Y +llj1 7, vkrzv wkdw fduerq dffxpxodwlrqg Ig erwk wkh pddjudgg iuhvkzdwhu vzdps iruhvw zdv dvvrfldwhg

zlwk d uhjxodu Igiox{ ri fodvwIf vhglphgwv/ zklifk lggxfhgigiddwhv ri yhuwlfdo vhglphqw dffuhwirg ri xs wr 8

pp Ju %4

Dw 5583 fdo ES wkh ilgdo rpeurwurskif shdw vzdps irunvielddijtlv Igihuuhg iurp wkh deuxsw Igfuhdvh Ig
rujdglf pdwwhu frqwhgw iurp ohvv wkdq :3( wr <9( dgg wkivéraaty;j Igfuhdvh Iq fduerg frqwhgw iurp 63(

wr 93( +1lj1 7,1 Dexqgdqgw plfurvirslf fkdufrdo Ig Xglw LY Id¢igwhv wkdw Ig lwv hduo| vwdjh wkh grphg shdwodqg
zdv orfdoo| Igioxhgfhg e| iluh/ zklfk ohiw d 43 fp wklfn wktdlap| dowhuhg fkduuhg shdw od|hu frpsulvigj d 563
|hdu orgj wiph Igwhuydo +558305353 fdo ES Ilj1 :,1 Wkhaigsalwh ri shdw dffxpxodwirg iru wklv shulrg Iv orz
+3177 pp |¥41 Oljkwglgj kdv ehhq revhuyhg wr fdxvh orfdo wuhh ilugxdigihkhdy| udlgidoo +Dgghuvrqg 4<99,

dqg vxfk wuhh iluhv fdg dssduhqwo| shghwudwh rqwhd ghtifehorru dv vxjjhvwhg e| wkh fkduuhg od|hul Wkh
vsdwldo h{whagw ri wkh iluh hyhgw zdv/ krzhyhu/ vpdokdiwnvglstidw od|hu zdv grw irxqg Ig d ghdue| fruhl

Wkh iroorzlgj shdw vzdps iruhvw ghyhorsphgwdo skdvhwayiog 5353 wr 4483 fdo ES zdv fkdudfwhulthg

e| Hxjhgld ru Wulvwddhkruhd doeldalggFdpsqrvshupd wuhhvl Wklv shdw vzdps irunvw vwhdglo| ghsrviwhg
shdw zlwk ryhu 43( kdug zrrg dw dq dyhudjh dffxpxodwlrg udwiprju %*+Wdeoh 6,1 Wkh wudgviwlirq iurp wkh
vorzo| dffxpxodwlgj zrrg shdw wr wkh udslgo| dffxpxodwlaji&dfhrxv shdw od|hu deryh Ipsolhv d udslg
wudgvirupdwlrg ri wkh orfdo ghsrviwirqdo hqylurgphgsutidisuhw wkiv ghz ghyhorsphqwdo skdvh/ iurp fd1 44830
<73 fdo ES dv dq lgiloohg irvwlo wisOxs srro wkdw kdg irdptigadgj wuhh dv ghvfulehg e| Jdvwdogr dgg Vwdxe
+4<<<,1 Xsurrwlgj dgg dvvrfldwhg srro irupdwlrg zrxog Kafgtlydwhg d od|hu ri zrrg| shdw wkdw pxvw kdyh
r{lglthg udslgo| zkloh gr orgjhu zdwhu vdwxudwhgl Widskropiloohg xs zlwk uhfhgw pdwhuldo ohdylgj d kidwxv
ehwzhhq wkh +xqgdwhg, hqg ri Xqlw LLL dqg wkh erwwrmri-ijkh,&rr

Wkh Igwhusuhwdwilrg ri wuhh idoo dgg vxevhtxhgvgsivaviaigyalvhg e| irxu olghv ri vwudwljudsklf hylghgfh=

4, Wkh wkifnghvv ri wklv khuedfhrxv shdw od|hu Iv 458 fp lzkifkslfdo ri wkh ghswk udgjh ri fd1 :3 wr 483 fp

ri prghuq srrov Ig Phggdudpl 5, Wkh suhvhuydwirqg ri ohduobligwvhv zlwklg wklv vhtxhgth Iqglfdwhv
shupdghqwo| iorrghg fraglwirgv/ dq lgwhusuhwdwlirguigsstuvkh uhjxodu rffxuuhgfh ri vsruhVslurjjud

dojdh +Wdeoh 6,/ zkltk uhtxluh vwdjgdgw rshq zdwhu edghhw$lo1 4<;3/ ydq Jhho hw dol 4<;4,1 Ohdi olwwhu
grupdoo| ghfrpsrvhv zlwklg 318 wr 5 |hduv Iq Glswhurfdggudivwy +Dgghuvrg hw dol 4<;6/ Exujkrxwv hw dol
4<<5/ Edloolh hw dol 5339, dqg zlwklg 418 wr 6 |hduv lggv{kgdits dgdykruhd doelgiuhvwy +Wih 4<<3,1

Ohdi olwwhu rgo| vxuylyhv frqvxpswirg e| ghwulyruhv dageglgt ghfrpsrviwirg zkhg ghsrviwhg Iq
shupdghqwo| vwdqglgj zdwhu +Hvwhuoh') Thup 4<<7/ Jdwvetbgr #<<<, dgqg orvv udwhv ri olwwhu pdvv duh wkhq
vljgliffdgwo| orzhu +%oh ) Jrph} 533<,1 6, Wkh gdwhv rg ohatljphqwv zlwklg wklv od|hu wkdw duh 83 fp dsduw

Ig ghswk gliihu e| rqo| 53 |hduv dgg ghprgvwudwh yhu| udsigdétuhwirg ri ryhu 59 pp |8 Vxfk udslg

xszdug dffuhwirqg fdggrw kdyh ehhq dvvrfldwhg zlwk odafinwdagj zdwhu ohyhov dv vxfk ulvh zrxog vrrqg kdyh
nloohg wkh exwwuhvv utknuhrd doelgdiuhhv/ zkifk duh uhvwulfwhg wr wkh dhurelf }rgh deryhuwkiaediv
+Ixuxndzd 4<;;,1 7, ligdoo)/ wkh jhghudo udulwykiuhd doelggroohq dgg wkh kljk iuhtxhgf| ri
Fdpsqrvshupd sroohqg zlwklg wkh srro dvvhpeodjh +Wdeoh 6, vxjjhvw d jkis fdgvs|/ ehfdxvh
Fdpsqrvshupd fruldfhxp Iv d orgjOolyhg sirghhu vshflnv wkdw wkulyhv Iq givwgsedqgfghhshu shdw
+ZKklwpruh 4<:8/oh ) Jrph} 533<,1

Wkh iuhtxhgqw khuedfhrxv urrwv dqg ukl}rphv wkdw framiiwsvexfwxudo vnhohwrq ri wkh srro ghsrviw pxvw kdyh
jurzq lgwr wkh srro iurp wkh vighv/ exw frxog dovr kdyh sthghgigwr douhdg| ghsrviwhg olwwhu dgg ghwulwxv iurp
iordwlgj pdwv h{whqglgj rxwzdug ryhu wkh srroOv vxuidfinbWkiqg uki}rphv zhuh suredeo| ghulyhg iurp
grqOzrrg| prgrfrw|ohgrgrxv shdwOiruplgj sodgwv/ vxtk d\sdggdgxv dgghuvrgt Sdggdgdfhdh/ sroohq
hylghgfh/ Wdeoh &o6rfdvld orgjlored+Dudfhdh/ ru rwkhu vshflhv ri wklv idplo|,/ Hggjjxdqd pdod|dgd
+Kdgjxdqdfhdh,/ zkifk jurz Iq dgg durxgg srrov ri Phggdudp dyg rwkhu EdudpOEhodiw shdwodqggv +shuvl
revhuydwlrg/ Dgghuvrg 4<94d/ 4<96,1

E| durxqg <73 fdo ES wkh srro zdv hyhqwxdoo| frpsohwhg|dippivuhhv vxfk \dkruhd doelgdggLoh{
hvwdeolvkhg rq viwh1 Wkh irdghghd doelgd0Sdggdashdw vzdps iruhvw frppxglw| vhhpv wr kdyh shuvivwhg
iru ryhu <33 |hduv xqwlo wrgd|1 Wklv shdw vzdps iruhvwatfixpg wkh xsshuprvw shdw od|hu zlwk d kdug zrrg
frqwhqw ri 46( dw d uhodwlyho| vorz phdg udwh ri 31°fip |u
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8161 Udwhv dqg gulyhuv ri fduerq dffxpxodwirg

Lqg jhghudo/ wkh Phggdudp uhfrug vkrzv wkdw yhjhwdwhmg/f&dejfk glgdplfv/ dgg hfrvijvwhp glvwxuedgfhv
orfdoo| frqwuroohg udwhv ri fduerq dffxpxodwirg gxulghwikbrsphgw ri wklv shdw grphl1 Udslg sxovhv ri
vhglphgwdwlrq zhuh odujho| uhvsrgvleoh iru wkh yhupik iéuerq dffxpxodwirg +930::4 j F 8°|u®4

gxulgj wkh dssur{lpdwho| 733 |hduOorgj pdgjuryh iruhvwwbkKrzhyhu/ pdgjuryh iruhvwv Ig surjudglg;j
ghowdIf vhwwigjv vxfk dv wkh EdudpOEhodiw Ghowd daffrtisittahoqylurgphgwy wkdw shuvivw iru rqo| d ihz
kxqguhg |hduv ehiruh ehlgj vxffhhghg e| shdw vzdps iruhBaghuvrg ) Pxoohu 4<:8/ Vwdxe ) Hvwhuoh 4<<7/
Zrrguriih 5333,1 Qhyhuwkhohvv/ wkh pdgjuryhOiuhvkzztipisiruhvw vwdjh dffrxqwv iru 6<( +:4 nj F %5

ri wkh wrwdo dffxpxodwhg vrlo fduerqg dw Phqgdudp +lljdledi Vilo fduerq ghqviwlhv kdyh ehhqg uhsruwhg iru
prghuqg LggroSdflilf pdgjuryhv +Grgdwr hw dol 5344,1

Wkh shdw vzdps irunvw vwdjh Ig frqwudvw v pdunhg e| |jlagblodatng pruh vwhdg| udwhv ri fduerq
dffxpxodwlirg/ exw Iv dovr sxgfwxdwhg e| d pdmru sxovbwdllgrilwk wkh Igiloolgj skdvh ri wkh wisOxs srrol
Gxulgj wkh iluvw <33 |hduv +558304673 fdo ES, ri wkh shshisulrdp skdvh wkh udwh ri fduerq dffxpxodwirg
ghfolghg voljkwol| iurp derxw 630wr048 j¥|p°4 Wkh kljkhu udwhv gxulgj wkh iluvw 733 |hduv ri wkdw shulrg
vxjjhvw wkdw wkh orfdo iluh hyhqw lqglfdwhg e| fkduftde38@&fidb ES diihfwhg wkh edvdo shdw od|hu exw glg qrw
uhvxow lq vxevwdgwldo fduerq orvwhvl Lqvwhdg/ fooehgldffghfolghg wr ohvv wkdg 539 zkhq wkh

udwh ri zrrg exuldo ehjdq wr Igfuhdvh dw fd1 49;3 fdo ESA:I1¥8lgv dprgj wkh exulhg zrrg slhfhv ohdg

wr dq ryhudoo orz exon ghqviw| +vhfwl 81416/ VxpdzI8@et hekife surgxthv xgh{shfwhgo| orz dssduhgw
udwhv ri fduerq dffxpxodwirgl

Diwhu irupdwlrg ri wkh wisOxs srro fduerq dffxpxodwirdhidiag deuxswo| wr pd{lpxp ydoxhv ri ehwzhhq :53

dqg <93 j F p %|u®*dv wkh orzhu sruwlrq ri wkh srro zdv iloohgl Wkhvh kljkurdghhg iurp khuedfhrxv

shdw dqg ohdi olwwhu dgg ghprgvwudwh wkdw zrrg g gbfigiétal kljk fduerq dffxpxodwlirg udwhv Iq
wurslfdo shdwodqgv dv suhylrxvo| wkrxjkw +Grppdlq M4 Ao/l udslg sxovh Ig fduerq dffxpxodwirg rqo|
odvwhg derxw 53 |hduv dqg zdv iroorzhg e| d shulrg ri vorafturuderxw 533 j F §°|u®iurp 4393 wr 4343

fdo ES dqg wkhq e| wkh hyhq vorzhu udwh ri 4333|&fryhu wkh iroorzlgj 93 |hduvl Wkiv ghfolgh Iq fduerq
dffxpxodwlrqg suredeo| rffxuuhg dv wkh wisOxs edvlq désgdifrv fdsdflw| wr krog dgg suhvhuyh sodgw ghwulwxvl
Vxshulpsrvhg rq wkiv ghfolglgj wuhqg Iq fduerq dffxpxodetiuh vxeOghfdgdo ioxfwxdwlirqv ri ehwzhhq 53 N

73 F p %|u4+llj1 <, wkdw srvvleo| uhiohfw ydullgj udwhv ri olwvialiaglosvy wkh srrol

Rqgfh wkh srro zdv iloohg dqg ryhujurzg wkh udwh ri fduergxiffetwirg vwdelolthg dw fd1 88 PHu$“L Wkh
ilgdoVkruhd doelgnuhvw vwdgg wkdw zdv suhvhqw dw wkh frulgj orfdwilevtitixpgaglf fduerqg dw d udwh ri
ehwzhhq 54 wr 439 j F§3|u®ryhu wkh sdvw <33 |hduv/ ri zkifk wkh odvw 833 |hduv zhiwiHltind e| vwhdg|
dffxpxodwlrqri63j F p % |u®4l

Wkh shdw vzdps iruhvw skdvhv wkdw h{lvwhg dw wkh tmpda8884483 fdo ES dqg iurp <7303 fdo ES
ghsrviwhg zrrg| shdw dw d uhodwlyho| orz udwh ri 6% jiP4sq dyhudjhl Wrjhwkhu wkhvh wzr skdvhv ri zrrg

shdw ghsrviwlrg dffxpxodwhg d wrwdo pdvv ri 9< Rjylu 5373 |hduv xqghu d forvhg fdgrs| shdw vzdps
iruhvw1 Lq frqwudvw/ khuedfhrxv shdw dgg sodqw abvautingaffxpwdo ri 76 nj®lg d wisOxs srro Iq rgo|

543 |hduv +Ij1 <,1 Wkiv wisOxs srro wkhuhiruh vwruhg ié(wirwdo shdwOfduerq srro wkdw dffxpxodwhg dw wkh
frulgj viwh Ig 43 wiphv ohvv wiph/ zkIfk hpskdvithv wkh Mgidfh ri wisOxs srrov dv orfdo krw vsrwy iru fduerq
dffxpxodwlrq zlwklg shdw vzdps iruhvwvl

Wkh ryhudoo wiph0zhljkwhg phdg udwh ri fduerq dffxpxedinglgwhjudwhv erwk wkhvh ghsrviwirgdo vhwwigjv Iv
8618 j F p%|u®4iru wkh hqwluh shdw vzdps iruhvw vwdjh/ zkifk Iv viplotwvgjOvikhup udwh ri 8915 j FPju

4ri wkh lgodqg Vheddgjdx shdw grph Iq vrxwkhuq Erughr +Sdjth &3,/ exw orzhu wkdq wkh orgjOwhup udwh ri
9jFp %|ulriwkh frdvwdo Whoxn Nhudpdw shdw grph Ig zhvwhuq Erglghd<QJixiqg dovr vrphzkdw

orzhu wkdq wkh phdg udwhv ri 97 dqg 9; PHys*hvwlpdwhg iru wkh sdvw wzr ploohqgld ri Lqgrghvidq frdvwdo
shdwodqgv +Grppdig hw dol 5347,1
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8171 VIjqglilfdgfh ri srro ghsrviwv iru uhjlrgdo fduerq dffppxodwlrg udwhv

Dowkrxjk wkh h{wuhphol| kljk udwhv ri sdvw fduerq dffxpxdewrifldwhg zlwk wkh wisOxs srro vwudwxp pd|
vhhp h{fhswirqdo/ viplodu fhqwhgqgldoOvfdoh sxovhkgglfitpeodwlrg juhdwhu wkdg 533 wr 863 PHy?*

kdyh ehhqg uhfrgvwuxfwhg iru Vxpdwudg shdwodqgyv riEbegutdg dgg Vidn Ndgdq zlwk fruuhvsrgglgjo) kljik
udwhv ri yhuwlifdo shdw jurzwk ri 43045 pp-@lhprqw ) Vxsdugl 4<;:/ Vxsdugl hw dol 4<<6/ Qhx}lo 4<<:/
Grppdlg hw dol1 5347,1 Wkhvh kljk udwhv zhuh suhylrxgoiHgvguv hiwkhu folpdwlfdoo| Iggxfthg ru frqvighuhg
duwlidfwyv ri gdwlgj huuruv +Grppdig hw dol 5344,1 Kiktiybaj/@h dwwulexwhg wr orfdo srro ghsrviwv 0 dq
Igwhusuhwdwilrg vxssruwhg e| wkh orz exon ghgviw| 31R@jj\fiplodu ghswk vsdq +453 fp, ri wkh kljk
dffxpxodwlirg vhitxhqgfh iurp wkh VIdn Ndqgdq fruh ri Glhprgwglyxsdugl +4<;:,1 Wkdw wkh srro ghsrviw
phfkdglvp uhsruwhg khuh Iv grw dg dw|slfdo ihdwxuh rinkikixnikssruwhg e| wkh suhvhgfh rid 6 p od|hu ri
zhooOsuhvhuyhg khuedfhrxv shdw zlwk prgrfrw]ohgrgmwiidexqgd&aggdaxwsroohg/ dqg ixoo| suhvhuyhg
prvv uhpdigv Ig d shdw fruh iurp Pduxgl +Dqghuvrqg ) Pxoohu8!4{j1 6d, dgg dovr e| d uhfryhuhg wklfn ohdi
olwwhu ohqgv iurp d shdw vzdps Ig wkh Udmdgj Ghowd +Jdrixd@z<¥/ 1j1 4,1

Wkh h{fhswirgdoo| kljk fduerq dffxpxodwlirg udwhv ri xs B €p °5|u®4ri wkh srro ghsrviw fdgq sduwo| eh
h{sodlghg e| wkh frqvwdqwo| kljk udwhv ri olwwhuidbddg@&sudpurfdus irunvwy wkdw udgjh iurp 773 wr ;<3 j

F p 95|u%9 ri zklfk wkh ohdi frpsrghqw Iv ehwzhhq 98( dqg :3( +Surfwrutdol 4<;6/ Exujkrxwv hw dol 4<<5/
Vdghu hw do1 5345/ Nrk hw do1 5346,1 VVxolvwlI|dgwr, vstiodvhé 8&wko| olwwhuidoo udwhv ri 9419 dqg :917
gu| pdvv p%iru wkh Vhedgjdx shdw vzdps Ig vrxwkhug Erughr +99 dqg :3béj/bv,/ zkifk zrxog |Ihog dq

dqgxdo surgxfwirg ri ;5; dgg <4: j gu| pdvv p%|u®4d PKhg shdw vzdps iruhvw dfggrund doelgaluhvw ri wkh

Pduxgl shdw grph vkrzhg dggxdo olwwhuidoo udwhv ri :4 pjg) 88vv p °°|u®f uhvshfwlyhol/ zlwk ohdyhv
frqwulexwlqj :7( wr :;( ri wkh ghsrviwhg olwwhu +Wih 4<xBHMivhuoh 4<<5/,1 Wkhvh kljk udwhv ri olwwhuidoo
wrjihwkhu zlwk wkh vxevwdgwldo sursruwlrg ri urrw ednpdiwihge| khuedfhrxv sodgwv vxuurxgglgj ru lgydglg;j

wkh srro duh uhvsrgvieoh iru wkh kljk fduerq dffxpxodwiriqwid wisOxs srrovl Lqg dgglwirg/ srrov fdg dovr
suhvhuyh idoolgj eudgfkhv dgg orjvl

Wkh sxovhv ri kljk fduerq dffxpxodwirg udwhv uhsruwhg iRlhgddudp +wklv vwxg|, dgg rwkhu shdw grphv +h1j1
Qhx}lo 4<<:/ Grppdig hw dol 5347, duh wrr kljk wr eh gulyhdirepOwhup folpdwlf ioxfwxdwlrqv dorghl
Frqgvighulgj wkdw wkh frdvwdo Erughdq folpdwh Iv dolilgigigeéah iru shdw dffxpxodwlrg ehfdxvh ri kljk
prgwko| udlgidoo +48306:3 pp,/ zklfk Iggxfhv iuhtxhqw zderjlqj/ dgg frqvwdqwo| kljk whpshudwxuhv +590
5:£F,/ zkifk idyru kljk hfrv[vwhp surgxfwlylw|/ vkliwv Iq folpdwh frxog ghiwkhu hgkdgfh surgxfwlylw| gru
vxssuhvv ghfrpsrviwlirg vxiilflhgwo| wr surgxfh vljglilfgwo| kljkhu fduerq dffxpxodwlirg udwhvl Wkh pdmru
folpdwh frgwuro rg wkh fduerg edodgfh ri wurslfdo shdbgggvr eh udlgidoo yduldelolw)/ odujho| uhodwhg wr
yduldwlirgv Ig wkh Ho QI'rOVrxwkhuqg Rvfloodwlrg +HQ\ille-®rpdol 5347,1 Yduldelolw| Ig HQVR fdxvhv
vxevwdqgwldo lgwhudggxdo ioxfwxdwlrqv Ig ghw hfikdigivhp $Kfdw vzdps iruhvwy/ exw kdv grw ehhq vkrzg

wr surgxfth pdvviyh ghw fduerq jdigv gxulgj zhwwhu Od QIti tdludgr hw dol 5345,1 Pruhryhu/ wkh rffxuuhgfh
ri wkh pdmru fduerq dffxpxodwlirg shdn dw durxqgg 43;30<&Sftmov Iqwr wkh vrOfdoohg Phglhydo Zdup
Shulrg +45330;33 fdo ES, wkdw Ig htxdwruldo Vrxwkhddwfididizvhulthg e| Ho QI'rOolnh fraglwlrgv dgg
uhgxfhg udlgidoo +\dq hw dol 5344,1 Li fduerq dffxpxaoeivilvgztauh frqwuroohg sulpdulo| e| folpdwh/
dffxpxodwlrg udwhv vkrxog kdyh ghfuhdvhgl Pruhryhiindetuigporzigj Olwwoh Lfh Djh +9330483 fdo ES, zhw
Od QI'd0oInh frgglwlrgv suhydlohg Ig Vrxwkhdvw Dvid dédod844,/ exw wkh fruh uhfrug vkrzv uhgxfhg fduerq
dffxpxodwlrg udwhvl Lq jhghudo/ wkh kljk yduldeloRrgbd@yj wkh sdvw 5333 |hduv +h1jl Frqur| hw dol 533;,
Iv grw uhiohfwhg Ig v|gfkurgrxv yduldwlrgv ri fduerq dffgobvirg udwhv uhfrqvwuxfwhg iurp wkh fruh/ vxjjhvwigj
wkdw ghfdgdo wr fhqwhqgldoOvfdoh folpdwh yduldgbdpikaipsdfw rq orfdo udwhv ri fduerq dffxpxodwirg

Iq frpsdulvrg wr shdw vzdps iruhvw g|qdplfv dgg glvwxuedugfhqwyl

8171 Lpsolfdwlirgv ri wisOxs srrov iru wkh vsdwldo sasaivugiglrfduerq djhv

Wuhh idoo dqgg dvvrfldwhg srro irupdwirg duh grw udub) Blgtigumwzdps iruhvwy ehfdxvh ri lgkhuhgw sdwfk
g|qdplfv dgg uhjxodu glvwxuedqgfh e| zlgg wkurz dqg oljkwddgghuvrg 4<97/ Euxhqlj 4<<3,1 Zlqg wkurz

fdq diihfw duhdv ri xs wr 433 kd +Dgghuvrq 4<97,/ zkhuhevgtdjiw|slfdoo| fuhdwhv flufxodu fdgrs| jdsv ziwk

dq dyhudijh vi}h ri derxw 5 kd +Eujqlj 4<97/ 1lj1 5f,1 Oljkwjgttsv dorgh wdnh xs 314N6( ri wkh duhdkeuhd
doelgdruhvwv +Eujqlj 4<:6,/ zkhuh d vigjoh oljkwqglgj vwulnh fpmt} pruh wkdg 83 wuhhv +Dgghuvrg 4<97,1 Wkhvh
Ipsruwdqgw glvwxuedqfh dihgwv ohdg wr iuhtxhqw wilhio ideaxiihddoov/ Iwv urrwv h{fdydwh d kroh Ig wkh shdw
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llixuh 43= D, WkuhhOglphgvlrgdo prgho vipxodwirq ri lghdol}hg sigljuarvk ziwk srro irupdwlrg dqg lgiloolgj +eodfn
vixduhv, diwhu d 8333 |hdu vipxodwlirg uxq +wrs,1 Shdeddffsple 43 fp2433 |hduv/ srrov duh 4 p ghhs dqg 9 p Ig
gldphwhu dqg iloo dw d udwh ri 433 fp2433 |hduvl Srrogrivpdwirdw 73 ghz srrov shu 433 |hduvl E, Djh glvwulexwlrg
iurp erwwrp wr wrs ri wkh vipxodwhg shdwodqg +gdun euroey Bidfigu/ |hoorz |rxgjhvw +vxuidfh, od]hu,1 Qrwh wkdw
iruphu srrov duh dozd|v |rxgjhu wkdg wkh vxuurxqglgj shiduvad

vxuidfh wkdw txIfno| iloov zlwk zdwhu wr ehfrph d wisOxdlgried/ Jdvwdogr ) Vwdxe 4<<<,1 Wkh vsdwldo
Ipsruwdgth ri srro irupdwirg rq d shdw grph dqg Iwv hilhfwsshgiw dffxpxodwlrg uhfrugv dfurvv d odujh duhd
zhuh h{soruhg zlwk d vlpxodwlrg prgho +llj1 43,1

WIsOxs srrov duh Ighdo hqylurgphgwyv iru wkh udslg dffrgpxiagive rujdglf pdwhuldo frqvivwigj ri idoohq
zrrg/ ohdi olwwhu dqg urrwvl Wkxv/ shdw ghulyhg iurp ghsvilvithg Iq d srro pd| eh kxgguhgv ri |hduv
[rxgjhu wkdqg wkh shdw dgmdfhgqw wkdw vxuurxggv wids sirot Wikihe| fuhdwh d frpsoh{ sdwwhugq ri
Ivrtkurghv wkurxjkrxw wkh shdw grph +l1lj1 43e,1

Wkh dyhudjh iuhtxhgf| ri wuhh idoov dqg khqfh srro irupdimirBhggdudp zdv hvwipdwhg wr eh 317 Wuhhv kd
|u®L D vipsoh vipxodwilrg ri shdw dffxpxodwirg xvigj wklv udwdinhi idoov vkrzv krz vsdwldo khwhurjhghlw] Iqg
shdw fruh djh surilohv fdg dulvh iurp srro irupdwlrg dqgdailgj +11j1 43,1 Lg hdfk 433 |hdu wiph vwhs ri wkh
8333 |hdu vipxodwirg/ d whgOfhgwlphwhu od|hu ri shdwgelr dgdpxodwhg shdwodqg dgg 73 ghz wisOxs srrov
zhuh fuhdwhg1 Wkh vkdsh ri hdfk srro zdv vi{ phwhuv Iq gidggavigh phwhu ghhs/ zkltk Iv zlwklg wkh vith
udgjh ri prghugq srrov ri Phqgdudpl

Wkh vipxodwirqg surgxfhg d kljko| khwhurjhghrxv sdwwhiodwidjhv hyhq wkrxjk djh Igfuhdvhv ziwk ghswk dw
doo orfdwlirgv +1lj1 43e,1 Wkh vipxodwhg shdw frpsuliwsropy wkdw zhuh iloohg Ig dw vrph sriqw dqg uhjirqv
zkhuh gr srro hyhu h{lvwhg Ig wkh 8333 |hdu ghyhorsphgwshavikbdqg +11j1 43d,1 Lg uhjlrgv ghyhu diihfwhg
e| wisOxs hyhgwv/ udglrfduerq djhv Igfuhdvh olghduohshmk @xw hovhzkhuh wkh ryhuodsslgj Igioxhgfh ri
iruphu srrov ohdgv wr deuxsw vwhsyv Iq udglrfduerq djh ewlfklgb| dgg krul}rqwdoo|l Dw wkh vxuidfh ri wkh
vlpxodwhg shdwodqg/ d plglpxp sursruwlrg ri wkh shdw pihgitg srrov/ ghhshu lg wkh wrs phwhu/ Ig roghu
shdw wkdw kdv kdg pruh wiph wr h{shulhgfh wisOxs hysgmsuiwiktylgfuhdvhvl Ehorz wkh rghOphwhu ghswk
ri srrov/ shdw Iv gr orgjhu diihfwhg e| prghug wisOxs hyhqawih sursruwlrq ri shdw iruphg Ig srrov uhpdigv
frqvwdgw dw 93( +1lj1 44d,1 Shukdsv vxusulvigjo)/ wkiwdd|0dyhudjhg djh grhv grw Igfuhdvh olghduo] ziwk
ghswk Ig wkh wrs phwhu ehfdxvh ri wkh judglhgw lq wkigsussidwriruphg Iq srrov +1ij1 44d,1 Dw wkh yhu|
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vxuidfh/ wkh judglhgw Ig djh pdwfkhv wkh dffxpxodwlrdntaiwvh elkhuh duh gr srrovl Ehorz wkh vxuidfh/ djh
Igfuhdvhv pruh vorzo| zlwk ghswk ehfdxvh pruh dqg pruh skayh shghwudwhg wkh shdw/ ghsrviwlgj |rxqj
pdwhuldo/ grzq wr wkh ghswk ri rgh phwhu/ zkhuh ghz srrovddgjigy shghwudwh1 Dw rgh phwhu ghswk/ wkh
dyhudjh djh ri shdw Iv ohvv wkdq 4333 |hduv/ wkh wiph wodfikaxh phwhu ri shdw dw wkh dyhudjh udwh/ ehfdxvh
pdq| srrov kdyh shghwudwhg wkh shdw ryhu wkh frxuvh rid@3odflgj roghu shdw zlwk |rxgjhu pdwhuldo
+llj1 44d,1 Ehorz rgh phwhu/ wkh srro ghswk/ wkh dyhuditslaigiwrigfuhdvhv olghduo| dw wkh udwh ri shdw
dffxpxodwlirq ehfdxvh wkh sursruwlirq ri shdw iruphg Iq supdigv frqywdqw +l1j1 44d,1

llixuh 44= Prgho uhvxowv1 D, Sursruwlirq ri shdw iruphg Iq srrov/dandjlilvwulexwlirg/ dgg dyhudijh shdw dffxpxodwirq
ryhu ghswk1 E, DjhOghswk fxuyhv +juhhg/ eoxh, ghulyhgyiuljgricv gdwlgj ri wzr vipxodwhg fruhv h{wudfwhg iurp
duelwudu| orfdwlrqv ri wkh prgho grpdigl F, DjhOghswkfiurghwkh vdph fruhv dv Iq E, exw gdwhg Ig 4 p lgwhuydovl
Srro irupdwirg dqg lgiloolgj hyhgwv ehfrph Igylvieoh dwgalalgj Igwhuydol
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Wklv vipsoh vipxodwirg ghprgvwudwhv wzr Ipsruwdgwlgvepetifdxvh ri wkh uhsodfhphqw ri rog e| |rxqj
pdwhuldo Ig wisOxs srrov/ wkh dyhudijh udglrfduerq djtwridstadiq| ghswk ehorz wkh vxuidfh Iv ohvv wkdg wkh wiph
vigfh wkh sdohrvxuidfh dw wkdw ghswk zdv Igiwldoohfrgaigdiriduerq djhv Ig fruhv pd| eh kljko|
khwhurjhghrxv dfurvv fruhv ryhu vkruw glivwdgfhvl Widigexwigh hiihfwy ri wkiv khwhurjhghlw| rg fruh
Igwhusuhwdwlrg/ zh frqvighuhg wkh djh ri shdw Iq wzr Wdekhuhv h{wudfwhg iurp rxu vipxodwhg shdwodqggl
lljxuh 44e vkrzv wkh vipxodwhg djh ri shdw zlwk ghswk irewfkhhwl Wkh djh Igfuhdvhv olghduo| dv wkh udwh

ri dffxpxodwlrg Iq uhjlrqv zkhuh wkh shdw zdv grw iruphg Igrd$ lloohgOIlq srrov dsshdu dv glvfrgwlgxrxv
vhjphgwyv zlwk frgvwdgw djhl Wkhvh djh surilohv fruuhvstdgrguhdolvwif fdvh zkhuh frqwlgxrxv udglrfduerqg

djhv duh dydlodeoh dorgj wkh ixoo ohgjwk ri d frunl Lg4fxakhsbrw wkh pruh uhdolvwif fdvh zkhuh
udglrfduerg gdwhv duh wdnhq hyhu| phwhu dorgj wkh frilwdddggivhusrodwhg olghduo| ehwzhhq wkhvh srigwvl
Djh surilohv zlwk gdwhv dw rgh phwhu Igwhuydov dsshdwwerfikkigihv 1q dffxpxodwirg udwh ryhu wiph/
uhvhpeolgj folpdwh vijgdov/ zkhq Iq idfw 4, orfdo dffxpkadwdwh fkdgjhg deuxswo| dqg iuhtxhqwo| ehfdxvh

ri wuhh idoov/ dgg 5, wkh ryhudoo dffxpxodwlirg udwhvigeddy zihdfrgvwdgwl Wkh ghulyhg udwhv ri yhuwlfdo shdw
dffxpxodwilrq iurp wkh djhOghswk prgho ri wkh xquhdolviviicfdklfk djh Iv ngrzq frqwlgxrxvo| ryhu wkh

ohgjwk ri wkh fruh/ fruuhvsrgg wr odggvfdshOvfdoh dffpgadiwhv rqo| Ig sruwlirqv ri wkh fruh ghyhu diihfwhg

e| wisOxs hyhgwv1 Wkxv/ wisOxs srrov fuhdwh orfddrsfwlgyxdetivduerq djh judglhgwv Iq fruhv wkdw gr grw
fruuhvsrgg wr uhjlirgdo fkdgjhv Iq shdw dffxpxodwirg udwhvl

Wkh iuhtxhgw irupdwirqg ri wisOxs srrov ryhu wiph dfurvv @ gingh kdv Ipsruwdqw Ipsolfdwlirgv iru
lgwhusuhwdwirg ri fruh uhfrugv iurp wurslfdo shdwodggwlddehdvhv Iq orfdo dssduhgw shdw dffxpxodwlirg udwh
diwhu wisOxs hyhgwv vkrxog eh iuhtxhgwo| irxqg Iq frustadwpdqggyv ziwk odujhOvwdwxuhg wuhhv1 Hdfk wisOx
hyhqw diihfwlgj d fruh orfdwlrq fdq jhghudwh d whpsrudddascy, dqg d vxevhtxhgw Igfuhdvh Ig dssduhgw
dffxpxodwlrg udwh1 Gdwilg; ri fruhv dw 4 p ru odujhu ghswdkdgwimho| uhvxow Ig vprrwkhg orfdo dffxpxodwirg
uhfrugv wkdw idlo wr fdswxuh wkh ixoo udgjh Iq ydultirdrgwdif¥pxodwirg udwhv Igq wkhvh kljko| g|gdplf
vivwhpv +l1lj1 44f,1 Prvw dydlodeoh gdwhg shdw fruhv ianaits¢hvwhuq Erughr duh gdwhg dw odujh yhuwlfdo
Igwhuydov +l1j1 45,1 Wkh dssduhgw shdw dffxpxodwénchughtvpior fruh PGP4405D vsdg doprvw wkh hqwluh
udqjh ri dssduhqw udwhv iurp fruhv Iq frdvwdo zhvwhud &ntdtvh Iwv qduurz gdwlgj Igwhuydo fdswxuhv erwk
vorz dqgg udslg dffxpxodwlrg skdvhvl Wkh uhprydo ri shdwlgddlg uhsodfhphgw Ig wisOxs srrov/ Ig dgglwirg

wr wkh Igfrusrudwirg ri odujh slhfhv ri zrrg Ig wurslfdo shabimhv Igihuhgfh ri folpdwif vijgdov iurp wurslfdo

shdw fruhv ghhso| fkdoohgjlgjl Erwk odujhu gxpehuv riifeukmul}rqwdo vdpsolgj dqg ilghu yhuwlfdo uhvroxwirg

Iq udglrfduerq gdwhv wkdq duh fxuuhgwo| wkh grup zldatedwihizvh wurslfdo shdw fruhv frgilghgwo| wr
hvwlpdwh odqgvfdsh vidoh yduldwlirqv Iq sdvw udwhelffkfobeateylrgl
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llixuh 45= DjhOghswk sorw Igwhufrpsdulvrq ri frdvwdo shdw grphv iavpraug Erughrl Wkh fruh orfdwlirgv ri Phggdudp

wr Pduxgl duh vkrzq Iq 1lj1 6 dgg wkrvh ri wkh Udmdagj Ghowd\Windpdw/ dgg Udvdx Md|d Iq 1lj1 41 Qrwh wkh jhghudoo|

odujh gdwlgj lgwhuydov dqg srvvleo| vprrwkhg dffxpxadvileqyv |q frpsdulvrg wr frun PGP4405D1 Gdwd vrxufhv duh
Wih +4<<3, dqg Grppdlq hw dol +5344,1

43<



Odwh Txdwhuqgdu| Fduerq F|folgj ri Vrxwkhdvw Dvldg shdwodqgv 0 Sdshu LLL

91 Frgfoxvirgv

Wurslfdo shdwodggv suhvhgw pdq| fkdoohagjhv iru uhirgysawdv fduerq g|gdplfv ehfdxvh ri wkhlu Igkhuhgw
gliilfixowlhv zlwk uhvshfw wr ilhog dffhvv/ fruh uhfrytigiffduerg gdwlqj/ dgg dgdo|wlifdo phdvxuhphgwvl
Krzhyhu/ e| dsso|lgj pruhOdgydqgfhg dgg qrgOlqydviyh phwdr lw zdv srvvleoh wr uhvroyh ilghOvfdoh yduldwirgv
Ig wkh udwhv ri fduerq dffxpxodwlrq ryhu wkh sdvw 5;33{hdigvphg Vkruhd doelgshdwodqg Ig Euxghl
+Erughr,1 Uhfrgvwuxfwhg udwhv ri fduerq dffxpxodwlIrgdbjhio| frqwuroohg e| orfdo glvwxuedqfh hyhqwv/
iruhvw sdwfk glqdplfv dgg yhjhwdwirg fkdgjhvl Iruhvwughimik ohg wr yduldwlrgv Ig wkh udwhv ri fduerq
dffxpxodwlrg wkdw zhuh dq rughu ri pdjglwxgh kljkhu rg giiddgr fhqwhggldo wiphvfdohv wkdqg wkrvh suhylrxvo|
uhsruwhg e| lgwhudggxdo ru ploohgqgldoOvfdoh priviimutktkatyr hw dol 5345/ Grppdlq hw dol 5347,1 Orfdo
wisOxs srrov vwurgjo| frqwuro wkh fduerq dffxpxodwlrg|kdiaiyhg iurp d vigjoh shdw fruhl Ghflskhulgj wkh
folpdwilf Igioxhgfh rq odqgvfdshOvfdoh fduerq dffxpxagiudiwhv Iv wkhuhiruh olplwhg wr orgj wiphvfdohv +11h1
ploohqgqld, dqg zloo uhtxluh wkh dgdo|viv ri d udgjh ri sbbwiir uhgxth orfdo dffxpxodwirg vijgdovl

WuhhOidoo dqg iluh gliihu Ig wkhlu elrjhrfkhplfdo fraufitkhdgg vsdwldo h{whgqwl1 Wuhh idoo dgg dvvrfldwhg
irupdwilrg ri wisOxs srrov Iv dqg lIgwhjudo frpsrghgw ri wkiviviwhp ixgfwirglgj ri wurslfdo iruhvwhg shdwodqgv/
zkhuhdv iruhvw iluhv zhuh hfwuhpho| uduh dgg xqghurgdiwmcglovisdwldoo| uhvwulfwhgl Wkh Phggdudp fruh
frgilupv wkh k|srwkhvlv ri Vwdxe dqg Jdvwdogr +4<<<, wdlshsiplw udslg olwwhu ghsrviwlrg dqg suhvhuydwilrg/
exw dovr shupdghqw zrrg exuldol Khgfh/ wisOxs srrov ffigtedpu krwOvsrwy iru fduerq dffxpxodwirq Ig

zklfk deryh jurxqg sodqw elrpdvv Iv udslgo| dgg h{thswirgbeudqvihuuhg lgwr wkh vrlo fduerg uhvhuyrlul Wkh
fduerq g|qdplfv ri wkhvh wurslfdo wisOxs srrov duh wkhixtjigdphqwdoo| glihuhgw iurp wkdw ri srrov Ig
gruwkhug shdwodqgv/ zklfk ixgfwirg dv Ipsruwdgw vrxdiipriskhulf fduerq +h1j1 Kdplowrq hw dol 4<<7/
Shoohwlhu hw dol 5347,1 Wkh irupdwilrg ri srrov wkuegwddthikhlu udslg Igiloolgj Iv d ghzo| uhfriglthg
phfkdglvp wkdw frgwulexwhv wr wkh kljk udwhv ri fduergodiwirg fkdudfwhulvwif iru wkh frdvwdo shdw grphv

ri Vrxwkhdvw Dvld +Grppdiq hw dol1 5344, dgg h{sodIqv wihphio{ khwhurjhghrxv shdw ghsrviwv ulfk Ig ghgvh
zrrg1 WKklv shdw dffxpxodwlirg phfkdglvp Iv olnho| dovr frppylg rwkhu htxdwruldo iruhvwhg shdwodqgvl

:1 Dfngrzohgjhphgwv

Wklv uhvhdufk zdv vxssruwhg e| d uhvhdufk judgw iurp tmkdwlbgran/xvwdlgdeoh Ghyhorsphgw ri Odggvfdshv
ri wkh Hduwk +Gxhgh h1Y1, Juhlivzdog wr Uhge Grppdlg/ Wwibd@ddiawhdufk Irxqgdwirg Vigjdsruh wkurxjk

wkh Vlgjdsruh PLW Dooldgfh iru Uhvhdufk dgg Whtkgrorjijwifniru Hqylurgphgwdo Vhavlgj dqg Prgholg;
Igwhuglvflsolgdu| uhvhdufk surjudp/ dqg e| QVI judgwAd&dqg 4447494 jlyhq wr Fkduohv Kduyh|1 Zh
wkdgn Pul Pdkpxg Xvvri ri Euxghl Khduw ri Erughr Fhgwuh ddgidk Mdplodk Mdolo dgg Pul Mriiuh Dol Dkpdg
ri wkh Euxghl Iruhvwu| Ghsduwphgw iru wkhlu vxssruwarmiiivs zh dssuhfldwh wkh khos ri Ehugdug Mxq Orgj
Qj/ Udkd|x Vxnpduld elqwl Kdml Vxnul/ Mdgjduxq Hul/ zdmzreld}odqg Sdggdl/ Urvidigl Pxuhk/ dgg
Pxkdppdg Zdilxgglq ]digdo Duliilg Iq froohfwlgj shdw fruhwgghu gliilfixow fraqglwlrqvl Wkh OdfFruh idflolw|
dw wkh Xglyhuviw| ri Plgghvrwd/ Igq sduwlfxodu Dp| P|uewitiyd Eudgl/ dgg Ujdg ROJudg| duh judwhixoo|
dfngrzohgjhg iru hgdeolqj fruh vwrudjh dgg dqdo|vlv dv zlvdou wkhlu dgdo|wifdo dgg whfkglfdo vxssruwl zh
dovr wkdgn Ddurg ©Zdoo|O Olgjzdoo iru surgxflgj wkh [@igjidskv dgg Vdelgh Nhoo iru suhsdulgj sroohq
dgg FOQ vdpsohvl Shwhu Naeqlj nlggo| khoshg zlwk pdfigmgwidlfdwlrg dqg Hg Fxvklgj zlwk sroohq
dqdo|vivl Ruljlqgdo gdwd duh dydlodeoh iurp wkh ildvw dxwkru
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Grppdlg hw dol +vxepl, Iruhvw g|qdplfv dgg wisOxs srrov gulyh fduerq dffxpxodwirq

Uhihuhgfhv

DeuSprii/ P1G1/ Pdjdokehv/ S1IM1 ) Udp/ V1M1 +5337, Lpdiivdgy ziwk LpdjhMElrskrwrglfv
lgwhuqgdwir¢dd/ 69N761

Dqgghuvrg/ M1D1U1 +4489kH hfrorj| dqg iruhvw w|shv ri wkh shdw vzdps iruhvwy @dfdddg Euxghl Ig
uhodwlirg wr wkhlu vioylfixXo@ruwrudo glivwhuwdwlirg/ Xglyhuviw| ri Hglgexujk/ X1N1

Dqgghuvrg/ M1D1U1 +4<94e, Wkh ghvwuxfwirqg ri Vkrulmdideelkgjctiq xqglghqwlilhg Igviidpdiuh Iruhvwu|
UhylhZ 73/ 4<N5<1

Dqghuvrg/ M1D1U1 +4<96, Wkh iorud ri wkh shdw vzdps Wrdbeadrr dqg Euxghl/ Igfoxglgj d fdwdorjxh ri
doo uhfrughg vshflhv ri iorzhulgj sodgwv/ ihugv dqg itnvdidoghagv Exoohwlg/ Vigjdgrbl/ 464N55;1
Dgghuvrg/ M1D1U1 +4<97, Revhuydwlirqv rq folpdwlf gdidjtvigzdps iruhvw Ig VdudzBrdprgzhdowk
Iruhvwu| Uhylhz76/ 478N48;1

Dqghuvrg/ M1D1U1 +4<99, D grwh rq wzr wuhh iluhv fdxivglg] bojjVdudzdrdod]| Irunvwhis</ 4;N531
Dgghuvrg/ M1D1U1 +4<;6, Wkh wurslfdo shdw vzdpsv rirtietwidd Lg= Jruh/ DIM1SIHfhgvivhpv ri
wkh Zruog 7E1 Pluhv=Vzdps/ Erj/ Ihq dqg Prrul Uhjlrqgdo VimigHovhylhu/ Dpvwhugdp/ Qhz \run/ ss1
4;4N4<<1

Dgghuvrg/ M1D1U1) Pxoohu/ M1 +4<:8, Sdojgrorjlfdo dasagirfhgh shdw dgg d Plrfhgh frdo ghsrviw iurp
QZ Erughr1 Uhylhz ri Sdodhrerwdq| dgg Sdo|qrorjjd</ 5<4N6841

Dqgghuvrg/ M1P1/ Surfwru/ M1) Ydoodfn/ K121 +4<;6, Hdfsanjiixglhv Iq irxu frqwudvwligj orzodqgg udlg iruhvwy
lo Ixgxqj Pxox Qdwlrqdo Sdun/ Vdudzdn= LLL1 Ghfrpsrviwfteyshv dogg gxwulhgw orvvhv iurp ohdi olwwhul
Mrxuqdo ri Hfrorj|/ :4/ 836N85:1

Dvkwrg/ S1V1 +4<9Qpdgxdo ri wkh Glswhurfdus wuhhv ri EuxghL\RfidudhXglyhuviw| Suhvvl

Edloolh/ L1F1/ Dvkwrg/ S1V1/ Fkig/ V1S1/ Gdylhv/ i1 /S38dp Uxvvr/ V1H1 ) Wdg/ V1 +5339, Vsdwldo
dvvrfldwirgv ri kxpxv/ gxwulhqwv dgg vrlov Iq pKhg gidairsiruhvw dw Odpelu/ Vdudzdn/ Pdod|vidg Erughrl
Mrxuqdo ri Wurslfdo Hfrorf|55/ 876N8861

Edlug/ D1M1/ Eholhd/ O1U1E1/ Frpdv/ [1/ Uhhyh/ D1VY PYGdwkbB3<duerq flfolgj Ig qruwkhuq
shdwodqgvl Jhrsk|vifdo Prgrjudskv yrol 4;DJX/ Zdvkigjwrg/ G1F1

Eduwkhophv/ D1/ Sudjhu/ D1 ) Mrrvwhg/ K1 +5339, Sdjidlerkifydo|viv ri Dogxv zrrg shdwv zlwk vshfldo
dwwhqwlrg wr graOsroohq sdo|qrpruiiiiz ri Sdodhrerwdq| dog Sdo|qrorld 74/ 66N841

Ehvw/ D1L1 ) Jxqg/ G1H1 +4<<<, Fdoleudwlrq ri pdulgh vhgiphaprjjhuv iru txdgwiwdwlyh dfrxvwif
Ipshgdgfh vwxglhWdulgh Jhrorj| / 493/ 46:N4791

Eurzg/ W1D1/ Iduzhoo/ J1Z71/ Jurrwhv/ S1P1 ) Vfkplgw/ 11&d5+ 8 dglrfduerq DPV gdwilgj ri sroohq
h{wudfwhg iurp shdw vdpsblogirfduerg/ 67/ 883N8891

Eujqlj/ H1I1 +4<97, D vwxg| ri gdpdjh dwwulexwhg wr ¢liggwmaigduhdv ri Vkruhd doelgd iruhvw Iq Vdudzdnl
Frpprgzhdowk Iruhvwu| Uhylhz76/ 467N4771

Euijqlj/ H1I1 +4<:4, Rq wkh hfrorjifdo vljglilfdgfh ri gurxjkw Ig wkh htxdwruldo zhw hyhujuhhq +udlq, iruhvw ri
Vdudzdn +Erughr,1 Lg= lohgoh| M1Wiudwytfwirgv ri wkh 4vw v|psrvixp rq Pdohvidg hfrorj|1 Ghspghgqw

ri Jhrjudsk|/ PIivihoodghrxv Vhulhv Qrl 4&Kglyhuviw| ri Kxoo/ XIN1/ss1 99N;;1

Euiqlj/ H1I1 +4<:6, Vrph ixuwkhu hylghgfh rgq wkh dprxqw pidjld dwwulexwhg wr oljkwalgj dqg zlggOwkurz

Ig Vkruhd doelgdOiruhvw Iq Vdudzgiptgzhdowk Iruhvwu| UhylhiZ85/ 593N5981

Euxhqlj/ H1I1 +4<<3, Roljrwursklif iruhvwhg zhwodqgwibrEig= Oxjr/ D1H1/ Eulgvrg/ P1) Eurzg/ V1 +hgvl,
Hfrvl[vwhpv ri wkh Zruog 481 Iruhvwhg Zhwadegvhylhu/ Dpvwhugdp/ R{irug/ Qhz \run/ Win|r/ ss1
5<<N6671

Exujkrxwv/ W1/ Hugvwiqj/ J1/ Nruwkdov/ J1) Yulhv/ WaGElwddwiidoo/ ohdi olwwhu ghfrpsrviwirg dgg olwwhu
lgyhuwheudwhv Iq sulpdu| dgg vhohfwlyho| orjjhg glssvinutisw Iq Vdedk/ Pdod|visldorvrskifdo
Wudgqvdiwlrqv= Elrorjlfdo Vflngft668/ 73:N7491

Fdolgh/ E1 ) Kxrqj/ M1 +4<<5, Qhz Igvljkw lqwr wkh uhfhquvingnowkh Edudp Ghowd iurp vdwhoolwh Ipdjhull
Exoohwlq Jhrorjifdo Vrflhw| Pdod|vie5/ 4N461

444



Odwh Txdwhuqgdu| Fduerq F|folgj ri Vrxwkhdvw Dvldg shdwodqgv 0 Sdshu LLL

Fdphurg/ F1F1/ Hvwhuoh/ M1V1 ) Sdophu/ F1D1 +4<;<,ji\dwittgipdqg fkhplvwu| ri vhohfwhg shdwO
iruplgj hgylurgphgwy iurp whpshudwh dgg wurslfdo odiivymgitugdwlirgdo Mrxuqdo ri Frdo Jhirdg[
438N4891

Fkdupdg/ G1M1/ Ehlopdg/ G171/ Eoddxz/ P1/ Errwk/ UINAWBUHZAkdpehuv/ 11P1/ Fkulvwhg/ M1D1/ JdoohjrO
Vdod/ D1/ Kduulvrg/ V1S1/ Kxjkhv/ S1G1P1/ MdfnvrqUeaADBU Pdxtxr[/ G1/ Piwfkhoo/ I1IM1J1/ Suhqwifh/
L1F1/ydqg ghu Olgghg/ P1/ Gh Yohhvfkrxzhu/ 11/ %/ ]1F1/RdpEdxhu/ L1IH1/ Frulvk/\LP1F1/ Jdughdx/ P1/
Krko/ Y1/ Kxdqj/ \L/ Ndurihog/ H1/ Oh Urx{/ J1/ Orlvho/ MiikRg/ U1/ Qlfkrov/ M1H1/ Qlhplghg/ W1P1/
PdfGrgdog/ J1P1/ Skdgwduh/ Q1U1/ Udxvfk/ Q1/ Vloodkztggibhv/ JAW1/ Wxlwwlod/ H1V1/ Xnrgpddgdkr/ O1/
YEoludgwd/ P1/ydq Ehoohqg/ V1/ ydg Jhho/ E1/ Yiww/ G UL KB3A&]FolpdwhOuhodwhg fkdgjhv Ig shdwodgg
fduerq dffxpxodwlirg gxulgj wkh odvw ploohqdkjitrvilhgfhv / 43/ <5<N<771

Folpr/ U1V1 +4<;6, Shdw1 Lg= Jruh/ DIME8ivphaipv ri wkh Zruog 7D1 Pluhv=Vzdps/ Erj/ Ihq dqg
Prrul Jhghudo Vwxglhovhylhu/ Dpvwhugdp/ Qhz \run/ ss1 48<N557/

Free/ N1P1/ Dgnlgv/ M111/ Sduwlg/ M1Z1 ) Fodun/ E1 +3&gIpQ¥idoh folpdwh Igioxhqgfhv rq whpsrudo
yduldwlirgv ri udlgzdwhu dqg fdyh gulszdwhu r{|jhg Ivrgstrewkhug Erughtitiuwk dgg Sodghwdul| Vfihgth
Ohwwhb®6/ 53:N5531

Frqur)/ M101/ Ryhushfn/ M1W1/ Froh/ M1H1/ VkdqdkdghWMADINEiqgdg/ P1 +533;, Krorfhgh ftkdgjhv Iq
hdvwhuq wurslfdo Sdflilf folpdwh Igihuuhg iurp d Jdo%ghalrvhglphgw uhfriigtiwhuqdu| Vilhgth Uhylhizv

5:/ 4499N44;31

Frxzhgehuj/ M1 ) Mrrvwhg/ K1 +5338, VhoiOrujdglvdwlighg ed sdwwhugqlgj= Wkh ruljlq ri plfurwrsh
}rgdwlirg dag phvrwrsh glyhuviMixugdo ri Hfrorj|/ <6/ 456;N457:1

Frxzhqgehuj/ M1/ Grppdlg/ U1 ) Mrrvwhg/ K1 +5343, Juhhgkpaviax{hv iurp wurslfdo shdwodqgyv Ig vrxwkO
hdvw Dvldtredo Fkdajh Elrorj| / 49/ 4:48N4:651

Gdylgvrg/ H1D1/ Wuxperuh/ VAH1 ) Dpxqgvrg/ U1 +5333, Ethipivwu| N Vrlo zduplgj dag rujdqlf fduerq
frqwhoqvQdwxuir3;/ ;;<N:<31

Ghdqg/ Z1H1/ Mul +4<:7, Ghwhuplgdwilrg ri fduerqdwh dijgdwjau Iq fdofduhrxv vhglphgwv dqg vhglphgwdu|
urfnv e| orvv rq ligiwirg= Frpsdulvrg zlwk rwkhu phwkrdwixugdo ri Vhglphgwdu| Shwutdijy 575N57;1
Glhprgw/ Z1K1 ) Vxsdugl +4<;:, Dffxpxodwilrq ri rujdglf pdwiw dgg Igrujdglf frqvwlwxhgwv Ig d shdw grph
lg Vxpdwud/ Lggrghvidl Lagwhugdwirgdo Shdw Vrflnw| Vipsrvixp rq Wurslfdo Shdvihdiggdggy iru
Ghyhorsphqw/ \rjldnduwd/ Lggrghvlid/ Iheuxdu| <047/ ABevwudfwv/ ss1 9<;N:3;1

Grppdlg/ U1/ Frxzhgehuj/ M1 ) Mrrvwhg/ K1 +5343, K|gurogd vhoiOuhjxodwilrg ri grphg shdw vzdpsv Iq
vrxwkOhdvw Dvld dqg frqvhtxhgfhv iru frqvhuydwirq dagdiavgPluhv ) Shdw 9 +38,1 4N4:1

Grppdlg/ U1/ Frxzhgehuj/ M1 ) Mrrvwhg/ K1 +5344, Ghyhorsptigg fduerq vhtxhvwudwirg ri wurslfdo shdw
grphv Ig Vrxwkhdvw Dvid= Olgnv wr srvwOjodfldo vhd@qjimyhadfy Krorfhgh folpdwif yduldeloliwdwhuqdul|
Vilhgfh Uhylhzy 63/ <<<N43431

Grppdlg/ U1/ Frxzhqgehuj/ M1/ Jodvhu/ S1K1/ Mrrvwhg/ Kldgléxwud/ L1Q1Q1 +5347, Fduerq vwrudjh dgg
uhohdvh Ig Lagrghvidg shdwodqgv vigfth wkh odvwagjrdidwiydu| Viihgfh Unylhze:/ 4N651

Grqdwr/ G1F1/ Ndxiipdg/ M1E1/ Pxugl|duvr/ G1/ Nxugldgwwigkdp/ P1 ) Ndqqglghg/ P1 +5344, Pdgjuryhv
dpraj wkh prvw fduergOulfk iruhvwy lg wkh wuggtiwixuh Jhrvflngfh7/ 5<6N5<:1

Hvwhuoh/ M1) Thup/ M1F1 +4<<7, Vsdwldo yduldelotywiargifgbishdw ghsrviwv iurp Vdudzdn/ Pdod|vld
dqg Vxpdwud/ Lggrghvid= dqdorjxhv iru Eigevlhugdwirqdo Mrxuqgdo ri Frdo Jhreg| 4N741

Idhjul/ N1) Lyhuvhg/ M1 +4<¢h{werrn ri Sroohq DgdaojvEloh)/ Qhz funl

Ixuxndzd/ K1 +4<;;, Vwudwljudskif dgg jhrpruskif vwxgliisihdw dag jldgw srgjrov lg Euxghl= L1 Shdwl
Shgrorjivw65/ 59N751

Jdqgriv/ O1/ Whivwhuhqf/ U1/ Free/ D1U1/ Fkihgj/ KILOTBpO1/ Ndpduldk/ D1V1/ Kr|w/ D1 ) Kduyh|/ F1I1
+5347, Ruljlg/ frpsrviwirg/ dgg wudqvirupdwirg ri glvvhayrujdgif pdwwhu Iq wurslfdo shdwdtaiipirlfd
hw Frvprfkiplfd Dfwd/ 46:/ 68N7:1

Jdvwdogr/ U1D1 ) M1U1 Vwdxe +4<<<, D phtkdglvp wr h{sautghvitdwirg ri ohdi olwwhu ohgvhv Iq frdov
ghulyhg iurp udivhg pluh&todhrjhrjudsk)/ Sdodhrfolpdwrorjl Sdodhrhfrorj|/ 47</ 4N471
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Grppdlg hw dol +vxepl, Iruhvw g|qdplfv dgg wisOxs srrov gulyh fduerq dffxpxodwirq

Jodvhu/ S1K1/ Yrolg/ M1F1/ Jlyglvk/ WiM1/ Kdgvha/riiLi) Wiidf +5345, Fduerg dgg vhglphgw dffxpxodwirg
Ilg wkh Hyhujodghv +XVD, gxulgj wkh sdvw 7333 |hduv= lywihdaguvrxufhv ri huumitxugdo ri
Jhrsk|vifdo Uhvhdufk= Elrjhrvilhgfhv 44:/ 336359/ grl=431435<25344MJ334;541

Kdplowrg/ M1G1/Nhoo| F1D1/Uxgg/ M1Z1P1/ Khvvoh@lWiKIrxohw +4<<7, lox{ wr wkh dwprvskhuh ri
FK; dqg FRs iurp zhwodqg srqgv rq wkh Kxgvrg Ed| orzodqggv +KE®Wxuqdo ri Jhrsk|vifdo Uhvhdufk
<<+G4,/ 47<8N4843/ grl=431435<2<6MG363531

Kludqr/ W1/ Vhjdk/ K1/ Nxvig/ N1/ Olplg/ V1/ Wdndkdvkl/ ¥Kdr)/RP1 +5345, Hiihfwv ri glvwxuedgfhv rq wkh
fduerg edodqfh ri wurslfdo shdw vzdps irunderetio Fkdgjh Elrorj| / 4;/ 6743N67551

Mdphv/ G1P1G1 +44\fkh Jhrorj| dqg K|gurfduerg Uhvrxufhv ri Qhjdud Euxghl Gdwxdodf Px}Ixp
Euxghl dgqg Euxghl Vkhoo Shwurohxp Frpsdq| Ehukdg/ EdagdinMiadgl

Nloldg/ P1U1/ydq Jhho/ E1) ydq ghu Solfkw/ M1 +5333, 47HjpRldwfklgj ri udivhg erj ghsrviwv dag
prghov ri shdw dffxpxodwIrdxdwhuqgdu| Vilhgfh Uhylhz</ 4344N43661

Ngruu/ Z1/ Suhqwlfh/ L1F1/ Krxvh/ M1L1 ) Kroodqg/ H1Digi®888p vhaviwlylw| ri vrlo fduerg wxuqryhu wr
zduplgjl Qdwxuiii66/ 5<;N6341

Nkr/ O1N1/ Pdokl/ \1 ) Wdg/ VIN1V1 +5346, Dggxdo exgjhvaagglatyduldwlrg ri deryhjurxqg dqg
ehorzjurxqg ghw sulpdu| surgxfwlylw| Iq d orzodqgg glsvausrfruhvw Iq Erughvirxuqdo ri Jhrsk|vifdo
Uhvhdufk= Elrjhrvflngfhy 44;/ 45;5N45<91

Orwwhv/ D101 ) JIhjohu/ D1P1 +4<<7, Zruog shdw rffxuungfkidehdvrgdolw] ri folpdwh dgg yhjhwdwirgl
Sdodhrjhrjudsk|/ Sdodhrfolpdwrorj|/ Sdodhrhfrorj|/ 439/ 56N6:1

Pdr/ O1/ Edwwhg/ G1IM1/ Ixminl/ W1/ Ol/ |1/ GdlI/ O1 ) ZIgg5- Nkpwr pdgjuryh sroohq dqg vsruhv ri
vrxwkhuq Fklgd= dq dig wr sdo|qgrorijlfdo Igwhusuhwdwdhghiigdu| ghsrviwv Ig wkh Vixwk FklqdMida
ri Sdodhrerwdq| dgg Sdo|grorj]4:9/ 74N9:1

Pdxtxr|[/ G1/ Hgjhonhv/ W1/ Jurrw/ P1K1P1/ PdunhvwhiRxghithdqv/ P1J1/ ydg ghu Solfkw/ M1 ) ydqg Jhho/
E1 +5335, KljkOuhvroxwlIrg uhfrugv ri odwhOKrorfhghHdkathjh dqg fduerq dffxpxodwlrq Iq wzr gruwkO
zhvw Hxurshdq rpeurwursklif shdw ergdodhrjhrjudsk|/ Sdodhrfolpdwrorj|/ Sdodhrhfrorj|/ 4;9/ 5:8N6431

Pdxu|/ J1/ Pxoohu/ M1 ) Oxjdugrg/ E1 +4<:8, Qrwhv rg wkhamjistog ilgh vwuxfwxuh ri wkh h{lgh ri vrph
sroohq w|shv Iq Glswhurfdusdfhitylhz ri Sdodhrerwdg| dgg Sdo|grorid</ 574N5;<1

PfOdxfkodqg/ N1N1/ Kljxhud/ S1H1/ Jdylg/ G1J1/ ShuddlvPdfV P1F1/ Doh{dqghu/ K1/ Edwwohv/ M1/ Elrggl/
11/ Expd/ E1/ Frorpedurol/ G1/ Hqghuv/ VIN1/ HgjvwurghGd1¥/1/ Pduorg/ M1U1/ Pduvkdoo/ M1/ PfJorgh/
P1/ Pruulv/ M101/ Qdyh/ O1H1/ Vkxpdqg/ E1/ Vplwkzlfn/ MUDAKIG 1K1/ Zdugoh/ G1D1/ Zlooldpv F1M1)
Zlooldpv M1M1 +5347, Uhfrgvwuxfwlgj glvwxuedgfhw aédigiwikhplfdo frqvhtxhqgfhv ryhu pxowlsoh
wiphvfdoh&lrVilhgfh/ [[/ 4N45/ gri=43143<62elrvil2elw34:1

Plhwwlighg/ M1/ VKI/ F1) Olhz/ V1F1 +5345, Wzr ghfdghwsifgliroplq Vxwkhdvw Dvld*v shdw vzdps iruhvwvl
lurqwlhuv Iq Hfrorj| dgg wkh Haylurgphtgd/ 457N45;1

Pruohl/ UIM1 +4<;4, Ghyhorsphqw dqg yhjhwdwirq glqdpiferzodqg rpeurjhgrxv shdw vzdps Iq
Ndolpdgwdq Whqjdk/ LggrghMddugdo ri Elrjhrjudsk|/ ;/ 6;6N7371

Pxuud|/ D1S1/ Hgzdugv/ G1/ Krsh/ M1P1/ Eruhkdp/ FAMZEitioh{dgghu/ U1D1 ) Vxpprqv/ U1H1
+4<<;, Fduerq Ivrwrsh elrjhrfkhplvwul| ri sodgw uhvigv diglghg k|gurfduergvujdqlf Jhrikhplvwu| / 5</
44<<N45471

Qhx}lo/ V1J1 +4<<:, Rgvhw dqg udwh ri shdw dqg fduerqaifiixgxq irxu grphg rpeurjhgrxv shdw
ghsrviwv/ Lggrghvid1 Lg= Ulhoh|[/ M1R1 ) Sdjh/ V1Hlightgwilw| dgg Vxvwdlgdelolw| ri Wurslfdo Shdivodqgv
Vdpdud/ Fdugljdg/ ss1 88N:51

Sdjh/ V1H1/ Zjvw/ U1D1M1/ zhivwv/ G1/ Ulhoh|/ M1R1/ YBr@jpldZ V1K1 +5337, D uhfrug ri Odwh
Sohlvwrfhgh dqg Krorfhgh fduerq dffxpxodwlirg dqg folpdkagjh iurp dg htxdwruldo shdw erj +Ndolpdgwdg/
Lagrghvld,= Lpsolfdwlirqv iru sdvw/ suhvhqw dqg ixwergiicfdipiéy1 Mrxuqgdo ri Txdwhuqdu| Vihbk/
958N9681

Sdov/ M1S1/ydqg Jhho/ E1') Ghoirv/ D1 +4<;3, Sdohrhfvavitfyibv Ig wkh Nornnhzhho erj ghdu Krrjnduvsho
+suryl ri QrrugOKroodqd/hylhz ri Sdodhrerwdq| dgg Sdo|qrorj|63/ 6:4N74;1
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Vklpdgd/ V1/ Wdndkdvkl/ K1/ Kdudjxfkl/ D1 ) Ndghnr/ P1 +588 fduerq frqwhgw fkdudfwhulvwifv ri wurslfdo
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57<N59:1

Vipprqv/ P1G1/ Elgjrrg/ P1G1/ Euhqdf/ S1/ Fuhyhoor/ S1dgI@/h/ M1M1 ) Pruoh|/ FIN1 +4<<<, Plfurirvvlo
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Vxpdzlqdwd/ E1/ Pxo|dgwr/ E1/ Gmdmdnludqgd/ J1) Sxokgjjrgd +533;, Vrph frqvighudwlirgv ri wurslfdo
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djh1Wkh Krorfhgh47/ 5<9N5<;1

WIh/\L O1 +4<8wxglhv ri shdw vzdpsv Iq Vdudzdn zlwk sduwlfxodu uhitutd@®iruhvw uhodwlrgvkisv dgg
ghyhorsphqw ri grphOvkdshg vwuxivib@riwrudo glvwhuwdwirg/ Srojwhfkglf ri Qruwk OrggragOiiy 1
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98:N98<1
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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 )
emissions from Land Use, Land Use Change and Forestry. This paper provides a review
and meta-analysis of available literature on greenhouse gas Buxes from tropical peat soils

in south-east Asia. As in other parts of the world, water level is the main control on
greenhouse gas Ruxes from south-east Asian peat soils. Based on subsidence data we
calculate emissions of at least 900gCO,m 2a * ( 250gCm 2a %) for each 10cm 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

insufpciently quantibped. The majority of published CO

» Bux measurements from south-

east Asian peat soils concerns undifferentiated respiration at Roor 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 , emissions than peat bres. Methane RBuxes are negligible at low water levels

and amountto upto 3mgCH ,m 2h 1!

at high water levels, which is low compared with

emissions from boreal and temperate peatlands. The latter emissions may be exceeded by

RBuxes from rice paddies on tropical peat soil, however. N

,O Ruxes are erratic with

extremely high values upon application of fertilizer to wet peat soils. Current data on
CO, and CH,4 Ruxes 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, CH,4 CO,, re, greenhouse gas emissions, N,O, peat soil, south-east Asia,

subsidence, tropical peatswamp
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Introduction

The peatlands of south-east Asia, covering approxi-

mately 250000kn? (Carbopeat, 2008), represent an
immense reservoir of fossil carbon (Jaenickeet al, 2008)
that has largely accumulated over the past 13000 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,) emissions from Land Use,

Land Use Change and Forestry (LULUCF; Hooijer et al,

2006). The increased awareness of these C®emissions
has created strong political support for reducing defor-

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

r 2010 Blackwell Publishing Ltd

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-
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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; Wosten et al, 1997), 5 (Taylor & Ali, 2001), 8 (Weosten & Ritzema, 2001), 10 (CIMTROP in
Hooijer et al, 2008), 11 (Chin & Poo, 1992; Dradjackt al, 2003). Data on greenhouse gas emissions stem from locations 1 (Vieret 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, 20054, b, c,
2006, 20073, b), 9 (Mellinget al, 2008), 10 (Jauhiaineret al, 2001, 2002, 2004, 2005, 2008a, b; Daruegal, 2005; Takakaiet al, 2005, 2006;
Hirano et al, 2007a, b, 2009; Rumbangt al, 2008), 11 (Hadiet al, 2000, 2002, 2005; Inubushet al, 2003, Inubushi & Hadi, 2007), 12 (Hadi

et al, 2000, 2001, 2005), 13 (Chimner & Ewel, 2004; Chimner, 2004).

guate 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 identies 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-

r
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ported (Polak, 1933; Andriesse, 1988; Chin & Poo, 1992;
Mutalib etal, 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 Acaciaplantations 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,
CO,, N0) 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.

2010 Blackwell Publishing Ltd, Global Change Biolog#6, 1715-1732
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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 (slope5 0.09,r?5 0.95). Land use: & ) agriculture, from
Taylor & Ali (2001), on ‘old’ and ‘recently’ cleared elds ( n5 2),
Tie & Kueh (1979), date of drainage unknown (n5 1) and DID &
LAWOO (1996), recorded 13-18 years after drainage 05 1); ( )
oil palm, from DID & LAWOO (1996), recorded 13-16 or 18-21
years after drainage (n5 23), (») degraded open land in the Ex
Mega Rice Project area, from CIMTROP in Hooijer et al (2008),
recorded 10-12 years after drainage 05 15), ( ) drained
forested plots, from CIMTROP in Hooijer et al (2008), recorded

10-12 years after drainage 65 2) and Taylor & Ali (2001), date
of impact unknown ( n5 1).

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 20cm. At
higher water levels negative values are rarer and values
tend to be higher and more variable. High emissions to
the atmosphere of 3.5-14mgCH,m h ! 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
35mgCH,m *h *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 0.5mgCH,m *h 1,
found one aberrant value of 12.5mgCH,m *h %
which they attributed to ebullition. A similar outlier of
16.8mgCH,m *h *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 5.87gCHm *a * for

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.

forested sites, between 0.025 and 3.4g (outlier of
12g)CH,m *a ' for agriculture sites and between

3.62 and 49.52gCHm *a ! for rice paddies (Inubushi

et al, 2003; Furukawa et al, 2005; Hadi et al, 2005;
Jauhiainen et al, 2005, 2008a; Mellinget al, 2005a, c;
Takakai et al, 2005; Hirano et al, 2009).

Only a handful of published micrometeorological
(eddy covariance) CO, 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. 1900gCOm 2a !( 522and 532gCm ta Yin
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
anet emission to the atmosphere of  370gCO,m 2a !
( 100gCm 2%a ) 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 1617gCOn 2a ! (594,
378, 296, 441gCm?3a 1) in 2002, 2003, 2004 and 2005

r 2010 Blackwell Publishing Ltd, Global Change Biology6, 1715-1732
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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 2900gCO:m 2a !
( 800gCm 2a ) in a deforested, abandoned area
previously affected by res. At 1.1km distance in
the same deforested, abandoned area, Jauhiaineret al
(2008a) recorded similar values of 2969gCGm 2a !
(SD 235) for burnt, bare peat patches at mean annual
water levels of 33cm and, after rewetting,
2809gCQOm 2a ! (SD 278) at mean annual water
levels of 21cm, using a closed dark chamber method.
The vast majority of the published CO , 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
916ngN,Om 2h !, with 90% of the measured values
below 125ngN,Om 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 156y N,Om 2h ! are restricted
to agricultural lands. Fluxes from fertilized agricultural
sites vary between 16 and 19000gN,Om 2h %, with
90% of the measured values below 2000 N,Om 2h %
uxes from abandoned sites are between 63 and
190mgN,Om 2h % with 90% below 50ngN,Om 2h .
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-
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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 , 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.

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; \Waten
et al, 1997). Oxidation rst removes easily decomposa-
ble material (Eggelsmann, 1960; Mundel, 1976; Wgsten

2010 Blackwell Publishing Ltd, Global Change Biolog#6, 1715-1732
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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 0.9cma® for each 10cm of
additional drainage depth. A similar value (1.1cma 1Y)
is found in the Kampar study of Hooijer (2008), albeit
only for water levels below 20cm. Such a threshold
water level is also present in peat subsidence studies
from other parts of the world where every 10cm of
additional drainage leads to an increase in peat sub-
sidence of 0.64 and 0.34cma’ (Florida and Indiana,
USA, respectively; Stephens & Speir, 1970), 0.43cma’
(Balaton, Hungary; Eggelsmann, 1978) and 0.34cma*
(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  4.5cma * at drai-
nage depths below 50cm (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 , emissions)
of temperate European peatlands (Fig. 5). It can be
ascribed to moisture stress and changes in microbial
communities (Makiranta et al, 2009).

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

Fig. 5 Netannual CO, uxesinkgCO ,m 2a *fromtemperate
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 40cm
below surface only (slope 5 0.086,r%5 0.75). Data from Mundel
(1976), Mtller et al (1997), Dresler (2005), Bortoluzzi et al (2006),
Flessaet al (1997), Jacobet al (2003, 2007), Hendrikset al (2007),
Veenendaal et al (2007).

the peat (van der Molen & Smits, 1962; Schothorst, 1977,
1982; Westen 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 prole 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);
Wosten 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; Grnlund 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 0.068gCcm °
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
CO, 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, CO,
emissions from drained tropical peat soils amount to
900gCO,m 2%a !( 250gCm 2a Y) for each 10cm of
additional drainage up to a depth of 50cm. They may
prove to be substantially larger, however. Using the
60% value, Wosten et al (1997) estimate that emis-
sions range from 1330 to 3970gCQm 2a ' ( 360 to

1100gCm 2a ) for each 10cm 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 900gCO,m %a ' for each additional 10cm
of drainage, but become positive only at water levels
more than 10cm below the surface and level off at
a drainage depth of 40cm. 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.

r 2010 Blackwell Publishing Ltd, Global Change Biology6, 1715-1732
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The CO, 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, uxes that contribute to global
warming. Consequently, comparison of total soil CO ,
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, 19964, 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
CO, 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
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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; M&iranta et al, 2008) and — without indication
of drainage depth — arrive at heterotrophic soil
ux rates from a 5 year old oil palm plantation of
3400-4100gCOm 2a ! (930-1120gCmZ2a Y. The
measurement method (chamber design and sampling
method) used by Melling et al (2007a) tends to under-
estimate CO, 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;
Mékiranta 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 (Makiranta 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 5000gCG:m 2a . In open, unforested sites, a
combination of transparent and dark closed chambers
and a rigorous measurement scheme allows for reliable
measurements of CO, emissions from heterotrophic
soil respiration (Dro’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 , 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

2010 Blackwell Publishing Ltd, Global Change Biolog#6, 1715-1732
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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; Haraguchiet 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 prole
(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 CO, in deeper peat layers have been
found to be only about half the age of the surrounding
peat matrix (Charman et al, 1994, 1999; Chantoret al,
1995, 2008; Clymo & Bryant, 2008). The young age of
this methane (and CO,) is explained by methanogenesis
through reduction of CO , (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 CO, 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
35mgCH,m 2h ! from peaty alluvial soils at high
water levels. Similarly, Hadi et al (2005) found emis-
sions of upto 14mgCH,m 2?h linrice 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 conned 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 Comaset 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 19000nyN,Om 2h %)
and particularly consumption values (up to

63mN,Om 2h 1) of tropical peatland sites are large
compared with values from temperate and boreal Europe
(cf. Velthof et al, 1996; Augustin et al, 1998; Flessat al,
1998; Munchmeyer, 2001; Maljanenet al, 2004; Regina
et al, 2004; Von Arnold et al, 2005a, b), where peak
emission values reach  5000myN,Om 2h ?* (Velthof
et al, 1996; Augustin et al, 1998) and peak net uptake is

r 2010 Blackwell Publishing Ltd, Global Change Biology6, 1715-1732
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Table 1 Annual nitrous oxide uxes from peatlands in tropical south-east Asia and in temperate Europe

Land use

gN,Om 2?a ! mean (range)

Tropical south-east Asia

Paddy, n5 5

Temperate Europe*

Drained agricultural land (fertilized),
Drained, open vegetation (abandoned, not fertilized), n5 5
Forested (drained and undrained peatswamp, agro-forestry), n5 9

Drained agricultural land (fens/fertilized),
Forested (drained and undrained), n5 14
(Semi-) natural (incl. rewetted), n5 23

ns 8 14.28 (1.12-40.7)

0.11 ( 0.17-0.63)
0.54 ( 0.08-2.10)
0.10 ( 0.06-0.32)

n5 80 0.97 ( 0.05-8.86)
0.57 (0.04-2.69)

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); Drtsler (2005); Flesseet al
(1997); Hendriks et al (2007); Jacobst al (2003); Muller (1999); Tauchnitz et al (2008); Velthofet al (1996); Von Arnold et al (2005a, b);

Wild et al (2001).

ca. 8myN,Om 2h ! (Munchmeyer, 2001). Factors
regulating N ;O consumption by the soil are not yet
well understood and need further study (Chapuis-Lar-
dy et al, 2007). Emissions of N;O from tropical peat soll
depend on soil moisture and land use (Hadi et al, 2000;
Takakai et al, 2006; Melling et al, 2007b). The highest
observed N,O 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 £ -N, nitri cation must also play an impor-
tant role, either as direct source of N ,O, or by providing
the necessary NO; 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 ,O production; Hashidoko
et al, 2008), also fungi may play a major role in N ,0O
production in tropical peat soils (Yanai et al, 2007). The
role of plants in mediating N ,O emissions (cf. Rusch &
Rennenberg, 1998; Kreuzwieseret al, 2003) needs to be
assessed. In light of the complex dependencies and
resulting erratic behaviour of N ,O 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 3.3-40.7gNOm 2a ! (with a global warming
potential equivalent to 980-1210gCO,m 2a %
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 2.5gN,Om 2a ! (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
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with respect to N O 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 (532gCm 2a 2, 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-
nigues (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

2010 Blackwell Publishing Ltd, Global Change Biolog#6, 1715-1732
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Table 2 Carbon emissions from peat res and related parameters

Burnt peat Emission Fire

depth (cm) Year Bulk density (gcm %) Carbon content (kgCm 3 type Reference

37 (25-60) 1988, 1994 C DID & LAWOO (1996)
51 (20-150) 1997 0.100 0.57 29.1 (11.4-855) W Paget 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 Letnat (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 letrah (2004)

27 (15-30)v 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 (20
Saharjo & Nurhayati
(2005); Saharjo (2007)
Mean
34 0.144 0.54 26.1

Data are mean values (range in parentheses).
*Data from Neuzil (1997).

wOown calculations based on weight loss data.
C, clearance re; W, wild re; E, experimental re.

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; Liminet 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 EI Nifio drought (Table 2; Page et al, 2000,
2002). Pageet al (2002) arrive at an average loss of
29.1kg Cm 2for the 1997 peatland res (Table 2). Using
a higher volumetric carbon density of 0.070gcm 2 (bulk
density of 0.13gcm 2 carbon content of 0.54; Shimada
et al, 2001), Heil et al (2007) arrive at a slightly higher
estimate of 34.9kgCm 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; Ywilet al,
2009). Departing from a volumetric carbon content of
0.086gcm 3, Limin et al (2004) report re-related emis-
sions in the EMRP area of 47.5 and 18.6kng2,
respectively, for the El Nif"o years 1997 and 2002 (Table
2). The limited number of available measurements
(Table 2) implies emissions of 26kgCm 2 from a

typical re event. Compared with emissions from oxi-
dative peat loss of 0.9kgCm 2a * for each 10cm 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; Langneet 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 areaof 19 10°m? of peat soil burnt during the
1997 res in south-east Asia (Heil et al, 2007), with each
m? emitting 26 kg C (Table 2), peat carbon emissions
from the 1997 res would have amounted to
494TgC. 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 91.5Tg 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
385TgC, with 340 Tg C from peat (cf. Pageet al,

r 2010 Blackwell Publishing Ltd, Global Change Biology6, 1715-1732
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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; Danielsenet al, 2009). The
CO, emissions from peat degradation assumed in these
studies range from 1.8kg CO,m 2a *(Germer & Sauer-
born, 2007), to 3.7-5.5kgC@m 2a ! (Reijnders & Huij-
bregts, 2008), 3.9kgCQm 2a ! (Wicke et al, 2008) and
5.5-7.3kgCQm 2a ! (Fargione et al, 2008). The mea-
surements of Melling et al (2007a) indicate emission
values from oxidizing peat of 5kg CO ,m 2a *or more.

Conclusions

Subsidence in south-east Asian peatlands shows a clear
linear dependency on water level, increasing by
0.9cma * for each 10cm of additional drainage depth.
Whereas subsidence seems to level off to remain at
45cma ! at mean annual water levels deeper than
50 cm, recent evidence suggests there is further increase
in subsidence until drainage depths of 1m are at-
tained. With a conservative estimate of 40% for the
oxidative component in subsidence, CO, emissions
amount to at least 900gCO,m 2a (5 9tCO,ha 'a Y
for each 10cm of additional drainage depth (up to a
depth of 50-100cm). Hooijer et al (2006) use a similar
relationship of 910gCO,m 2a ! and arrive at total an-
nual emissions from peat oxidation in degrading south-
east Asian peatlands of 600 Mt CO, (170 Tg C). Should
emissions cease to increase with drainage depths below
50cm, these total emissions would still amount to
475MtCO, (130TgC). 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 , emissions from drained peatlands.
Based on the limited amount of direct measurements,
34cm of peat is lost in an average tropical peat re,
which corresponds to 26kgCm 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 ( 19000kn?; Heil et al, 2007), peat
carbon emissions from this event would have amounted
to 494TgC, 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

r
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(2008) and Heil (2007) estimate annual re-related peat
carbon emissions for the 2000-2006 period to amount to
90TgC, which is considerably lower than the
often cited estimate of Hooijer et al (2006) of
385TgC. 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 ,
emissions from south-east Asia than peat res.

The database on CQ, 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 ,
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 CO, uxes must be frequent and intensive. To arrive
at reliable net CO, 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. 5kgCO,m 2%a !
6 50tCO,ha 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 4009 CO--
eqMJ 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.

2010 Blackwell Publishing Ltd, Global Change Biology6, 1715-1732
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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 20cm 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 ,, 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,, the most important anthropo-
genic greenhouse gas (Forsteret al, 2007), nor for N,O.

Their predominant dependence on water level shows
that rewetting of drained tropical peat soils will lead to
large reductions of CO, 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 ,O emissions during the rainy season are re-
stricted to heavily fertilized drained sites and it is
highly improbable that rewetting will induce N ,O
emissions that negate the CO, 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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Vxppdu|

Shdwodqgv duh dq Ipsruwdgw frpsrghgw Ig wkh joredo fidinedly fvkh| dfw dv erwk orgjOwhup vignv iru fduerq
gir{lgh dqg vijglilfdgw vrxufhv iru phwkdgh1 Ryhu wkh Krginfshulrg +wkh sdvw 44/:33 [hduv, frqwlgxrgv FR

xswdnh e| shdw dffxpxodwlrq h{fhhghg phwkdgh hplvvirguigldiug shdwodqgv dgg uhvxowhg Ig d ghwOudgldwlyt
frrolgj hiihfw rq wkh joredo folpdwh1 Dowkrxjk 44( ri wkhgdo shdwodqg duhd Iv orfdwhg Igq wkh wurslfv/ wkh uroh
ri wurslfdo shdwodqgv Iq wkh joredo fduerq flfoh dqg ladtiegxvkh HduwkOv udgldwlyh exgjhw kdv grw ehhq
uhvroyhgl FolpdwhOfduerq f|foh prghov kdyh wkxv iducyghggfvursifdo shdwodqgv ehfdxvh uholdeoh gdwd rg
wkhlu sdvw udwhv ri fduerq xswdnh dqg uhohdvh dutohdrdyaiddevkhviv wklv sureohp kdv ehhq dssurdfkhg

e| uhfrgvwuxfwlgj shdwodqg h{sdqvirq dqg udwhv ri fdweljty dyg uhohdvh ryhu wkh Odwh Txdwhuqdu| +Odwhvw
Sohlvwrfhgh dqg Krorfhgh, iru wkh odujhvw wurslfdgshdwibdglfk Iv orfdwhg Ig htxdwruldo Vixwkhdvw Dvld
+l1h1 Vxpdwud/ Erughr/ Shqglgvxodu Pdod|vld,1 Shdvawlifgpeowkh wurslfv uhpdiqv dg hgljpdwif
skhgrphgrg/ ehfdxvh wkh frqvwdqwol| kljk whpshudwxul®brEs9vkrxog wkhruhwlfdoo| gulyh udslg vrlo fduerq
wxugryhu dgg wkxv grw hqgdeoh wkh dffxpxodwirg ri shahald wWdkihatikhviv dovr h{soruhv wkh phfkdglvpv wkdw
fdxvh shdw irupdwirqg Ig wkh Vrxwkhdvw Dvidg wurslfv ewadtiogudyhuv ehklqg fkdgjlgj udwhv ri fduerq
dffxpxodwlrgl Fduerq g|qdplfv zhuh dgdo|}hg dw wkh uhglkddoh +8843 np 5, ri Vrxwkhdvw Dvld ryhu
ploohqggldo wiphvfdohv +sdshu/ L/ LL, dgg dw wkh @@igadgot ri d shdwodaqg viwh rq daogxdo wr fhgwhagldo
wiphvfdohv +sdshu LLL/LY,1

Sdshu L suhvhgwv wkh iluvw vivwhpdwlf fodvvlilfdwginguioj#B3/333 rigvrxwkhdvw Dvldq orzodgg shdwodggv
+ehorz :3 p d1lvilol, Igwr jhrjudskif shdwodqg w|shvl WHgghdiuh glylghg Igwr 4, frdvwdo shdwodqgv ri
Shqlgvxodu Pdod|vld/ Vxpdwud/ dqg Erughr ++463/338ag Iqwr Igodgg shdwodggv ++63/333irfy

Fhgwudo Ndolpdgwdq +vrxwkhuq Erughr,/ 6, wkh Nxwaihetiulg Etughr,/ dqg 7, wkh Xsshu Ndsxdv edvlq
+zhvwhuq Erughr,1 Frdvwdo shdwodqgv iruphg e| sulpdujgdwirg gluhfwo| rg iuhvko| h{srvhg pdulgh ru
pdgjuryh vrlov zlwk wkh orzhulgj ri wkh vhd ohyho gxulgjavidh Krorfhghl Lq frqwudvw/ lgodqg shdwodqgv iruphg
yld sdoxglilfdwIrg rq hiwkhu whuuhvwuldo vdqg vridy MBbpeigwdqg, ru e| erwk sdoxgliffdwlrg dgg
whuuhvwuldol}dwirg +Nxwdl edvlg/ Xsshu Ndsxdv edwiehtivkishdwodqg Iglwldwirg zdv hvwdeolvkhg €|
dsso|lgj wkh frpprg fxpxodwlyh edvdo gdwh iuhtxhgf| dsstireé-sdshu L,1 Wkiv phwkrg uhyhdohg fohdu
gliihuhgfhv Ig wkh wiplgj ri shdwodqg lgiwldwlirg= 4, wikhNdsxdv shdwodggv duh wkh roghvw srvwjodfldo shdw
irupdwlrqv dgg gdwh iurp 53/333046/333 fdo ES +fdohqgeefticih suhvhqw,/ 5, lgodgg Fhqwudo Ndolpdgwdq
shdwodqggv gdwh iurp 47/8330<333 fdo EY 6, wkh Nxwgll sfalividdop ;63307<33 fdo ES dqg 7, dgg wkh
frdvwdo shdwodqggv gdwh iurp ::330533 fdo ES1

Frdvwdo shdwodqgv kdyh d Krorfhgh dyhudjh fduerq dffxgxativh ri :: j F p °5|u® ehlqj uhfrjglthg dv

wkh joredoo| prvw hiihfwlyh whuuhvwuldo hfrvlvwhpuigrgiyhup fduerq vhixhvwudwirgl H{fhsw iru wkh
Nxwdl shdwodqgv/ wkh Krorfhgh dyhudjh fduerq dffxpxadwirg ri lgodgg shdwodqgv duh vijgliffdgwo| orzhu
+53063 j F *°|u% dqg yhu| viplodu wr wkh dyhudjh orgjOwhup udwhv ri crusvikbdiggv 1

loxfwxdwlrgv Ig sdvw udwhv ri fduerq dffxpxodwirg ri Veixwidvidg shdwodqgy frxog iru wkh iluvw wiph eh olgnhg
wr sdohrfolpdwif fkdgjhv/ sulpdulo| yduldwirgv Iq privwayallodelolw| +sdshu L/ LL,1 K|gurfolpdwif Igioxhgfhv
rq fduerq dffxpxodwlirg udwhv zhuh uhodwhg wr vkliwv tipvekiaywhig ri wkh Lgwhuwurslfdo Frayhujhqgfh Jrgh/
fkdgjhv Ig wkh Igwhgviw| ri wkh DxvwudoODvldq pravrmo/\dag/lyduldwlrgv Ig wkh iuhtxhgf| ri wkh Ho QI'rO
Vrxwkhuq Rvfloodwlrgl

Lqg frqwudvw/ shdwoddqg Igiwldwirg dgg h{sdqvirg zdV ghlydofsho fkdgjh +sdshu L/ LL,1 Wkh ghjodfldo ulvh Ig
vhdOohyho Iv Ighgwlilhg dv wkh sulpdu| gulyhu iru Iqadggghdipdwlirg Ig Erughr/ ehfdxvh wkh ulvigj vhdOohyho
4, orzhuhg wkh k|gurorijlfdo judglhgqwv Ig wkh VrxwkhdyWwaddd dufkishodjr Iggxflgj ulvigj jurxqg dgg

vxuidfh zdwhu ohyhov rq wkhvh Ivodggv/ dgg 5, ohg workiknuliyrivwxuh dydlodelolw| gxh wr wkh dvvrfldwhg
h{sdqvirg ri pdulgh zdwhu pdvvhv rq wkh vkhoi iorrul Sdskeeilwkdw Iqgodgg shdwodqg Igiwldwirg dqg
h{sdqvirg zdv prvw h{whqvlyh gxulgj ghjodfldo phowzdwlvtngxzkhg wkh udwh ri vhdOohyho ulvh h{thhghg 43
pp [u %41 Rqo| zkhg wkh udwh ri vhdOohyho ulvh kdg vorzhg grzqwkragwkeih7 pp |u®4e| «:333 fdo ES

frxog shdw dffxpxodwlrq dorgj wkh frdvwv nhhs xs zlwk vikiinyhd ulvh dgg frdvwdo shdwodqgv frxog irupl
K|gurOlvrvwdwlif dgmxvwphqw ri wkh Vxqgd Vkhoi ohdhinal atzthddnj e| fd1 8 p ryhu wkh sdvw 7833 |hduvl
Idoolgj vhd ohyhov h{srvhg h{whqgvlyh pdulgh duhdv wikdslgblinorglthg e| shdw vzdps iruhvwvl D ghzo|
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ghyhorshg phwkrg iru wkh uhfrqvwuxfwirg ri sdvw shdivdeéggluiyrg wudqvihu ixgfwlrgv +sdshu LL, uhyhdov wkdw
:3( ri wkh shdwodqgyv ri Vxpdwud dgg Ndolpdgwdq rgo| irupbigjigikh sdvw 7333 |hduvl Pruhryhu/ wklv ghz
wudqvihu ixgfwlrg dssurdfk vkrzv wkdw wkh frpprg edvdodgsuidfk ryhuhvwlpdwhg wkh h{whqw ri shdwodqgv
Ig wkh sdvw1 WkIv phwkrg/ Ig jhghudo/ ohdgv wr kljkhuhfdguwuxfwhg fxpxodwlyh shdw fduerqg xswdnh iru wkh
sdvwl

E| frpelglgj uhfrgqvwuxfwhg shdwodqgg duhdv dqg phdq uddvtergi dffxpxodwlrg ryhu ploohqgldo wiphvfdohv
iurp hdfk shdwodqgg wi|sh wkh fduerg xswdnh ri doo shdwadqupviud dgg Ndolpdgwdq frxog eh txdqwlilhg

iru wkh sdvw 48/333 |hduv +sdshu LL,1 Fduerq xswdnhaltgudlgighudjudp +Wj, Fitiurp 48/33308333

fdo ES ehfdxvh wkh wrwdo duhd ri shdwodqgv zdv ohwvBwapdd, 6818!8 shdwodagg h{sdqgvirg gulyhq e| wkh
orzhulgj ri vhdOohyho ryhu wkh sdvw 8333 |hduyv Igfuhdidpgddainh rq Vxpdwud dgg Ndolpdgwdqg wr ryhu :
Wj F |u®*dgg uhvxowhg lq dq h{srghqwldo jurzwk ri wkh uhjlrqddidpdfvhuyrlu wr d vith ri ryhu 53 Sj F1
Vrxwkhdvw Dvldg shdwodggv wkhuhiruh kdg gr vijglhftigwikdr@dwh Sohlvwrfhgh dgg Hduo| Krorfhgh joredo
fduerq flfoh1 Krzhyhu/ ehfdxvh ri wkhlu udslg h{sdgvirchdi®333 fdo ES e| ryhu 433/333 Aprkh shdwodqgv

ri Vrxwkhdvw Dvld ehfdph d joredoo| Ipsruwdgw fduerqg vdgy gekh Odwh Krorfhgh dgg olnho| fdxvhg dg
dwprvskhulf FR gudzgrzq ri 405 ssp +sdshu LL,1 Wklv suhylrxvo| xquhfrjglgirvskhulf fduerq vign sduwo|
frpshqvdwhg iru frqwhpsrudghrxv whuuhvwuldo fduevegemrfidwhg ziwk wkh ghvhuwlilfdwlirg ri Qruwkhuq
Diulfd1

Wkh phfkdglvpv wkdw hgdeoh kljk udwhv ri fduerq dffxpxpdiwthvwdo shdwodqgv zhuh h{soruhg Iq d shdw fruh
vwxg| suhvhgwhg Ig sdshu LLL1 Khuh wkh xvh ri d ghz foitghvrafliwkh wurslfv dqg wkh dssolfdwirg ri grgO
Igydvlyh jhrsk|vifdo phdvxuhphqwv zhuh hpsor|hg wr ghualytikOuhvroxwirg uhfrug ri fduerq dffxpxodwirg
udwhv1 Wkiv vwxg| surylghv wkh iluvw ghvfulswirqgissholniagdy rxwkhdvw Dvld/ zkIfk irup dv wisOxs srrov
iurp idoolgj wuhhv vxfk 8tkruhd doelgdEdvhg rq d sroohqg dqg pdfurirvvlo uhfrug d irvvlo wisOgrsfistog eh
Ighgwlilhg Ig wkh fruh dgg dqg dvvrfldwhg fduerq dffxpx@daivh ri 433 wr ryhu <33 j FPgu®*ghwhuplghgl
Wkxv wisOxs srrov ixgfwlirq dv orfdo krw vsrwv iru fduerppditivirg/ ixqgdphqwdoo| gliihuhgw iurp gruwkhuq
khplvskhuh shdwodqg srrov/ zklfk dfw dv ghwOfduerq irkuripd wiphOvhulhv ri dhuldo skrwrjudskyv wkh udwh
ri wuhh idoo dqg wkxv srro irupdwirg zdv ghwhuplghg dwi@t‘JuRt#sdshu LLL,1 D vipxodwlrg prgho Iqglfdwhv
wkdw xs wr 93( ri wkh shdw ghsrviwhg lg shdw grphv ri Erudgioiyag iurp iloohg xs irvwlo srrov N fkdajlgj

wkh sdudgljp wkdw Vrxwkhdvw Dvidg shdwodqgv pdiqq) ielorizjurxqg elrpdvv dqg surylglgj dq
h{sodqdwilrq iru wkh udslg fduerq dffxpxodwlrq ri wkhvvirimpv1

Wkh folpdwh Ipsdfw ri shdwodqgv Iv/ krzhyhu/ grw rgojgulvodikehiu fdsdfiw| wr udslgo| vwruh fduerg/ ehfdxvh
shdwodqgv dovr uhohdvh wkh vwurgj juhhgkrxvh jdv phejRdgrgiier ri dgdhurelf ghfrpsrviwirgl D phwd0
dqdolvlv ri phwkdgh hplvvirg gdwd iurp Vrxwkhdvw Dvldagsjgive-sdshu LY, vkrzv wkdw wkhlu dyhudjh dggxdo
phwkdgh uhohdvh ri 6 j E§ %|u®Ilv orzhu wkdq wkh dyhudjh dggxdo uhohdvh ri ¢pj®K%iurp gruwkhug
shdwodqgv/ dowkrxjk wkh kljkhu wurslfdo vrlo whpshusagoindg wr vijglilfdgwo| kljkhu hplvvirgvl Wkh
olplwhg ghjuhh ri dgdhurelf ghfd| Iv h{sodlghg e| wkh uhdiigfh ri wkh ghsrviwhg elrpdvv/ zklifk frqwdlgv
Kljk dprxqwv ri oljglg dgg wdqgla/ surylglgj dgrwkhu h{sdddyq iru udslg fduerq dffxpxodwlrql Orz dgdhurelf
ghfrpsrviwlrg wrjihwkhu zlwk kljk udwhv ri fduerq dffxpxtigipso| wkdw olplwv wr yhuwlfdo shdw erj jurzwk Iq
Vrxwkhdvw Dvld duh grw vhw e| fxpxodwlyh dgdhurelf gipfyiugvidhug udlvhg erjvl Lqvwhdg shdw erj jurzwk
Iv olplwhg e| dhurelf ghfrpsrviwlrg uhodwhg wr zdwhuizlglodv vkrzq e| d ghulyhg olghdu uhodwlrgvkls
ehwzhhqg wkh dprxgw ri uhohdvhgiliR dhurelf shdw ghfrpsrviwirg dqg wkh phdg dggxdo ghswikh
shdwodqg zdwhuOwdeoh +sdshu LY,1

Wkh folpdwlf hiihfw ri Vrxwkhdvw Dvidg shdwodqgv zdvohioveugkh joredo zduplgj srwhqwldo +JZS,
phwkrg/ zklfk frpsduhv fduerg xswdnh zlwk phwkdgh hplvwigy whupv ri FROhtxlydohgwvl Wkh orz phwkdgh
hplvvirgv dgg kljk fduerq dffxpxodwlirg udwhv ri fravwdovebdogv uhvxow Ig d ghw dggxdo xswdnh ri 403 nj FR
htxlyl kd*|u®4ryhu d 433 |hdu JZS wiphOkrul}rgl Xgghu gdwxudo fragiwbigwélo Vrxwkhdvw shdwodggv h{huw
d vijglilfdgw ghw frrolgj hiihfw rg wkh joredo folpdwh Igatepvw wr gruwkhug shdwodqggv/ zkltk kdyh d zduplgj
hiihfw ru dfw folpdwlif ghxwudo rg wklv wiph iudphl Lwdttiixghdrwkdw wkh wurslfdo shdwodggv ri Vrxwkhdvw Dvid
duh wkh vwurgjhvw fduerq vignv dprgj doo shdwodqgejmedapvdeoh Igioxhgfh rq wkh HduwkOv udgldwlyh
exgjhwl

Krzhyhu/ wrgd| dg hvwlpdwhg <3/333 nghdwodqgv Iq Vrxwkhdvw Dvld Iv gudighg iru djulfxtjdoadsetop
sodgwdwirqv, dqg ghiruhvwdwirgl Wkhvh gudighg sbbdwdddgepdoo| ryhu 473 Wj%ijup dhurelf shdw
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ghfrpsrviwirgl Gudlgdjh dovr idflolwdwhv wkh uhjxatiprizshitiw iluhv Ig wkiv uhjirg/ zklfk rg dyhudjh uhohdvh
durxqg :8 Wj F [l?4. Rqjrlgj wrwdo fduerq orvvhv +¢553 Wj ® Ja{fhhg wkh gqdwxudo fduerqg xswdnh e| d idfwru
ri 58 dqg ghprgvwudwh wkdw wkh hgwluh Vrxwkhdvwdamdglshkigvodhfhgwo| vzliwfkhg iurp d joredoo|
Ipsruwdgw fduerg vign wr d joredoo| vijglifdgw vrxufhpieskhulf FR ¢ +sdshu LL/ LY, 1
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[xvdpphqgidvvxqj

Prruh viqg high zifkwljh Nrpsrghgwh Ip joredohg Nrkohgwimuhlvodxi/ gd vih odgjiulvwlijh
Nrkohqglr{lgvhgnhqg xqg ehghxwhqghq Txhoohq yrq Phwkdghgdhql Lp Yhuodxi ghv Kror}Eqv +glh
yhujdgjhghqg 441:33 Mdkuh, jehuwudi glh nrgqwlgxlhuolf@ink#hjxqj gxufk Wruidnnxpxodwlrg glh
Phwkdghplvvirghqg grugivikhu Prruh1 Glhv ijkuwh }x highpn@iONjkoxgjvhiihnw dxi gdv Hugnolpdl Glh
Ehghxwxqj wurslvikhu Prruh Ip joredohq Nrkohgvwriindkivegg ehlijolfk ghu Ehhlgioxvvxgj ghv
Vwudkoxgjvkdxvkdowv ghu Hugh Ivw elvkhu mhgrfkukreitko@( ghu zhowzhlwhq PrruioEfkhq Ig ghqg
Wurshq olhjhgl Nolpdprghooh pliw Igwhjulhuwhp Nrkotuipwvaixi kdehqg wursivfkh Prruh elvkhu glfkw
ehujfnvifkwljhg noeqghg/ gd nhigh }xyhuo@Ewvljhg Gdwinipgxodigjiulvwijhu Nrkohgvwriiihvwohjxgj xqg
Niuhlvhw}xgj h{lvwlhuhg1 Lq glhvhu Glvwhuwdwlrg Sargbhgaidajhjdgjhg/ Igghp Prrudxveuhlwxgj xqg

Udwhq ghu Nrkohgvwriiihvwohijxaj xqg Niuhlvhw}xaj ijs@svxduwEu +vsEwhv Sohivwr}Eq/ Kror}Eg, ghv juce©
wurslvikhq Prrujhelhwhv/ zhofkhv Ig Vigrvwdvlhg olhdigblhuw uhnrgvwuxihuw zxughgl Wruidnnxpxodwirg Iq
ghq Wurshg eohlew hlg u@Ewvhokdiwhv SkEgrphg/ gagknkdrgWitashudwxuhqg yrq 5905:£F wkhruhwivfk glh
udvfkh Xpvhw}xqj yrq Erghgnrkohqvwrii yrudgwuhlehchgrb@uakhu zxugh Ig glhvhu Duehlw dxfk yhuvxtkw glh
sulpE&uhq Phfkdglvphg/ zhofkh Wruielogxqj Iq ghg vignavavikhg Wurshqg yhuxuvdfkhg/ }x Ighqwlil}lhuhg xqg

glh WulhenuEiwh klgwhu YhuEqghuxgjhqg Ig Nrkohgwaaivdnpgpdwhg jhgdx }x ehvwlpphgl Glh
Nrkohqvwriig|gdpln zxugh vrzrko dxi uhjirqdohu Hehgh 888 np °, yrq Vigrvwdvlhqg jehu wdxvhqgm@Ekuljh
Jhiwvndohq +Duwinho L/ LL,/ dov dxfk dxi orndohu‘aéBqiP+Hdghv Prruvwdqgruwhv jehu m@&kuolfkh elv
kxgghuwm@kuljh Jhiwvndohqg xgwhuvxfkw +Duwlnho LLL/LY,1

Duwlnho L ehlgkdowhw glh huvwh vjvwhpdwivfkh JelH§31883hpvigrvwdvidwivikhu Wihiodggvprruh +xgwhu
:3p ilglP1, Iq jhrjudskivikh Prruw|shgl Gih Prruh zxughq I, Njvwhgprruh ghu Kdoelgvho Pdod|vid/
Vxpdwud xqg Erughr +4631333°nmqg Ig 5, Lgodggvprruh +¢631333 fipyrq Jhgwudondolpdgwdq
+Vigerughr,/ Nxwdlehfnhg +Rvwerughr, xqg Rehuhv NdgxtayeZzhvwerughr, higjhwhlowl Njvwhgprruh
hgwvwdgghq gxufk sulpEuh Prruelogxgj gluhnw dxi iulvighingghg pdulghg Vhglphgwhqg rghu
Pdgjuryhgeceghq dov Irojh ghu Phhuhvslhjhodevhgnxgj IpatsfKror}Eql Lgodggvprruh hgwvwdgghq gxufk
Yhuvxpsixqj yrqg whuuhvwulvfkhg Vdggeceghq +]hgwugleddptgtiu gxufk glh Surthvvh Yhuvxpsixgj xqg
Yhuodqgxgj +Nxwdlehfnhg/ Rehuhv Ndsxdvehfnhg,1

GIh }hlwolfkh Deirojh ghu Prruhgwvwhkxgj zxugh gxufk giixoetwlyh luhtxhqg} edvdohu Wruigdwlhuxgjhq
hupiwwhow +Duwlnho L,1 Glhvh Phwkrgh }hljwh nothdghXagyghuyfitwolfkhqg Deirojh ghu Prrulgiwlihuxgj= 4,
glh Prruh Ip Rehuhg Ndsxdvehfnhq vigg glh GEowhvwhq Pxgiletpggg gdwlhuhg dxi highg Jhiwudxp
}zIvfkhq 5313330461333 fdo ES +Ndohgghumdkuh yru, kfttx@irib Jhqwudondolpdgwdqv dxi 4718330<333
fdo EY 6, glh Prruh ghv Nxwdlehfnhqv dxi ;63307<33 fdo ES7xgth Njvwhgprruh dxi ::330533 fdo ES1

Plw :: j F p %d*“ehviwthg Njvwhgprruh glh koefkvwh kror}Egh Gxufkvikgiwigvghu NrkohgvwriiO
dnnxpxodwlrq xqg nrggwhqg gdplw dov joredo hiil}ihgwbutdwuiatkh fnrvlvwhph iju odgjiulvwljh
Nrkohgvwriiihvwohijxqj Ighgwlil}ihuw zhughqgl Plw DxvgtikpPrruh ghv Nxwdlehfnhqv kdehqg Lgodqgvprruh
ghxwolfk glhguljhuh kror}Egh Gxufkvikgiwwvudwhq kplabwidiidnnxpxodwirg +53063 j B4 N vhku
Ekqgolfk ghg odgjiulvwljhg Udwhq gruglvfkhu Prruhl

loxnwxdwlrghg ghu Nrkohgvwriiihvwohijxgjvudwhq Mgkl Prruh Ig ghu Yhujdgjhgkhlw nrggwhg huvwpdol;
Vikzdgnxgjhg ghv SdoCErnolpdv }Ixjhrugghw zhughqg/ kdiekk@E§hg Yduldwlrghg Ig ghu
Qlhghuvfkodjvyhuijjedunhiw  +Duwinho L/ LL,1 K|dufkolpd¥giojvwh dxi glh odgjiulvwlijh
Nrkohgvwriidnnxpxodwlrg zxughq yhuxuvdfkw gxufk Ymexdihg |g ghu plwwohuhqg Srviwlrg ghu
Lgghuwurslvfkhg Nrgyhujhg}}rgh/ Yhu@Eqghuxgjhg ghullv@gghv DxvwudoODvldwlivikhg Prgvxqv|vwhpv xqg
Yduldwlrghq Ig ghu Dnwlylw@Ew ghu Ho QI'rORv}loodwirgl

Lp Jhjhgvdw} gd}x yhuxuvdfkwhq srvwjod}ldoh Phhuhed&Egghuxgjhg glh Hgwvwhkxgj xqg Dxveuhlwxgj yrq
Prruhq lq Vigrvwdvlhg +Duwinho L/ LL,1 Ghjod}ldohusPiitndiyvavihj zxugh dov grwzhgglih Udggehglgjxqj

iju Prruelogxqj Ip Lgodqg yrq Erughr Ighgwlil}ihuw/ gd gguwehljhggh Phhuhvvslhjho ghqg k|gurorjlvikhg
Judglhgwhq Ip vigrvwdvldwlivfkhg Dufkisho yhuulgjhowmimikakwh ghg JuxqgO xqg Rehuio®Efkhgzdvvhuvslhjho
dxi ghqg Lgvhogl Ixv@Ew}oltk ijkuwh glh loxwxqg ghv VxogieOYsk koekhuhu dwprvsk@Eulvikhu
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Zdvvhuyhuijjedunhiwl Duwlinho LL }hljw/ gdvv PrrutiwdjbuPrrudxveuhlwxgj Ip Lgodqg yrg Erughr
zEkuhqg Skdvhqg ehvrgghuv vfkghoohq Phhuhvvslhjhotigyivtit)jod}idoh Vikpho}zdvvhusxovh, yrq jehu
43 pp |u %dp juce©whq zduhgl Huvw dov yru fd1 :333 Mdkuhq glh UdikngiftviirRitgvwihjv xqwhu ghqg
Vfkzhoohqgzhuw yrq 517 pg4dlho/ nrqgwh Wruidnnxpxodwlirq hgwodgj ghu Njvwh plwvgd}idohq
Wudqvjuhwvirg plwkdowhq xqg Njvwhgprruh hgwvwhih@lodgghdvrvwdwlivikh Vhgnxgj ghv VxqgdOVikhoiv
ijkuwh jehu glh ohw}whq 7833 Mdkuh }x highu Phhuhvirsihjupgeq fd1 8 p1 Ghu idoohggh Phhuhvvsihjho
ohjwh jur©@io&Efklj Phhuhvvhglphgwh xqg Pdgjuryhgecegtapafikh gluhnw yrq Krfkprruz&oghug ehvihghow
zxughgl Hlgh ghx hgwzlfnhowh Phwkrgh }xu jhqdxhqg Uhnmgvaviigkhuhu PrruioEfkhg edvihuhgg dxi
Wudgvihuixgnwlrghqg +Duwlinho LL, yhughxwolfkw/ gdilw@éwhrruioEfkh yrg Vxpdwud xgg Ndolpdgwdq
huvw zEkuhqg ghu ohw}whq 7333 Mdkuh/ jehuzlhjhqa ipwetiqf greloghw zxughqgl Dx©hughp }hljw ghu
ghxh Wudgvihuixgnwlrghgdqvdw}/ gdvv glh khunoeppdifigh Bhwnxpxodwlyhq luhtxhg} edvdohu Gdwlhuxgjhqg
glh PrruioEfkh Iq ghu Yhujdgjhgkhlw jehuvfk Ew}lwhl &dplahiyw}whuh Phwkrgh juxqggvE&wlolfk }xu Huplwwoxg;]
x krkhu Phqjhqg jhvshlfkhuwhg Nrkohgvwriiv Ig Prruhq Iq g¥twjdgjhgkhlwl

Glh Lgwhjudwlrg yrg uhnrgvwuxlhuwhq PrruioE&fkhg phuhgiwmaxvhqggm@Ekulihg Udwhqg yrg
Nrkohgvwriidnnxpxodwilrg iju glh ylhu Prruw|shqg hupaoejdifiav/ glh Nrkohgvwriiihvwohjxgj yrq doohq Prruhq
Vxpdwudv xqg Ndolpdgwdqv +Lqgrghvivik Erughr, iju gitnq81L333 Mdkuh }x txdgwlilllhuhg +Duwlinho LL,1 Glh
Nrkohgvwriiihvwohjxqj eolhe xgwhu 4 Whudjudpp +Wj, Fqld8383308333 fdo ES gd glh yhuijjeduh
Prruio&fkh plw zhgljhu dov 631333*nghodwly jhulgj zdul Vfkghooh Prrudxveuhlwxqj zEkutygigig 8333
Mdkuh/ hupcejolfkw gxufk glh Phhuhvvsihjhodevhgnxgjhijkuhlghp udvdgwhqg Dgvwihj ghu uhjlrgdohqg
Nrkohqvwriiihvwohijxgjvudwh elv }x phku dov : \fdgd gdplw }x highp h{srghgwlhoohq Zdfkvwxp ghv Wrui0
Nrkohgvwriivshifkhuv }x jehu 53 Shwdjudpp +Sj, F1 Vjgiawblikh Prruh vslhowhqg gdkhu nhigh ehghxwhggh
Urooh Ip vs@Ewsohlvwr}Eghq xqg iujkkror}E&ghq joreddigywitkdxvkdowl Zhjhg ghu pdvviyhq
loEfkhg}xgdkph yrg jehu 4331333 hipehu glh ohw}whqg 8333 Mdkuh vigg vigrvwdvldwivikh Pjoueddg
ehghxwhqggh Nrkohqvwriivhgnh zEkuhqgg ghv Vs@E&whq KrangBagxgg uhgx}lhuwhq ghq dwprvsk@&ulvikhg
FR5 Jhkdow xp jhvfk@Ew}wh 405 ssp +Duwinho LL,1 Glhvh ehddgwxjfaolhehgh elrvsk@Eulvfkh
Nrkohgvwriivhgnh kdwwh gdkhu }xp Whio }hiwjohlfkhlvikininsehgvwriiyhuoxvwh Ip Vs@&whq Kror}Eg/
iehuzlhjhgg dov Irojh ghu Ghvhuwilil}lhuxqj Qrugdiulndsgimvihuwl

Glh Phfkdglvphg/ zhofkh glh krkhg Nrkohgvwriidnnxpxodegxudwhq ghu Njvwhgprruh hupcejolfkwha/ zxughq
Ig highu Wruinhugvwxglh xgwhuvxfkw +Duwlinho LQkvi}ijmidiaw ghxhg Erkuwhfkgln iju glh Wurshq xqg
ghu Dgzhqgxqj qglfkwOlgydvlyhu jhrsklvindolvikhu Phvvikgj nrggwh high }hiwolfk krfkdxioocevhggh
Uhnrgvwuxnwirg yrq Nrkohgvwriidnnxpxodwlrgvudwhey zbulghgl Glhvh Vwxglh Ivw johlfk}hiwlj glh huvwh
Gduvwhooxgj ghu Nrkohgvwriig|gdpln yrq vwhkhqghq Pr@ihzhug g Vigrvwdvihg/ glh gxufk ZIggzxui yrg
EExphq +}1&kruhd doelgdqg gdgxufk dxvjhkrehghq Erghgeeiigxgjhg hgwvwhikdexs srral Edvihuhgg

dxi Sroohq0 xqg Pdnurirvwlogdwhg nrggwh hig irvwloheowhi, Srro plw highu hgwvsuhfkhqghqg
NrkohgvwriidnnxpxodwlIrgvudwh yrq 433 elv jehu <33p&tghgwlillhuw zhughgl WIis0xs srrov ixgnwirglhuhq
dov orndo ehghxwvdph Nrkohgvwriivhgnhq IgghukdoeuhRjtuboxqg gdplw juxqgvEwlolftk dgghuv dov
Prrujhz@&vvhu goeugolfkhu Prruh/ zhofkh dov Nrkohqwwaidbtdndjlhuhgl Gxufk glh Jhiwuhlkhgdgdo|vh yrg
Oxiweloghuq zxugh hlgh jhjhgz@E&uwljh Udwh yrq Edxpzxuihtxgghowhu Srroelogxaj, yrg 3/7 EExph{ kd

4 dP4ehvwippw +Duwlnho LLL,1 Ehuhfkgxgjhq highv Vipxodidrglapihehg/ gdvv elv }x 93( ghv Wruinceushuv
ghu Krfkprruh Erughrv dxv dxijhijoowhq Srrov ehvwhkhq Ingeljgzdv gdv ehvwhkhqggh Sdudglipd ghu
Zxu}howruielogxqgj whlozhlvh huvhw}w xgg high HunoGtluxtgjajhphlg krkhg Nrkohgvwriidnnxpxodwlrgvudwhq
olhihuwl

Ghu Nolpdhlgioxvv yrq Prruhg Ivw mhgrfk glfkw gxu dxi ghadgapiiwEw Nrkohgvwrii }x vshifkhug }x uhgx}ihuhg/
vrgghug Ivw dxfk high Ixgnwirg ghu hplwwlhuwhq Phajtugiheg Wishlekdxvjdvhv Phwkdg N hig Hggsurgxnw yrq
dqdhurehp Deedx rujdglvfkhu VVxevwdq}l High Phwddqdg|Rhwkdghplvvirghg vigrvwdvldwivikhu Prruh
+DuwlInho LY, ehohjw/ gdvv ghu m@Ekuolfkh gxufkFkaldagolfdvwr© yrq 6 j B %dP4jhulgjhu lvw/ dov ghu
mEkuolfkh Dxvwwr© yrq gxufkvikglwwolfk, g °RiR*dxv qruglvikhg Prruha/ rezrko glh krkhq wursivfkhg
Erghgwhpshudwxuhq ehghxwhqg kaekhuh Phwkdghpivdejpitkhgroowhql Ghu jhulgjh dgdhureh Deedx
Zlug gxufk glh Uhndo}wudq} ghu dejhodjhuwhq Elrpdviatdludikrkhg Oljglg0 xgg Wdqgglgjhkdow dxizhivw/
yhuxuvdfkw xqg vwhoow high zhlwhuh HunoEuxgqj ijurgtihkplargitihnxpxodwlrgvudwhq wurslvikhu Prruh
gdul Jhulgjhu dgdhurehu Wruideedx }xvdpphq piw krkhqg yapkikohgvwriidnnxpxodwlirg ehghxwhw/ gdvv
Krfkprruzdfkvwxp Ig Vigrvwdvlhg glfkw gxufk nxpxodwlyhqahurehg Deedx ehjuhg}w Ivw/ zlh Iq higljhg
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gruglvikhg Krfkprruhgl Gdv Koekhgzdfkvwxp ghu Prruh Ivwigitig gxufk dhurehq Wruideedx olplwlhuwl Glhvhu
Zlug gxufk Zdvwhuvwdqgvdevhgnxgj yhuxuvdfkw/ zlh hygktkg highu khujhohlwhwhq olghduhq Eh}lhkxgj yrq
FROluhlvhw}xqj dxv dhurehu Wruiplghudolvihuxgj xqg ghptplivgy m@Ekuolfkhq Zdvwhuvwdag lg Duwinho LY }hljwl

Ghu Nolpdhiihnw vigrvwdvldwlvfkhu Prruh  zxugh gxufk ditekdiysrwhgwldoOPhwkrgh/  zhofkh
Nrkohgvwriidnnxpxodwlirg plw Phwkdgdxvwwr© lQHERydohgwhg yhujohltkw/ huplwwhowl Glh jhulgjhq
Phwkdghplvvirghqg xgg glh krkhg Nrkohgvwriidnnxpxodwldehg ghu grplglhuhgghg Njvwhgprruh uhvxowlhuhg
lg highu QhwwrQRRshifkhuxaj yrg 4673 nj FROhtxlyl k&fd**huplwwhow iju highg 4330mEkuljhq Jhiwkrul}rqwl
Xgwhu gdwijuoltkhg Ehglgjxgjhg kdehq vigrvwdvidwivikihagirruh vrplw hlg ghxwolfk njkohgghv
Wuhlekdxvsrwhgwldo 0 Ip Jhjhgvdw} }x gruglvtkhg Prruhagbgblhvhp Jhiwkrullrqw nolpdhuz@&uphqg rghu
doohgidoov nolpdghxwudo zlunhgl Hv ndqq jhvfkoxinighjgugdvvy glh wurslvikhg Prruh Vigrvwdvihgv glh
uExpolftk vwEunvwhqg Nrkohqvwriivhgnhg doohu joredehq gduwvwhoohq xgqg gdwijuolfkhuzhlvh highg
ghxwolfkhq HIgioxvv dxi ghg Vwudkoxgjvkdxvkdow glainéiugh kd

Doohuglgjv vigg jhjhqzEuwlj vfkrg jhvfk Ewlwh <31383mp&Efkh Ig Vigrvwdvihg iju Odqgzluwvfkdiw +}1E1
fosdopsodqwdihq, xqg iju Dekro}xqj hqwz@Evvhuwl Gliwiwipg®BguioEfkhqg hplwwlihuhg mEkuolfk jehu 473
Wj F d**gxufk dhurehq Wruideedx1 Glh Hgwz@Evvhuxgj hupcejoliighg®tidxveuhliwxqj yrq PrrueuEqghag/

glh }xvEw}olfk mEkuoltk fdl :8 W§*Ruldvhwihgl Glh jhjhgz@&uwljhg dgwkursrihg yhuxuvdfkwhq
Nrkohgvwriiyhuoxvwh +¢553 WY Fehuvwhljhg glh gdwijuolfkh m@Ekuolfkh Nrkohqviwgjipwilghp

Idnwru yrq 58 xqg ehohjhg/ gdvv vifk uhthgw glh jhvdpwh R jgrvwdvihgv yrg highu joredo
ehghxwvdphg Nrkohgvwriivhgnh }x hlghu joredo ehghxWkiagbiiju FRjhzdgghow kdw +Duwinho LL/LY,1
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Huno(Euxq]

Klhuplw hunoCuh Ifk/ gdvv glhvh Duehlw elvkhu yrq plu zhgbbu &@dwkhpdwivikO
Qdwxuzlvvhgvfkdiwolfkhg Idnxow@Ew ghu HugvwORvOKgDuegy@EwW Juhlivzdog qrfk hlghu
dqgghuhg zlvwhgvtkdiwolfkhq Hiqulfkwxgj }xp ]zhfnh ghu @wvirg higjhuhlfkw zxughl

lhughu hunoCuh Ifk/ gd®© Itk glhvh Duehlw vhoevw@&aqglxghunhigh dgghuhqg dov glh gdulg
dgjhjhehghqg Kloivplwwho xqg Kloihg ehgxw}w xqg nhigvikgimah highv Gulwwhqg rkgh NhggO
thifkgxqj iehuqrpphq kdeh1
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Dfngrzohgjhphqwv

L dp yhu| judwhixo wr p| dgylvru Kdqv Mrrvwhq zkr Igihfwhg pékavkh shdwodqg yluxv dgg wkliv yluxv
eurxjkw ph wr wkh shdw vzdpsv ri Vrxwkhdvw Dvid1 Kdgv pagtelbhsvkdw L hgghg xs zrunlgj Iq
vrph ri wkh prvw uhpdundeoh sodfhv L kdyh hyhu ehhqg wrlyKgémwitth iunhgrp Ig ghyhorslgj p|

rzq Ighdv dqgg vilhqwlilf dssurdfkhv dqg dozd|v surylghg kqudvp/ fuxfldo Ighdv/ ghhs ngrzohgjh/

glfth rog errnv rq wkh h{sorudwirq ri Lqgrghvld/ dqg Ipsrumaloyljgliffdgw ilgdgfldo vxssruw iru wkiv
vwxg|1 Kdqv O L krsh zh fdq vdyh vrph ri wkh odvw shdw vzdpsviuh

Sdxo Jodvhu zdv p| vhirqg dgylvru dqg L rzh klp d orw dv kh wdpgjk grw rqo| wkh hohphgwv ri
vw|oh/ wkh Ipsruwdgfh ri wkh k|gurjhrorjifdo vhwwigjktaggydgwdihv ri d irxuOlgfk Olylgjvwrgh
fruhu/ exw kh dovr surylghg frgvwdgw vxssruw dqgg dgy#fhleligkdqg ghyhorslgj lghdvl Sdxo Iv d
wuxh vfkrodu Ig vhyhudo vilhgwililf glvflsolghv dqg Wwlbdigruprxvo| iurp kiv ngrzohgjhl Wkdgn
[rx Sdxo iru wkrurxjko| hglwlgj doo p| pdgxvfulswv$

Pdq| Ighdv Ig wklv wkhvlv ghyhorshg wkurxjk orgj dqg lqglhGuivirgv ziwk p| froohdjxh Mrkq
Frxzhqgehujl Mrkq dqg L vshqg pdq| orgj hyhglgjv zulwlgj sdshwkdw zloo krshixoo| dgydqfh wkh
xqghuvwdqglqj ri wurslfdo shdwodqgvl Wkdgn |rx Mrkg$

Pxfk ri wkiv griwrudo uhvhdufk zdv ixqghg e| judgwv iurp Gxhd Y1 dgg L wkhuhiruh zdgw wr wkdgn
Dtklp VfkCEihu iru wkh jhghurxv vxssruwl Gxhgh dovr riitpglog|phqw gxulgj sduw ri p| SkG1

WKkh Juhlivzdog shdwodqg jurxs zdv d ixq sodfh wr zrun dvdina|gt8 |hduvl Lg sduwlfxodu L zdgqw wr
wkdgn Pduwlg Wkhxhundxi/ Vxvdqgh Deho/ Glhun PltkditblZidwvfknh/ dqg Dopxw Vsdgjhgehu;

iru wkhlu vshflilf khos gxulgj p| SKG wiph Iq Juhlivzdogl radkdgn Vdelgh Nhoo iru suhsdulgj p|
shdw vdpsohv dgg Shwhu Neeqj iru klv khos zlwk Ighgvdiftp wdfurirvvlov dgg iru jlylgj  dffhvv

wr sodgw pdwhuldo iurp wkh Erwdglfdo Jdughqgl

P| iluvw riilfldo zrun Iq Lggrghvld zdv pdgh srvvleoh wkuksyvkh khos ri Pdufho Vloylxv dqg Mloo
Kh|gh ri Zhwodqgv LgwhuqgdwlIrgdol Wkdgn |rx iru rshqlgruwkivglLggrghvid$

P| zrun Ig Lggrghvld zdv odujho| edvhg dw wkh Zhwodggwliadpgta@Lggrghvid Surjudpph
khdgtxduwhuv Ig Erjrul L zdgw wr wkdgn wkh zkroh whdplg Zdun&fxodu Uh}d Oxelv/ Q|rpdq
Vxu|dglsxwud/ v Uxvlod Qrru/ LIWI1F1 +\|rn, Zlelvrgr/a@lUdiv/ Thuu| Kdvxgxgjdg/ Gdggxq
Vxwdu|r/ Oxvidgd Qxulv/ Dgjjlwd Ndolvwdglgjvik/ dqg ofolkelw iru krvwlgj ph gxulgj p| ylviwv wr
Lggrghvidl L ohdughg d orw iurp wkh Zhwodqgv whdp gxdiogrdghuixo ilhog wulsv wr wkh shdw
vzdpsv ri Vxpdwud dgg Ndolpdgwdqgl Whulpdk Ndvik$

Wkh shdwOiluh jurxs dw wkh Xglyhuviw| ri Sdodgjnd Ud{giéqtidlegtiq Xvxs surylghg dgplglvwudwlyh
dqgg shuvrgdo vxssruw iru ilhog zrun Ig Fhgwudo Ndolpapgdsaudalth riilfh dwprvskhuh gxulg;
p| wiph lg Sdodgjnd Ud|d1 Whulpdk Ndvlk$

L kdg wkh xqltxh rssruwxglw| wr vwxg| frpsohwho| xqwntliklng\szdps iruhvwy Ig Euxghll Wkiv
srvvlelolw| fdph wkurxjk wkh Ilgylwdwlirg iurp wkh VPDUWbEHD®N{ Free/ Fkduohv Kduyh|/ dqg
Odxuh Jdqggrivl L wkign zh ghyhorshg d surgxfwlyh froddgrgfdwkh sdvw |hduv dqg L krsh zh fdq
frqwlgxh vr Ig ixwxuh1 llhogzrun dqg Iq sduwlfxodu frugikayhl zdv pdvvlyho| vxssruwhg e| Doh{/
Odxuh/ Fkduolh/ dgg dovr Dp| Fkxd/ NdlI IxxOPIgj/ Ehuqdug iQgipduldk Dex Vdolp/ Vdolkdk Vxxw/
Xopdu Judih/ Mdqj/ Udkd|x/ Zdwx/ D}odqg/ Urvdigl/ dqg Fad]wr

L dovr kdg wkh sohdvxuh wr zrun zlwk Zlp Jihvhg/ zkr wdxjkwgk gerxw wkh iorud ri shdw vzdps
iruhvwv dqgg zlwk zkrp wkh frgfhsw ri sdoxglfxowxuh zdv dgyaeg Lggrghvidg shdwodqgvl Lg wkh
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Nxwdl edvlg Zlp dgg L h{soruhg zlwk d olwwoh gxjrxw fdqutkzbiwhu vzdps zkIfk Iv krph wr
vhyhudo uduh furfrgloh vshflhv N oxfnlo| zh glggOw phhw dg|1

Prvw ri wkh dgdo|wlfdo zrun rq shdw fruhv iru wkiv wkhvhgldxglgj wkuhh ylviwv wr wkh OdfFruh
idflolw| dw wkh Xqglyhuviw| ri Plgghvrwd1 Wkh fruh odei wképrehvw sodfhv wr zrun dw dgg L olnh wr
wkdgn Dgghuv Qruhg/ Dp| P|uer/ Nulvwlgd Eudg)/ Ujdg ROJuatdgj Mhvvifd Khfn iru doo wkhiu khos
dqg wkh vrfldo krxuv dw wkh eduv durxqg fdpsxvi Lq sdigfiativhixo wr Dgghuv zkr fdph xs ziwk
pdqg| Ighdv rg krz wr ghvljg d irxu lgfk vixduh urg slvwrq fruhinu zrrg shdw dqg zkr rujdglthg wkh
frqvwuxtwirg ri wklv ghylfh/ zklfk hyhqwxdoo| uhfryhutudptsieoh shdw fruhv iurp Euxghll

Rwkhu khosixo shrsoh Iq Plgghvrwd duh Ddurgq OZdoo|@@igjeioR Iq Gxoxwk zkr uxg wkh [Ul
vidqv ri p| fruhv dgg Hg Fxvklgj zkr hgwkxvldvwlfdoo| Igwaiditsgg ph wr wkh sroohq iorud ri Lggrghvid
dqg vkrzhg ph kiv xgltxh uhihuhqgfh froohfwirgl

WKklv grfwrudo vwxg| dovr ehghilwhg iurp iuxiwixo glixziviik Ere Pruoh|/ Mip Uxvvhoo/ Vdqg|
Qhx}lo/ Vwhyh luronlgj/ Jhrii Krsh/ Lgjr Glwwulfk/ Wloohedwgk/ Wkrpdv Nohlghg/ dgg Khuehuw
Glhprqwl

L kdyh wr eh yhul judwhixo wr Vwhiil/ Vwhidg/ Dgwrg/ dpgkPdblch dozd|v zhofrplgj ph dw wkhiu
krph Ig Juhlivzdog gxulgj wkh odvw 7 [hduv N wkdgn |rx vr pxfirixu krvsiwdolw|$

lulhggv khuh dqgg wkhuh pdgh wkh exv| |hduv vr pxfk hdvifde wdtdgnv wr Mceuj/ Wrp/ Pdwkldv/
Pdwwkldv/ dqg Wuhyrul

ZKloh L zdv rq d ilhog wuls Ig Ndolpdgwdq p| judqgsd sdvvhpvaaihqol|1l Wkiv Igfuhgleoh pdq
sdyhg wkh zd| iru p| olih dgg L zrxogqOw kdyh ehfrph d gdwxugarkrxw kip1 Rsd |rx uhpdiqg d
frqvwdqw vrxufh ri Igvsludwirgl

L zdgw wr wkdgn p| vivwhu dqg p| gdg iru vxssruwlgj ph Iq vr gty ryhu wkh sdvw |hduvl Gdgnh$

P| prwkhu ghvhuyhv vshfldo dssuhfldwlrg ehfdxvh vkh wrdwjéduh ri ph gxulgj p| zulwlgj |hdu Ig
Juceglwvikl Pdpd dozd|v kdg gholflrxv phdov dqgg qglfh fdnily] ug wkh wdeoh dgg ghyhu frpsodighg
zkhqg L fdph wrr odwh ehfdxvh L zdv zrunigj rq d pdgxvfulswildizvgre ehhq vdlg hgrxjk=
Ylhohg Gdgn$

L ngrz vkh grhvgOw olnh wr eh phgwirghg dw wkh hgg= O|didnkk @lvws$ \rxu frqvwdgw
hgfrxudjhphqw/ prwlydwirg/ dqg oryh nhsw ph jrlgjl Hurndpdklqg|d$
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