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'LVVHQVFKDIWV]HQWQ XfU: HLB KKQYWX\WQH S KIDQ G
XQG 8PZHOW
JHKUVWXKO I+U 5SHQDWXULHUXQJV|
,Q .RRSHUDWLRQ PLW

J)DFKJHELHW I«U 9HIJHWDWLRQV|NR
+RFKVFKXOH :HLKHQVWHSKDQ 7ULHVGRI

8QGHUVWDQGIOX[H2 LQ SHDWODQ
FDQ ZH OHDUQ IURP SURFHVV
PRGHOOLQJ"

&KULVWLQH OHW]JHU

9ROOVWIQGLJHU $EGURRNNXGHW Y RQV 8 BNEKBDQW W]H SN

leU (UQIKUXQJ /DQGQXOMW XZHUXTHF R B ZIMF KHQF 8@ QY B
(UODQJXQJ GHVODNDGHPLWERH Y 'RNWRUV

GHU 1DWXUZLVVHQVFKDIWHQ 'U UHU QI
JHQHKPLIJWHQ 'LVVHUWDWLRQ

9RUVLW]HQGHU 3URI 'U + 3UHW]VFK

3U«IHU GHU 'LVVHUWDWLRQ 3URI 'U - .ROOPDQQ
3URI 'U 0 'RIFKOAKXOH :HLKHQVWHSK

7ULHVGRUI
3URI 'U 3 ( RIDIDVY®ROQWIEWXWH RI 7HF
BWRFNKROP B6FKZHGHQ

'LH 'LVVHUWDWLRQ ZXUEHH MU 7HFKQLUWFIKH Q@@ KW
HLQJHUHLFKW XQG O®XWF KL\GULHQ Y B K B | WW HSX\WD QX P+ U
(UQIKUXQJ /DQGQXW]XQJ XQG 8PZHOW DP DQ






7DEOH Rl FRQWHQWYV
7DEOH Rl FRQWHQWYV
/JLVW RI ILIXUHV
/LVW Rl WDEOHYV
6XPPDU\
=XVDPPHQIDVVXQJ
3XEOLFDWLR @L G RGHYE KRQIRD
, QW UR GKE
'K\ SHDW O DHPG \&2LRQV"
'K\ SURFHVV RULHQWHG PRGHOOLQJ"
'K\ SDUDPHWHULVDWLRQ VHQVLWLYLW\ |
LQWHUDFWLRQV"
'K\ &RXSORGHO"
'K\ /$, DQG 1'9,"
2EMHFWLYHV
OHWKRGRORJ\
6WXG\ VLWHY DEEHDYD W D
&R X S 0 R G/HFOMEGRIQ
5DGLDWLRQ LQSRWEHQWSREOD WIYRQ DQ
6RLO WHP SH® KW RKWHN B[H V
BRLO K\GURORJ\
30DQWYV
6RLO RUJDQLF PDWWHU DQG GHFRPSR!
&DOLEUDDWMIR QLKW
3HUIRUPDQFH LQGLFHYV
ORGHO FDOLEUPRPIOULNRYLWHNHXG\ ,
ORGHO FDOLEUDWLRQ IRU LGHQWLILF]

(YDOXDWLRRUMYG PMBG\ ,,
'DWD VDPSOLQJ VWXG)\ ,,,
3KRWRV\QWKHVLV
6 DW HIO®D,L WH
*URXQG 1'9, DQG 38,
%LRPDVV JUHHQ UDWLR *$,
$QDO\WHV DQG VWDWLVWLFV
SHVXOWV RQVFXVVL
5HVXOWV RI VLWH FRPSDULVRQ VWXG\ ,
ORGHO SHUIRUPDQFH * UHVXOWV RI
VHOHFWHG FRMPARIRBORQILIXU
3DUDPHWHU FRQVWUDLQW
&RUUHODWLRQV EHWZHHQ SDUDPHWH L
'LVFXVVLRQ BDUVLWRIQFRRVXG\ ,
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0R G H O QIQU@WL DR
ORGHO SHUIRUPDQFH
6RLO WHPSHUDWXUH G\QDPLFV
7KH UROH Rl VRLO WHPSHUDWXUH DQG *3:
FRYHU
6WDUW RI VHQHVFHQFH
6HDVRQDO DQG PDROJRIPARELER@MODQW S
UHJURZWK
5DGLDWLRQ XVH HIILFLHQF\
7KH FRQWURO RI GHFRPSRVLWLRQ DQG SC
WHPSHUDWXUH
7KH FRQWURO RQ GHFRRORRRMWRXUH
7KH FRQW UR OLRVIL 8 B FRRORE/H
&RQFOXVLRQ® RULWMRYH FRXG)\ ,
5HVXOWV RI SURFHVV LQWHUDFWLRQV VWXG
3DUDPHWHU VHQVLWLYLW\
&RQIRXQGLQJ DQG VXSSRUWLQJ HIIHFW
SURFHVVHYV
(TXLIQRQWLHV
8VHIXOQHVV Rl PHDVXUHPHQW YDULDEOH\
'LVFXVVLRQ RI SURFHVV LQWHUDFWLRQV VW
3DUDPHWHU VHQVLWLYLW\
&RQIRXQGLQJ DQG VXSSRUWLQJ HIIHFW
SURFHVVHYV
(TXLIQRWLHV
8VHIXOQHVV Rl PHDVXUHPHQW YDULDEOH\
&RQFOXVBERAGVHRWLAAB UDWE
S5HVXOWYV RI YHJBWBWRRIOHVQ G WXDBA |,
HDVRQDO SDWWHUQV RI 1'9, DQG 38,
1'9, DV SUR[WHRQ UDWLR
1'9, DV SURJ\/$,
3$, DQG 1'9, DV SUR[LHV IRU ELRPDVYV
1'9, DQG 3%, DV SUR[LHV IRU 33
'LVFXVVLRQ RI YHJHWDWLRQ LQGLFHV DV SUF
BHDVRQDO SDWWHUQV RI 1'9, DQG 3%,
1'9, DV SUR[WHRQ UDWLR
1'9, DV SURJ\/$,
3$, DQG 1'9, DV SUR[LHV IRU ELRPDVYV
1'9, DQG 3%, DV SUR[LHV IRU 33
S8QFHUWDLQW\ LQ 1'9,
8QFHUWDLQW)\ LQ 38,
&RQFOXVLRQV RI YHJHWDWLRQ LQGLFHV D



*HQHUDO GLVFXVVLRQ
6RLO WHPSHUDWXUH WHPSHUDWXUH UHYV
62& SRROV PRREVGWERQ UDWHYV
'LQWHU DQG VSULQJ IOX[HV
30DQW & EDODQH HD Q& VOLRVWHU IDOO
5HJURZWK DIWHU FXW
/$, DQG PRGHOOLQJ
6FRSH DIQSD@ILR QV
&RQFOXVLRQV

$FNQRZOHGJHPHQWYV

SHIHUHQFHYV

$SSHQGL]
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/ILVW RI ILIXUHV

Y)LIXUH (IWHQW DQG FDUERQ GHQVIW3 RHDWHUUH\
ERRN

YJLIXUH $QQXDO QHW HFRV\VWHP H[PKD®JH, R) WK
PHDVXUHG E\ (GG\ RFOFEHD GWFHHF RQL FXHHG DWQRE L QW |
DQQXDO EDODQFHV E\ HPSLULF DSSURRBFXHV 3R
HPLVVLRQV QHJIDWLYHXSIVOXHYV LQGLFDWH &2

J)LIXUH (QHUJ\ 10X[ SDUWLWLRQLQJ D@G WHOBW
&RXSORGHO DV DSSOLHG LQ WKH LOYHVWVYUDWLRQ
WZR SODQW FDQRSLHVY DQG URRW V\WWHPV )RU W
VWXG\ RQO\ RQH SODQW OD\HU WDRYR@®SKOLHG
ODWHQW KHDW IOX[HV + VHQVLEOH KHDW IOX[HV

JLIXUH 6FKHPH RI FDUERQ IOX[HVOIRGH G RROWX §Q
DV DSSOLHG LQ WKH VLWH FRPSDULVRQ VWXG\ ,

JLIXUH 6WHSZLVH SDUDPHWHU F DRI B Y DWVKIRZQWIX\H T
RXWFRPH RI HDFK VWHS 'HVFULSWLRQGRUQVFHQTL
7DEOH $ LQ WKH DSSHQGL]

JLIXUH /HIW RYHUYLHZ RI WKH RQ YSDMHAKIDW HG WL
JUHLVLQJHU ORRV 5LJKW FKDPEHU BD®&RZDODW WKH

J)LIXUH /IHIW +DQGKHOG VSHFWURUDGORGEWHU IR
DQG OHIW &DQRS\ DQDO\WLQJ VA\VWHRPHIRU WK HPHD \
FHSWRPHWHU LV SXW XQGHUQHDWK WKH YHJHWD\
IUDFWLRQ VHQVRU ULJKW PHDVXURYXWLPXKBWDOQI
ILHOG FRPSXWHUWRMWRH /$DDKWRPDWLFDOO\

J)LIXUH 6LPXODWHG DQG PHDVXUHGL®HFRONRWLWL
DQG DFFXPXODWHG 1HGIRMHWVROMH $BOBPWWHU YDC(
FRPPRQ EHWZHHQ DOO VLWHV 1RWH WKH GLIIHUHC

JLIXUH '"HSHQGHQFLHY EHWZHHQ WKWUDS\HJ DRIEW H |
VDWXUDWLRQ DFWLYLW\ IRU WK HOGLA CHWIIHIOM VULYDHN
JLIXUH 2EWDLQHG GLVWULEXWLR@LEHGSBUDPH)

DGGLWLRQDO PXOWLSOH UXQV KDD®BDDWLARW W
VKRZQ GXH WR WKHWHK NV®WHUD G VWSICRD\E BWW WK RZR O
WKH UDQJH RI WKKH EWIX®V SHUWN R UW DLGGHW LRW HD F
YDULDEOH 3ULRU UDQJHV DUH LQ®L POGDHFMN EB\DW K H
LV WKH YDOXH FKRVHQ IRU WKH FRPPRQ FRQILJXUL

LY



YLIXUH 9DOXHV IRU WKH SDUDPHWEUJKWEHFWRI
HIILFLHQF\ E DQG UHVXOWLQJ PRGHO GHUIR
YDULRXV VLQJOH YDOXH UHSUHVHQWEWHRRV R
LQ WKH DSSHQGL]

JLIXUH '"HFRPSRVLWLRQ UDWHV BIUDWWVS RR ®
RUJDQLF PDWWHU GHFRPSRVLWLRQRW RDPEK RO
DQG HDHK O

J)LIXUH SDUDPHVWRUZ F RQF WHK® L\DNXLDOW DV&PW
KDWFKHG DQG VHQVLWLYLWLHV W KIDW RKRXOQ C
VROLG 7KH [ D[LV VKRZV WKH SD WREPHMHR NV W:

EDFNJUWHFRORXU

YLIXUH &RQQHFWLRQV EHWZHHQ SUHRFHMYWH'
PRGXOHV 7KH \ D[LV VKRZV WKH FRXEGWHRWS
PRGXOHV FRORXUV WKDW DUH VHQH LWDIUYLHR X\
YDULDEOHV [ D[LV

YLIXUH $YHUDJH BWHWGO DS RIHD F$HUL G DHIDAKH
SURFHVV DQG EHWZHHQ SURFHVVHV WHH V KFRZX &
EH FRQVWUDLQHG LIQHGDFDIWH WB & X6 EV WDWIF 6
UDQJHV ZKHQ UDQJHV GLG QRW RYHUODS DW D

Y)LIXUH &RUUHO BWURRQUP B A WH HIQ® LE HWWLLL B\XK

UDQGRP UXBUVXXSSHU SDQHO 0( YHUVX)
SDQHO (DFK RI WKH GRWV UHSUH MKW VDIV S D
D[HV WKURXJK JHUR

YLIXUH &RUUHOBWURRQUP B B WH HIQ® LE HWWLLLL EXK
UDQGRP UXKROXPBQV YHUVXV 0( URZV (I
UHSUHVHQWYV D S DDUmMMHWHLUG Y ADMWKIQWMNMR D[HV W

JLIXUH ORGXOH EHORQJLQJV RI S CSWDJAHW MUHM
RI D FHUWDLQ PRGXOH
JLIXUH *URXQG 1'9, D DQG SODXKW BRKDVIHQF

WKH \HDU IRU WKH ZKROH GDWDVHWAQURRP HDG
7KH ZLGWK RI WKH ER[HV LQGLHFDWHQY MIXMHk
FDWHJRU\ 7KH PD[LPXP ZLGWK FRUUHVISRQG)

PLQLPXP WR %R[SORWYVY IRU LQWHK&VQNHNPIR
E HW WHILLD ¥ W\ L
JLIXUH *URXQG 1'9, IURP WKH LQWHRYWWHI) VW

DQG HIWHQVLYH PHDGRZV WRJHWKHUK RX\W WXKH#
\HDU SORWWHG DJIJDLQVW JUHHQ UDWLR GHWH

Y



YLIXUH *URXQG 1'9, SORWWHG DJDID@MGNISBBQW [
DUHD LQGH[ F GHWHUPLQHG D DW RQWHQYHLWIHOD Q
GD\V WKURXJKRXW WKH \HDU 7KH ZQGREKH RIRWKH E
REVHUYDWLRQV LQ HDFK FDWHJRU\ 7KH ED[LPXP Z
DQG F GDWD SRR WY W R VI RWMHDIGE WRV WDKUH O/
IRU EHWMEHO LY\

YLIXUH 30DQW DUHD LQGH[ SORW@MWIBQN LY HQN QG
HWHQVLYH PHDGRZYHBHEOVRDWIBVRWKWUR XJKRXW WK

YLIXUH 3RWHQWLDO SKRWRV\QW KHDALXUG IR b QY\G |

SORWWHG DJDLQVW 1'9, D DQG JUHHQXMUWIED LQG
IURP ERWK VRXUFHV JURXQG PHDVXUHRHRWY DQ
UHODWLRQVKLSY EHWZHHQ SKRWRV\@O®H{H\ELV SRW
VKRZHG FOHDU VLWH VSHFLILF SDWWHDQRZ WKH\
ZKHUHDV , DQG , DUH LQWHQVLYH B®EV F( DQG
7DEOH

/ILVW RI WDEOHYV

7TDEOH $EEUHY LDADIOR @ IDRMG DW H\KEG& HL \QF W KS W LR
RI WKH XVHG SDUDPHWHU V\PEROV FOK® £H IRXQG

7DEOH &KDUDFWHULVWLFV RI WHH X&IH GH LRHQ ARWS H §
FDOLEUDWLRQ DQG HYDOXDWLRQ VWHKEDWLRQG |,
LQGLFHV DQW WKBVD¥VWXGE\ ,,,

7TDEOH , QS XWURFW B VI RWWKHNVHG PRGHOOLQJ

7TDEOH 9HIHWDWLRQ DQG PDQDJHPEH QW RKKOHIDFW
YHIHWDWLRQ LQGLFHV VWXG\ VWXG\ ,,,

7TDEOH %HVW ILWV EHWZHHQ PRGWEBOHRP PMGLYP RO\
VWXG\ H[SUHVVHG DV WKH KLIJKHVWIRDPX@KFHDFKI
LOQGLFHYV

7DEOH &RUUHODWLRQ PDWUL[ IRUEMMEHHQYHVV
YHIJHWDWLRQ LQGLFHV DQG FKDUDPWH WU QWWHLGFWL Y\H
DQG H[WHQVLYH PHDGRZV

7DEOH 6WDQGDUG GHYLDWLRQV IURPDRKWDQ YDC
Y HJHW DMAKRHY SD

YL



6 XPPDU\

2YHU PLOOHQQLD SHDWODQGV KDYHRGFXEPXQEL
SHDW 'UDLQDJH IRU H J FXOWLYRUMICR D OHD®
PDNHV WKHP KRW VSRWYV IRIPLVYURRYG IBR[RBH
PRGHOV FDQ KHOS WR XQGHUVWDQ@ADQG BUMG
WKLV GLVVHUWDWLRQ SURMHFW ZDWVWR QB85Q R
WKH SURFHVVHV LERRONMH® H (MMERE I DW R X&\2L
HPLVVLRQV IURP WUHHOHVV SHDWODRGWHFWK
TXDQWLILFDWLRQV DQG SUHGLFWLRQG® RQGH UC
VFHQDULRY ZKHUH QR PHDVXUHPHQWVZRWM S
FRQVLVWYV RI WKUHH VWXGLHV IQQVW®& H& RIXB\WO\R C
ZDV FDOLEUDWHG WR ILW WR PHDV)XQGHRHQYWYV )
H[SORUH GLIIHUHQFHWHGE SKPRFHVVHV EHWZHHC
VWXG\ IRFXVHV RQ LQWHUDFWLRQV CE HD\QRMHK |
VLWH 7KH WKLUG VWXG\ LQYHVWLRBDWHWY VWK
VDWHOOLWH GDWD DV PRGHO LQSXWZBEY WE&GNH
LI WKH DYDLODEOH GDWD LV VXIILALHQWDWO®
FRQVHTXHQWO\ PRGHO RXWSXW XQFGHYDOHQW\C
PHDVXUHG IOX[HV WIKIRKGGWRH LIQGGHE DS RBEHQ
XQGHUVWDQGLQJ

ORVW RI SUHAMRRXYO&LRDIJ VWXGLHYVY RQ SHDWOD!
ZHOO D FHUWDLQ VHW RI GDWD FDQ Ed DGW\D
FRPSDULVRQV EHWZHHQ VLWHV DUGDXWXROOMH @
DSSURDFKHYVY +RZHYHU WKH ODWWHG®LDHH RO
VHYHUDO IDFWRUV 6WXG\ , DLPHGIMRHQ®B VRLD
PHDVXUHI® %HV EHWZHHQ WKH YDULRXV WUHHC(
H[SODLQHG E\ WKH PRGHO LQSXW ®RIWDZDIWH U
WDEOH VRLO & VWRFN DQG PDQDJHPHRAW F R
SDUDPHWHULVDWLRQ LV QHFHVVIMHIAS RRON H WK
LQSXW GULYHUYV 7TKHUHIRUH WKH PRG&GEHO :
PHDVXUHPHQWY DQG WKH UHVXOWL®H SDHMXFHA
UHYHDOHG WKH LPSRUWDQFH RI VLWgG/ SHALO
FRQGLWLRQV ZKLOH [IRU PRVW RWKHU SD
FRQILIXUDWLRQ ZIDN DKBWRNDEW K HWLKHHUID WLLH
& VWRUHG GXULQJ OLWWHU IDOO IRHGUHUM BW)
EHWZHHQ WKH GLIITHUHQW VLWHYV WBHVFRHHOIQ FD W
UHSUHVHQWLQJ VXEVWUDWH TXDOLIWFDQICR @ CF
WKHVH SDUDPHWHUV LV KLJKO\ UHOHYDQW |
SUHGLFWLRQV

)XUWKHU VHYHUDO VWURQJ FRUUHOHFEWHBY E
LQYHVWLIJDWH LQWHUDFWLRQV ZLW R\KH DRRGG H

YLL



ZDV DSSOLHG LQ VWXG\ ,, WR DQRW WHIW R SBR[ SHLC
PHDVXUHPHQWY RYWXGDDNV 1K UW KM U B & DQBWW R QD
IRU WKH FRQVWUDLQHG SDUDPHWHUN GURWPD VWG \
8QOLNH SUHPRBHO®2QJ VWXGLHV RQ SHDWODQGV
QHW HFRV\VWHP H[FKDQJH 1(( DV WKWHDRQDEGMRF
VWXG\ ,, LQFOXGHG DOO GDWD DYDQL GERDRWH D RGGS |
DELRWLF SURFHVVWYRQ@WVQEHWZXWMHQDBLIDHQUHQW S
EHWZHHQ WKHLU SDUDPHWHUV ZHUHJWW YZHHJBHG 5
IRXQG WR EH GHSHQGHQW RQ WKH YDUWHDBOH DQ
FRUUHODWLRQ FRHIILFLHQW RU PHWQRHWKRUP FER U
RXWSXW WR PHDVXUHG GDWD )XUWKBWH®KH\ G
SDUDPHWHUV HTXLILQDOLWLHYV DRHWHBSOROYHW
EHWZHHQ PRGHOV QHHG WR EH GRQH ZDWK HFDXW
ZHUH DFKLHYHG E\ FRQVLGHULQJ RQOLJKHZ SURF
LPSRUWDQFH Rl WKH XQFHUWDLQWXWQRRQQ¥YDW XU
VKRZQ WKH FDOLEBBWHG RKDSKH SDRDABMH UHWH
FRUUHODWHG ZLW KR DK RRGBOOSAHDRAKUAK YDUL
KLQGHUHG FRQVWUDLQLQJ RWKHU ISODWRRW W U VKE\
SDUDPHWHULVDWLRQ IRU & XSWDNWRPHWKRVH RY V|
VWXG\ , LQGLFDWLQJ WKDW WKHVSE®B QAU 1D W XFK L
PRUH HIILFLHQW LQ EXLOGLQJ ELRPDVVLWQ® HVWF
DVVLPLODWHY FRPSDUHG WR SODQWVYQUWRPXWKH PF
7KH ILQGLQJV RI WKLV VWXG\ FDQ LRSDR®H IXW;
H[SHULPHQWDO VHWXSV DQG DUH RIWKL UK \LXQOWHW |
IURP RWKHU VLWHV DQG PRGHOV

BWXG\ , VKRZHG WKH JUHDW LPISDHWVRG XHH MRV D WM
VSHFLILF GLIIHUHQRWYFLEI SKRWAFVQSKDBDPHW HWK |
FRXOG EH GHULYHG E\ ILWWLQJ WK H PREEIMOV VRR) PH
OHDI DUHD LQGH[ W%G L HW YK-HDUD Q@ Q\G MFHDQWHICD @ \WURH
GHULYH SKRWRV\QWKHVLV DV ZHOO DQVI$8G DQG E
1'9, RQ VHYHUDO GLIIHUHQW W\SHV Rl MFRNVNWWHF
SDUDPHWHU DYDLODEOH RQ D OD WJRQVRHPH HTUHDWWH
IHQ JUDVVODQGV ZDV WKH DLP RI WKIi$ WEKQWG VW;
ELRPDVV ZHUH VDPSOHG DW VHQGIUDO

FRPSDUHG ZLWK HDFIK9R\WWR BB XID@W ABWLIE RBHWD W H O
$ VSHFLDO LQWHUHVW ZDV WR H[SORUWKKIRZ OD
UHODWLRQVKLSV EQW ZHHQ AM K HD G GDI W HHW D W L R\D
7KH UHVXOWV UHYHQPW HIBYKILQ KX X QEWRWD RY S HG L]
DQG 1'9, RU /$, DV SUHGLFWRU IRU ELRFACHOA RQ V
H[SODQDWLRQ LV WKH KLJK DPRXQW RIDVWDQGLQ
XQHYHQO\ GLVWULEXWHG ZLWKLQ WKHIFQDRSI HV
PHDGRZV 1'9, ZDV VKRZQ WR EH D EHWWKIDQ SUR[\
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/$, DV LWV UHODWLRQ WR SKRWRWIUWRBGLV LS
LQGHSHQGHQW )XUWKHU UHVHDUFK VKRXOG W
DV LQSXWPRWHON

%\ XVLQJ SURFHVV RULHQWHG PRGH®ONQBRXDE
H[SODLQ VHYHUDO REVHUYHG SKHQRPH QDU W IGH
UHVHDUFK DQG VXJJHVW VHYHUDO PRIG/HORUPS
VLWH VSHFLILF SDUDPHWHUV 7KHUSH/HW HRW ER®
PRGHOOHUV DQG H[SHULPHQWDOLVWWXUGE PG\
VHWXS

L[



=XVDPPHQIDVVXQJ

ORRUH KDEHQ <EHU -DKUWDXVHQGH .RKOHQVWRI
DNNXPXOLHUW 'HU JHVSHLFKHUWH .REOWQ2WRII Z
IUHLJHVHW]W ZHQQ GLH ORRUH HQWZIVVHUW

ODQGZLUWVFKDIWOLFKH 1XW]XQJ S3UR]JKWVVEDVLH
EHLWUDJHQ VROFKH bQGHUXQJHQ ]X XWDYMHKHQ >
'DV =LHO GLHVHU 'RNWRUDUEHLW LVW IQFRG®QQJIHP}
*EHU GLH 3UR]JHVVH GHV .RKOHQVWRIIJ\NOXV XQ
(PLVVLRQHQ DXV ZDOGIUHLHQ ORRUHQHMW]XB®UEHV\
l+U HLQH ]XYHUOIVVLJH 4XDQWLIL]JLHUXQJ XQG (
(PLVVLRQHQ DXI HLQHP JU|%HUHQ 0D %X® WEH LRGH
%HGLQJXQJHQ I+U GLH NHLQH OHVVZHUM® YRUOL
NJQQHQ 'LH $SUEHLW EHVWHKW DXV BKIHLGHWIXE LH C
&2 EH]JRJHQHQ 3UR]JHVVHQ ]X HUIRUVFKERV ZXUGH
SUR]JHVV RULHQWLHUWH &RXSORGHO DQ 'DWHQ

HXURSILVFKHQ ORRUIOIFKHQ NDOLEUQHUWUBNIY PRG
]XVDPPHQSDVVHQ 'LH ]ZHLWH B6WXGLH KDW LKUI
' QWHUDNWLRQHQ ]ZLVFKHQ YHUVFKLHGBQHQ 3UF
BWDQGRUW ,Q G HIU G UGMHWHU 6W X BB Z Y RIPWH O R Q
DXV 6DWHOOLWHQGDWHQ XQWHUVXRKXOWVHQH(DDV 0
ZHLWHUHV =LHOH GHU HUVWHQ XQG ]ZHLWHQ 6V
YRUKDQGHQHQ 'DWHQ DXVUHLFKHQG VLQG XP
HLQ]XJUHQ]HQ 'HV :HLWHUHQ VROOWH®Q/GFNHQ ]
JHPHVVHQHQ )O+VVHQ LGHQWLIL]JLHUWGLZHWYGHQ ¢
3URJHVVYHUVWIQGQLV KLQZHLVHQ

'LH PHLVWHQ GHU ELVKHULJHQ 6WXGL}YQWEHQ GLH
LQ ORRUHQ NRQ]H®@W U LHIH QX WL FK GHEBADML PYPRAPH U
ORGHOO EHVFKULHEHQ ZHUGHQ NDQQ ZIKUHQC
]JZLVFKHQ YHUVFKLMIGOI QEQLFWBQGHRIUMB RIGHM UV W D W
GDWHQRULHQWLHUVWHQWS$QW | WHHG HDX VBHRW KW HUH  \
EHJUHQ]W Q+<W]OLFK ZHQQ VLFK GLH 6WDQGRU
XQWHUVFKHLGHQ 8P KHUDXV]XILQGH@ VE®REZHIGH UQ
LQ JHPHVVHQHEV&D ]ZLVFKHQ GHQ YHUVFKLHGHQ!
GHU 6WXGLH , DOOHLQ GXUFK GLH X@YWHUWBKLG G C
%RGHQ .RKOHQVWRIIJHKDOW XQG /DQG®IXW]XQJ H
ORGHOO DQ GHQ OHVVGDWHQ NDOLEMWHUWLXQE QGEL |
DQDO\WLHUW 'DEHL VWHOOWH VLFKLGIVHFKHBKWL.
9HJHWDWLRQVSDUDPHWHUQ XQG %RGHQBLHHIQVFK
PHLVWHQ DQGHUHQ 3DUDPHWHU DXFK BHWQRQVIXD QG
JXWHQ ORGHOOH U JHHE GLRWMARV | QRAJKNHIXLOYE KGIH U1 T L] L H
$QWHLO DQ & ZHOFKMHXEKXWUMQHL GWHPDBDHUW X Q!

[



IHXDXVWULHE LP QIFKVWHQ -DKU YHWZFHKMG@HGH !
YHUVFKLHGHQHQ BWDQGRUWHQ 'DV WU
=HUVHW]XQJVUDWHQNRHIILILHQWHQ ]X ZHC
1XW]XQJVIHVFKLFKWH ZLGHUVSLHJHOQ

$X%HUGHP ZXUGHQ PHKUHUH VWDUNH URUUH
DXIJHGHFNW 8P GLH ,QWHUDNWLRQHKGHQ® QU
3URJHVVHQ ]X XQWHUVXFKHQ ZXUGH ®RVHLRGH
ZHLWHUHQ ZDOGIUHLHQ ORRU DQJHZDGWQ |-l
OHVVGDWHQ *EHU UDBUHXLQBENH BREXELBIOAD |
9DOLGLHUXQJ GHU DXV 6WXGLH , UHVX®WMH
XQDEKIQJLJHQ 'DWHQ JHGDFKW (QWJIHJF
ORGHOOLHUXQJVVWXGLHQ ZHOFKH VLFK K
gNRV\WWHPDXVWDXVFK 1(( DOV HLQJLJHQ :
'.DOLEULHUXQJVYDULDEOH EHVFKUIQNHEDZKXQG
'DWHQ YHUZHQGHW XQG 3DUDPHWHU YRQ VY|
DELRWLVFKHQ 3UR]JHVYHD H X QQ@WHVURORKWL R Q H
YHUVFKLHGHQHQ 3URJHVVHQ XQG LKUHQ( 8DUI
VWHOOWH VLFK KHUDXV GDVV UHVXR@LEMYC
OHVVYDULDEOH XQG GHP 3HUIRUPDQEHIQWGREGH
OLWWOHUHU )HKOHWN DIDE/K LWQLIW B U IZHRDFHMR G LGIHE)
]X GHQ OHVVGDWHQ CEVNHIQG H® ZIRGW HXKG H
KLQJHQ VLH YRQ DQGHUHQ NDOLE ULHN W HIV 3
EHGHXWHW HLQH HLQJHVFKUIQNWH EHHUMHW BIOH E
]ZLVFKHQ ORGHOOHQ LQVEHVRQGHUH UWHQQ
%HUsFNVLFKWLIXQ®D VBRI® JOX Y HIH G UIRH % MUH®NP Z
ZXUGH GLH HQRUPH :LFKWLJNHLW GHUNBQVLF
%RGHQZDVVHUYHUWHNDOQ E WIH] H MINW 8D B 6 B
GHU :DVVHUU<FNKDOWHNXUYH EHVFKUHLEW
ORGHOOSHUIRUPDQFH LQ DOOHQ OHVVYIMULDE
(LQJUHQ]XQJ GHU :HOMWEWUHIFKBPHVHU L
.RUUHODWLRQHQ *EHUODJHUW ZXUGHKQQDKH HD
XQG )UHLVHWI]XQJ YRQ .RKOHQVWRII X@Q@HUV
(UJHEQLVVHQ DXV BWXGLH , ZDV GBIQ@D® L H\LK\
VHKU QIKUVWRIIDUPHOHBWDHLGRUWY GHR 310
QIKUVWRITUHLFKHUHQ@ %6GLH G R B WOIH QLXVEG W bl UYL
.RKOHQVWRIIKDXVKDOW KDEHQ XP AHQV]ZHBFKN
]X NRPPHQ 'LH (UJHEQLVVH GLHVHU OQX®UH
]XN+QIWLJHU ORGHOONDOLEUDWLRQH®Q@GXQG )H
9HUJOHLFKH PLW (UJHEQLVVHQ YRQ D@BBUHQ
JUR%HU %HGHXWXQJ

[L



,Q BWXGLH , ZXUGH GHU VWDUNH ()L@4DKNV \G GSHRK 9 H
GLH VWDQGRUWVSH]LILVFKHQ 8QWHUVIEKLHGH LQ
JHJHLJW 'LHVHU 3 DEROFAKH WHIRIL WVGIQ@ WA ZQI LBDHQ L Q
ORGHOO DQ OHVVZHUWH YRQ %LRPDVVHSRGWW %OD
OHKUHUH 6WXGLHQ ZHLVHQ DXI| GLH ORZOQHFKNHLW
%ODWWIOIFKHQLQGH[ XHYU® HRUNFD/NGI DEMWHQ LQ
GHP VRJHQDQQWHQ 1RUPDOL]JHG 'LIIHUHQFH 9H.
DE]XOHLWHQ VR G D VIVXFXH W URDGNDNPHOMH YHU I« JEI
(QWVSUHFKHQGH .RUHQHOBWLYRQMWFKZKGEBQHQ gNR
HUPLWWHOW XQG VROOWHQ LQ 6WXDBQIBRUWHI W
JHWHVWHW ZHUGHQ +LHUIsU ZXUGHQ 1'9, /%,
YHUVFKLHGHQHQ 6WDQGRUWHQ LP )UHLVLQJHU

1ILHGHUPRRU JHVDPPHOW XQG XQWHUBLQDQGHU
YHUJOLFKHQ ,QVEHVRQGHUH VROOWH XQWHUVX
/IDQGQXW]XQJIVLQW H [LHKXIQW HDX ] TLVHF KAGH GHH@ YHU
,QGL]JHV XQG 9HJHWDWLRQVHLJIJHQV KHIDWM) ORV YL
GLH 9HUZHQGXQJ YRQ 1'9, DOV 6FKIW]ISU DAN/$, VR
6FKIW]HU IU %LRPDVVH PLW KRKHQ B8QVLFKH
‘DKUVFKHLQOLFK LVW GDI*U GHU KRUKHRSQWWH O DOC
YHUDQWZRUWOLFK ZHOFKH EHVRQGHUNKUQ H[WH
KHWHURJHQ YHUWHLOW ZDU )sU GLHGHRKIWIXQJ YR
JHHLIQHWHU DOV GWHH]UBKXG@D ML @K RWHRWQ VB H V
QDKH]X OLQHDU XQG VWDQGRUWXQDEKIGHU ZDU
1XW]JHQ YRQ 1'9, DOVORBHOM H XGEWHUVXFKW ZHUGH

OLW +LOIH YRQ SURJRGMROLHQWQ B GMUEMN HQVGO W H
GLHVHU $UEHLW YHUVFKLHGHQH 3KIQRWPKOWLHIHNOI!
JRUVFKXQJ LGHQWLINAKIHGEHQXHG ORGHDOOYHUEH V
YRUJHVFKODJHQ ZHUGH® K | VEZHX@FIK HV WDLGIG RUW V S H
3DUDPHWHU PLW HLQVFKOLH%W 'LHJ Y\RRIZIRIK/GQV H O O
ORGHOODQZHQGH UP H@W DIOX KV H © HLUQ HG/HLD DRINX Q W L
YRQ ORGHOO XQG OHVVDXIEDX YRQ %HGHXWXQJ

[LL



7TDEOHSEEUHYLDWLRQV DQG WHFKQLFDO WHUP
GHVFULSWLRQ RI WKH XVHG SDUDPH®$HQGLHEF
7TDEOH $

7THUP 'HILQLWLRQ

%RJ $ SHDWODQG ZLWKRXW FRQQHFWLRQ WHE
30DQWYVY DUH RQO\ IHG E\ UDLQ ZDWHU
W\SLFDOO\ G8RagluMRRGVEY 7KHUHIRUH F
DUH XVXDOO\ YHU\ QXWULHQW SRR DQG
IURP IHQV ZKHQ SpfagHunO/R MUHR'| KDV JURZ
VXFK DQ H{[WHQW WKDW SODQW UR®®&V FD
PLQHUDO VRLO DQ\PRUH

& &DUERQ
&2 &DUERQ GLR[LGH
(& (GG\ FRYDULDQFH $ WHFKQLTXH WR PHD

KHDW JDVHV EHWHHKRQ DWPRVSKHUH DQC
%DOGRFFKL HW DO

JHQ $ SHDWODQG ZLWKRRRGQHFWHRQD ® PL
JHQV DUH QXWULHQW ULFKHU DQG XVXD(
ZLWK D YHIHWDWLRQ @dreX VRKID Q®I\HWS D OIOHY
RIWHQ DJULKFGODNXUDDWY XR'U FURSODQG R

xS, *UHHQ DUHD LQGH[ FRUUHVSRQGW WR /¢
LQFOXGHV RQO\ WEW KIW/\W HED &R WRWL Y H

* 4% *UHHQKRXVH JDV

*33 *URVV SULPDU\ SURGXFEWLW QH S-SFRIVNHWRY

HJ SKRWRVIQWKIHWWIUHPRWHZ IURP WKH I
WRZDUGV WKH HFRV\VWHP WKLV I130X[ LV
LQ WKLV VWXG\

*:3 *OREDO ZDUPLQJ INRWHABWLDO 6WR 3$Q
EDVHG RQ UDGLDWIUHHQKREVWHWDNHUWRIPH
UDGLDWLYH IRUFLQJ IROORZLQJ D BXOVH
JLYHQ JUHHQKRXVHQWG&DL @ WKRYVSKHVH |
RYHU D FKRVHQ WLPH KRUL]JRQ UHODWL)Y
7KH *:3 UHSUHVHQWVHWMKHARW RREWRKQH GLIIH
WKHVH JDVHV UHPDLQ LQ WKH DWPRYVS
HITHFWLYHQHVYV LQ FDXVLQJ UDGLDWLYH |

EDVHG RQ *:3V |URWPVISK@W HR HPW D \HE
IUDPH ~
+ BHQVLEOH KHDW (QHUJ\ WUDQVIQUHIHVX

RI WKH VAVWHP WHPSHUDWXUH IOX[HV

[LLL



7THUP

'"HILQLWLRQ

/$,

I(

0(

OLUH
1'9,

1((

16(

3%,

3%$5

SHDWODQG

[LY

/HDI DUHD LQGH[ 7RWDO RQH VLGWG DUHD
JURXQG VXUIDFH DUHD :DWVRQ

/IDWHQW KHDW (QHUJ\ IOX[HV IURP WKH (DLl
DWPRVSKHUH FDXWHGWHKRXWR BHWWH® SHUDW XU
RI WKH VA\VWHP HWUBDQNVSR WVDWFZRH RV

OHDQ HUURU :KHQ XVHG DV SHUIRUPDQFH LC
GLIITHUHQFH EHWZHWXMWYHPXOBDWHG RRPSDUH
DYHUDJH LQ WKH PHDVXUHG L H &GW VKRZV W]

1DWXUDO S HIIPW O N Q 5 OAH RIEKRRDGWKRIH Q W

1RUPDOL]HG GLIHAMDAMIFRGLQGERPWLQI WKH
JUHHQQHVV RI WKH YHJHWDWLRQ ,W LV FDOF

WKH Rded G * QP DQG QRurU LQtUDUHG
QP ZDYHEDQGYV

1'9 ,_RNIRSR?ED
RNIR+ R?ED

1HW HFRV\VWHP H[ERORQWFHL R IWKK BWRV\QWK F
UHVSLUDWLRQ PUFR BOHDWQWY(DEE3 5

$ QHIJDWLYH YDOXH LQGLFDWHV HFRV\VWHP
FRPSRQHQW QHIJBWQYWKHWBDSUHUHDWLRQ ORV'

1DVK 6XWFOLIDWIKLERQIEQEXWFOLRXQWY W D
IRU ERWK GHYLDWLR® @G GDIMRMEXGH 0(
UDQJHV IURP i’ WR ZKHUHDV PHDQV WKH E
YDULDEOHV H J EGIN® WIRNPRIDFRGHG GDWD ¢
LQGLFDWH WKDW WKH PHDQ PHDVX@HG YDOX#
WKH VLPXODWHIGDYD O D®

30DQW DUHDSRQGM[WRRWJHNYY PHDVXUHG ZL
GHVWUXFWLYH PHMRRGEY LRDECGXGHWUDOVR E
SKRWRVI\QWKHWLEWO®D UWD FOLINHHV ISQBVFHQW

SKRWRVI\QWKHWLFDOO\ DFWLYH UDGLDWLRQ
VSHFWUXP WKDW BERPQ®WEHRWEHKRENRVI\QWKHYV

6RLO W\SH FKDUDFWHBDVE&GE\H JKLJIK
DW OHDVW GU\ PDVV RI GHDG RUWDQLF PDW
FP RI WKH VRLO DFFRUGLQJ WR 6SRQDJHO
E\ LQFRPSOHWH GHOGRRSRWVLWMWRKU RG XH WR Kl
OHYHOV FDXVLQJ DQR[LF FRQGLWLRQV



7HUP '"HILQLWLRQ

SHUIRUPDQFH 7KH RBIHDIL WAR RV LW K B DRVEO B QL & XWWKS
ZD\ WKDW LW ILWV WR WKH FRUUHWVSRQG
DELOLW\ LV TXDWADLQJEHQE N SHHRIR 6 (

33 SRWHQWLDO SKRRRRVLEWKHIYVYVLRFWHD Y LR
LWV FXUUHQW GHYHORSPHQWDO VWDJH
SKRWRVI\QWKHVLY GHULYHG IURP WKH *3¢
WKHRUHWLFDO SWRW ROVYQJWHHQWVILRV § IRR

v
33)" 3KRWRV\QWKHWLF SKRWRQ I0X[ GHQVLW\
5 &RHIILFLHQW Rl GHWHUPLQDWLRQ $Q |

LQGLFDWLQJ WKH FRAUWHDIDWKLRRY DKHQ
SHUIRUPDQFH PHOQMXUH MWDV HIBRGIV WK
EHWZHHQ PHDVXUHG DQG PRGHOOHG YL
G\QDPLFV LQ WKH PHDVXUHPHQW GHULYH
WKH PRGHO :KHQ XRKGDDWHPHIMDRUHWK L S
LQGLFDWHYV WKH VBRSHIVRLRQ OLQH

SHER (FRV\VWHP UHVSLUDXW/RWUMBSRLR IURP
KHWHURWURSKLF IURP PLFUREHV UHVSLI

5Q 1HW UDGLDWLRQ

6 ( SHVLGXDO VWD QFR®NHY HUKIR UG LVV®IQ FHV

REVHUYHG GDWD JSRHVOMR @ QG OMKE@ WK MW K
UHODWLRQVKLS >XXQE8HW KR QX RBEHID WLRGI
GHJUHH RI IUHHGRP

63% 6SHFLILF SODQW DUHD 7RWDO RQH VLG
JURXQG VXUIDFH DUHD GLYLGHG E\ SODQ

62& 6RLO RUJDQLF FDUERQ

A 6RLO WHPSHUDWXUH

9, 9HIJHWDWLRQ LQGH[ HJ /$, RU 1'9,

17 :DWHU WDEOH $ QHJDWLYH YDOXH LQGL

EHORZ JURXQG ZDWHU OHYHO WR WKH V
YDOXH LQRERGB® HRQGLWLRQV

[Y



3XEOLFDWLRQV DQG WKH FDQGLGDWHY FRQWULE

7KLV 3K' WKHVLV LV EDVHG RQ WKUMKN® RGALBVYHZ
LQ SUHSDUDWLRQ IRU SXEOLVKLQJ

7KH VLWH FRPSDULVRQ VWXG\, FKD®WHU ZDWR
SXEOLVKHG XQGHU WKH &UHDWLYH &RPPRQV $W
OHW]JHU & -DQVVRQ 3 ( /RKLODLGW $XUHOD
%HOHOOL ODUFKHVLQL /'UHZAMMPRUMEEQ +XLDQW
'U/[VOHU DOX[&Y DQG HFRV\WWHP G\QDPLFV DW IL"
SHDWODQGV * PHUJLQJ GDWD DQG SEHRHFGNWVRULH

+ GRL EJ 0\LRFEQ@W G HEX W L
DQDO\VLQJ RI SRVVLEOH GDWD VHWYXLWQPE PR RIQBIV
IRU WKDW VWXG\ UDLVLQJ WKH VFUKQLQLFWIKHH V
PRGHO VHWWLQJ XS DQG SHUIRUPLQJ WKH FDOLE
LOQWHUSUHWLQJ WKH UHVXOWYV D GGV AL RDXEGIL YK 1D G
JUDSKV DQG WDEOHV LQFRUSRUDWQGJUFRRRHQW YV
WKH PDQXVFULSW

7KH SURFHVV LQWHUDFWLRQ VWXG\ WRNXG\ ,, FKD
DQG LV LQ UHDWIZRIRD\S XEWN]JHU% & 3HLEKOR Q
0 DQG -DQVVRQ 3 ( 7KH LPSRUWDRGB RI SU
SDUDPHWHU VHQVLWLYLW\ IRU PRGHOWKQDONKH |
SHDWODQG *HRVFL ORGHO 'HY 'LVFXVYQ GRL
UHYLHZ 0\ FRQWULEXWLRQ LQFQRGHEBKBQDO\
VFLHQWLILF TXHVWLRQ VHWWLQJ XXSD@®GUXQQL
SHUIRUPLQJ WKH FDOLEUDWLRQ SUWRWIH & XWHHV X00QND\C
DQG ZULWLQJ WKH GUDIWV RI WKH @GQXVEOHYW L
)XUWKHU , LQFRUSRUDWHG WKH FRRRMB® WKIHRP
PDQXVFULSW

7KH VWXG\ DERXW WH W ZHHIDD WHL RN WE R QW OVG LR @ \
FKDUDFWHULVWLFW VWXG\ ,,, DRKEFFWBWH® IRU
SXEOLFDWLRQ LQ *aFRWQ M GDYR WHMWHEHQ & +HLC
(LFNHQVFKHLGW @ @ QHF WM VRO HRID Q DU WP HR@WWLKGHW H
UHODWLRQVKLSV RI 1'9, WR *33 /$, DQGHRWDQW E
0\ FRQWULEXWLRQ LQFOXGHG GHVLJQLRUPKRH PHD
PRVW RI WKH VDPSOLQJ DQG SURFHVWIRJIJDRIG/S$, 1
FDOFXODWLQJ 1'9, I[URP VDWHOOLW HFDRD WA W VS F
DQDO\WHG DQG LQWEQSUHWRINGH WICOHO GTHUVLRQV RI
XQGHU WKH FRQVLGHUDWLRQ RI WKH FIRIDPSHKYWV |
DQG WDEOHV ZHUH FUHDWHG E\ PH

[YL



,(QWURGXFWI

, QWURGXFWLRQ

::DUPLQJ Rl WKH FOLPDWH V\VWHP LWX®@BDXLY
RI WKH REVHUYHG FKDQJHV DUH XQ SAOHPH GH®\
DWPRVSKHUH DQG RFHDQ KDYH ZDUPH®YWKH
GLPLQLVKHG VHD OHYHO KDV ULVBRR X MWKk
KDYH LQFUHDVHG ~ ,3&&

,Q WKH .\RWR SURWRFRO FRXQWWHHQRRKR |
JDV HPLVVLRQV *HUPDQ\ DLPV WR N OXF HO HIV\

W R SHUFHQW FRPSDUHG WR WKH HDWB8 D@ G
UHVWRUDWLRQ KDV D KLJK SRWHQWQD G DR BRW
GLR[LGHH&®2VVLRQV WKDW QHHG WR EH UHSRU\
DFFRXQWHG PRWLERWLRQ LQ IXWXUH 6HFWL
LQYHVWPHQWY UHTXLUH D FRUUHFWZTKXIDRKV LI
WXUQ UHTXLUHV D VROLG SURFHVVSXEGHEWWE
3URFHVV EDVHG PRGHOV DUH IXUWKHUV\QHFH
GHSHQGHQFLHYV JDLQHG IURP VLWH ®HCRAXVUSIPWK
DQG ORFDWH DUHWFWEZRW®Y K 6GH MG RREH OV 3DARF HEY
RQ SK\VLFDO HTXDWHRQM BEKR BKHE RIXWUWY PR WU
ZKLFK DUH RIWHQ XQNQRZQ DQG WKHUHIRUF
FDOLEUDWLRQ 6HFWLRQ

,Q WKH ODVW GHFDGHV D ORW RI ARR)G 8 0\W LKFDY
HTXDWLRQV UHSUHVHQWLQJ WKH FXWDEGMQN
BHFWLRQ 3URJUHVVHV LQ FRPS®WHLVWHBE
FRPSXWDWLRQ DQG WKHUHIRUH PRUBOGHEWDWQ!
DOJRULWKPV $W WKH VDPH WLPH D KMQM/\DP]I
EHFDPH DYDLOD E OH WLRIR 2L M3 LERWRERRYBI@ 8 Q
RI FXUUHQW PRGHOV

$OVR WHFKQRORJ\ LQ UHPRWH VHQWLRRYLGVQRI
QHZ SRVVLELOLWLHV IRU XVLQJ VVWRGEDWIHQ &
6HFWLRQ

7TKH RYHUDOO DLP RIFWKLAZD3K' VEBRM DH. @ Q| X
SURFHVVHY LQYROYHG LQ WKH FDUER®EFQHOGIDI
DQG DQ H[LVWLQJ PRGHO G6HFWLRQR LPSAKRYHI
PRGHO SUHGLFWLRQV RQ SHDWODQGV QRK\HUH
H[FOXVLYHO\ UHIHU WR QHZ RU PRGLORXXPRWVE
PRGHO SDUDPHWHUL]DWLRQ )XUWKHUYVRMXHG
YHIHWDWLRQ LQGLFHV DV PRGHO LQSXW GD
LQYHVWLIJDWHG



,QWURGXFWLRQ
'K\ SHDWODQI® L&/ LRQV"

1IDWXUDO SHDWODOQGMWEXWUFDX WXD® QQWRL I
VRXUFHV GXH WR PDQDJHPHQW SUDBWNVFWD N XISQ.
&2 IURP WKH DWPSRWUDNH UWKID 0UERFPOIWR S
6RPH FDUERQ LV DJDLQGXHOMD\SHO® @W &RVSLUDW
DQRWKHU SDUW WXUQV LQWR OLWWWHU,QVPXQXDO
VRRQ PLQHUDOLVHG E\ GHFRPSRVLWLRQ WKUR
XQGLVWXUEHG SHDWODQGYV W\SLFDOUODX®YR D KL
FRQGLWLRQV ZKLFK GHSUHVV WKH GRBRMIRDIONLR
DFFXPXODWHVY LQ WKH 2/RLWD P ROORHROMHB® WARK K X JKID G
FDUERQ DFFXPXODWLRQV RI DW OHDNW<X *W RI| FC
DQG UHIHUHQFHV WKHUHLQ 7KLV Q W RITX LFYODUERIM
*RUKDP WZLFH WKH FDUER®YKHWARFAND G Q
3DULVK DQG DOPRVW KD VIS WHWBIL A/ BW Q O HDQWP R%\ U Q
3HDWODQGV DUH WKH WRS ORQHBWWHUMD DU

ELRVSKHUH )LJ + D K\SRWKHWLFDOL X@GPQ |
LQVWDQWDQHRXYV LQFUHD%NUR® BIWPROSKHULF,
GUDLQHG WKH VWRUHG FDUERQ VWRFRHEVAERHV F
IRU HQKDQFHG GHFRPSRVLMPLRAY L RGD G 8 B D WO GG
ZLGHO\ GUDLQHG IRU IRUHVWU\ DJWUBP¥OWLRQD QQS
*HUPDQ\ RI WKH SHDWODQGV DUH WRIIDM®HG F
JUHHQKRXVH JDV HPLVVLRQV 'U|VOHWPHWKB O
ODUJHVW VLQJOH HPLVVLRQ VRXUFHUEHWLBE WKF

E :RUOGZLGH DERXW % RI SHDWOPQGV DL
DJULFXOWXUH DQG VRKHW KBINBIWD B B MRWHIVQDE P HD
SDVWXUHV 6WUDFN

¢ o 50
land area B biomass B o

million km?

JLIXUHAWHQW DQG FDUERQ GHQVLW\ RI WHERRNWULDO EL



,(QWURGXFWI

0DQ\ LQYHVWLJDWLRQV KDHFRL WHKRDY WKDRV S&
LQFUHDVH ZLWK LQFUHDVLQJ ODQQ [XANOHH D GHaV &

SHWUHVFX HW DO 7KH *+*LDOXBEHSROQ
RQ VRLO SURSHUWLHV .OHPHGWVVRQ HW DO
JURXQGZDWHU OHYHO H J 5HLFKVWSUQ FANW FD
OLNH IHUWLOL]DWLRQ DQG SORXJKQUDQH Q H5\M |

DQG UHIHUHQFHV WKHUHLQ 5HZKN WQRD QA
GHFRPSRVLWLRQ DQG HYHQ WLRQWQ HW EXEMWWQ

:DGGLQIJWRQ HW DO 7TKH REOHWRIU Y W |
PRVW FRVW HIIHFWLYH ZD\V Rl DYRLGD®J D
HPLVVLRQV 3DULVK ZLWKRXW QRWRWUHZR

FRQVWUDLQLQJ HFRORPWEHEHD WK N DD BAK M2JOCR E D
ODQG PDVV LV FRYHUHG E\ SHDWODQGV /DSSD(

$GGLWLRQDOO\ UHZHWWLQJ KDV SRWHRMLYLH HH
IXQFWLRQV %RWK UDLQZDWHU IHG EWJPDIQG
HQGDQJHUHG VSHFHRVDAKIWKGZW B HB/RREOUH UIDRNLIG (
ZHW FRQGLWLRQV DQG DUH LPSRUWDQWQ IRU
HFRV\VWHP VFDOHD @QWKHR D U8 RRG RPUDWE D INDRNPLHRQ)
DTXLIHU UHFKDUJH GURXJKW SUHYH®WIRQ

LPSURYHPHQW DHVWWH@YWREHKFVXVIY GOVREMVK DQG
8QGLVWXUEHG SHDWODQGV KDYH D FOMHWMELQ
DPPRQLXP DQG SKRVSKDWH DQG WKH KLJK |
SphagnumPRVVHY PDNHV WKHP VXLWDEOH IRU WI
SROOXWDQWY &O\PR DQG +D\ZDUG

+RZHYHU SHDWODQG UHVWRUDWLRK) VDDE MW FI
TXDQWLILFDWLRQ RI JDLQHG HPLVVWL RO ZDWHYLI
DQG DFFRXQWLQJ WKHP LOLWHYSWEWRQWRR RPLA
GHWDLOHG XQGHUVWDQGLQJ RI WKH FRQOQI
GHSHQGHQFLHV LV HVVHQWLDO WRI\DWKHV \H D F
RI SRWHQWLDO UHVWRUDWLRQ HIIRUWV DQG P

KN SURFHVV RULHQWHG PRGHOOLQJ"

3URFHVV RULHQWHG PRPGHMONVRYVHCQEWUEGLIIHU
FOLPDWH FKDQJH DQG GLIIHUHQW P D QIHQW H C
SURFHVV XQGHUVWDQGLQJ DQG NQRZOBGUH JI
H[WHQVLYH PHDVXUHPBGMW\D &G YBIU B HFXQU WHRQ W
LOYHVWLJIDRLNVEBLRQV IURP SHDWODQGV SURYL
DERXW UHVSRQVHV WR FOLPDWLF FREBHWHRQ\
VXFK PHDVXUHPHQWY DUH FRVW LQRGI@VQYFLW
SRVVLELOLWLHV IRU XS VFDOLQJ R@® \SIHD/ILE



,QWURGXFWLRQ

IRU VHOHFWHG SLORW VLWHV WR \GHYRHR¥RVH QF DQIGE
&RXZHQEHUJ

3URFHVV PRGHOV DW&RZJWUQKWEINQEYQWMEBYHD BIBW Z
WKHUHIRUH FRQWULEXWH WR EHWWHQGKQGHUVW
FRPSDULVRQ DQG HYDOXDWLRQ SREVOE W LAKIHAN D
RU FURVV YDOLGDWLRQ WR GDWD RUHNQWKIGFKHPS
XVH VWDWLVW L F DRD © HVX DRGWL | '0 R CIAIDMWALHQON M\ QKR E |
FOLPDWH DQG VRLO GULYHUV FRQWUWR® WRMHWR X |
WKHLU VSDWLDO GLVWULEXWLRQ X@®& GNKML W OV H F
B3URFHVV PRGHOV IPXQHYUKGGHW &2IIHUHQW F
PDQDJHPHQW VFHQDULRYV RU DW G LDHU M MI O MCRA
TXDQWLI\ HPLVVLEQD HR QHDJ O®W HLD VMR SFUM @®LF W
HPLVVLRQV XQGHU IXWXUH FOLPDWH YRBQHW. RV |
DO RU WR DVVHVV WKHDWLFHFWQGI F
UHVWRUDWLRQ HIIRUWY H J 6W PIOODLUH FAWHDO
PLJKW KHOS WR LGHQWLI\ KRW VSRWRUDBBLYMIRRQ
UHGXFWLRQ DV ZHIFORP DH/QSDRMIRGH URVULRQQDJIHPF
&RPSDULVRQV RI PHDVXUHG I0X[ GDMDODRWH XVWDO
RULHQWHG DSSURDHFKHNWHDD +XPSKXQG7 KM DO
DUH XVHIXO WR H[SORUH WKH HIHHFRQRBIL WIL®&JDWVHDY
VLPLODU RU GLIIHU RQO\ LQ IHZ YD@WLDEOHV OLN
&KRMQLFNL HW DO +RZHYHU WKHQJDWR XQL
GLVWLQJIXLVK EHWZHHQ UHVSRQVHRFRIVVHY HUDHO |
XVXDOO\ OLQNHG DQG LQWHUDFW DWW & HD/AKU R VIDKA
RQH VLWH PLJKW QRW SOD\ D VLJQIDLFDQW HWR OO |
3URFHVV RULHQWHG PRGHOOLQJWRRXYK®HNW D
HIWHQW REVHUYDWLRQV DW GLIIHUHQWPMLWHYV |
SURFHVVHV ZKLOH DFFRXQWLQJ IRU\ WHEKS LQWH
H[SODLQLQJ REVHUYHG SKHQRPHQD LQ WKH GD
XQGHUVWDQGLQJ ,Q FRPWGHOWLYR SWHGLRIXVRE&?
WKDW XVXDOO\ IRFXV RQ PRGHO SHUMRUPWREHM L@ K
WKLV WKHVLV ZDV WR H[SORUH WKG®D®IG IVMUWB ¥ H\Q
WKHLU UHVSRQVBEOMR GANIYQQ JWKKILW. WHKTHXPRBW O F
UHDVRQDEO\ GHVFULEH WKH REVHUWYRWHR QD D\KGH
PRGHO WR GHVFULEH WKH REVHUY EWHRGMWDQ EH
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D KA SDUDPHWHULVDWLRQ VHQVLWLYLW
LQYHVWLIDWLRQ RI LQOWHUDFWLRQV"

BURFHVVHV LQ WKB QU BD G ZRFCHWHLRF B WV IHYL
WKH PRGHOV DUH VWURQJO\ LQWHUOKQM®HG

FRQFHSWXDO EDVLF XQGHUVWDQGLQIURIFBKWBY
7KH\ DUH UHSUHVHQWHG LQ WKH PRGHQY DV
QXPEHU RI FRHIILFLUHBMW\ W\K PWH FOHR@QIDG ISTYU
RI WKHP DUH NQRZQ DV VLWH LQGHSHRPGHQW
ODERUDWRU\ H[SHULPHQWY $00 RINKWXPEBGU RA
JDLQHG IURP FDOLEUDWLRQ SURFHGXDUMWUR®Y
LPSDFW RQ PRGHO RXWSXW DQG SHUIWUPDWF!
DQDO\VLV DUH XVHG WR LGHQWLI\SMKHRNRDSB
DQG WKH LPSDFW RQ YDULRXV PDMRDOPRGHO F
6DQWDUHQ HW DO

0DQ\ VWXGLHV LQYHVWLIJDWHG VLQJDKLOUWRFG®
IHZ FRQVLGHU GLIIHUHQW ELRWLF 1B @® (MLEURDW
YDULDEOHV B6HYHUDO PRGHOOLQJ VWRRXEIHVHKE
'LPLWURY HW DO '"HWWPDQQ HWSBIOWODQ
HJ .HOOHU HW DO *UDQEHUFREWHRW UDW
FDUERQ IOX[HV HJ 9HUEHHFN HWRPBWLPHVZK
KHWHURWURSKLF UHVSLUDWLRQ RQ@\VWXGL$E
FRQVLGHU VHYHUDO YDULDEOHYV |RKHPRGHEL GIC
RI VXFK PXOWLSOH FRQVWUDLQW DSSBRDFKF
SHDWODQGYV HJ 6DQWDUHQ HW DO2QO\ IKDU
PRGHOV DSSOLHG WR SHDWODQGV KDYHRW K
LOQWHUDFW L RRQWHEHWVZ G FKH BW 10 X [HYW VRY D & &
FDUERQ F\FOH LQFOXGLQJ DQ H[S®DLFHLWOWIQRX
'1'& =KDQJ ecosys *UDQW HW DO &RXSORGH
.DUOEHUJ + RO P VRRLGH B MR UHWQ S BIRSFHGV VEH
LQ WKH UHDO ZRUOG DUH VWURQJQVHQ WK UIOWC
WKH EDODQFH RI SKRWRV\QWKHVLVLDOQREUMNYV $L
FRPSRQHQWYV RI 1(( DUH VWURQJO\ LQWKUWRB
DPRXQW Rl SODQW ELRPDVV WHPSHWRLWWXH H
DYDLODELOLW\ H J &O\PR / L GRGAUKRAAWK. VH W/
WHPSHUDWXUH DQG PRLVWXUH GHSHQGRRPRQ
WUDQVSLUDWLRQ DOHWSORGW RFRYIWKBBNGHS B Q
RQ TXDOLW\ DQG TXDQWLW\ RI SODQW OLWWH L
DGGLWLRQ SKHQRORJLFDO HYHQWWH XP & ROUM\D
IRU VRLO WHPSHUDMWEURORUQBPRFW LY LW\ $XUH

6XFK SURFHVVHV LOQOWHUDFWLRQV DUYHYV UG BOIGY/
LOQWHU FRUUHODWLRQ EHWZHHQ WKHWGEL INKUHH
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SDUDPHWHU FRQVWUDLQW WR DQ XQDPELJXRXV VI
GLIITHUHQW SD U D PHDAGH W R DOKIHPL 6 @ RGN I XW RW R
PHDVXUHG YDULDEOHV ZKLFK LV GHIDQHBUDV HT)>
7KH PRGHO VHQVLWLYLW\ WR VXFKLSDUDPH
HTXLILQDOLWLHY DUH QRW FRQVLGBURXGO V&RIO/M U
YDULDEOHV FDQ KHOS WR UHVROYHIRW HMW AXFH
7KHUHIRUH XQOLNH SUHYLRXWSHMFRQGG P
VWXG\ RI WKLV WKHVLV LQYHVWLJDWRY WHH MHQV
GLIIHUHQW PRGXOHV QRW RQO\ RQ 1MHE@XMEDKVR
KHDW + QHW UDGLDWLRQ 5Q OUDWRUHYD L7QGH]
ZDWHU WDEOH :7 DQGRUQRZH ULRZ B BWIHGL REOMXO W
LPSO\ D VXEMHFWLYH ZHLJKWLQJ RIHYDYLWRQ QY D
WKH PRGHO WR D FHUWDLQ YDULDE®WPRQRW L®SU|
DQRWKHU YDULDEOH &DUYDOKDLV HWDDE
LPSOLFDWLRQV |FOW WK N S®IUHDP BW&|DIQG %H Y HEF K
,Q WKH VHFRQG VWXG\ RWLWE LDV FWHW D LLQ
FULWHULD RQ WKH UHVXOWLQJ SDUDPHWHU UDQJH

K\ &RXSORGHO"

$ ODUJH QXPEHU RI GLIITHUHQW SURFHY¥NVNWKRGHOV
GLITHUHQW GHJUHH RI FRPSOH[LW\ DQG LQFOXGH!
SXUSRVHV $ GHWDLOHG DSSURDFK ZDSSFEXREHQ IR
WKH ZHOO HVWDEOLVKHG HFRV\WWHP D@Q&GHSHQG
.DUOEHUJ 7TKH &RXSORGHO FRPELQHV PXO
UHSUHVHQWLQJ PDQ\ GLIITHUHQW ELRSSFUWRG DE
VHQVLWLYLW\ DQDO\WLYV WHFKQLTXHYV

2Q SHDWODQGVY VRPH DWWHPSWV KDMHHEHHY PDG
XVLQJ VLPSOLILHG SURFHVV PRGHOV RHWQDVWLR QL

DQG JOREDO VFDOHV HJ ,Q7HF6WX+DQDLEKHQ
HW DO DQG XS WR PLOOHQQLIID®D WLPHVFDOH
-6%$&+ 6FKXOGW HW DO +RZHYWNGLHNYP QR
FRPSDULQJ GLIIHUHQFHV LQ SD WHRCOHDMHUG GELU/RAFUHLVE
EHWZHHQ WUHHOHXWL S B IMVQOXQ@FH VIR B @ K \DEIEV B G |
GHWDLOHG SURFHVV RULHQWHG PRGHO UXQQLQJ R

ODQ\ FDUERQ HFRV\VWHP PRGHOV DRIHWDLRDQLDOEI H

DV %LRPH %& )HQJ HW DO '1'& SBEERVWHLC
&RQWDQW HW DO 3,;*52 &O\PR O &$1'<
RU '$<&(17 &(1785< BULFH 6RPH PRG

H[SOLFLWO\ FUHDWHG RU DGDSWHG WRW HIDWODQ
3&$56 )URONLQJ HW DO & $eB8sys3 RW W H U
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*UDQW HW DO ZHWODQG '1'& =KDQJ
3RWWHU HW DO 3($7/$1' 98 YDQ3{XLVVW
%2* :X DQG %ORGDX /3- :+\ :DQLD RIW D¢

*8(66 5208/ <XURYD HW DO

,Q WKLV ZRUN WKH &RXSORGHO ZDV ¥KRKHQ |
PRGHO ZDV GHVLJQHG IRU D ZLGH UDRRW \RW iR
DQG DSSOLFDWLRQV VHH -DQVVRQ IRU UH
VRPH RI WKH VLWHV LQ WKH SUGEN\GHRQ®G VPN IK
QRW UHVSRQG OLNH D W\SLFDO XQ RIGHDXKBEM
EHHQ VKRZQ WR ODRVLRD SO0 \M K BH HMIARQ
IURP SHDWODQ@AWH&IWVVRQ HW DO 2 QLV
1RUPDQ HW DO DQG5PHVDKD QH &4HXUWK
&RXSORGHO LQFOXGHYV GHWDLOHG VXER PRGXD\
LQ WKH FDUERQ F\FOH LQFOXGLQH®HMWWBQGTL
JURZWK SODQW WUDQVSLUDWLRQ\WQRJBRW R WL
& SURFHVVHV HQHUJ\ DQG KHDW IOW[BQGVRQR
GHSWK ,W VXSSRUWV DQ KRXUO\ IV LDRQHG VRADHOS U
LQ HYHQ ILQHU WLPH UHVROXWLRQH ZK IFFKK B E H
IOX[ GDWD 7KH XWHUZRBQ GHOHBWQR HUXE VP
HTXDWLRQVQDW GRPISIOHJHWLHV D Q GP H VWIUOA DLFD
XVHU LQWHUIDFH H&EXOHFUDMAR QU BQERPDDCH \5
DQG PHWKRGV IRU YLVXDOLVDWLR Q) DRXGV 6 X W [T
VXSSRUWHG $Q H[WHQVLYH PRGHO GRYFAUQAGW
.DUOEHUJ 7KH PRGHO DQG LWV E@EBBXPH
WXWRULDOV IRU LVWEH DERSZGERRRG @ HF B@ ©S 0 R
KRPHSDJH &RXSORGHO

K\ /$, DQG 1'9,"

/HDI DUHD LQGH[ LV FRQQHFWHG WRGHD®R\IRDF
PRGHOOLQIX&RYV /$, PLIKW EH HVWLPDWHG |
YHIJHWDWLRQ LQGH[ 1'9, ZKLFK LVRPYDDWHOI
GDWD 2SWLFDO YHJHWDWLRQ LQGLFHV 9,V D
DUH HDVLHU WR PHDVXUH FRPSDUHGFRUWRQPF
XSWDNH RU ELRPDVV DQG GR QRW GHVWUXFW

9HJHWDWLRQ ZDV LGHQWLILHG DV FUKRQWQ
PRGHOOLQJ 5XQQLQJ DQG &RXJKODQ FDO %R
PRGHOOLQJ /XQG HW DO /LQ G PDIM RW D
LQ PDQ\ SURFHVV HV ADUERRY G 0@ HVBKE W VIH/A H H
LQGLFDWRUV WKDW DUH FRPPRQO\QRWIR QROU |
LQ HFRV\VWHP DQG FDUERQ PRGHOV LQ POXGEY
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, DQG ,, /$, RU DPRXQW RI ELRPDVWSDRUBWWRI® U' #i [L
QULHV HYDSRWUDQVSLUDWLRQF WRF OL-PXOLID J
3HDFRFN WHPSHUDWXUH LVROBWHR® EHWZH
JWWHUHU DQG $QGUpPQ DQG DPRXWW RI OL

SURYLGLQJ IUHVK VXEVWUDWH IRU GHFRIRIRVHUYV
SRWHQWLDO RI WKH SODQW WR DERAR PR GHIEQ DYWL F
SKRWRV\QWKHVLY ORQWHLWK D@ €& VL D LIWHHO D W
1'9, HJ *DPRQ HW DO $FW X D OL I RFXW X O D W
SURGXFWLRQ LV UHIOHFWHG E\ ELRPDYFH RRQWHL
/$, ZDV DOVR HPSKDVL]HG LQ SODQWQSURGHORN LY L\

/$, PLJKW EH HVWLPDWHG IURPNNDIWHOOLWH
HJ 5RVVLQL HW DO 1'9, KDV DWNG WIRHQ
SKRWRV\QWKHVLY HJ *LDQHOOH HRWRDEW DO EL

DQG IUDFWLRQ Rl JUHHQ WR WRWOOHEDR®DV\

9HVFRYR +RZHYHU WKHVH GHSHRQGHQ ARV D
ELRPHV +HLQVFK ) $ HW DO WIDRMSWISHW WSHFL
$QGHUVRQ ‘LOVRQ HW DO F NSO RQ '@ GD U F K

VRLO HJ 'DUYLVK]DGHK HW DO QV .URVWH@ODDV

7TKHUHIRUH VKDSH SDUDPHWHUV RE MVKH U
GHYHORSHG DQG WKH GHSHQGHQFLHRVQWHWMIEGPWR E
W\SH

0DQ\ VWXGLHV KDYH LQYHVWLJDWHGHGHSBIBGH Q FL
9,V DQG SODQW FKDUDFWHULVWLFV SHV RKRIRWRV\
JUDVVODQGY HJ )DQ HW DO VRRKIOIRRUW H'
QRUWKHUQ SHDWODQGV HJ .URVWHIHQN D&HUH D
KDYH EHHQ RQO\ D IHZ VXFK VWXGLRAN 2WK\D®/D QIEWH
HJ 5HQGRQJ DQG -L\XDQ 7R PUHNSFRRIADHG JH
LQYHVWLIJDWLRQV RI WKHVH UHODWLRIDYE LIS \RQ |
ZKLFK FRPPRQO\ GLIIHU IURP ERUHDO SHDWOD
SURGXFWLYLW\ ZKLOH WKH\ DUH ORVWHK PWRQVLYt
W\SHV Rl JUDVVODQGY RQ PLQHUDO @RW®W (VSH
WHPSHUDWH UHJLPF® WD Q RIUF WU B W GHRRORAVHG XBIVWHP L \
WKHLU RIWHQ LQWHQVLYH ODQG XVH PDQDJHPHQ
7KHUHIRUH WKHLDQ® FRRY HEDXHIMWEG Y VEKNW DH IO W |
YHIJHWDWLRQ LQGEBBVY B QEBWBHLRISKONV BK D U DG B/XW L V
IRU FDUERQ PRGH@\QDQWG/ VW DWH \RVRISTRVADIRQRH. Q D

7KH DLP RI WKH WKLUG VWXG\ LQQWHKYWLIRBWSL
WKH UHODWLRQVKLSY EHWZHHQ /$, LBV BRQG YHJ
VHYHUDO JUDVVODQGYV LQ D WHPSWBW DWX-O DHUQ1IVOR IL
FDQ EH XVHG DV SURJ[\ IRU /$, DQG RWKHTXYHUBIBWL
E\ FDUERQ PRGHOV $ VSHFLDO IRFXV BBW RQ W
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LOQWHQVLW\ DV W KM HZFDY \MK3H BWE BWLRW\K LS L
DQG GUDLQDJH DIIHFWV SODQW SURGRNWWYRW
HJ :HGLQ ZKHUHDV SODQW FRPAPX @DWYL i1
VSHFWUDO UHIOHFWD QR WRIEE RVRM ISIHEW B Q
HJ *DPRQ HW DO

2EMHFWLYHV

7KH RYHUDOO DLP Rl WKLV WKHVLVGZRQV WRR) LCPHE
XQFHUWDLQ TXDQWLILFDWLRPMD QRQYUINGRLPF @it
E\' PDNLQJ XVH Rl H[LVWLQJ REVHUYDWGRQ

HFRV\WWHP PRGHO 7KHUHE\ WKUHHUARUB DHGE
RQH VWXG\ HDFK

'LITHUHQFHV EHWZHHMH WSRQMWH L\g RWEBIL YL
VWXG\ ,
,QWHUDFWLRQV EWbRRH\MH 3 LU HODHRHA® SIV R
VWXG\ ,,
3RWHQWLDO RI YHJRROMWQRRQ $XQ\E LGBIW D V

6WXGVKH PDLQ DLP RI WKH ILUVW VWXGWZXKMHV V
ODUJH GLIIHUHQFHVIQR[IPWYWEVWWHGHIQ2ILYH GDW
IOX[ PHDVXUHPHQW VLWHYVY FDQ EH VROHWOGQ H
PHWHRURORJ\ ZDWHU WDEOH VRLO & VWIRHN
SURFHVV RULHQWHG &RXSORGHO ZD\WH G IFR@QMWAKSE
&DUOR DSSUKFDREMBS WRLIHY ZHUH

€ 7R LGHQWLI\ GLIIHUHQFHV DQG VLRAI®DUL
&2 UHODWHG SURFHVVHV FRUUHVSRQGLAQ.
IRUFLQJ GDWD

€ 7R LGHQWLI\ DQG GLVFXVV WKH LP8DBW R
NH\ SDUDPHWIOXY RRG&EOV LQ JHQHUDO

€ 7R LGHQWLI\ SUREOHPV UHODWHG WR WK
GLIIHUHQW HFRVMWWRE RSRIOHSHDWODQGV

BWXG\7KH VHFRQG VWXG\ DLPHG WRRLEGWH QV
ZLWKLQ DQG EHWZHHQ ELRWLF D QG ZIXE [ERWLE HS
UHOHYDQW IRU PRGHOOLQJ 1(( LQ D VLD ¥WULIC
VHYHUDO GLIIHUHQ@W 2R YS\ §XWL FryX0OULLWD EQ W H U H V V

€ 7R LGHQWLI\ WKH SURFHVVHY DQG SDUDP
LPSDFW RQ PRGHO SHUIRUPDQFH
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€ 7R HYDOXDWH LPSOUHFQ@W LFRIQW RU LWL RIGOHFWL
PRGHO SHUIRUPDQFH DQG UHVXOWLQJ SDUDPF

€ 7R LGHQWLI\ DQG GHVFULEH HTXLILQDOLWLH)
GLIIHUHQW SURFHVVHV

€ 7R WHVW WKH XVDELOLW\ Rl DOO DHXDLODEO}
FRQVWUDLQ DQGJLRHIWXIUMPHQWLYDULDEOHYV

BWXG\ 7KH REMHFWLYH Rl WKH WKLUG VRIXG\ ZDV
9,V DV PRGHO LQSXW 7KXV WKH LPSDRWK RI PDC
UHODWLRQVKLSY EHWZHHQ 9,V DQG&QUHSRWBWWRQ G
SKRWRV\QWKHVLV 33IH®QJUDNNOHDWIBNVHGZ DV LQYt
6SHFLILFDOO\ WKH SRWHQWLDO VKRXOG EH WHVWI

€ 1'9, DV D SUR[\ IRU 33 /$, ELRPDVV DQG JUHL
€ /$, DV D SUR[\ IRU ELRPDVYV DQG 33

7KHUHIRUH ELRPDVV /$, 33 DQG JURKQGHEBHDVX!I
1'9, ZHUH LQYHVWLJMWHEWBH® ORADWLRQV ZLWI|
PDQDJHPHQW UHJLPHV LQ D IHQ LQ VRXWKHUQ *HU|
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OHWKRGRORJ\

,Q VWXG\ , DQG ,, WKH SURFHVV EDRHIG W R\XFS
PHDVXUHPHQW GDWD IURP GLIIHUHHQ®HWIUHDH H
LQ ODQG XVH LQWHQVLW\ ZDWHU OHYBPQQXRC
WHPSHUDWXUH FI B6HFWLRQ 7 ROGIW KIW R PZ
1RUWK )LQODQG WR 6RXWK *HUPDQ\ DWIGV G M KH.
OHDG WR JUHDW GLIIHUHQFHV LQ DPSOQUWRXGVY
SULPDU\ SURGXFWLYLW\ *33 5hkR\OE WA | Kb
DPRXQWV RI ELRPDVV ,Q VWXG\ , 2DKHDQID\DX D
IRU VLWH VSHFLILGF \@HMWHIEQWIRV Z KIDQAG HH$ W E G M
FRQILIXUDWLRQ FRXOG EH XVHG ,Q VWXG\ ,,
DQDO\WHG IRU FRQQHFWLRQV DQG L ©&MMHUDFEW
EHWZHHQ GLIIHUHQWH®/ZUB®H SBIWNVP BWE UVQD Q
ERWK VWXGLHV WKH ILWWHG PRGH & XRXWPSHQW !
WR LGHQWLI\ QHHGV IRU PRGHO LPSWRMHPHQ
LQYHVWLIJDWHG WR LGHQWLI\ QHHERQRUXXDW!|
RI &RXSORGHO B6HFWLRQ GLIITHUHBGYANVIK!
PDLQO\ E\ WKH LQFOXVLRQ RI DQ DG ®RGIHRIDD
SDUDPHWHUV ZHUH FDOLEUDWHG XVLQQ@GD OR
PXOWLSOH FULWHUXDR VIR WK (HAF\NM B9/ DSEHT-AV LSRHC

7R LGHQWLI\ IRRVWIHAHUW/QHV LPERUWDQ W
SDUDPHWHUV IURP UHPRWH VHQVLQG JWRX®G,,
PHDVXUHG DQG VDWHOOLWH GHULY H GO H W H®
ORFDWLRQV ZLWK GLIIHUHQW PDQDJHPHQW UH.
BHFWLRQ

6WXG\ VLWHY DQG DYDLODEOH GDWD

$00 VLWHV RI WKLV WKHVLV ZHUH LVU b H\DSH/FW
FOLPDWH K\GURORJ\ FXUUHQW DQGLRRQY PHG (
VRLOV 7DEOH 7KH JUDGLHQW UDGJHG IURP
1RUWK (XURSH WR PDQDJHG JUDVVO DGV LLGY H
ORRV )V$ DQG )V% DQG IURP FRQHVR DR XR/XVR V
UHODWLYH NRIMRQRQ2VRXUFHV )LJ
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7DEOH KDUDFWHULVWLFV Rl WKH GLITHURQW R\GH{HOHV \
FDOLEUDWLRQ DQG HYDOXDWLRQ VWXG\ , DQG ,, DQG
FKDUDFWHULVWLFV VWXG\ ,,,

)V$ )V% DQG

6LWH &RGH IRP $PR DO VLWHHV RI
VWXG\ ,,,
, 9

8VHG LQ VWXG\ , ,9 . .9 yvs WO

&RXQWU\ J)LQODQG 8 1IHWKHUODQGY *HUPDOQ\

sLwH Qorn  ire SEEEHOSERU W H QLAY T )

$UHD >KD@

/IDWLWXG Hf 1 f 1 f 1 f 1 f 1
ORQJLWXGH ( f o f ( f ( (
3HDWODQG W\SH IHQ ERJ IHQ IHQ s

VHGJIJHV FRWWRQJUDVV

'"RPLQDQWRVVHYV vﬂﬁ?ﬁyﬂl v UfEYEY WXIWHG

YHIHWDWLURIXEV " v oV YyHVEXOUXVK
UXVK PRYV V HSphBgHim

% PRVVHV

OD[LPXP
/$,

VWRU
IDQG XV % G H%WRU % HUbLoHa W,
UDO WXUH 7 : QD UDO PLUH
PDQDJHJQ % %} HG  JavhuyHP
OHDQ

WHPSHUDOWXUH i i
UDO3IN&@

OHDQ ZDWHU . ] i )Vvs

WDEOH >FP@ i )V%

$QQXDO
SUHFLSLWDWLRQ
>PP@

1 GHSRVLWLRQ
>NJ' K@

3HDW GHSWK
>SP@ -

S+ * + E o+

I+
I+

PDQQXDO UDQJH RI PHDQ PRQWKO\ WHPSHUDWXUHV
EWKLV DSSOLHV WR VLWH )V$ DOMKHWY ¥LRED\LQ7WI
JUHLVLQJHU ORRWQWKDNG\DUYUHDAMHGHVFULEHG LQ 7DE
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JLIXUBQQXDO QHW HFRV\WWHP H[FKDQJH RHDMWKHINGV
E\ (GG\ FRYDULDQFH RU FKDPEHU WHXBKQLEXEGDDEE V
HPSLULF DSSURDFKHV 3RVLWHPHVYDR@WYV QHIDLVFID
LQGLFDWSW2ZNH

JRU WKH PRGHOOLQH & WM& HHRW RFEO-ROW.EDOQOHGIDWE
FROQOWHQW SHU VRLO OD\HU ZHUH XVHG DV PRG
WDEOH ZDV VLPXODWHG ZKLOH PHD®XUWHGDQDBW
ZHW 1 GHSRVLWLRQ ODWLWXGH DQHUMW KIMVAND B
FRQVWDQW VLWH VSHFLILF LQSXW

,Q VWXG\ , ZDWHU UHWHQWLRQ S D ULDP HODMHIW
DFFRUGLQJ WR VRLDWGD W R ZIHWRHPU H DMK ZPRHD Q
UHWHQWLRQ DQG DW DOO VLWH YV QHB/ DWRRI DWH
&RXSORGHO VRLO GDWDEDVH DV VXJJWVWRLGE &
OHDVXUHG WRWD OERRL 06 R&DJ B B UFDN DBHG) W/IRWV WK
WZR 62& SRROV SHU OD\HU RQ WKH BDWLR RSIH
OD\HU 7DEOH $ LQ WKH DSSHQGLURVZRH WK
VORZ GHFRPSRVLQJ SRROV ZHUH DVVWPSIRBR®R

ZDV FKRVHQ DFRPRIHGL @J1IVRR © H D& BVQ & V)X BV
,Q VWXG\ ,, ZDWHU UHWHQWLRQ SBGD&® H\R QWA
SHU OD\HU ZDV XVHG DV LQSXW BRWOSDIUM \GE
E\ D VSLQ XS SURFHGXUH
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7TDEOHQSXW GDWD IRU WKH SURFHVV RULHQWHG PRGHOO|

6LWHDULDEOH 3HULRG 5HVROXWLRQ RI

&RGH PHDVXUHPHQW DV XVHG I
FDOLEUDWLRQ

/IRP ZDWHU WDEOH GHSWK PLG KDOI KRXL

PHWHRURORJ\ WHPSHRDWXUH JOREKDOI KRXUO\ KRXUO\
UDGLDWLRQ SUHFLSLWDWLRQ ZLQG VSHHG
UHODWLYH KXPLGLW\

VRLO RUJDQLF & SHU OD\HU RQFH

$PR ZDWHU WDEOH GHSWK $SULO KDOI KR

PHWHRURORJ\ WHPSHRD&WXUH JOREKDOI KRXUO\ KRXUO\
UDGLDWLRQ SUHFLSLWDWLRQ ZLQG VSHHG
UHODWLYH KXPLGLW\

VRLO RUJDQLF & SHU OD\HU RQFH
+RU ZDWHU WDEOH GHSWK KDOI KRXU

PHWHRURORJ\ WHPSHUDWXUH JORE®IOKRXUO\ KRXUO\
UDGLDWLRQ SUHFLSLWDWLRQ ZLQG VSHHG
UHODWLYH KXPLGLW\

VRLO RUJDQLF & SHU OD\HU RQFH
ZDWHU UHWHQWLRQ FXUYH SDUDPHWHUV
)V$ ZDWHU WDEOH GHSWK ELZHHNO\ VL
DQG KDOI KRXUO\ KRXUO\

YV %

PHWHRURORJ\ WHPSHUDWXUH JORE®IOKRXUO\ KRXUO\
UDGLDWLRQ SUHFLSLWDWLRQ ZLQG VSHHG
UHODWLYH KXPLGLW\

VRLO RUJDQLF & SHU OD\HU RQFH
ZDWHU UHWHQWLRQ FXUYH SDUDPHWHUYV

'‘HJ PHWHRURORJ\ WHPSHUDWXUH JBRBD&ERXUO\ KRXUO\
UDGLDWLRQ SUHFLSLWDWLRQ ZLQG VSHHG
UHODWLYH KXPLGLW\

VRLO RUJDQLF & SHU OD\HU RQFH

7KH PHDVXUHPHQW GDWD XVHG IRU PRWGHD FDOL
DSSHQGL[ LQFOXGHG 1(( SDUWLWLRQ@HBQBE\ HPSLI
*33 1(( ZDV PHDVXUHG &ZGWKF RYWDKHUD QPFF H $ PR
'HJ RU WUDQVSDUHQW FRZMBH BMDYX$ HE % L WK RS
FKDPEHUV RU WDNHQ IURP QLJKW WLPHLEGOPHDYV X
PRGHOMgr ZBV LQWHUSRODWHG EHWZHHQ PHDVXU
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H[WUDSRODWHG WR GD\ WLPH E\ D /@R FS DQIEW\
7D\ORU /LJKW OHYHO EDVHG DHUAWXRBOGE ||
*33 FDOFXODWLRQV 7KH HPSLULF PR®BOIQ D@L ¢
RI JDSV GXH WR LQVWUXPHQW IDLGHXWU N LRAUH @ RZ
GRQH E\ WKH SURMHFW SDUWQHUV DFFRUGL:
SHLFKVWHLQ HW DO $ GHWDHOWIGI HBUHVER
OLVWHG LQ 7DEQRM QG7KIBXIKBH QRW H[SOLFLW
ZLOO EH FDOOHG PHDVXUHG GDW DFWQ RVMK HJ RRPO
IOX[HV VLPXODWHG E\ &RXSORGHO *BK®REGIOHC
VLWHV LQWHUSR O DPMH X®&DI\R B QEH \B DN (A HRUW
FRPSDULVRQV EXW QRW IRU FDOLEUDWLRQ

,Q VWXG\ ,, WKH PRGHO ZDV ILWWH GrARQ G ((
DGGLWLRQDOO\ WR VHQVLEOH + D)6 DODWRQQ
UDGLDWLRQ 5Q VQRZ DQG ZDWHWLRXDDO

VWXG\ ,, YDULDEOHV IRU FHUWDLQWLREQBPBOUWR
FDOLEUDWLRQ GDWD IRU WKH ZKROH((VEBXODV
VHSDUDWHG LQWR QLJKW WLPH YDOXHV 1

UHVSLUDWLRQ DQG GD\ WLPH YDOKHWXP RItWK
UHVSLUDWLRQ FRVSRBHIDW DRG MREHORQ HXBW L
WLPH YDOXHV ZHUHWWRQV LB b W (G D\QHSIE R 3 UELHS
DQG ZLQWHU WLPH YDOXHV IRU 5QDYVORZ YQG X
ZLWK OLWWOH G\QDPLF GXULQJ ZLGWEQ VD QI® PN
DQG VQRZ PHOW LQ VSULQJ PLJKW QRW EH 8 Y
ZKROH SHULRG ZDV FRQVLGHUHG H) PRADYVG\GH F
DGGLWLRQDOO\ :7 LQ VWXG\ ,, ZDV FEZ®LEODB
SURILOH DQG DGGLWLRQDO LQ ORZHP® VRYQ70D
LQ WKH XSSHU VRLO OD\HUV VKRZHG KDIKG | O BF
SDUWO\ WKH PHDVXUHG :7 ZKLOH D JRRG RY
UHSUHVHQWDWLRQV RI GU\ VXPPHU SHULRGV V

/$, RU DERYH JURXQG ELRPDVV GDWMWX0V ,DIYQ(
., DQG XVHG IRU FDOLEUDWLRQ $W RV DDV
DYDLODEOH FDOLEUDWLRQ YDULDBW®RRVS$WSWKF
ELRPDVV DQG 1'9, ZHUIS FRWOR F WHGL B HRW LR Q
7KLV LQFOXGHV WKH VLWHV )WH D RE YWK G X
7KH JUHLVLQJHU ORRV LV D IHQ FRPSYGHD\VGEYW
GLIIHUHQW ODQG PDQDJHPHQW LQDMMHQVLWHV)R
VHOHFWHG UDQJLQJ IURP WKUHH BRW\H SRIU XK
NJ 1" KPUGRZQ WR H[WHQVLYHO\ PDQDJHG J
SURWHFWHG ELRWRSH ZLWK RQO\ RQUY PQ @DM
DXWXPQ DQG QR IHUWLOL]DWLRQ 7DEOH
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6WXG\ VLWHY DQG DYDLODEOH GDYV

7TDEOHMHJIJHWDWLRQPH@GV FFK@PWIDHWHULVW YAV HRWDNVWWREY X\

LQGLFHV VWXG\ VWXG\ ,,,
OHDQ
'BPLQDQW YHJHWD%/ §(§2 \g@ -XQH
3DUFHO ODQDJ%V&M DW WKH FKDPEH H{ |5|
>FP@
QDWXUDO X panicea ( Allium 7ZR VLWHV ZLWK
PRQXPHQW ZDW%@eoﬁens Potentilla VOLJKWO\ GLIIHUHQW
OHYHO UHVWRU@@a Schoonue HOHYDWLRQ EXW QR
( FXW HYHU\ VHFRf{f;&Iineus Phraamites FOHDU GLIIHUHQFH LQ
\HDU GXULQJODﬁﬁﬁ% asm$EWQm YHIJHWDWLRQ 7KH
DXWXPQ P PHDQ RI ERWK VLWHV
ZDV XVHG
Filipendula ulmaria Poa
pratensis Anthoxanthum
rat] Galium JRXU VLWHV ZLWK ZDWH
SURWHFWHG ELVF\%Q@Q%% Carex nigra DQG WHPSHUDWXUH
GUDLQHG , FX Hl .
( \HDU GXULQ'J ODWH Uzula campestris PDQLSXODWLRQ EXW
DXWXPQ (Wrsiumoleraceum RQO\ WKH FRQWURO VL\
Peucedanum palustre ZDV XVHG
Rumex acetosella
Cerastium holosteoides
(D KD\ PHDGRZ Anthoxanthum odoratum 6DPH SDUFHO DV ( E
)V$ GUDLQHG F X' W Carexhigra Plantago EXW FOHDUO\ GLIIHUHQ
\HDU GXULQJ lanceolata Ajugareptans YHIJHWDWLRQ
VXPPHU Galium mollugo
Rumex acetosella
(E KD\ PHDGRZ Carex vesicaria Galum 6DPH SDUFHO DV ( D
)V% GUDLQHG F X W ulihdsum Alopecurus EXW FOHDUO\ GLIIHUHQ
\HDU GXULQJ pratensis Poa trivialis YHIJHWDWLRQ
VXPPHU Phragmites australis
LQWHQVLYH Poa trivialis Ranunculus
PHDGRZ F X' W képens Trifolium *
, SHU \HDU GUDL @raténse Alopecurus D?’Y3Dc|_58\évgo?-|RLV\(lg
IHUWLOL]JHG ZL Wkatensis Festuca
NJ 1'KQJ pratensis
LQWHOVLYH o O perenne
PHDGRZ FXW(/I p JRXU VLWHV GLIIHULQJ

SHU \HDU GUDLQHG Taraxacum officinalis

IHUWLOL]HG ZLWK Cergstlum holosteoides
Galium mollugo

NJ 1 ?
KD \U Alppgcurus pratensis
Trifolium pratense
LOQWHQVLYH
PHDGRZ FXWV

SHU \HDU GUD L?.I?P curus pratensis Poa

IHUWLOL]HG lytalis
\O

LQ IHUWLOL]DWLRQ EX\
RQO\ WKH FRQWURO VL\
ZDV XVHG

JRXU VLWHV ZLWK ZDWH
DQG WHPSHUDWXUH
PDQLSXODWLRQ EXW
RQO\ WKH FRQWURO VL\
ZDV XVHG




OHWKRGRORJ\ £+ &RXSORGH(

&RXSORGHO GHVFULSWLRQ

&RXSORGHO Y 8§RIPO ZDV XWLHX OPW WKV LQ
Y IURMK'HFHPEHU IRU VWXG\ ,, 7KH EXUU
GRZQORDGHG IURP &RXSORGHO KRPHBRQHFDQ

EH IRXQG LQ -DQVVRQ DQG .DUOEHUJ KH 7
HFRV\WWHP E\ D GHVFULSWLRQ RQ® IOH) S OID IO
LQFOXGHV WKH PDLQ DELRWLF 10X[BX[HWXRK [T
UHSUHVHQW WKH PDMRU GULYHUV ABR QUHHIX O LF
WKH HFRV\VWHP

7KH PRGHO VHWXS GLIITHUHG VOLJKWQASRHWDW&F
PRGHO LPSURYHPHQWYV VXJJHVWHG BUN@KKBY L
VLWHY DQG DYDLODEOH GDWD $QFBGGLQV VRXEBEC
WR UHSUHVHQW P REWXK\G DAXW FIXWZ M/UKRHU'HH J DV MWK H
W\SH RI VRLO RUJDQLF PDWWHU 6RP BRWROHWV
ZDV LQFOXGHG 'XH WR WKH ORQJ VZIWXODDIW R
DFFRXQWHG IRU LQWDEXG\ ZDV:DXWHGE DY [EXSWX\
VLPXODWHG E\ &RXSORGHO LQ VWXG\ ,,

7KH VRLO SURILOH ZDV GLYLGHG LQWK DQ

LQFUHDVLQJ OD\HU GHSWK RI RU FP IRU WK
WKH ORZHVW OD\HU 7KH H[DFW GHSHQK VIRMHM
DFFRUGLQJ WR WK HKY HIMX WHRRHIOV GAFHEYEY RV

7KH VLPXODWLRQV XMXH VW IRWWM IBOW ZRUX KU , W |
HYDOXDWLRQ SHULRG VR WKH V\DWHI R MWSDBL
DOVR WKH 620 SRRO VL]HV FRXOG DEBBRP MR
PRUH LQGHSHQGHQW RI LQLWLDO Y DHOYIHO/X ID\R B
IRU WKH \HDUV ZKHQ PHWHRURORJL FIDON G DIWRF
WKH DYDLODEOH \HDUV ZHUH FRSLEGHWR RSRJ DY
DGMDFHQW FOLPDWH VWDWLRQ 7KHKRRG®BOIRC
DELRWLF SURFHVVHV DQG KRXUO\ REH \QLHWU R J H

7KH PRVW LPSRUWDQW HTXDWLRQV DQOGPMKMHH &
FDQ EH IRXQG LQ 7DEOH $ LQ WKH DSSH
DVVXPSWLRQV UHODWLQJ WR WKH BR GHO/ PSISK
EHORZ 'HWDLOHG DVVXPSWLRQV LQVUFNGHFHW
IRXQG LQ 7DE®H £ Q WRB DSSHQGL]|
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5DGLDWLRQ LQWHUFHSWLRQ HYDSRWUDQVSL

$Q LQWHUFHSWLRQ VXE PRGHO IRU ERWKQRUDGLD)
PRGHO DQG D VXUIDFMNVIRR W P BURY LEDWER R @O\
WKH VRLO VXUIDFH &ORXG IUDFWLRMWIRY ADSKXO
DQG ODWLWXGH ,QFRPLQJ UDGLDWDRRY FDW BSHUW L
DQG WKH VRLO DFFRBGL®BHHH DG OB PKKU
UDGLDWLRQ DEVRUEHG E\ WKH FDQRR\ ZONQS\DUW L
OD\HUV LQ VWXG\ ,, )LJ GHSHQDE®IFRQHWKHL
ZKHUHDV LW ZDV DVVXPHG WKDW OHBDKHY WKH XQ
WRWDO KHLJKW Rl WKH FDQRS\

,QWHUFHSWLRQ DQG SODQW HYDSRUDWDR®DGHSH:!
LQGH[ RI WKH SODQWV DV ZHOO DVQW RHU® WILURHH
GHSHQGHG DGGLWLRQDOO\ RQ WKH HY.PSRDMMIGRKO
ZDV GHULYHG |UR P XOL RW HRJ DWH. N BARERDODXQUFID FRH H
WKH VRLO VXUIDFH DXV BEOQU DRH M A B IKUARLUY BIRWLWP D W L
SUHVVXUH DQG WHPSHUDWXUH DW W KLH LMWRLAD W X U |
FDOFXODWHG IURP WKH LQSXW IRU \UHPXDW WHG K X
IURP SUHFLSLWDWLRQ DQG DLU WHPGSHD\W WY HD MO
WHPSHUDWXUH DQG VLPXODWHG VRLO KHDW 10X]

Reference
height

Vascular
plants

\ Mosses

T | Teawwy

¢ K F%ﬁ Fra $
ea ux @
p LD ——D 4

layers Water Water flow
uptake  pepween layers

JLIXUHQHUJ\ 1OX[ SDUWLWLRQLQJ DQG UBDRWHG DRLO ZL
DSSOLHG LQ WK HLIQWHHWMFIW DRVQRAE/RIZOD QW KDIQRBLHV D
URRW V\VWHPV )R MKH RROMSDUNED WREH SODQW OD\HU 2
DSSOLHG 5Q ,QFRRLODWEBQWDMHBAIHOM[KNDW NOHKQHV
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6RLO WHPSHUDWXUHY DQG KHDW IOX[HYV

6XUIDFH WHPSHUDWXUH ZDV VLPXODV$H@& DFIXVH
ZKHUH WKH UDGLDWLRQ UHDFKLQJHVRB G/ RIDA
KHDW 10X[ WR WKH DLU DQG KHD WK @PDVWKR/ MK
WKH VQRZ VXUIDFHWV HPBH BB W X H H QAM®N DZEHHQH
FDOFXODWHG EDVHG RQ WKHUPDO FROGWRWL
FRQWHQW RI LFH DQG ZDWHU 7KH KHDVSQERZ
HTXDWLRQ DFFRXQ®L @I R W K\DXZH Q DHHP\R R HD OF
+DOOGLQ &RQYHFWLRQ KHDW |®R Z®RZHIWH
ERXQGDU\ WHPSHUDWXUH ZDV FDOFXFDWE GQH
SDUDPHWHUV IRU WE H UCDQAXWDHD CPOI® @ BBHBIL W X G F

6RLO K\GURORJ\

6RLO ZDWHU IORZW @WG ZIHDWHH B DFERFQ\VIW WH G VIR
OD\HUV 6RLO ZDWHU GHSHQGHG RYD &R UDDMLR
ZDWHU XSWDNH E\ SODQWV DQG JBRXVYGE QW We
OLTXLG ZDWHU FRQWHQW LV FDOFXODWHG
WHPSHUDWXUH LQ WKH FRUUHVSRQQLRG WREIDQC
VRLO OD\HUV ZHUH FDOFXODWHG EDBWHG RQ 5L
FRQVLGHULQJ K\GUDXOLF FRQGXFW IGY LWD\S R20M
GLIIXVLRQ ,Q VWXG\ , VRLO ZDWHLW FKW UIDRWK
PHDVXUHPHQWY RU DW $PR DQG /RP IBHRPQWKHF
VWXG\ ,, WKH\ ZHUH FDOLEUDWHG ©DQHGID)
GHSHQGLQJ RQ WKH PHDQ PHDVXUHG GU\ E
FRUUHVSRQGLQJ OD\HUV FI 3ILYIQHQ

7KH VRLO ZDWHU FKH UDHFWHIWEWEL EY BWHH\ %U
HTXDWLRQ %URRNV DQG &RUH\ DQG 0XQVOWRU
IXQFWLRQ OXDOHP 'KHQ WKH FXUWBBOHW
DERYH WKH DVVXPHG GUDLQDJH OHER®H RXKAD Y
OHYHO ZDV VLPXODWHG EDVHG RQ, DVOMQHUDUV |
ZDV IRUFHG WR WKH PHDVXUHG JURX®GLDDWH
ZDWHU IURP WKH FRUUHVSRQGLQJ OD\HU

6XUIDFH UXQRIlI ZDV FRQWUROOHGRE\HL W X WIUDIFA
IUDFWLRQV RI WKH VRLO VXUIDFHWHAINVRL G ISWI
WKH IORZ RI ZDWRUOLBR®RKB X8 B H QN5 FPRX @ B U3V
WRZDUGV WKH VXUUXEFHR BRARXY bROFIMIWREG R DW
DPRXQW RI ZDWHU LQ WKH VXUIDFH SRRO
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30DQWYV

,Q FDVH RI VWXG\ ,, WZR SODQW QDRVHYD VFXOHD VL
SODQWY DQG PRVVHV 7KHL]BKDISH USHG L
DOORFDWLRQ OLWWHU IDOO DQG \REBPDHUEDWXUF
UHVSLUDWLRQ )RU VWXG\, RQO\ RO$OEE D @W WK\ S
WKH GHVFULSWLRQ RI WKH YDVFXODU SODQW LQ W

O9DVFXODU SODQWV FRQVLVWHG RI WKUHH IXQFWLR
DFWLYH ELRPDVV L H JUHHQ OHDYHV DQG JUHHQ
LQ HTXDWLRQV DQG SDUDPHWHU QDMRHELRPQEGVSKR
LH EURZQ VHQHVFHQW OHDYHVHRYG OVRWPNMVWKD
ZHUH FRQVLGHUHG WR FRQVLVW RILAZKROS IDIFWN\ Y B (
SDUW ODEHOOHG DWRZOKD YSKR WIRYGOWHK I3W UKD O O\
ODEHOOHG DV URRWYV UHSUHVHQWDQYHVKDWEH RU
VWHPV WKDW DUH VWLOO OLYLQJRRDFKRSEOHIAK RRC
LWV SDUWV 9DVFXODU SODQWV KBEHUGEIMW LRQDO
ZDV SURSRUWLRQDB\WRVORDI|I ELRRBWMDDJM Y DAS H |
FRQYHUVLRQ IDFWRVY ZHW\HF BV U X PHGODAOR KKHOLOYK W P L
R FP FRPSDUHG WR FP IRU PRVVHYV

30DQW GHYHORSPHQ@WLQW XKWRGWHKHHDREFXPXODWH
WHPSHUDWXUHY DERYH D WKUHVKROGKWDOXH Ul
DFFXPXODWLRQ RI WHPSHUDWXUHY VWGUWHG ZKF
KRXUV 6QRZ FRYHU KLQGHUHG OHDIL GDRXMQE\ UL
WKURXJK WR WKH SODQW ZKLOH ORZINMWHO WHP
XSWDNH

BHQHVFHQFH DQG OLWWHU IDOO GL)RW NG VEFKWDHIH
SODQWVY EHVLGH D VPDOO DPRXQKH RAKRLONMHVS O DI D &
JURZWK SHULRG FI )XONHUVRQ DQG DR RPK\G

WR VWDUW DIWRDWXKHWS ®DG WV & HRIPAREREZ \G K S H
VWDJH FI 7KRPDV DQ® @@& RERADADMQF\ WIHRSHUDW
'DYLGVRQ DQG &DPSEHOO 1HZ DVVLPLODWHYV
WR WKH URRWY DQG WR WKH SKRWRWRWKMWLFLC
HILVWLQJ JUHHQ ELFORDNG WRY WKHD 8 BRW RV YGIW K H\
SDUW $ WKLUG VWDJH RI OLWWH W IO © SAHUD WY H
WKUHVKROG )LYH FRQVHFXWLYH GD\WKRUWHKH DX
WKDQ KRXUV DQG ZLWK WHPSHUDWXIUHHY EHOF
SDUDPHWHU WHUPLQDWHG WKH JURZRQN BODFRIQ

DQG YDVFXODU SODQWV ZHQW WR @RIWP DI 'SOLY
RI WKH FDUERQ ZDV VWRUHG LQ W KH UPHRELHG IRRIR C
OHDILQJ RXW LQ WKH QH[W \HDU FFKHKLOMLMWWHU :
IURP DERYH JURXQG ELRPDVV ZDV L Q@KHOWHIR RAR D



OHWKRGRORJ\ £+ &RXSORGH(

OLWWHU ZDV LQVHUWHG WR WKH HRRUOBVIBRWY C
ZKLFK WKH URRW\X E HULRW &/ R D WH BVK HO\DXW D¥H
WUDQVIHUUHG ZWW KWR MRKHY &/ D\VWQ WRARNIR RO \RIIUW

$ GLIIHUHQW DSSURDFK IRU VHQHVHARQ FR DQIGV
DV WKH\ ODUJHO\ GLIIHU LQ WKHV ISplsgrRA HV V I
PRVVHV SURGXFHV QHZ OHDYHV RQRWQKW KMRGR Z
OHDYHV ZKHQ WKH\ EHFRPH VKDGHG DQG GLH
7KLV OHDGV WR D SHUPDQH OHDI DDHOLMMGHY
WKDW LV SURSRUWLRQDO WR DVVLPIOANWGR B\
NHHSLQJ WKH SKRWRV\QWKHWLFDO®W D RW E YYD ¢
$Q\ ORVVHV L H UHVSLUDWLRQ D QJ®D VOLR\QN R
DVVLPLODWHYV ZHUH UHVWULFWHG W R LWMKMH B H:
SURGXFHG ZLWK D FRQVWDQW UDWHQBREDVYFL
GLUHFWO\ LQVHUWHG WR WKH FRRURMNGRQSH QU
IRU PRVVHV ZDV LQLWLDWHG LQ WK IEXAMD PHIBB W
RQO\ DVVLPLODWLRQ

JRU ERWK SODQW W\SHV DVVLPLODWWRRVHED\
HIILFLHQF\ DSSURDFK FI ORQWHLWXKURZWK DW
SURSRUWLRQDO WR WKH QHW RI JORBDEXDG
OLPLWHG E\ XQIDYRXUDEOH WHPSHULHVSRID \DH) ¢
VRLO ZDWHU ZDV GHILQHG IURP W DK WDLW DRV R
3RWHQWLDO WUDQVSLUDWLRQ GHSH®G HGEQRQ
VSHHG DQG DHURG\QDPLF UHVLVWD®HMRHRQ IZBK
DVVXPHG WR HTXDO ZDWHU XSWDNH OURPLYRI
DPRXQW Rl URRWV WKH VSHFLILF UHVSRBQWHR
WHPSHUDWXUH RI HDFK OD\HU %RWK ZSHOD®D W
DGDSWHG WR ZHWGRBQGLW LARQWH G IBQGDWKHUH I
H[SHULHQFLQJ ZDWHU VWUHVV RQO\ GXHDWR
VXSSRUWHG E\ SUH VWXG\ PRGHOOLQJ UHVXOW

30DQW UHVSLUDWLRQ ZDV DVVXPHG WRURHAWSU
UHVSLUDWLRQ DQG WR DPRXQW RI EIQRPBW\WLY
OHDYHV DQG URRWWHYV,QPPDLQYQW RQ PRNHSOBDWVHILR Q
LQ EHORZJURXQG BDKIMMYH W KHUWHIHR UBR WV MDKCH. B
JURZWK UHVSLUDWLRQ ZDV FDOLEUDWS$ &LFB OMH
4 DSSURDFK ZDV XVHG WR VLPXODWBQFKH L
UHVSLUDWLRQ RQ WHPSHUDWXUH
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6RLO RUJDQLE PGWWHRPSRVLWLRQ

7KH RUJDQLF VXE\WQWHGHEX DVK WU H SN\WWAR | Q) ED V H
& DQG 1 SRROV IRU HDFK RI WKHP RBHOV®DEIH
SDUWO\ GHFRPSMO&& PRQHI ULBDOUHVHQWLQJ IUHV
GHFRPSRVHG PIOGMn," ORWWHH[LVWLQJ LQ VWXG\ |,
UHSUHVHQWLQJ IUHVK RU OLWWO B @@&RPSRVHG Ol
,QLWLDO FRQGLWLRQV ZHUH VHOBBEWRG S$HRUIR®ONHW
,Q FDVH RI VWXG\ , WKH\ ZHUH SDBWUWLIRGKHGR®Y R
WKH EDVLV Rl WKH P HUDDAX UR GS W B W\ VL Z & HUH D
UDWLRV Rl WKH VORZ GHFRPSRVLQJ GRR®W AWK LT
IDVW SRROV ZDV FKRVHQ DFFRUGRQ@W GWD PHDYV
WLVVXHV DW )V$ DQG )V% 'XH WR WHKHDKQGKW&H UD
WKLUG 62& SRRO W\SH WKLV ZDV QRW 62RVSYHBOH I
OD\HU LQ VWXG\ ,, ZDV SDUWLWLR QWH & KI\WZRH WK H
DSSUR[LPDWHO\ LQ HTXLOLEULXP IRUQ DWRBWWDLQ
SURGXFHV D UHDVRQDEOH ILW WR 1QO\SWKH FD
ORQJHU VSLQ XS WLPH RI \HDUV ZDV FKRVHQ IRU

'HFRPSRVLWLRQ SUFOGXPRROVRPHWKHSDUWLWLRQH
ZKLFK ZDV UHOHDVHG WR WKH DWPRBGSWIRUWKMQG ¢
SOGow SRROV DQG SDUWBOGLHSRRI@M\HG' HER P8 R M L W L
SURGXFWVSOGRPSWREBY ZHUH SDUWO\DQHO HDIVH & O
UHWXUQGGWRSRWKONV 7KH UDWH DW ZKLFK FDUER
EHWZHHQ SRROV ZDV SRRO VSHFLILF BRIGOUHGXF
WHPSHUDWXUH DQG PRLVWXUH FRQGLWLRQV 7F
GHVFULEHG E\ D VLPSOH 4 DSSURDEK DQPRDWH RI
VRSKLVWLFDWHG IXQFWLRQ ZDV XVHG EKLBPIO ZDV (

IRU EDFWHULD EXW KDV DOVR ®BHIQQ DCEE® L H ¢
3URVVHU 7KH UHVSRQVH WR PRLVWXWH ZD\
PRLVWXUH FRQWHQWY EHORZ WKH ZIHIWWZR SRLQ
WKUHVKROG PRLVWXUH FRQWHQWYVY WD@OWRODW®O.G \
FRQGLWLRQV

'XH WR WKH VWURQJ XSWDNH DQG ORDU RVAWXO D W
GXULQJ WKH VLPXODWLRQ SHULRG LADVD PRRW JIBE IUR
FRQFHQWUDWLRQ zZDV SUHVHUYHG IRUSUHURHIOKWD\H
,QVWHDG WKH GLIITHUHQFH LQ WKHK) WRW DD THAR X C
EHWZHHQ VWDUW DQG HQG RI HDFKHBEWARYX PARR H
VLPXODWH JURZWKH $ HoOHF UHDSMAKR Z BV UMIEN HRD U E
I[URP WKH GLIITHUHQ®W SRR LHFRWIBERBKDERRG DLQF |
WKH VRXUFH OD\HU DQG LQVHUW HW DWRHMK 8 DRR U UW
DOORZ G\QDPLF FKDQJHV LQ OLWWHWRXDOLW\ 7K
EHORZ WKH VXUIDFH QUWHSIHH B H QW KIGRRAOKQS H RR L OMK H
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EXW ZDV H[FOXGHG IURP D FRQVWD®®YWR ®F N\X
QXPEHU RI OD\HUV

1LWURJHQ DQG PHWKDQH UHODWHG SURGHVYV
LQFOXGLQJ WKH PRVW LPSRUWDQW P$BWBRYD\N |
RQ WKH FDOLEUDWLRQ RI WKHVH SWRBFWVWK !}
FXUUHQW REMHFWLXY[H\ZDV RQ &2

Autotrophic Autotrophic

respirgtion respiration o, .o

Harvest . AAA A
synthesis

Heterotrophic respiration

N\ —
Reallocation \ / Litterfall
Stem & :
brown leaf L’”effa//VV

| cSurface |
z

Rea//ocationT !

N > -
Socfast < yAR socslow <
— =T =
Roots J |, itterfall SOC;, R SOC 6
socfast < g Socslow P_

JLIXUBFKHPH RI FDUERQ IOX[HV DQG SRR®BVDMW WKH
DSSOLHG LQ WKH VLWH FRPSDULVRQ VWXG\ ,
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&DOLEUDWLRQ VWUDWHJILHYV

7KH PRGHO ZDV FDOLEUDWHG EDVHG SROHDUXRYWH
ZHUH SHUIRUPHG ZLWK UDQGRP YDORHWHR YDULR
DQG $ LQ WKH DSSHQGL[ 7KHUHE\HWWBKQUXQ
FRPELQDWLRQ RI YDOXHV IRU HDFKWHUDPEDMHG ¢
RQ YDULRXV PHDVXUHPHQW YDULDEOHWKY DZAHUH FKI
DFFHSWDEOH SHUIRUHPWIREH D'Q FIHH WHGWF EW UBIHFWLF
XVHG WR TXDQWLI\ WKH UHGXFWLRQDW® GVRKYGSLVI
PHDVXUHG YDULDEOHV

&DOLEUDWLRQ VWUDWHJILHY FDOLEWNWHEGUIBSDUDP
GLIIHUHQW IRU VWXG\ , DQG ,, GXBHNEGDWWHD®IA |+
H[SHULHQFH JDLQHG IURP WKH UH\DXLOI\GVWRI W/ XG\
,, 7KH DLP RI VWXG\ , ZDV WRJ I@RHV DL VH. QRI@H
FHUWDLQ UXQ WR HQVXUH WKDWGRQWLOIOHSDW R PEH
VLWH VSHFLILF D VLQJOH YDOXHRRGSUHVHQWDWRF
DOO VLWHV 7KLV ZDV DFKLHYHG ENYHUWE SZHWM B
PXOWLSOH FDOLEUDWLRQ UXQV DV GHVEWHEHG L
LOQGHSHQGHQW PRGHO SDUDPHWHUV RRXDGUPIBDQ \
IOX[HV FRXOG EH H[SODLQHG VROHO\ @M PRGHO
PHWHRURORJLFDOWGDQ® VRLQDUGPHQWRU\ GDWD

7KH DLP Rl VWXG\ ,, ZDV WR ILQG EHGHUDBO HHW V
FULWHULD WR H[SEBRUHH@ 8 EUDPWWR@W ¥ LRV KLLXQQW
DQG WR H[DPLQH WKH HIIHFW Rl FULMSOHW VHO
DSSURDFK ZDV FKRVHQ EDVHG RQ R{OHPWQRQ SROH
GLIIHUHQW FULWHULD 6HFWLRQ ZHUH SHRMAXSDVIHE]
EHWZHHQ WKH GLIITHUHQW DSSOLHRBURULQNHHILB F\D'Q
LQ WKH SHUIRUPDQPH LDE OGIIVH @ WH EL\WRG3W BIJU D
VHQVLWLYLWLHY DQG HTXLILQDOLWLRN VZKWMWH DQ
DYDLODEOH REVHUYDWLRQ YDULDEOWWGARIDQBRGH
PLVVLQJ GDWD LGHQWLILHG

SHUIRUPDQFH LQGLFHYV

,Q ERWK PRGHOOLQJ VWXGLHV WKH VHROHFWLRC
SHUIRUPDQFH ZDV ELILFHG& RRR MIKWUAHH QWRRI GHWHU
DVVHV KRZ ZHOO WKH G\QDPLFV LQ WHKH PHDVXL
UHSUHVHQWHG E\ WKH PRGHO OHDQZHHQRWKH ( L\
DYHUDJH RI WKH VLPXODWHG FRPSDGHG WRLWKH |
VKRZV WKH HUURU 1Q WKK&XWFDQLWHKIGHFY K @RQAG16 (
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6 XWFOLIIH DFFRXQWY IRU ERWEJ@WHYALGM L
UDQJHV IURP i’ WR ZKHUHDV PHBPHDN\KXUHEK
GDWD 9DOXHYV LQGLFDWH WKDWMWMMKHSRPHGQF

WKDQ WKH VLPXODWHG YDOXH ORUKDWGIHHWVRGE
DV D FRPELQDWIGRQ( RLVB ZDV RQO\ HYDOXQ @ HG
0( DORQH GLG QRW QDUURZ WKH SDUDPHWHU U

1(( LQ VWXG\ ,, VKRZHG D VSLN\ UHMRWGE HRS
DWWHQXDWH WKH HIIHFW RI WKH VWLAKNYV ZKH
WUDQVIRUPHG WR FXPXODWHG WRWDLAED D KRR XK
REVHUYDWLRQ SHULR® O¥HH GG LRDLARRXIDD W/ H G |
YDOXHV $5

ORGHO FDOLEUDWLRQ IRU VLWH FRPSDULV

7R ILQG RXW WR ZKDW H[WHQW WKH VDPH SDU!
VLWHV FRPSDUHG WR D VLWH VSHFLURD K D
FDUULHG RXW VWDUWUQH EHWW MLQOWGHWRBH F L
UHSUHVHQWDWLRQV DQG WKHQ WU\LQD WRGP HR
DOO VLWHV )LQDOO\ WKH FRPPRQ UHSWHZVHQ
SDUDPHWHUV VKRZLQJ JUHDW VLWH @SHFI$IQF
RYHUYLHZ RI WKH GLIITHUHQW VWHSV RDQ \EK
FDOLEUDWLRQ SR FHQOXUG Y @ WH IS DSSHQGL]

JRU WKH EDVLF FDOLEUDWLRQ VWHSQY JHUH
SHUIRUPHG IRU HDFK VLWH SDUD MM BUWX ZR
EHLQJ VLWH VSHFLILF ZHUH VHOHFVGH % QR OQRSU F I
UDQGRP UDQJH 7DEOH $ LQ WKH DBSWRBQ]
FRQVWUDLQHG EDVHG RQ VHOHFWHG ZURQV
DFFHSWDEOH SHUIRUPDLOAEDM\R FRE DS SO E AMJ \
PHDVXUHG DW WKH VLWHYV

6HYHUDO DGGLWLRQDO PXOWLSOH FWXLEMDW I
VHOHFWHG SDUD PIHYWHHOU § DHUIDAKH WWHRI SL@QW H UD F W
$ QXPEHU RI VLPXODWLRQV ZHUH DOWR WIDREHV H
SDUDPHWHUV VWHS ,9 )LJ WR YSEDXDOHMWH
YDOXHV RQ LQWHUDFWLQJ SDUDPHWBUW IFrOo® ®&
VLQJOH UXQV LQ WKH IROORZLQJ QXPHEG WLH)G
7TDEOH $ LQ WKH DSSHQGL[ 7KH &PX6BWDLHD
VHWXS LQ VWXG\ ,,
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3507000 — 700’000 multiple runs per site, 45 parameters with random values

I a) Selection of around 75 runs according subjective criteria (Tab. A1.8) for several
measurement variables
b) Visual analysis of performance vs parameter and parameter vs parameter.
¢) Out of the 75 runs selection of each 10 best runs per variable listed in Table A1.10.
d) Merging of ranges from different sites and variables

A\ 4

One single range per parameter representing all variables and sites

II) Stepwise constrain each parameter to a single value, common between sites if
this does not reduce performance by more than 0.05 in R? for R, and GPP

A 4

Identification of parameters which might

e need site specific values

. strongly interact with other parameters

e might have their optimal range outside the tested range

1II) Additional multiple calibration runs, each 2°500-5’000 runs, 3-5 parameters

A4

Ranges and interactions of site specific parameters

IV) Several single runs with certain combinations|
of single parameter values (C1-C7) to check
for equifinality and for visualization of results

A\ A 4 v \ 4 \A4
Identification of Site specific differences in e Covariance between parameters
parameters allowing responses to forcing data e Covariance between parameters
a common value and performance (NSE, ME, R?)
between sites

YJLIXUMBWHSZLVH SDUDPHWHU FDOLEUDWLRD WKHDSSOLH
RXWFRPH RI HDFK VWHS 'HVFULSWLRQGIRQ VBPEQBULRV ¢
LQ WKH DSSHQGL]

ORGHO FDOLEUDWLRGUOWURGHRQO LOQWHUDFWLRC(

1

7R H[SORUH LQWHUDFWRRWMUVH Q8 H®REM[IRALQH
FULWHULD VHOHFWLRQ VHYHUDO PXOWLSOH RXIOQA
VHOHFWLQJ VHYHUDO VHWYV RI UXQVLEAHWKQMFFHS
YDULDEOHV 7KH PXOWLSOH UXQ FRQQ/WWRWRARG RI

UDQGRP GLVWULEXWLRQ ZLWKLQ DV¥XPBBHSWHRW
I[URP GLIIHUHQW PRGXOHV 7KH SDUDWHWHWR ZHU
GHPRQVWUDWH WKH UROH RI YDULRXWHHYXOHDWHL Q
VWLOO FRQVLGHUHG ZLWK IL[HG VERQGH[Y DIAXHRW 7
UDQJHV IRU FDOLEUDWHG SDUD P HMWUHW XAHJ M DVOHXOHF
RU H[SHULHQFHV IURP SUHYLRXV PRQHWDQIXKQV LC
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DURXQG WKH GHIDXOW YDOXHV 7DEOH $ LQ
FRPSDUHG ZLWK PHDVXQFGXGLHIGPBQW YO ULD
WHPSRUDO UHVROXWLRQ VSDQQLQIEXH WR LQ
WKH DSSHQGL[ 6HYHUDO FRPELQHG FULWE WY
EHKDYLRXUDO PRGHOV ZLWK DQ D RF M BWIDEDM
SHVXOWLQJ SDUDPHWHU YDOXH UD Q FIRP KD UMIGH
ZLWK WKH SULRU UDQJHV DQG EHWEZREQ WRI
H[DPLQH WKH HIIHFW Rl FULWHULD S\DHIDHPFHWILHR
YDOXHV DQG PRGHO SHUIRUPDQFH LBOWNHZBUH
DQDO\VHG DV ZHOO DV EHWZHHQ DFRWSWNMNG
3DUDPHWHUV ZHUH HWIDIQRW GR QQP RIGHQ UISIHW I R L
FRUUHODWLRQ ZLWK RWKHU SDUDPHWRUWKBQ
DYDLODEOH GDWD

&ULWHULD ZHUH DSSOLHG LQ WZRWHMHRV ,Q
EHKDYLRXUDO PRGHOV ZDV VHOHFW HX QXX WDR K
ZHUH VHOHFWHG LQQWWH R HERIQ G WAV VZ B/ LW L
DQDO\VHV DQG SDUDPHWHU UDQJHV DZ DIGFK ER k
RWKHU IRU LGHQWLILFDWLRQ RI HIWHUDRDOLWL

%DVLF VHOHFWLRQ

$ EDVLF VHOHFWLRQ ZDV DSSOLHG DVDWE&HDO
UHDVRQDEOH UHSUHVHQWDWLRQ RO WKW FSRO\DW \
WKH SURFHVVHV Rl LQWHUHVW &ULWHIRDHUZH
OD\HUV DQG YDVFXODU SODQW /$, MDEQKNKHULD
0( LQ /$, Rl “* PREDV D UHODWLYHO\ ZLGH UDQ
PHDVXUHG YDOXHV ZHV D XQGHUHVWLPDWLRQ
PP ZRXOG UHVXOW LQ D PD[LPXP /$, RI KH
PLQLPXP IRU EHLQJ DEOH WR UH HVSUDE®XLNVW LY
\HDU $ ZLGH UDQJH RI GD\ WLPH 1(( OWRDV
H[FOXGH RXWOLHUV GXH WR QXPHULFDQ $URE
XS WR B&2& GDLQ WKH SULRU 7KH FULWHULD R
P ZDV FKRVHQ DV FRUUHFWO\ FDSWXADM\Q RIV X
KLIJKHU LQWHUHVWXIGQ WK B QS D HR/RHUQGN BAVQ 2 DHV B
IURJHQ FRQGLWLRRQYJLZD MHUNWDEBGBX®URSV GR.

6LQJOH FULWWULDSWBDRFHHNVHU UDQJH

7KH EHVW EHKDYLRXUDO PRGHOV IRBKHDFF
YDULDEOH ZHUH VHOHFWHG RXW W\ WRHB EVWVF
WR WHVW LI DQG IKRZHVSDUBPRWHRQUWKHLDH
7KHUHE\ EHVW PHDQV KD®GHYE( LEXMAD FE RRIHY V
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FDVH RI 0( 3RVWHULRU SDUDPHWHU WDNQOHV ZHI
EHWZHHQ WKH DQG WKH SHUFHQWERAOWHUJ WK
YDOXHV RI WKH UKQYRWH 6 B B WHKEW PEB\RIWDHG HAL VI K U H
WKH UDQJHV UHVDNLW LWH O K RW LR QB REA HW KGIL R § @/HRJI H
SRVWHULRU SDUDPHWHU UDQJH RI WKURPLYHKEB& VHO
XSSHU RU ORZHU OLPLW RI WKH SRNVRYMHUWRKUWU UDC
SDUDPHWHU ZDV DVVXPHG WR EH VH@QE LIWUWH WMUR
DQDO\VHG

7KH VDPH ZDV GRQH IRU HDFK EHVWWK HE H K X DRWW
ZHUH VLPLODU WKH\ ZHUH RQO\ SQRWW HXGU MK Kb V
DOO SDUDPHWHUV ZHUH SORWWHGHDFKLQD WL DBDOHS
DQG FKHFNHG YLVXDOO\ IRU GLVFUWHSDH/PLHW VZ DW K
QRW VKRZQ

OXOWLSOH FULVWAWULD SR DRBWEHH FRUUHODWLRQV

JRU LGHQWLILFDWLRQ RI HTXLILED DPOW VAIDH\K YDWH WV EF
7TDEOH $ LQ WKH DSSHQGL[ ZDVEBDEKEBYLRXUWDR V
PRGHOV HDFK $JDLQ WKHVH VHOHF@WHR@Q@YRAHUH
3DUDPHWHU HQVHPEOHV RI WKHVH DFRKH®WHG EH
DQDO\WHG WR LGHQWLI\ FRYDULDQFB UDBHWXMHUY SLC
ZDV FRQVLGHUHG WR LQWHUDFW 3| RMKBW OB D XM

LQ WKH EDVLF VHOHFWLRQ UHWBRI@GWLYBOGSDLUI
VKRZHG FRUUHODWLRQV LQ VHYHUDY DFQW XWHUZ D
UHSRUWHG LQ WKH UHVXOWYV

(YDOXDWLRQ DQG PHDVXUHV VWXG\ ,,

BHYHUDO PHDVXUHV IZ® UHWKGW YR GKE HRXIDQWLI\ S
VHQVLWLYLWLHY DQG FRQVW U D IVQ DB)EL. OVLKMWLLHM R D W
EH DEOH WR UDQN WKH SDUDPHWHUV LQ WKHLU FR

7KH VHQVWILWRIYDWSDUDPHWHU WR HDFK SHUIRUPD
YDULDEOH ZDV TXDQWLILHG E\ WKH RXWHULWKH C
UDQJH DQG SULRU UDQJH UDQJH UWWMEGAXHWHRW®YR ,I
PRUH WKDQ RQH SHULRG RI HDFK YBRXUYDBOQBE WKH
ZDV FKRVHQ IRU IXUWKHU DQDO\VLVSRWIRWLQGHQWL
HITHFWV EHWZHHQ GLIITHUHQW FUID/QHFHVDEHWUBUHHQL
GLITHUHQW YDULDEOHY DQG LQGLFHNGZHXH WBRW)
OLPLWHG FRPSXWHU FDSDFLW\ WKLV ADMQ¥DVHG
JXUWKHU WKH SDQ DHW W H VY XYADMDOXHWI BB PWWHKUHL 05 ZHH
FRPSDUHG ZLWK H MHRK RG] K FDAQ GHOKVBMNSKSH\QZHUH |
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LH KRZ XQDPELJXRXVO\ WKH\ FRX0 GREHHDE®)
SDUDPHWHU ZDV GHILQHG DV WKH G M KHHU XK ®FHiL
OLPLWV RI WKH SRVWHULRU UDQJHWKRI RVIXH S
Rl WKH ORZHU OLPLWV RI SRVWHULR DWILD®J HM
UDQJHV ZHUH QRW RUY HWO DBMERRIRSFHBIODE S L Q
UDQJHV GLIIHUHG EHWZHHQ SHUIRURDEPH DX
EHWZHHQ GLIIHUHQW YDULDEOHV 7KRHWRINH DD\
QRUPDOL]JHG E\ GLYLGLQJ LW E\ WKN BY FUKCLM
SDUDPHWHU VR WKDW D YDOXH RIRUZRXQIH ¥ H
WKDW SDUDPHWHU IFRX O G E I$ H.GIIRQIRD FB® LLDEGL
(TXLILQDOLWLHV ZHUH YRDQWLRLHGK B\ PR KM H5O |
HDFK SDUDPHWHU SDLUW 3ZDU\D BHIWHIH & REIPHHGE,
FRPSRQHQWY WKH VHQVLWLYLW\ RI WWHF8XOD
EH FRQVWUDLQHG DQHE0 WW H RQX IF RRH GLEFQ. V@ MHW R
RWKHU SDUDPHWHUYV

 {54HBuag
2 L5 E ByHis FIlE [t H——

7KHUHE\ VHQVLWLYLW\ ZDV WKH M@8 RR UNK(
UHVSHFWLYHO\ 16( LQ FDVH QR VH®Q\DLGV LK (L VE X
16( 7KH VHQVLWLYLW)\ ZDV PXOWLS @RGP ED WK
RYHUODSSLQJ UDQJH VR WKDW W K H RXHQB/ LE/MHL
XQDPELJXRXVO\ FRQVWUDLQHG DUH GRZQ ZH
XQFHUWDLQW)\ GXWX®\RVGIR LH GH QW UGN, F$HNVU RF
YDULDEOHV DUH XS ZHLJKWHG (TXHINQPORIWA H
YDOXHV IRU HDFK FRUUHODWLRQ RI PMKACHW S
GLVSOD\HG LQ H[SRQHQWLDO IRUP DHYGED &H RIK
ZHUH HPSKDVLVHGEXDWQ®R @ RH HFRQWIDQDFROR S\CLUHIVE Z
VFDOH WR WKH VHQVLWLYLW\ PHDVXUHV
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'DWD VDPSOLQJ VWXG\ ,,,

7R HYDOXDWH SRVVLELOLWLHV RIVXFRGH ® L\ ISEXDNO
WKH UHODWLRQVKLSY EHWZHHQ Y HJIHWD WWR @/ LHK®
LQGLFHY ZHUH LQYHVWLJIJDWHG LQ YWXG"\9,,, *URXC
DV ZHOO DV JUHHQVNQZH B H RRAHU ERLRFADGY O WVQWGHY HQ D
WKH J)UHLVLQJHU ORRV )LJ DQG ¢& PBYODUIHOED ZOW K
&2 I0X[ PHDVXUHPHQWYV

~N
Legend > N\ /

©  gas flux measurment site
D vegetation patch

L SRR NN
JLIXUHHIW RYHUYLHZ RHGVRKHWHKW HDVQNEL YIHIHQY DW K RIQ ST
JUHLVLQJHU ORRYV SRWKMW PMKKDHPERWISQVLYH PDQDJHG PHI

(DFK VLWH RI VWXG\ ,,, FRQVLVWHG VWIDIDY DPUHHDDY/ X |
RXWVLGH WKH SORWV YHJHWDWLRQ SDAMHRMKA ZKHU
VDPSOHG 7KH YHIJHWDWLRQ SDWFKIR¥ HZWH GI© ROIWV¥ HV
ZHUH VXUURXQGHG E\ ERDUGZDONV VWRUDJH |
LQVWUXPHQWY ZKLFK FRXOG ELDV YHKH W DWIHROM® L
DURXQG WKH FKDPEHU SORWYV ZDV NHSWQMX KW IR
VRLO FROODUV RI WKH FKDPEHU SGRW VE LD MK K D
FHSWRPHWHU PHDVXUHPHQWY 7KH SDWFKIHY DZWH U F
YHIHWDWLRQ DV LQ WKH SORWV 7KW\OQHDMNORIFD
IURP WKH GHWUDFWHG DUHDYV XOHQ WRKKLGKD |
VSDWLDO YDULDELOLW\ LQ WKH Y HBHMDAALMRIR @ QOH
SDWFKHV ZHUH VHOHFWHG WKDW GWGLQRWOYXGHSUH
RWKHU GRPLQEDQW YHJHWDWLRQ W\SHV HRQ WKH

PHDVXUHG LQ WKH SDWFKHV DQG DBXWWLIRGOHOVO \

IURP WKH SORWGE PRHW AFRIQUAHODWHLRQV ZLWK 33
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3KRWRV\QWKHVLV
)OX[ GDWD FROOHFWLRQ DQG HPSLULHVPRGHOX

LQ WKLV VHFWLRQ ZHUH SHUIWUPXGDE\ Pl
(LFNHQVFKHLGW DQG -DQ +HLQLFKHQ WI®H\
FDPSDLJQV GXULQJ DQG VLWH , WRKQO)

PHWKRGV GHVFULEHG E\ (LFNHQVFKHLGWHPRPW

UHVSLUDWLRQ ZHUH PHDVXUHG ZLWK FAOURD/\GS
G\QDPLF PDQXDO FKDPEHU V\VWHP pPW WKUHH
RQ HDFK VLWH XQGHU FOHIDDX[WN\ BR&®RVLA
DFWLYH UDGLDWLRQ 3$5 DQG VRLONWEPSHUMBA
VXQULVH WR ODWH DIWHUQRRQ WRHVRNHY MX W
FRXUVH Rl WKHOBMHYV &HUH GH U LNRIGF HQRWRU R\
PHDVXUHG ZLWK LQIUDUHG JDV DQD®BYHURU/,

HDFK VLWH DQG HDFK VDPSOLQJ GD\ WHPWHP
UHVSLUDWLRQ PRGHO ZDV FDOFXODWHG DFFR
ORGHOOHG UHVSLUEMWLIRIFWEEG WKRHQ PEBDWDXLUDH C
*33 $ *33 PRGHO EDVHG RQ D OLFKDHOLV 0
K\SHUEROLF IXQFWLRQ DV SURSRVHGGENRDOHB
PHDVXUHPHQW GD\ )URP WKH *33 PRIGROHWILKRD
SKRWRV\QWKHWLF SKRWRQ I0OX[ GHQW \\D ©3)
GHULYHG 7KLV FRUUHVSRQGV WR WK MW SHK FB\O R
LQ LWV FXUUHQW GMYW® R S\PSHOPL I &VE DN DKWH @
DOO FRPSDULVRQV ZLWK YHJHWDWLRQ LQGLFH)

6DWHOOLWH 1'9,

JURP $SULO XQWLO RRWRWHBHURI JFDSRG (\F
JHYHO $ ZHUH SURBLGHK\® B\F WKMF BHD$ UF(BYH 3L
ZLWK D VSDWLDO UHVROXWLRQ RI P Z

*HRPHWULF DQG DWPRVSKHULF FRUUHBWHRQ =
IURP WKH ,QVWLWXWH RI )RUHVW ODQDJHPH
LPSOHPHQWHG LQ 3&, *HRPDWLFD DV GG H\

2Q0\ FORXG HJIHHWD NH@V LD W R LD kK RYX QWK U
GD\V DIWHU KDUYHVW ZHUH QRW L®BOXG HRBEQWR
ILHOGYV

7KH QRUPDOL]HG GLIIHUHQFH YHJHWDMLRQ L
(65, YHUVLRQ E\ WKH HTXDWLRQ

1l91_RNIRéR?ED
RNIR+ RQED
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ZKHR4K D®Go LQGLFDWH WKHHUGHOHF WDIQPH HG WK +
QP FKDQQHO DQG WKH UHG + QP FKDQQHC
UHVSHFWLYHO\

YRU FRPSDULVRQV ZLWK SKRWRV\QWKHWVLVSSRWHDQ
ILOOHG E\ OLQHDU LQWHUSRODWLRQ @WW ZHHIR W Z
KDUYHVW RU \HDU VKLIW WRRN SODFH

*URXQG 1'9, DQG 3%,

/$, FDQ EH HVWLPDDAHG LEAGGUHHRWWHIFERWY LRIXHV  \
PHWKRGV LQ %UHGD DQG -RQFNYKUKHPHQW \DO
DUH GHVWUXFWLYH DQG ZRUNORDG LQWW E\HL.FH
SKRWRV\QWKHWLFDOO\ DFWLYH SIDHD® \UVSDUMHR/Q L
DUHD LQGH[ *$, S$RUHDDQ W FERPMHPRQOPKWKEA QGLL
LV WKH GHWHUPLQDWLRQ RI /$, E\ P WIKUXRIX QK WK}
FDQRS\ E\ D FHSWRPHWHU ZKLFK DOERRIFOXGHYV
DERYH JURXQG SDUWV RI WKH YHJHMD ®/Q RQWLDRDUW R
LQGH[ 3%, 30DQW DUHD GLYLGHG BV WEBHFSOIFQW
SODQW DUHD 63%$

6DPSOLQJ FDPSDLJQV IRU 1'9, DQG 3$, ZHHHUMVSHUIR
EHWZHHQ $SULO DQG -XO\ 6DAROHION BWUH
WKRVH YHJHWDWLRQ SDWFKHV QRW W HEWHY HEW L C
HDFK VDPSOLQJ GD\ UH,PEHQEXISHEZHDWHDHFWBG GR
ORFDWLRQV SHU YHJHWDWLRQ SDWFRKORWN RRHWIDF
IOX[ PHDVXUHPHQW VLWH 1'9, 3$, DQG ERRPDVV \
WKH VDPH VSRWV LQ WKH YHJHWDWLROHBBQY\WKHV
ZHUH WDNHQ IRU /$,HDEK YSRWWQG UHUKOWLQJ
DYHUDJHG OHDVXUHPHQWVY ZHUH SHUIRBRH® ZLW Kk
HLWKHU VLGH RI VRODU QRRQ XQ GMHHOPQ MIHUGVHNALKT
1'9, ZHUH RIWHQ VDBBQWGGRWIB\WLIIHKHUHIRUH 1'9,
YDOXHV ZHUH OLQ RMYW H Q VHHDF K RN RS RRHDIMAK WHRP
PDWFK WKH GDWHV RI 33 VDPSOLQJ \@DRD VKV IZK H
EHWZHHQ WZR PHDVXUHPHQW SRLQWRXQWMH GDWD

*URXQG EDVHG 1'9, ZDV VDPSOHG XVLQ@J PLKDQGKH!

ZLWK WZR IRXU FKDQQHO VHQVRUW 63BRZ\V 6N\H
8. W ZDV FRQILIJIXUHG WR PHDVXUHHMHPKOMW®D QH |
OLJKW LQ WKH VDPH ZDYHEDQGYV DVU5DQLGHWHH R U
FKDQQHO 7KH VHQVRU IERY KHOIGH VRYLOUWR H-DSW
ZLWK D GLDPHWHU RI FP WR ILW WRMW G LRH @\KIER C
FKDPEHU SORWYV WKH SROH RQ ZKL K WKGE G @V RL
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PDUNHG SRVLWLRQ WR PDNH VXU HHWHKKCDP B
ZHUH QRW LQVLGH WKH FDSWXUHG VEUQDFWR 1
(TXDWLRQ

$ FHSWRPHWHU EDVWH\NDMMHPS\6XQ b BDBRLO/MADWVH P
'"HYLFHV /WG &DPEULGJH 8. zZDV XVHG IRU
6XQ6FDQ V\VWHP PHDVXUHV ERWK GQLFONGHWM QO
EHDP IUDFWLRQ VHQVRU SODFHG DHR¥FH GMIQR\
3%$5 )LJ BLPXOB®DRAEBNYONKE FDQRSDLVPFRC
ORQJ SUREH LQFOXGLQJ SKRWRGHRGDW X¥H(
IRU 3%, FDOFXODWLRQ $ OHDI DEVRWUSKHIRF D\
GLVWULEXWLRQ RI OHDYHV DQG DIRRUMIKH VKIHR.C
Rl WKH SUREH ZHUH BPV9KRBOWRRQISNKH \XAIK H
PDQXDO :HEE HW DO $ GHWDLOHG GHYV
FDOFXODWHVRXQGDQ WHKH XVHU PDQXDO :HEE

$W WKH FKDPEHUOSGRWVY MW RUBNXUBHRPOQD® VR DW
SORW ZHUH DYHUDJHG 7R DFFRXQWP HR/U DW IGH
VKRUWHU YHIHWDWLRQ DURXQG WKHFRORWNWH
WKH VORSH RI D OHQHEBHQUBS U HYNR RREKEBERB Y, S
IURP WKH FRUUHVSRQGLQJ SDWFK ZRHBEHDBV
WKURXJK JHUR FI )LJ % LQ WKH DSSHOQ®GL][

D SDWFK ZHUH XVHG IRU WKH FRUUH FBNXLRRRQU HZ K
WKDQ FRPSDUHG WR WKH DYHUDJHOUFDWHG
SORWYV 7KH FRUUHFWHG 3%, YDOXH\WL WKW RRW
DOO RWKHU FRUUHODWLRQV 3%, DQGSD'WF KD
ZHUH XVHG
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JLIXUHMHIW +DQGKHOG VSHFWURUDGLRPHWHDQIRU 1'9, P
OHIW &DQRS\ DQDO\VLQJ VI\VWHP IRU V$K H HFDI\SXWURFPHVORL
LV SXW XQGHUQHDWKGWRH Y H KHW B WWRBKH VEHHDWR UUJ DU L J K
PHDVXUHV VLPXOW DLQ@H RXIVIKWN K K H. QEEHR®E OFHR PFIDXONFEX D D W |
WKH /$, DXWRPDWLFDOO\

%LRPDVV JUHHQ UDWLR *$,

$ WRWDO RI ELRPDVV VDPSOHV ZHUH FROOHFWH

RQ WKH VDPH GDWHYVY DQG V&RWYV DV
7KUHH VDPSOHV ZHUH WDNHQ DW HD FRK{FNHQMWDWL
GDWH *UHHQ PRV VHR XIGEG SIDO® \U EFDYSN B DW WD EF K H
FXW ZLWK D NQLIH ZLWKLQ RIIUWDKPHH V
6XQ6FDQ SUREH OHDGLQJ WR D VDBY®HRVLHURI
KRPRJHQRXV YHJHWDWLRQ DQG 3% YDURH®OHRLZH |
VDPSOH VL]H RI FP[ FP ZDV FKR\QHRODXWLFDP
EDJV DQG IUR]JHQ XQWLO IXUWKHU SWRRFB¥KLEYH(D
D KRPRJHQRXV GLVAQUDEXGWLRIQHR| EHEGHR Q AKH Q
TXDUWHU Rl HDFK VDPSOH ZDV VRUWHDBNYQWR J|
ZHLJKHG VHSDUDWHO\ DQG ODWH U HVYDWPIDSAOH. FAGK B
GU\ ZHLJKW Rl EURZQ DQG JUHHQ ELRPBVIW7KH VD
f& IRU DW OHDVW K EHIRUH ZHLJKWSLQBE\ *$, ZD\
PXOWLSO\LQJ LW \RW KK HHYU FOHDNVBY DAMR WKHHLY |
FKDPEHU SORWV ZKHUH GHVWUXFWLYHZ\DDWSOLQ.
PXOWLSOLHG E\ WKH JUHHQ UDWLR YHIGHUHER WKH
1'9, E\ DSSO\LQJ WKH UHODWLRQVKLS EHWZHHQ JU
VDPSOHYV



OHWKRGRORJ\ £+ 'DWD |

$QDO\WHV DQG VWDWLVWLFV

$00 VWDWLVWLFDO DQDO\VHV ZHUHW ERQULHGS5]
&RUH 7HDP 7KH UHODWLRQVKLSYHEHWZF
DQDO\WVHG ZLWK UHRWYSHRWIIWRL K6 WEGHD\AGL VHGXD
6( DQG D SDUWLDO W WHVWYV SURQDW®IL@®H WK H
VLPSOH OLQHDU UHJUHVVLRQ OP IRUMWLRDPL

7KHUHIRUH QRQOLQHDU UHODWBRBQMKLS
H[SRQHQWLDO RU GRPDWIVRKQPLF 7WH DFRRHIILFL]
WUDQVIRUPDWLRQVILAMW HQG HJ LYY RIGOHEY) HIRWG DM
ILWORGHO IXQFWLRODEGDWHKH3IPRYPLAWFRO
UHODWLRQVKLS ZDV WHVWHG ZLWKWRXWL®H WIE
VLPSOH SRZHU WUDQVIRUPDWLRQV WHARMHWHHITGX
WKH KLJKM\DW B ¥DOXHVW ZHUH VLPLODU QR W
DSSOLHG 7KH DVVXPSWLRQ IRU D V& X\D-HDMVZRN
WHVWHG XVLQJ WKH .ROPRJRURY 6P KHQWRW DW/H
SDFNDJH 5 &RUH LODRHIRUV/ WQ WK KIH GFODAY
QRW VDWLVI\ WKH QHFHVVDU\ UHTXLUNRFHQW
:LOFR[RQ UDQN VXP WHVW ZLOFR[ WHWWRUIKQF
7HDP % DXHU ZDV XVHG LQWWRDGDR!
VWDWLVWLFDO WIHIANWO RIVLJ @D VSOERANH @ H WIR [
WR FRPSDUH WKH YDOXHV IURP LQWHO®@VHYRID
WLPH VHULHV WKH GDWD ZHUH FODVMRILHW K
UHODWLRQVKLSY EHWZHHQ 3%, DQG 1'91L'®V ZHC
GDWD ZHUH FODVVLILHG LQWR LQW RYHDOWD RS L
QRWFKHV RI WZR ER[HV ZDV XVHG B\ IDQUIHRGIHF
PHDQ YDOXKW BW* DO
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5HVXOWY 'LVFXVVLRQ

5HVXOWY RI VLWH FRPSDULVRQ VWXG\ ,

7R VFUHHQ IRU VLWH VSHFLILF GLIITHUHQBKW LQ
PHWHRURORJLFDO GDWD ZDWHU WREBMHO ZHDYWK L
FDOLEUDWHG WR ILW \OUR[REVNBYDWNLRPDYH R2W X UH
DQG /$, DQG UHVXOM) @R GH. Ol FSDHIQABWWHIG V) RH U H L
PRVW SURFHVVHV WKH UHVSRQVHWWZRHHQSWWHGU
ILYH VLWHV ZKLOH RQO\ IHZ SDUD®HWXUDWQLRIDG H
BHDVRQDO YDULDBELOAXHY Q@ PWK  HFDBLIRMS W XUHG 6
ZKHQ D VLWH LQGHSHQGHQW FRQILIJXWDKH.RQ ZD
SDUDPHWHUV 3DUDPHWHUV WKDW GO WH REG \ERIVDZ
RUJDQLF GHFRPSRVLWLRQ SKRWRV\@®@VRKHWKIF HIIL
PRELOH FDUERQ SRRO IURP VHQHV FHDWF H W\FRV DRI I L
7KH ODUJHVW GLIIHUHQFH EHWRIHHDW VIRWUH V
KHWHURWURSKLF UHVSLUDWLRQ 6HWHWDLG®JWRW WR
XQGHUHVWLPDWLRQ RI PHDQ WRWDO UWRSLQWL]
RYHUHVWLPDWLRQ E\ D IDFWRU RI QW7KKRUHGSLU
FRUUHODWLRQV ZLWK SDUDPHWHUV B ID@AQJ SO
WHPSHUDWXUH UHVSRQVHV BHFWLRQ WHG KRZ}F
SDUDPHWHU VHWV FDQFHOOHG RXQWFMAKH REVHUYHC

ORGHO SHUIRUPDQFH *+ UHVXOWYVY RI EDVLF FD
VHOHFWHG FRPPRQ FRQILIXUDWLRQ

ORGHO SHUIRUPDQFH \BKRIZHGH QGEHWW EGIFVWZHHQ Wi
GHSHQGLQJ RQ WKH LQYHVWLJIJDWHG WIDGHWDEGH D
UXQV 7DEOH JLIXUH VKRZV WKHH®WN DIQGFH V
PRGHO &



5HVXOWYVY DQG GLVFXVVLRQ RI VW

7TDEO#WHVW ILWV EHWZHHQ PRGHOOHG DQG RPH Y WXGH
H[SUHVVHG DV WKH KLAKHGWRW UMNBM AWQIBGFFHYVUIRUP |
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YOX[HV

$W DOO VLWHM Q@O AVFYHUMH VLPXODWHG FRQVLGH
*33 7DEOH SHUIRUPDFEH\VZ RRWH DW RURXIODWLR
*33 DGO UH VXPPHG XS 5,QDQIBV'SIBFWKWR/HOHFWHG
UXQV UHSUHVHQW D SDUDPHWHU FRISRYYXEDW LRY
WKH WHVWHG WD@IXH VBKIELQY BW GLIIHU PRUH WKI
UHVXOW DFKLHYHG LQ WKH PXOWLSOM V¥PDQBHDWL
__JI&PD\&OHDUOWDWQR®KHUKHEHU 0( YDOXHV LQ VL
IRU ELRPDVV DQG /$, VLPXODWLRQ E@XIOF® W HY HW k
EHVW UHVXOWY IRU DOO YDULDBEHWYHR W W3 3VKMHQV C
RQO\ EH DFKLHYHG LI SRRUHU SHUIRURD QRF\W KZRX O (
SDUDPHWHU\5{@RNH/ ¥,LFWHUHOHFWHG FULWHULD LQ
DSSHQGL]

7KH 0( YDOXHV LQ 7DEOH VKRZ D FIOHQHVREHUHV\

DQG J &GPDIRU WKH VLQJOH UXQV DW )V
UHVSHEWLYHO\ DQ@WDRPDIOLNRKU IRYHWKRAHKBFFHSWHI
RYHUHVWLPDWLRQ ZDV OHVV SURGRXDGEEGRPV $PR

J & GD\ $W +RU ZLQWHU IOX[HV ZHUH XQGHUH
RI i J& ®D\ 7KLV ZDV UHIOHFWHG LQ WKH DFFXP)
OHDGLQJ WR D PXFAVKLBRPSD&HEDW R Q¥FKHH&2V L P D W
E\ WKH HPSLULFDO PRGHO DSSURDFK DW )V$ D
DFFXPXODWHG 1R(Y BXHWAR RADKELRZD R IYZVQBGIKW LQ W
ILUVW PRQWKV RI HDFK \HDU ,W ZDV QHDUO\
XQGHUHVWLPBDWRIG RRBHWUBRPSHQVDWHG GXH WR *33
DV HJ LQ VXPPHU ZKLFK ZDV YHU\ GU\



5HVXOWYVY DQG GLVFXVVLRQ RI VW

J)LIXUBLPXODWHG DQG PHDVXUHG 5HFR SRW ID/IGY H
DFFXPXODWHG 1(( IRU RQH VHOHFW R B8 P\ROVE R WZDIHIF
VLWHV 1RWH WKH GLIIHUHQW VFDOHYV
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(ISODQDWRU\ YDULDEOHYV

2l DOO YDULDEOHVDWXHVKZAKHVMWELHYHG IRU VRL
DOO VLWHV 7HPSHUDWXUHV LQ GHMHG HEW W RIHW OIDW
WKDQ LQ XSSHU OD\HUV ZLWK 58 YPOKHVXFORVH \
PHDQ GHYLDWLRQ RI f& 7KH ILWZRGE HPRWGEKIOOHC
ZKLFK ZDV RQO\ DYDLODEDMHXBWIRP KDWKDD5PHDQ
Rl OHVV WKDQ FP

6LPXODWLRQ RI /$, UHSUHVHQWHG WK ¥ DROHIHWX UH P |
EHWZHHQ DQG DQG PHDQ HUUPRUW®I PD[LP
H[FHSWLRQ ZDV +RU ZKHUH /$, ZDV XQIBXHWHVWLP
i PP LQ WKH DFFHSWHG UXQV DQG LQ WKH \
UHVSHFWLYHO\ $WWRDV UWRRIWW EHR®WDO BWHK® L[EQ W k
O(RIi J&PQG OLYLQJ OHDI ELRPDVV E\i J &P

,Q PRVW RI WKH UXQV RI *WEBVEDV |
RYHUHVWLPDWHG RU OHDI ELRPDVV DIRUHS$, ZDV
EHVLGH WKH FRPPRQ FRQILIXUDWLRRV&WHV\EHGHU
ZKHUH SODQW UHVSLUDWLRQ DQG OLWWW MUR | PXE KS
ORZHU YDOXHV WKDQJHQWRKIH W M\RWKIG \DOQFGH /W,L B W
+RZHYHU WKLV UHGX BHG5 SMRJ IRUFREES®URG WR

& DQG OHG WR DQ RYSHUUHMWWMLMDWLRO RI 2L W
GD\

SDUDPHWHU FRQVWUDLQW

6LWH VSHFLILF FDOLEUDWLRQ ZDV QP BGHRBXIRU Wk
VXUIDFH FRYHUpslV WHKH FKHBQ YDOXH LQ WKH DG
WHPSHUDW X Tddan| XVFWBRIQDWXUH VXP IRU UHDFKLQ
Tvawesem FRHIILFLHQW IRU GHWHUPLQLQRDDIHRFDWL
SRR@in GHFRPSRVLWLRQ UDWHK RDQ\KH OB VBWELIRQS)
HIILFLEQM GHVFULSWLRQ RI WKH XVHG SDUDPHWH L
WKH DSSHQGL[ 7DEOH $

$FWLYLW\ XQGHU V DpWaXelU DIWKIGHFRQ G GWLRPSHUD W X'
GRUPD®F» UHVSRQVH WR D f& VRLO WHPSHUD
PLFURELDOW®FINQBLWDVH WHPSHUDWXUH IRU WKH
totrss FRYDULHG ZLWK SHUIRUPDQFH LQGLFHV EXW \
GLIIHUHQW YDOLGDWLRQ YDULDEOHYV DQG IRU GLIII

ORVW RI WKH SDUDPHWHUYVY GLG QRW VKRZ DQ\ LQI
ZLWKLQ WKH WHVWHG UDQJH )LJ S$SLQILQVKADKWH DS
HLWKHU WKH UHOBWMYHO 'S DRI P H MWHHEMWR B/\H &R YEH U F R



5HVXOWYVY DQG GLVFXVVLRQ RI VW

WKH HIITHFW Rl PRUH VHQVLWLYH SADUDLAEHD MWULR
VXIILFLHQWO\ FRQVWUDLQLQJ (DFKKXRH WREMB
SHUIRUPDQFH LQGLFDWHG E\ 58 BA®RWHUWYXB®QY
WKHP WR D FRPPRQ YDOXH

&RUUHODWLRQV EHWZHHQ SDUDPHWHUYV

,Q WKH EDVLF FDOLEUDWLRQ WK HLHGOWR ZILQW H
ZLWK RWKHU p$ FRYADHIW HGBVZLWK WKH H[WLQFW
%HHUKQDZKLFK LV XVHG WR FDOFXODWH WKH
EHWZHHQ FDQRS\ DWG RQ@IL O L\QHD D MPHRBD VE HYWHZ A
FRHIITLFLHQW WydsR UD DGR PWKQ W H Q D Rufeebkar U BN S L U T
GHWHFWHG

7KH HIITHFW Rl WKH GLITHUHQW SDUDWPHR@HU LQ
Puw DpY FRPSHQVDWHG HDFK RWKHU 7KH\ FR
ZLWKRXW D YHU\ KLJK PHDVXUHPHQW WDHEWRD >
FRPELQHG ZLWK KLJK ZDWHU WDEOH HOKIRWXD
Pup DPGZHUH VHW WR Gl tRXPDRQYDQOHQ @& G\ D
PXOWLSOH UXQK WIRJHWHK®IRH ¥ L BH DHHHD Y HVB KX
ZLWK KlsK HW J KRZH Yk KQBKHDVHG RYHUH
RI ZLGWEDW )V$ DQG )V% )LJ DLQGSH)LJU D G J
Psaact ZDV DFFHSWDEBiHR )RU VXPPHU

%HVLGH PRLVWXUH UHV S RQ \DHQ GG WIHR S SIRNDLWK R
to10 torkes FRQWUROOHG VRLO UHMSIDD W RRQR X® &
E\ SODQW UHVSLUDWLRQ 'LIIHUHGW SWLVD\EBH @
HDFK RI WKH SDUB ®© HRWRHIUHV SAHRUGR ¥ HFiblG IZEE Q |
Knrespieat ZHUH LQ FDOLEUDWLRQ )LJ

6LQJOH UXQV ZLWK GLIITHUHQW FRDW KLU R MU RQ
UHVSLUDWLRQ DV HH®S HDV DVWHKHSHU WH V S
RYHUHVWLPDWLRQ RI UHVSLUDWLRQ WHGZXEQW
SHUIRUPDTO OQTFH ) L J | BIWU H
FRQILIJIXUDWLRQV )V$ DOZDYKVER ZHPR WRB KK
)L J D $ KLJKHDFWRWXWDWHREFHMQW R XGH M
EXW OHDGV WR KLJKHU RYHUHVWLPDWLRQ RI Z
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JLIXUH'HSHQGHQFLHY EHWZHHQ WKH SDUDPHWHUV IRU
VDWXUDWLRQ DFWLYLW\ IRU WKH GXCHULHSOM WIXVQNWY  EDV

JLIXUH2EWDLQHG GLVWULEXWLRQV Rl SDUGPWWRHQD®D O X
PXOWLSOH UXQV FDOLEURWD®GDVW HBR W, V EROY HOX HRW R
LQWHUDFWLRQV ZLWK VHYHUDO SDWIRHRMHWKH &RORRYVH
ZLWK WKH EHVW SHUIRUPDQFH IRU HDFK YDOLGDWLRQ Y

W K H IlUDPH DURXQG W K H E B UFRPPR@D F N
FRQILIXUDWLRQ &



5HVXOWYVY DQG GLVFXVVLRQ RI VW

YLIXUHIDOXHV IRU WKH BS®RNDLAMIMRKU ¥ DOHHHRDL FR.GI@ FO L
E DQG UHVXOWLQJ PRGHO SHUIRUPDQFHQJFOHG YZR
UHSUHVHQWDWLRQ¥ R 8B UTDFB-OMHEHQ GQ[WKH DSS

'LVFEXVVLRQ RI VLWH FRPSDULVRQ VWXG\ ,

7KH DLP RI WKLV VWXG\ EODX[HWR PLHDG
GLIIHUHQW VLWHV FDQ EH H[SODLQHW® HU\F RRIP
ZKDW H[WHQG D VLW D'®HRQILIEFV FQPHEGHHGS HH W
FRQILJXUDWLRQ PHFOY WEDWK I& LPHHRNSGI HEG | C
H[SODLQHG VROHO\ E\ PRGHO LQSXW GDWD Z
PDQDJHPHQW DQG VRLO LQYHQWRU\ GBWD 7
SDUDPHWHUV EXW QRW IRU H[DPSBWHRRWJRS
UHVSLUDWLRQ ZKLFK DUH FRQQHFWHRG WWRR\FR
ZHUH DSSOLHG WR WKH PRGHO SRRURXWILWHKR X
PRVW RI WKH VLWHV ZHUH GLVWXUEHM G Q® @ & Dk
VWDWH B6HFWLRQ 2EVHUYHG GH I LKJWGH @ FIN
EHWZHHQ VLWHY DQG YDULDEOHV GR QRW QHFI
GHVFULEH FHUWDLQ SKHQRPHQD EXW REGHSHQ
UHVROXWLRQ DQG VLWH KHWHURJBIRHWWY BBG!
IRU WKH WLPLQJ RI SODQW OHDILQJQRXK\H \DLQYC
UHVSRQVH WR WHPSHUDWXUH OLWWHUOHDOC
PRUSKRORJ\ DQG DOORFDWLRQ |UDFWLRHWGRG
HYHQ WKRXJK WKH JUDGLHQW LQ VWW H HODPVDIOW |
WR f1 1RUWK )LQODQG DQG VLWHW DGLLR{U B
PDQDJHPHQW 7KLV ZDV DOVR WUXH IRWH FRP
PRLVWXUH DQG WHPSHUDWXUH UHVSRQWHKIR
FRQFOXVLRQ WK®DW QI WU BWHHWIHFLRIDV RILVWE®R'
QHFHVVDU\ +RZHYHU LQ VHYHUDO GSRWHYDW
GLIIHUHG PDNLQJHARYLWMNUBMER M @RBH\OVDKR >



5HVXOWY DQG GLVFXVVLRQ RI VWXG\ ,, SURFHVV L

EH XVHG IRU SUHGLFWLRQV WKHVHRUMHRWEPDMRQG
IURP DYDLODEOH SUR[LHV )RU WKHH®MURPMM(HU G
ORZHU ERXQGDU\ Rl WKH VRLO WHPSMUEWXUH S
LPSRUWDQW B6HFWLRQ 7KH FRYHRWIVHV RI YL
ZRXOG KHOS WR FRQILJXUH D VLWHWVWSHEEWIK FWEB U
SKRWRV\QWKHWLF HIILFLHQF\ DQG GHIVRH®Y WKH
WHPSHUDWXUH SURILOH 6HFWLRQ DVVHVWRGW R
KHUEV PLJKW EH WWARUW & BIHGDY HRO DVWAKHHGA H D SIH U QW WbiH
VXPV G6HFWLRQ 7KH SURSRUWLRQORIRE VWF
UHJURZWK LQ VSULQJ DV ZHOO DV OV IE H5 KIRMAVR N GQ M
D WLPH VHULHV RI ELRPDVV RU /$, PHDALROQWPHQW
DQG 7HPSHUDWXUH UHVSRQ@VYH ISWZBRBWF
VLWHV EXW DOVR EHWZHHQ VHDVRQY DZRREK PLJIK
VRSKLVWLFDWHG QWHP BHUDVMLRIOH 6ER\E BRWHQWLBB
DQG FRYHUDJH RI SODQWV FRQWDLQLQJ DHUHQ
H[SODLQDWLRQV IRU WKH GLITHUHGMHRQQ VRLO P
BXEVWUDWH TXDOLW\ LV DQ LPSRKWP QWMVSEFWRWYUL R
UDWHV EXW VWLOO D ORW RI UHWHDVIERKQ VYV DQIEH C
PHDVXUDEOHKNBPWLREOHYV

7KH SDUDPHWHUV IRXQG WR EH VHQNYWQWHVIMXGE \V
DUH LPSRUWDQW FDQGLGDWHV IRU IRWGHEVFDOLE
ZKHUHDV WKH UHPDLQLQJ FDQGLG D WL PEOQKW @ H
RUGHU WR VDYH FRPSXWLQJ WLPH +R®™HDBVRRQH
WKHVH SDUDPHWHUV PLJKW EHFRPHRMQWDIQBLYH >
ZLGHU YDOXH UDQJHV 7KH SUR[LHV PPQGKRHBWXUH |
KHOSIXO LQ HVWLPDWLQJ WKH VHQVVWRXBG® @8 VI
LQFOXGHG LQ IXWXUH PHDVXUHPHQW VHWXSV

ORGHO LQLWLDOLVDWLRQ

0DQ\ PRGHOV XVH VSLQ XS URXWLQHWRDPO ®\ \HD
VWHDG\ VWDWH H J 'LPLWURY HWKROQWRQ BBIGN
5RVHQEORRP ,Q VWXG\ , PHDVXSBIGWE W LYRDQD X
WKH 62& EHWZHHQ SRROV ZKLOH ULKRMHQIRQ BDUL
ZD\ WKDW WKH DPRXQW Rl FDUERQ LQYWKH VRL
GUDVWLFDOO\ +RZHYHU QR IXUWKIROMWIWR \EHZ DY
HTXLOLEULXP ,W ZDV DVVXPHG WKWK W KDWY ZIRIKOC
HLWKHU 'UDLQDJH GLWFKHV DW )¥P BGRGI)WR RUIK \
FDUERQ ORVVHV DQG FKDQJHV LQ VXBWWIMLWHH T XL
UHFHQWO\ FKDQJHGD QR R DHIS\WGE OV RGDG FMR S UGID
UHVHUYH ZLWK UHVWRUHG ZDWHU WBEUHYHB®VR $



5HVXOWYVY DQG GLVFXVVLRQ RI VW

PDQDJHG DQG GUDLQHG EXW WKH GUDDQIBJH \
XVH KLVWRU\ ZDV QRW NQRZQ DQG 628 PRIDV X
RQO\ RQH GDWH SHU VLWH 7KH PHWHXWHG R
LQGLFDWLRQ DERXW FDUERQ ORVV RUZPBIGEH W
FKDQJHV LQ UHODWLYH SRRO VL]HV RZIHWK H) B W&
KDV LPSOLFDWLRQV RQ WKH SDUDPHWHH QG M R
GHFRPSRVLWLRQ ZKLFK LV GLVFXVVHG LQ 6HF\

ORGHO SHUIRUPDQFH

7KH EHVW DFKLHYHG SHUIRUPDQFH KLIWHKQ@W G
YDOLGDWLRQ YDULDEOHYV DQG EHWZAHRM) RWK
FDXVHG E\ WKH PRGHOV DELOLW\ WEDWHPYBDWI
DOVR GXH WR PHDVXUHPHQW TXDOLWHPH®QWX
PHWKRGVY WHPSRUDO DQG VSDWLDWKUBHWIRADEKW L

*33 ZDV VLPXODWHG PDUNHGG\®RRDDBO DV WRWP
RQO\ LQ WKH VLQJOH UXQV EXW PO GRPXQ WLKH
UXQV $Q H[SODQDWLRQ PLJKW EH WRPW XLQQL WK
FRQVLVWLQJ RI GLITHUHQW LQGLY I0GWD®WV VA
GLIIHUHQW OLIH F\FOHV DQG DGDSWB WS HRQNWW)
ZDV VLPSOLILHG WR RQO\ RQH SOD®W\ [VRHAF
YDVFXODU SODQWV LQ UHVSHFW WR WKHLU
WHPSHUDWXUH DQG OLJKW FRQGLWLRQV O HDEH
DO OXUUD\ HW DO 7XUHWIVAS R UW D QW
WKH PRVV ULFK /RP DQG $PR 7KH Y HFHLWD V¥ L R/
YHU\ GLITHUHQW V WIUDAWPHIQWMYV [CRUG QUKHWEM H) @ 96
UHHG ZKLFK LV NQRZQ IRU D ODWH H PRIUWH H 2
\HDUV ZKLOH LW GLG KDUGO\ DSSHMO\L g SRIWKH
ULFK DQG VHYHUDODRIH WKH\QG VG WF RIQPI\ VB KK |
YHIJHWDWLRQ SHULRG $OVR XVLQJ OB H® UH NH
HJ )DUTXKDU HW DO DQG RDSGUBRMWWLE
PLJKW OHDG WR D EHWWHU ILW ZQRONGOHY ISO@
QXWULHQW OLPLWDWLRQ PLJKW LPSURYH WKE
6DJHUIRUV HW DO IRXQG SKRVERWYQWR KH\ L
ZDWHU OHYHOV VR WKDW WKH OF*LOO ZHW
SKRWRV\QWKHVLY RXWVLGH D :XHWHRO O

)XUWKHUPRUH *BB DADXQGIRBWGEHHF WOK HQ|
FKDPEHU QRU WKH (& PHWKRG ,QVWHRGRW ZI
QLJKW WLPH 1(( LQFOXGLQJ WKH XQXEHIPWM Q M/
DQG HPSLULFDO PRGHOOLQJ
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+HWHURJHQHLW)\ Rl YHJHWDWLRQ ZIKW YH[B\OBGLQW L
WKH GLIILEXOWLHYLWRVVRPRRQWW RNKYEDB W Q\K H LR
VDPH WLPH 7KH ELRPDY\ OWR DF,FRXIDW VRKXGYKH
PLJKW QRW EH IXOO\ UHSUHVHQWDWLYHQ®BI WKH
GLUHFWLRQV +RU LV DOVR D VLW B HFN ARG RIW KBIW
VLWHV ZLWK UHFHQW ODUJH FKDQJHALR@D®DQDJ
WUDQVLWLRQ IURP LQWHQVLYHO\ XVIB®& KGMLU\ IDUF
\HDUV DJR WRZDIMK DIHHIER ZHW KA F NWHIWYL RB@R LVON DQC
VKRZ WKH LPSULQW RI KLJK QXWULHQIWF\BHNVH\O Gl
HJ SDWFKHV ZltitsKdi®&E X G&E&DYVOLNHO\ VWLOO DIIF
7KHVH IHDWXUHV FRXOG EH D EHWWHU H[SODQDWL
DGGLWLRQDOO\ WHVWHG FRQILJXUD®QRIQ BLYEDDW
UHVSLUDWLRQ UDWHYV

(YHQ WKRXJK WKH HLIMPROWO IFORHA B Y UHE ORHWKH VX
W K H \ K DY H D PDUNHG UR OH
2YHUHVWLPDWERQR RIFRPEWRIWLRQ ZLWK VOLJKWO!
ZLQWHU *33 OHDG WR KLJK RYHUHVWLPDWLRQ R
HPSKDVLVLQJ WKH LPSRUWDQFH RI DLEWARQIRHY G\
$W DOO VLWHV H PBRHBOIW HRYUH THOWIHPDWHG LQ WKH
UXQ )RU )V% DQG HVSHFLDOO\ )V$W MBSO ZDOWVD GVF
5., rkDW /RP DQG $PR DWHNMMISLEBR@OWWKHOHIIHFW :
SURQRXQFHG

6HYHUDO GLIIHUHQW US{PRRR'GIV HR W LW R M/ LZR. Q@ VDHBI
H[SODQDWLRQV GXH WR PRGHO VHWXSGDIQWG VEHOH D P
VHFWLRQV DQG $G O WL RRD® @ L WKL
WKH VQRZ DQG XQEBHUHWKBHMOLFH %XEOMDQBG HW D
WKHUHIRUH EH VHHQ E\ WKH PHDV X WLPHQ VI KLHXY W U
WKH\ DUH UHOHDPWH BR $HID ¥ ¥V JE RWFLXUHDHAIW PR G B O
VHWXS )URJHQ RU LFH FRYHUHG VROLGD YREB U I XTW LW F
DOVR DW )V$ DQG )V% ZKLFK KDYH DWRRU R WHRHDUV L C
VLWHV

7KH DELOLW\ RI WKH PRGHO LQ VL EXOHDWDLAXID WRHL®
DV WKLV YDULDEOH ZDV PHDVXUHG R@FWHDWR/RP

VDWXUDWLRQ WKURXJKRXW WKH \HDQH YH ZBNR UH
XVHG DV LQSXW K\GUDXOLF SURSHUXWMAK/HBR X O C
VZHOOLQJ VKULQNLQUIIERW EKULWK UIBYHY R B §RIUW D G
K\GUDXOLF FKDUDFWHULVWLFV RILRHDW VRHON H .
QRW DFFRXQWHG IRU 7KLV FRXOG KBWHDRG HIIHF
SDUDPHWHU YDOXHV HVSHFLDOO\UMK/SRKD WH OD W H (



5HVXOWYVY DQG GLVFXVVLRQ RI VW

6RLO WHPSHUDWXUH G\QDPLFV
'XH WR WKH LQVXWRW V@R ZPSOYMU RH W KHK DR O X
RI PHDQ DQQXDO VIRk®Q ZDHP 8 HIMHAWHIGH WR EH V.
WKDQ WKH PHDQ DQQXDO DLU WHPSHWDWXL
WHPSHUDWXUH ZHUH WR  f& KL PISHW MWKDWDH \
DOO VLWHV ,I WKH PRGHO ZDV UXRXX\Q GHUWE
ILWWLQJ IDFWRUV FDXVLQJ GLIIHUHEHUD BKW
DQG FRUUHVSRQGLQJ DLU WHPSHUDWXUH QHHG

7KH UROH Rl VRLO WHPSHUDWXUH DQG *3:
SODQW FRYHU
$FFHSWHG ILWV IRU VRLO WHPSHUDMDXOB\HY W
WoR YDOXHV FORVH WR WKH PHDVXUH® FR YH WD
7KHUHIRUH WKH PHDVXUHG FRYHUDJH FRXC
FRQILJXUDWLRQ & )phJd WRDD ERWRRQ@JYDOXH
UHGXFHG WKH @LEHWZHOHFG WEK® VLWHV & )LJ
XQGHUHVWLPDWLRQ RI VRLO WHPSHEDWXW P R
i f& LQ 0( DW $PR $Q H[SODQDWLRQ FRX
FRQWULEXWLQJ WR WKH SODQW FR WHHWPSHHU DQV ]
HVSHFLDOO\ DW VUIHWWMNHZRBUE BHKINWODRUPLQJ P

6WDUW RI VHQHVFHQFH
6LWH VSHFLILF FDOLEUDWLRQ ZDV QWHW GQR \
VWDUW RI VidQdhV FHRZAHYHU LI WKH UHVXOWLQJ
SORWWHG LQVWHDG WKH GLIIHUHQFHYV DHMBEZH
VHWWLQJ LW WR WKH PHDQ YD OXSHRII BORDQEWM
*33 5E\ PRUH WKDQ ,QGXFWLRQ RI VHQHYV
NQRZQ WR GHSHQG RQ ERWK WHPSHUDWXUH |
3URHEVWLQJ HW DO 7KRPDV DQGG6WRC
&DPSEHOO +RZHYHU WKH GLIIWHKHQIHWVE!
VWXG\ FRXOG EH H[SODLQHG VROHO\ E\ WKH UH

6HDVRQDO DQG PBRQWHRQ®WI PRELOH SOI
IRU UHJURZWK
7KH SURSRUWLRQ ZRIL&E K @ RH\VH SFOEEW/F R@ YAWCH.LY
VWRUHG IRU OHDILQJ R¥W L@LWHKUHGHOW UHDA\

VLWHV $W /RP D YDOXH RI DW OHDVW OHG
PD[LPXP RI ZDV IRXQG IRU )V$ DQG )VRO D Pt
UHGXFRII 533 E\ DW OHDVW IRU WKHVHJMLWH'

YDOXH RI QRU RUHGXEN®BUH WKDQ $Q



5HVXOWY DQG GLVFXVVLRQ RI VWXG\ ,, SURFHVV L

IRU &Ri& DW )V$ DQG )V% FRXOG EH WKDW WKH V
UHJURZWK DIWHU FXW DQG WKHUHDRUMRQRWDINYDL
WKH UHJURZWK UDWH LQ ERWK HDBDUY EEKMNGQID VGG
UHVHUYH :KLWH '‘DYLHV .OLP6&GNI HH®G .OLI
HW DO FRQFOXGH WKDW GHIRIGFNW VRBQLQD W I
UHJURZWK

$W /RP M PLIKW EH DQ DGDSWLRQ WR WKH VKR
.LVWULW] HW DO (YHUJUHH@ 3D UW W RU X\MBOH
ORZHU OHDI SDUWV RI JUDPLQRLGHWDQBKRRKVHV
DOVR DIIHFWV UHJURZWK LQ VSULQJ 6RDULQHQ

VKRRWY DQG R1 JUHHrex redtrRt® DY YVRUFLYHG WK
ZLQWHU DQG K\SRWKHVLVHG EDVHG WR®&DAVRPSBIOR LV
SURSRUWLRQ LQFUHDVHQZIOLWBWLWXGH

7KH VWRUDJH SRRO LV DQ LPSRUWB (AW CSLIEWIDRAHLVRHL
EXW FDQ EH ILWWHG LI VHYHUDO PO\DWVXRMHPH QRWYV C
HLWKHU *33 ELRPDVV RU /$, DUH DYDLODEOH

5DGLDWLRQ XVH HIILFLHQF\

$V SODQWV ZHUH QRW QXWULHQW OReXWHWGRID WK
ZHUH H[SHFWHG XQGHU WKH PRVW Q¥XWUHMWXWD 8RR
1REHO 5HLFK HW DO +D[HDRR.Q H W @® 3 U H

7KH RSSRVLWH ZDV WUXH LI VL\RpxVSHFLILF
+RZHYHU D FRPPRQUWBAKHGRVKH @G DIQIGUBIBE HWRL Q
ORZ DW WKH RPEURWURSKLF $PR VLWH HEXW WR I
PLQHURWURSKLF /RP 1XWULHQW VW HWXODR Q WAKKH \
GLIIHUHQFRANHLQVVXPSWLRQ RI SODQWV EHLQJ ZHC
DQG ZDWHU VWUHVV PLJKW QRW EKHW HX3D LRV WRK +
WKH YHJHWDWLRQ VWLOO FRQVLVWW RIHWSHFQGEV 2
7KLV PLJKW H[SODLQ WKH ORZ SURGROWLYLHW\ DW
FRYHUHG E\ D PRGHO LI VLWH VSHPRLHIUF CGHOCHDW L
ZRXOG EH DSSOLHEGLS O®RZIORYROEH VSHELHYV VSHF
DQG +RULH 5HLFK HW DO 'RKOIDKUW HW I

5DGLDWLRQ XVH HREAFUWOQBWLS D@ AHAVBHE LQLHH G L G
FDOLEUDWLRQ ,|I FRPPRQQ Y& OOX®@, ZRHBQX V3G IRU
ZRXOG EH XQGHUHVWLPDWHG E\ D IDHFGVERU [R1
IDFWRU RI /IRP I VLWH VSHPpk!IDFQGEP OXKW ZHUH
GLVFUHSDQF\ ZRXOG EH HYRDQQKHDKHO\ ERZIHWRHG
*33 ELRPDVV RU /$, LV NQRZQ



5HVXOWYVY DQG GLVFXVVLRQ RI VW

7KH FRQWURO RI GHFRPSRVLWLRQ DQG SC
VRLO WHPSHUDWXUH

7TKH ZKROByrkHAKLFK ZDV GRPLQDWBHE REAOEGX EF!
GHVFULEHG E\ D VLQJOH WHPSHUDWXBHAHYHNMS R
ZDV QRW SRVVLEOH WR ILQG DQ HTADMWRRRG |
XVLQJ WKy WID®PXH thbk JKRIXIOG GHFUHDVH RYHU
ZLQWHMVSHFLDOO\ DW WKH VRXWKHUQ VLWHV
PRGHO SHUIRUPDOQFHFRUIBKNRIQNY \WBBSHUDWXU
GLITHUHQW VLWHY H J -DHR&WWWOD O

DQG WHPSHUDWXUW UD@QGHYDWHO R U/ OR $W NILDXIDV

DO DUH UHSRUWHG LQ WKH OLOWHHU EW X
PXOWLSOLFDWLYH HIIHFWV RI VHYHVY D ® YWLHR/FRH
HW DO .LUVFKEDXP tole PWIKWLOW DDZHI

DVVXPSWLRQ $WNLQ HW DO

ORUH VRSKLVWLFDWNGRW®YWR %HGDWKXRHERMIL R R Q
5DWNRZVN\ HW DO PLJKW LPSURYH WKF
VLWHV 7KLV PLJKW DOVR EH WUXH |RQFWHSDQAD
SODQW DQG VR I50::LIDF O/XEPRWUDXWRWURSKLF |
UHVSLUDWLRQ 57KL@®HVWIURWHO\ GRPLQDWHG

UHVSLUDWLRQ

7KH FRQWURO RMLOGHRRPE\ VRLO PRLVWXU I

7KH DFWLYLW\ XQGHU VDWXUDW H GH 6 RRRGLGLIVRLQ
LV GHVFUPpERG DBG ZDV VWURQJO\ QHJDWLY]
GHFRPSRVLWLRBQ WMWY GRUHUHG EHWZHHQ

YDULDEOHV $W DOO VLWHV D PLQLPXBWDEOXH
SHUIRUPDQFH LRZERIOCOH\BDVYR TXLWH KLJK YD
WKH SHUIRUPDQFH H[FHSW DW®r}XPoV $\R QR P GRHILL
FRQGLWLRQV ZHUH GXOZDOV VR WXL W)HRED \U A BH
Sue@saat QHHGHG WR EH YHU\ ORZ 7KLV ADV Q|
LQ WKH XSSHU VRLO OD\HU SDUWO\VKURLB® WU
UHVSLUDWLRQ

$V WKH VRLO DWDWX%UDWEG) G %UZQQY DIRYWM KU
YDOXplsstR@RXOG GHFUHDVH RYHUHVWLPDWLRQ
LW ZRXOG DOVR URIGHKF®F PRI\ OD QB HY WKHVVD QY
VSHFLILF GLKIHWBQFHV LQ

SHUPDQHQWO\ VDWXUDW MK /R VODNPERQWO OQ \OO
HJ .HWWXQHQ HW DO ZKLFK5HHIGHGW YD @
SDWULFN 'H/IDXQH HW DO H1ROK HQRIZW



5HVXOWY DQG GLVFXVVLRQ RI VWXG\ ,, SURFHVV L

Psaat ZRXOG EH MXVWLILHG ZRW FRY WW D QWL VEHW ZH H
DOG LOVMMHDWWHG WKLV ZRXO Gs@aHU B @/IRFWHKB VD

LQ WKH RUGHU )V% ! )V$ ! /RP IW+EWH ! $P
MXVWLILHG E\ WKH GLIITHUHQFHV )Q$ZDWPEU OHYHO
$PR +RU /IRP 7KHUHIRP&u FDRIQIRMUHHIBODL Q

GLIIHUHQFHV LQ VRLO UHVSLUDWLRQ EHWZHHQ
DHUHQFK\PRXV SODQWY OHDGLQJ WR VZRIUM DHUDYV
QRW WDNHQ LQWR DFFRXQW 7KH\ UHDFK WKH KL
IROORZHG E\ )V$ +RU /IRP DURRGG D

ORGHOOLQJ ZDWHU UHVSRQD B G HBH®B [ QGSJRRWQH \
LQFOXGERQ@XFWDQFH IURPOSOWR \WQ DPLYKWVKH GL
LQ GHFRPSRVLWLRQ UDWH DQG UHGXFHWZXKLBWHU
‘HWODQG '1'& PRGHO WKH ZDWHU UHVSRQVH IXQ
SRWHQWLDO GHFRPSRVLWLRQ XQGHI NDIFW/RWDRIH G

LI UHGR[ SRWHQWLDO LV KLJK SRXWW @W DDI® AW R
=KDQJ HW DO

7TKH FRQWURO RI GHFRPSRVLWLRQ E\ VXEVWU

7KH ODUJHVW GLIIHUHQFHV RI SDUDPHWKH/ EHW
PD[LPXP GHFD\ UDWH Rk VBKM WOLWQW KBWS RRON FRPPF
ZRXOG OHDG WR DQ XQGiREAVIN UBPDFWIRRD RII PHDQV S
DQ RYHUHVWLPDWLRQ E\ D IDFWRU RI DW $PR

'"HVSLWH GLIIHUHQW WHPSHUDWXUH BQWHBDWHU U
YDOXHV DW )V$ DQG )V% DUH VXEVWD@WGDQAO\ KLJ

+LIKHYDOXHY OHDG WRYW@RHM RXNIPL ®RDU KLJIK F
/IRP )V$ DQG )V% DQ® RXEYWROAWLBRO@®RU DQG $PR

7KH SDUWLWLRQLQJ LQWR 62& SRRQVDWWRIIR® EH H
VKRZQ E\ FDOFXODWLQJ GHFRP SR Kkt WEIROH GDR\CHV ||
k.khn DQG 62& LQ WKH SRROV RI WKH RSISRIU F
)LJ +RZHYHU )V% DQG )V$ VWLOD®@ BBRH PXFK
SHVXOWHG YDOXHK: DQG UD@IHVHRARPSDUDEOH Zl
UHSRUWHG YDOXHV IURP ODERUDWWU\ LQFXEDWLR
D ORRUH DQG 'DOYD ' *ODW]HODHW DO
.HFKDYDU]L HW DO WHQWDRsI2& FRY BROQWXRHGRRU F
IURP GU\ PDVYV



5HVXOWYVY DQG GLVFXVVLRQ RI VW

JLIXUHHFRPSRVLWLRQ UDWBYV RO GDRD\D SR IDG UD
RUJDQLF PDWWH URQHFPRPG R \SIVRIR ZOMW RWFK VLWH DQ
OD\HU

/IRZHU GHFRPSRVDELOLW\ LV RIWHQVD\H RF£B WY

DQG 9HOW\ JLPSHQV DQG %HUHQGVH
ZKLFK PLJKW EH LPSRUWDQW HVSHFLDR®\ IRL
$VVXPLQJ D & 1 UDWLR RI IRU WKH IDVW SF

GHFRPSRVLWLRQ UDWH DW /RP ZKLFBR LY KEORYV
WKRVH RI +RU DQG $PR UHPDLQ VXEVWDQWLDO

IRZ S+ PLJKW EH RQH Ukl DWR @ PIRR UHWK HHORXQ H

%HUJPDQ HW DO '"HVSLWHY EBUQD ®XW
S+ DQG KLJK ELRPDVV SURGXFWLRQLOH FE®UER
DGGHG WK WEBXHRLOW +RU ZHUH YHU\ ORZ 7K
WR ODQG XVH KLVWRU\ DQG WKH RUHVIO®NH
VHGLPHQW ORVW RI WKH ODELOH & IIRURHUDS
GUDLQHG VRLO OD\HUV PLJKW KDYH EIRMG GF
VWDELOLVHG

,Q WKH FXUUHQW VHWXS WKH VORZ GHRRI\VUDN
IRU WKH VORZ SRROV ZRXIRG® UVHWKXIOW Z QWK R
WKH VORZ SRROV FIl 7DEOH $ LQ WRM HD®/KH
GLIIHUHQFHYV EHWZHHQ )V$ DQG )V% FREBDVHG
WKH GLIIHUHQFHV EHWZHHQ )V$ FRPSDUHG WR

6 XEVWUDWH TXDOLW\ LV NQRZQ WRS5BILRKF\D QG

6FKOHLVLQJHU <HORII DQG ODXTRRMKHU
62& PRGHOV XVH VHYHUDO GLIIHUHQ
6PLWK HW DO &XL HW DO Y D Q HHOX E U R W/VAH

HW DO WR DAPRRGWVIRQ & XEMW UDMDHG V X\VID



5HVXOWY DQG GLVFXVVLRQ RI VWXG\ ,, SURFHVV L

SUREOHP Rl SDUWLWLRQLQJ WRWDMH®2& QQWR WKHF
=LPPHUPDQQ HW DO ,Q VRPH PRGHOVH WKH
DOVR LQ WKHLU UHV$REPMHVIKK ® FW LDROQ V

7KH KLIJKHVW GHFRPERMLWH®R Q@ W DVWMNAHRPRVW K KL.
SURGXFWLRQ $ FRUUHODWLRQ RI ZDRARKWGYLY\ Z
VHYHUDO FRPSDULVBQVVWXR@LHW MHGILQ HWSBDFKV
JUHVK PDWHULDO SURYLGHG ENWRHF8SBEQMY |
DFWLYLW\ DQG SULPLQJ HIIHFW H JO .X]\DNRY
+LJKHU SODQW WR VRLO UHVSLUDMW) REH WIXWIHRQ UH
WKH VLWHY DQG @RBANMBHEBELRDODQ@W BDW 5WKH KLJKO\ S
DQG )V% EXW DOVR UHGXFHG WKHFPMBGH®PEHUIRUP

9HJHWDWLRQ DW $PR DQG /RP FRQVLVWUBIDUJHO\
UHVLVWDQW WR GHFRPSRVLWLRQ WKPQDQBVFXOD!
9HUKRHYHQ DQG 7RWK 0 RR U M UNWK HDLD
H[SODLQ WKBOO®RZ DW $PR 'HVSLWH WKH ORZHU E
KLJKHU PRVV FRYHU DQG KLJKHU & )VPPWRR FRPSD
KDV D UHODWLYH KLJK GHFRPSRVLWLRIQHUDMH 7K
ORZ GU\ EXON GHQVLW\ UHVXOWLQJ LQ ORZ DPRX(
7DEOH $ LQ WKH DSSHQGL[ ZKLFK DWHRBRVW }
HJ )DQJ DQG ORQFULHII $O VIRFRP ®IRQFLEV\ E>
ZLWK ORZ GHJUHH Rl GHJUDGDWLR E DI} ADKIERQI R
HJ *URVVH %UDXFNPDQQ

'"HVSLWH WKH ODQ IH BXPMHUDWFE VI QLYS$ DBGWZH
)V% WKH\ DOPRVW GR QRW GLIIHU LMV PRRQHILWP @ HF |
WKH H[SHFWDWLRQFHW KLDQV 1\ KEIH @/LZI HI\PH) QS EDIQ G )\
IXOO\ H[SODLQHG E\ WKH GLIIHUHGPNERQ ZWWFHNVW

&RQFOXVLRQV RI VLWH FRPSDULVRQ VWXG\ ,

'"LIHUHQFHV EHWZHHQ VLWH\HM FRXKVSH EW  M/[S G2
EHVLGH DLU WHPSHUDWXUH ZDWHU WRDEOWHDQG

VSHFLILF SODQW SURGXFWLYLW\ DQGWRHBRPERY LW
'LIlTHUHQFHV LQ QXWULHQWYV DYDL®DH[®QW\QD W& HV
GLIIHUHQFHV LQ SODQW SURGXFWTIXDWL\EHWRAHHQH
LQSXW DV ZHOO D®L3H D 6 K$HWD DHIWHLRHIQF HR/UL QY K F
GHFRPSRVLWLRQ UDWHV $ VLWH VSEBRGILIRWQWH L
SURFHVVHV UHODWHG WR SODQW SKAMXR®RI\ W
DOORFDWLRQ RI QHZ DVVLPLODWHVODQED S/GINVQW UH

7KH PRGHO SDUDPHWHUV ZKLFK VWURBHOM DIIHFW
VXFFHVVIXOO\ FRQVWUDLQHG E\ WKHGDWDDL ORDEOH



5HVXOWYVY DQG GLVFXVVLRQ RI VW

1(( SDUWLWLRQHGuLQWRD'@G BEQRPDVV LQFOX
GHSWK DQG URRW ELRPDVV DW RQWBHVDWIE VR
DQG 1 VWRFNV DV ZHOO DV PHWHRUROWRLWFD Q\
ZRXOG KDYH EHHQ XVHIXO LI DGGLWERXMO URR
ELRPDVV DW DOO VLWHV URRW R W WVGIUG DD
PRGHO SHUIRUPDQFH LQ WKH FRUUH \XSRPGILQN
RI & DQG 1 VWRFNDIWHUY HWUKH I LHDRW/P D W LZRH® O E
WKH GHJUHH Rl GHFRPSRVLWLRQ RQHDGOXOLWI
FRQVWUDLQ GHFRPSRVLWLRQ UDWHWDQG SDUV

6RPH LPSURYHPHQWY LQ WKH PRGH O LDIGH3S LWR/
REWDLQ D EHWWHU SHUIRUPDQFH IRWWHRARED
SHDWODQGV ([DPSOHV LQFOXGH VHSODQWHDQ
VRLO KHWHURWURSKLF UHVSLUDWLR® XUBWHWV
FRQGLWLRQV QHHGYV WR EH UHSODHHBKEQ DHI R
2 LQ WKH VRLO



5HVXOWY DQG GLVFXVVLRQ RI VWXG\ ,, SURFH\

S5HVXOWYVY RI SURFHVV LQWHUDFWLRQV VW]

,QWHUDFWLRQV EHWZHHQ WKH GLIIHWKRW BUI
UHODWHG WR WKH FDUERQ F\FOH BN UBIUIRFHN W\
DV ZHOO DV SDUDPHWHUV ZHUH IRXQBKWM\EH
UHIOHFWHG LQ VHQUDUWDEDWLMW\R RWYHPEROD BV
FRUUHODWLRQV EHWQHRHQL @ KGL | SHHUWH RBWPL ® D U |
HTXLILQDOLWLHWWHENWAHGHQIBOHRMWHMRGXOHV

$ERXW KDOI RI WKH SDUDPHWHUV Z HUIHQ VRIQN LR/
PRUH YDULDEOHYV EXW RQOLRWQHU\ |
,QVWHDG WKH\ DIIBHRKAHNY HWVHY HDOWVL GRR GHID G |
SHUIRUPDQFH EHWZHHQ WKH GLIIHUWR W HPYHHRAD)
VXSSRUWLQJ HIITHFWV FRXOG EH LIGHTOWLILIQH® L
ZHUH LGHQWLILHG ¥ HWXZWBIHRHBMHWD/P AMMHU KIS UW |
VHYHQ RWKHU SDUDPHWHUV RIWHQ IDRPRBGII
SHUIRUPDQFH RIWHQ UHTXLUHV FHUWMXBINMY BB YK
WKDQ VSHFLILF SDUDPHWHU YDOXHVY G6HFWLRQ

(DFK RI WKH DY DL OW EY@H IPHD/KW HP(H RGBG O BIQ YA
KHDW IOX[HV QHW UDGLDWLRQ VRLDQWHPSRZ
GHSWK FRQVWUDLQHG VHYHUDO SQUDMEXBGD
6HFWLRQ IHYHUWKHOHVYV O BHFiHDOTRHW
XQVDWXUDWHG ZDWHU GLVWULEXWLRRNVNHQ DE®
FRQVLGHUHG SURFHVVHV DQG KLQGHUWNGPLIKW
EH VROYHG E\ DGGLWLRQDO PHD V)XSHUPRHIGHVY R
LPSRUWDQW SDUDPHWHUV WKDW FRXQOPQRW
UHVLVWDQFH UDGLDWLRQ LOQWHUWHBWQR®@I V@
PHOW DQG LQ FDVH RI 1(( PRVWOV XD O HOO D
GXULQJ WKH JURZLQJ VHDVRQ )LJ

$ GHWDLOHG GHVFULSWLRQ RI WKH R 8BMD
GHWHFWHG LQWH UDIEQVMRCH DFESH @ 6 1H[R WRHIBGWNL R
PRGHO ILWV WR WKH GLIIHUHQW Y DU LIDE QWHWH
DSSHQGL]



5HVXOWY DQG GLVFXVVLRQ RI VWXG\ ,,

JLIXUH3DUDPHWHU FRQFHUQ \LD[VKRY\Q WXP WK HTXLILQELC
KDWFKHG DQG VHQVLWLYLWLHV WKXWRXAVOXO 8 RORW E AKH
[ D[LV VKRZ WV AMWHUSYD ZBMWK KB PRIERGNIRIRWEH FRORXU



5HVXOWY DQG GLVFXVVLRQ RI VWXG\ ,, SURFHVV L

SDUDPHWHU VHQVLWLYLW\

ORVW RI WKH VHQVLWLYH SDUDPHMHHUY ERUH VH
WKDQ RQH YDULDEOXHENXWQU H V XGOLWILIRADH B RGHKS HD IGH ¢
YDULDEOH DQG WKH SHUIRUPDQFH LQGH[ )LJ $

3HUIRUPDQFH LQ 7VHDOGQH& BV G MNW\ GRQILRHWH UV
WR VHYHQ DQG VL[ GLIIHUHQW PRGXOHV UHVSHFW
GHSWK DQG /$, GHSHQGHG PDLQO\ RQOSDUDPHWH U\

/DUJH GLIIHUHQFHWFAHS WHEX0OMWQLLHYV \GHBHRWGHE R
SHUIRUPDQFH LQGHH UHEBG VWKE HS fFRQR/G ERYWBIGH U D J
YDOXH UDQJHV RYHUODSSHG ZLWK LEBWRHHQ G|
DQG EHWZHHQ GLIIHUHQW VXE SHULRGV RIl WKH \
DGGLWLRQDOO\ WKH GLIIHUHQFHV ERQWZIBHIQ HGL |1 H
)LJ 5DGLDWLRQ DQG /$, ZHUH WKH VLPSOHV\
QXPEHU RI FRQQHFWHG SDUDPHWHUV VYLJ +
WRJIJHWKHU ZLWK VQRZ GHSWK WKH SMRFHVV Z
GLVDJUHHPHQW LQ SDUDPHWHU YDOXMH FRWIQREYV E
FULWHULD IRU WKLV YDULDEOH )LJ

,Q FDVH Rl HOHYHQ SDUDPHWHUV D\SK B W BROHS W HG
$ LQ WKH DSSHQGL[ )RXU SDUMPAWH KB 02 HRIH
WKH FRQVLGHUHG SURKHMVS$BVDRHWHWDMHUQLQJ
UHWHQWLRQ FXUYH DQG XQVDWXU®BWBIGH¥RIHEG K\G
PRGHO SHUIRUPDQFH LQ YDULDEOHVVRIORWOW HLJK
WUDQVSLUDW L&RmE RNIDVFIXHOPW SODQW UHVSLUDW
Kyespvass DQG OLWWHU 20 IUDSRWWDQW SDUDPHWHU
/$, DQG 1(( EXW DO VRurhss D@@RE DGGLWLRQDO IR
7V

7KH VHQVLWLYLW\ RI WKH VLQJOH SPWDPBWHUV |
VHFWLRQ $ LQ WKH DSSHQGL[ 7KHRH OO LVWDE\OMH
EHWZHHQ SDUDPHWHN W D@ & H HRXREP D@ MVEKGIHD S S H
$



S5HVXOWY DQG GLVFXVVLRQ RI VWXC

JLIXUH&RQQHFWLRQV EHWXYH @ BDRFMMYMVRIBVG LI H L
7KH \ D[LV VKRZV WKH FRXQW RI SDXODMHYVYWHFBORNXEF
DUH VHQVLWLYH WR PRGHO SHUIRDPIDQFH LQ WKH YL

JLIXUH$YHUDJH RYHUODS RI DFFHSWHG UD®FHHW\SHU
DQG EHWZHHQ SURFHVVHV L H KRZ XQ ERE ERRNNDU D

1HIDWLYH YDOXHWDQGHFEDNMWHZWK® BENHSWHG UDQJF
RYHUODS DW DOO



5HVXOWY DQG GLVFXVVLRQ RI VWXG\ ,, SURFHVV L

&RQIRXQGLQJ DQG VXSSRUWLQJ HITHFWV R L¢
SURFHVVHYV

7KH SHUIRUPDQFHV RI VHYHUDO YDULQE@QG ZHUH
FRQIRXQGLQJ ZD\V )MMSHFDRGO\ 0( RI /( DQG :7 ZI
VWURQJO\ FRQQHFWHG EXW DOVR O[RRIPMSQKHD G D
LQ PDQ\ RWKHU YDULDEOHV 7UDGH RIHV H[LVWH!
SHUIRUPDQFHV RIOGM | HHXMQ WOWIRUZ B\H B HQ ®L QD IR E
FKRVHQ SHUIRUPDQFH LQGH[ RU VHDVRQDOLW\

7KH PDJOQRWXBWFXODU SODQW /$, ZDV VWURQJO\
PDJQLWXGH RI /( :7 + DQG 1(( HVSHFMDIOP®N LI GI
YDOXHV ZHUH FRQVLGHUHG )LJ DKQHGU HDEL\J KWK H
WLPH 1(( DV ZHOO DV 0( DQG GUEWPLFYV
XQGHUHVWLPDWLRQ DQG IRU /( DQG :7 RZLWK D
YDVFXODU SODQW /$, %HVW SHUIRUPBGQFHNKR :7 (
PDJQLWXGH RI YDVFXODU SODQW /$, DEOWHFRUUH]
H[LVWHQFH RI WKH $,DMFXODULRFDAMWVHG W K B

WR DW OHDVW EXW WKLV ZDV QGRWGDIQHFHVVLE
SHUIRUPDQFHLJKKHVW SHUIRUPDQFH LQ G\QDPLFV R
WKH XSSHU OD\HU FRLQFLGHG ZLWK D JRRKGMLW LQ
UHODWLRQVKLS ZDV HYHQ VWURQJHUNIR WEKHWYH YL
1(( QLJKW WLPH DQG 1(( GD\WLPH

$ FRUUHFW UHSUHVHQWDWLRQ Rl :7 GB\GDPKFV DQ
SHUIRUPDQFH LQ + FRQDPEWVRQGODWK\WEOA YQEHUH)

DQG $ VPDOO 0( LQ + FRUUHODWH®B ZLWK K
G\QDPLFV 3HUIRUPDQFHV LQ VRLO WHPRSHWBWXU
VWURQJO\ FRUUHODWHG ZLWK HDFRVR@HKHU LQ ERW

8QGHUHVWLPDWLRQHG WRZDQ RRGIQHENA PDW R RQRR|
EHWWHU G\QDPLFV LQ + )LJ 0( LEOAHW UDGC
FRUUHODWHG ZLWK 0( LQ + $ JRRG IHW EAWZHHQ |
GHSWK GLG QRW FRLUUWRO B WGIF AL WQE BVEK HR MVHK IR ¥'D U
H[FHSWLRQ ZDV D QHJDWLYH FRUUHRD VBIHREOWWEHW Z
DQG + LI H[FOXVLFHGXBSHQJRWSWDLD JHWHBH )ZDV FR(
$ LQ WKH DSSHQGL]

7UDGH RIIV H[LVWHG QRW RQO\ EHWZHMWZGHIQH UH
GLIIHUHQW SHUIRWPKCH) B PLH) @ DEHMERO W/ QRBHEQDO O
DQG LQ FDVH RI VRPH SDUDPHWHUV DBVR IRU
FRQWUDGLFWRU\ GHSHRWGIOQJZRY EKRWHKBU 5 FDVH
DOEMKGRs DQG DHURG\QDPLF UHVLVWRQFWKIHSHQG
UDQJHV DOVR VWURQJO\ GHSHQGHGUR®Q B/OKIHZDND V |
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FRQVLGHUHG )RU WXR \DML@EH QDPE FRAd ko RLO
CHocanopy %« UDQJHV GLIIHUHGREHWZF MQX ® OR IY D
DFFXPXODWHG YDOXHV

$GGLWLRQDO WR WKH XQFHUWDLQW\ IIXRPVKBD
XQFHUWDLQW\ UHVXOWYV IURP HTXLILQDOLWLHYV

JLIXUHESRUUHODWLRQV EHWZHHQ SHUIRURBR@FH LQGL
UDQGRP UXQUVXSHSHU SDQHO O0( YHUVXV 0( ORZHL
GRWY UHSUHVHQWY D SDUDPHWHKWHXWK *JHHHIROLQHV
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JLIXURRRUUHODWLRQV EHWZHHQ SHUIRURBQFH LQGLFHV
UDQGRP UXKROXBQV YHUVXV 0( URZV (DFK RI WKH GRW
SDUDPHWHU VM LFODMAHOWEHVDEHY WKURXJK JHUR

(TXLILQDOLWLHV

3DUDPHWHUV ZHUH VWURQJO\ LQWHWBRHWHONW H
DQG RIWHQ IURP GLIIHUHQW PRGXOHV (TXLILC
LGHQWLILFDWLRQ Rl VHQVLWLYLWLMAKHZEDNKFZDYV
VHOHFWLRQ 'HVSLWH UHGXFLQJ WKH LGR{P BIQG R1 L
SULRU UDQJHV GLIIHUHG KDUGO\ ¥MBHDHE $FH U WL ¢
YDOXH WULSOHV IRU SKRMWRVYQWKHWKFH HIHVSLH®
FRHIILKedh@QWDQG ZLWK WKH VWRUDJH IUDFWLRQ |
VSUlRsh ZHUH FUXFLDO IRU WKH VXUYLYDO RI Wt
&HUWDLQ YD OXH VS/DWUAD QRIS WIORMRRL FLIRMKI WFK H Q W
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VKDSH SDUDPHWHU RI %REG UAD WBXIF UBIQ/ HRWV IDR
ZDWHU WDEOH GHSWK

(TXLILQDOLWLHV H[LVWHG QRW RQORENWHWHBX
HYHQ PRUH RIWHQ EHWZHHQ SDUDPHWHUV R
3DUDPHWHUV GHILQLQJ UDGLDWLR® URGNEDPHE
UHVLVWDQFH W URIQWY SK\GWRIDARG D BRHIEO X  WKH @
SDUDPHWHU IURP GLIIHUHQW PRGXOHV 3D
LQWHUFHSWLRQ ZHUH PRVWO\ FRUUWHR®\YB B LEL
UHVLVWDQFH 2QO\ LQ FDVH RI SODQWUDQG

HTXLILQDOLWLHV H[LVWHG PDLQO\ BKWHANHQ ST

$00 VHQVLWLYH SR&DPIDWEHIXW WHHFH SRW KHU S
GHWHFWHG WR FRUUHODWH ZLWKLRO® @R HDWHF W
% FRUUHODWHG ZLWK HYHQ VHYHQ RWWKWHW\ )l
VWURQJ FRUUHODAMMRQWZR RWKHU SDUDPHWH L
WR GLIITHUH QWZ PAESO B @rGemoss D @@ .moss Z L Blanow

DQ& 7DEOH $ LQ WKH DSSHQGL]

JLIXUHORGXOH EHORQJL QXD WI FSFIDWDHGIDWHRIE | XID WK S D
FHUWDLQ PRGXOH
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8VHIXOQHVV RI PHDVXUHPHQW YDULDEOHYV

$00 DYDLODEOH PHDNXISHG/Y¥ DWULDEOBNG VORZ
GHSWK ZHUH KHOSIXO LQ FRQVWUDRDH RISHKBPH'
VXSSRUWLQJ HIITHFWRXZBV WRVWROQNH HRQH YDULDI
UHSODFHDEOH E\ DQWRWKWWURYHBYWHFRUYRDD W LR
WHPSHUDWXUHV RIVHWYH WSK.H1 HUUHFADW QQ Q J RIQIF HU W
WHPSHUDWXUH ZKHE N @R2®G WKHLRWW KK PDJQL
ZKLFK FRUUHVSRQGV WR PRUH WKDXOWLRIJ WKRPW R
WKH WHVWHGDRDHB P HWH U

SDUDPHWHUV FRXOG EH XQDPELJXRZXWDQBRQVWU
DV WKHLU UHVXOWLQO BFAUOWDSEHQH 2K #
DSSHQGL[ 7KH SHUWIRUMDQPHE RD 20D/ PRIUYHODWH
SDUDPHWHUV IURP GLIIHUHQW SURFHMUHRI )LJ
FRUUHODWLRQV ZDVSEHVRHWPWIOGHI R WRKDQG 7V
FRQVWUDLQHG SDUDPHWHUV 1URPO®IEIOHIU @ QWDP F
IRU /( + DQG 1(( FRQVWUDLQHG PDQ\ SDUDPHWHU\

BWLOO ODUJH XQFHUWDLQW\ UHPODHQHGFGXHL®R
DFFHSWHG UDQJHV 7KH ODUJHVW XQFWMHWDLQW\
GHILQLQJ WKH VKDSH Rl WKH ZD%WH$VWWWHQW®DRQ
WKH RQO\ FDOLEUDWHG SDUDPHWGKHWH UPKB H® WL
XQVDWXUDWHG K\GUDXOLF %RZOGX FAMIOWLLWML RH  WHRE
FRQVLGHUHG SURFHVVHV DQG KDG PD@\ VWURQ
SDUDPHWHUV ZKLOH LW ZDV QRW PEVVKR®W WR

YDOXH UDQJH )LJ $ LQ WKH DSEHH ®GLUUHDKWH U T
YDOXH WR EH DEOH WR GHGXFH VXFXUSIPUHDRMHWH U
7KLV DSSOLHV DOVR WR |RO O FEZRGVMW B DIU@HTCH V
XQDPELJXRXVO\ /HDI OLWWHU IDO® KHD WHR RLL QrID V F
VHDVIRQ ZDV WKH VHFRQG PRVW VHQVLWLYH SDL
SHUIRUPDQFH LQ 1(( + /( DQGemds ORMMWR G OCCHHAR

UHVLVWDQFH GHSHQ ®HGFWROQ QY SLUDMRQ FRHIILF
Omaxmoss Onawin KD G VLPLODU LPSRUWDQFH GXH WR WKH
SDUDPHWHUV 30RAW BKPGSYWDWQRQ HQVLWLYLW\

FRQVWUDLQHG XQDPELJXRXVO\ E\ WKH DYDLODEOH

'LVFEXVVLRQ RI SURFHVV LOWHUDFWLRQV VWXC

8QOLNH PDQ\ SWIPHRRAHRXYL&T VWXGLHV WKDW XVXDO
RQO\ FDOLEUDWLRQ YDULDEOH WK 5EURWHQW DVQW
ELRWLF PHDVXUHPHQWY WR LQYHVWLUBLDWRWWKH
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SURFHVVHV LQ D SHDWODQG HFRV\VVDHPR WO-DUA
RI WR WKH VDPH EXW DOVR RI GLUMHYHDO @R G
GHSHQGHQF\ Rl FRQVWUDLQHG SDUDPHMEHU |
FDOLEUDWLRQ VHWXS

7KH JDLQHG NQRZOHGJH RQ SDUDP WKW VQXU
FDOLEUDWLRQV 7KH LGHQWLILHGNZ®W & UDAWLU
SURFHVVHV DUH UHOHYDQW IRU P RRHOMHULD L
VHOHFWLQJ DFFHSWHSURKIQW BQ @ Q& SYKHP H W
LQFOXGHG LQ WKH FDOLEUDWLRQ D(Q/G HRILFDFOHON
DUH FDOLEUDWHG UHVXOWLQJ FRQWVWEOHQBG
WUDQVIHUDEOH EHWZHHQ LBR GH®IV UG MIWVHDGW >
SDUDPHWHU YDOXHV :KLOH SDUDPHWHUW WKDHD.
FRQQHFWLRQV DUH PRGHO DQG VL\WMW NSBFWILF
EHWZHHQ WKH SURFHVVHV DQG WK HLHS B R GBI
RI WKHVH IDFWRUW R QG OMK DO RIRK GRW IKHLLD B
HFRV\VWHPV %HVLGH SDUDPHWHU XQEGHWDL
VWUXFWXUH DQG LQ PHDVXUHG LQBEXWR PRG H
XQFHUWDLQW\ 7KRUVHQ HW DO JR % HYRIQGD
WKH VFRSH Rl WKLV VWXG\

([SHULPHQWDOLVW DUH UHFRPPHQGHGW B DSVIR
PHWHRURORJLFDO DQG 62& GDWD DDKEAGHDRF
LOQOWHUHVW EHFDXVH RI WKH VWURQW [SPMRAHU]
OHDVXUHPHQWYVY RI 1(Q /3Y /(7 PQ® VOQRZQGE WRL
EH YDOXDEOH IRU FRQVWUDLQLQJ ERPREXECHW BI@
FDQ WKHUHIRUH UHGXFH XQFHUWDLQW\ LQ PR
ZRXOG EH SRVVLEOH LI HVSHFLDOIOO B GGILMKOK
SURSHUWLHY ZHUH PHDVXUHG

$ GHWDLOHG GLVFXVVLRQ RI WKH GHWAFWSE
SURFHVV FDQ EBSBMQGLIQAMRWLRQ $

SDUDPHWHU VHQVLWLYLW\

7KH PRVW LQIOXHQWLDO SDUDPHWHUV IUR
GHFRPSRVLWLRQ SODQW JURZWK WHSOWLRG \SR
WHPSHUDWXUH DHQRH\QDPROVSHYDRMARQ QG/RI|
VQRZ ZHUH LGHQWLILHG LQ WKHLU IMV®I ®XIOMLLYS
YDULDEOHV 1(( /$, 5Q 7V + /( RODDQRSNQ
SHDWODQG 7KLV ZLOO KHOS IXWXUWLRRGHIORX
DQG FRPSXWLQJ WUPRQ@\ KB D ISHWDW KN UNR WD
WKHLU YDULDEOH RI LQWHUHVW
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(VSHFLDOO\ DELRWLF SURFHVVHV ZHUH VWURQJO
YDULDEOHVY VKRZHG VHQVLWLYLWLHVLMWHRUBQWDPH)
PRGXOHV VXJIJHVWLQJ WKDW SDUDRHYRMHYFMHRIVLW
D FHUWDLQ SURFHVV GHSHQG RQ ZKLUFRX RMHKHU P
PRGHO DQG LQ WKH FDOLEUDWLRQ 7HW MIDRZOHG
KHOS PRGHOOHUV WR VHOHFW DQ OFHSAVRISUDRWH F
PRGXOHV ZKLFK QHHG WR EH FRQVL G HYUMHEG DVERIHH W |
RI LQWHUHVW

7KH SDUDPHWHU UDQJHV WKDW FRXDGQBH BR@QWWU
UDQJH VKRXOG EH FRPSDUHG ZLW KX WWX GW K ¥ \RIDU R\
VLWH LQGHSHQGHQW RU WR ZKDWFR RMGH@M RIQR/HD @ C
WKHUHIRUH XV HGQI® X SWAHIGEAIFQ\IL RTGWH Y K D \8 DRURDXFOHAN
QRW EH FRQVWUDLQHG UHYHDO QHBEBLOQRU IXU
DGGLWLRQDO PHDVXUHPHQW GDWD 6HFWLRQ

2QH RU PRUH RI WKBIPHRVHAR/Z VQKID B/D @ HI\LGHQWL |
SDUDPHWHUV ZHUH DOVR NH\ SDUDBHVRBW\O ¥ (R Q WK
GLIIHUHQW HFRV\VWHPV 7KH UHVSLUDWLRQ UDV
HIILFLHQF\ WUDGVSQWDWRB QVRRHMREZEG WD \WARQRD S
WKH PRVW VHQVLWLYH SDUDPHWHUV LQ H J WKI
SHDWODQG <XURYD HW DO WKBH K& PRGHO
WKH $&$6$ PRGHO RQ VSUXFH WRKIH Y2686 WD XG
PRGHO RQ EHHFK IRUHVW 9HUEHHFN ARGBO
IRU GLIIHUHQW WUHH VSHFLHV 7DWDVHQRY DOQ
VHQVLWLYLWLHVY VHHP WR EH WKHUMW®RIFHWXXIHW H
LQFOXGHG SURFHVVHY DQG SDUDPHWHHWYXOWH® JIR |
FRQVWUDLQHG UDQJHV DUH FRQQHFWAG WRHWKH
FKRVHQ SULRU GLVWULEXWLRQV RIOWHKHRSDWIDIRH YV
SUHVHQW VWXG\ KDYH VKRZQ WKDW SWURPWWUHK U
RQ WKH VHOHFWLRQ RD DEADIPWM MRWHIG) 6 FEQI SWKHIQF I
FULWHULD

&RQIRXQGLQJ DQG VXSSRUWLQJ HIIHFWV RI L«
SURFHVVHV

&ULWHULD VHOHFWLRQ LV D VXEMIDMNISYOHH ARORAILE K\
YDULDEOHVY DUH DYDLODEOH 7KH LWVEWHDGH RIHG V.
EHWZHHQ WKH SHUIRUPDQFHYV LQ GLWRUBNWHWWD UL
WKH LPSOLFDWLRIQVHRIL D R URNROSLHO RIHWD R H WIHQF H
UDQJHV DQG WR FRKRRGE HQRHUW W HWKHDUBUVD/RIFHVVHYV R 1
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8VXDOO\ /( LV DVVXPHG WR EH FO R WHRR XFSROQQk
Rl WUDQVSLUDWLRQ DQG FDUERQ DN VIPH DDA
VWXG\ UHYHDOV PWHRER QW B R QZHH Q HODLHD PG H
1(( WKDQ EHWZHHQ /( DQG 1(( 7UDGH RI(V EH
DQG 1(( ZHUH DOVR IRXQG E\ 6WDXGWCW DO
+RZHYHU RQO\ WWKBPHWHEW RQRVD WKCHJ HDIEHTRW |
WKHVH SURFHVVHV ZDV DQDO\VHG

7UDGH RIIV HI[LVWHG QRW RQO\ EH®W ZH M LGL M}t
VDPH YDULDEROHR GCABRHY&RIUDIHW X BRO RARFXPXODV
YDOXHV ZDV FKRVHQ DQG ZKLFK VHDWRIQD®WD W K
SUREOHPV RI D VIXE WHFOVH.F\W LARUQ. RZBIMV W LIP H- V W
YDULDEOH LV FRQVLGHUHG

$OVR VHYHUDO VXSSRUWLQJ HIIHFWWRMUH
PHDVXUHPHQW YDU RPSGIQWFWE BEVVWIDAWRQ A
D FRQQHFWHG YDULDEOH HYHQ WK R XFIEKNWM KRHQ H
YDULDEOH IXOO\ UHGXQGDQW )RU H[BBIOH /
XQFHUWDLQW\ LQ PRGHO SUHGLFWLRQQ®RI: WKF
RQ ORFDWLRQV ZKHUH WKHVH YDULDHO W HD L
DYDLODEOH WKH PRGHO LV FRQVWURD®PRE®H
HYHQ LI :7 PHDVXUHPHQWY ZHUK BHVROXWL
WHPSHUDWXUH PHDVBIUP UMV VKQILRQRG®W WF
WHPSHUDWXUHV LI MXVW WKH PDJQEMX®H @ ID
ORZHU OD\HU LV NQRZQ HJ GXH WR VKR
PHDVXUHPHQWYV

7KH NQRZOHGJH RQ VXSSRUWLQJ H MWHFWYVOKIF /!
DQG LQ XQFHUWDLQW\ HVWLPDWLRQ [RY DRLRO®HE®
DQFLOODU\ GDWD ,W IXUWKHU FDHFLKWH@R \H [SHH.
YDULDEOHV VKRXOG DQG ZKLFK RHEOHEGE W R \EDE |
IRU PRGHO FRQVWUDLQW

(TXLILQDOLWLHYV

7KH ILW Rl PRGHO RXWSXW WR PHDVXUHG GROW
GULYHQ E\ D SDUWLFXODU SDUDPHWHRIQEXW
SDUDPHWHUV H J %HYHQEBBEN)JWKIBK ZDV
DOVR WKH FDVH IRU VHYHUDO SDUDMRHWHUWKE
FRQVWUDIUHWQW R UREPRJD QJH

7KH NQRZOHGJH RQ HTXLILQDOLWLHVFRQYPWHGI
LQ IXWXUH FDOLEUDWLRQV DV LWG DBSIoQURAPAH WHOQ
GHSHQGHQF\ RI HDFK RWKHU $QRWKHU ZD\
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HTXLILQDOLWLHV LV WR FDOLE U D WH R\WQ OARZGIN HRU W
WKH UHVXOWLQJ UDQJH ZLOO WKHQOWRWVE®JWUD
GLIIHUHQW YDOXHV IRU FRQQHFWHG FRQVWDQW S|

0DQ\ HTXLILQDOLWLHY ZHUH LGHQWYILWIRP @KW RQ
VDPH PRGXOH EXW DOVR IURP GLIIHUHWW HRGX
SUREOHP Rl OLPLWHG WUDQVIHUDBEIRPLRQDORRH S
PRGXOH DUH FDOLEUDWHG ZKLFK LVIRUWHY WKKEH |
VWUXFWXUHV DQG LPSOHPHQWDWLRQV RI WKHLU P

6RPH HTXLILQDOLWLHY LQFOXGHG \LNXBOD Y DINDLLRIF
LPSRVVLEOH DQG VLPSOH UHJUHV\ARWHFW L QY DIQLA
GHVFULELQJ WKHP 7KHVH HTXLILQDLODWIHGY LQHH G
DGGLWLRQDO FDOLEUDWLRQV ZKLFRFMLFRRANS BQIBW |
FRQVWUDLQHG UDQJHV ZKLFK ZHUH QRPPEUJIRIR XV

DFFHSWDEOH UXQ¥HFRXW H VWG H HEXHBELHUQAN RUQD WKHHS
ILQDO VHOHFWLRQV GLG QRW DOWRZQDVK¥KK PF
FRPSOH[ PRGHO DV ZDV DSSDUHQW LQ FRPSDULVR
5 WKUHVKROG YDOXH RI ZDV VXHM EQHW WHWED YV GF
VHOHFWLRQ RI DFFHSWHG UXQV LEXW KZH W K QUDXO
VHOHFWLRQV WKLV WKUHVKROG YDQ@YH GRKOG H
GLVWULEXWLRQ HYHQ WKDW D KLJKHG WKUHVKR
WKUHVKROG RI ZDV RQ WKH RWKWU FR\D QRSU D O L
H[DPSOH WKH VWURGW DHIOQ WK B KIDSFAK BBUBPHW
RQO\ FOHDUO\ YLVLEOH LQ WKH HEIDVHLTFXVHQHDOAL WG
ZLWKRI KLJKHU WKDQ DUH XQDPELJXRXV DQG V
DUH VWLOO YHU\ XVHIXO WR GH VILQ® HXWIXIDH ADDQ
GHVFULEH WKHVH HTXLILQDOLWLHYV

8VHIXOQHVV RI PHDVXUHPHQW YDULDEOHYV

(DFK RI WKH DYDLODEOH PHDVXUHPHQW ¥WDULDEOF
:7 DQG VQRZ GHSWK FRQWULEXWHG WRRSHDUDPH\
KHOSHG IRU PRGHO LPSURYHPHQW DQBRREFRIUWDL
WKH YDULDEOHV FRXOG EH IXOO\ UHS@RBHG E\
LQWHUDFWLRQV DQG DV SDUDPHWH EV \RH YHDUAKOP R C
GLIIHUHQW Y D U L DIEEDEHO/H \D Q B HO DIDQX DYIRM@HH HFHHIQV D L ¢
SURFHVV LV RI LQWHUHVW ,Q KRDW HzRW B QRRYZ V @K
FRYHU PLJKW EHRZXIGHBWIKQW RIRWQDYDLODEOH

,Q D IRUHVW VLWH VLPXODWLBQHWH WK W
IRXQG WR EH UHGPQQDQWHRHWUBREDVWDREH SDUDP
DQG /( ZHUH DYDLODEOH 6DQWDUH® H\WHA)\
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EDODQFH UHODWHG SDUDPHWHUV L&) BN 61 DUHE:
+ RQO\ RU DGGLWLRQDOO\ E\ /( EXWVZLAKKVG
UHYHDOV WKH XVHIXOQHVV RI 5Q D QUWED t PW\D \DXC
VKRZV WKDW YD U L DKEDOYHV EAKH. @ KL 8 HDRMIWL HG P
VWXG\ FRXOG EH Rl KLJK LPSRUWDQ F®RR®& HRQ
PRGHO FDOLEUPW IS@QU D PGHWIHHWNHOHFWLRQ

BHYHUDO LQIOXHQWLDO SDUDPHWH UV DERXGG RQ
VKRZHG HTXLILQDOLWLHV DQG QHHG DWE&HWL
LQYHVWLIJDWHG 7KLV LQFOXGHV VRIWHQWNWRQ
SURSHUWLHVY DV ZHOO DV FDQRSY DVXEH GRR 2 DG
VHDVRQ ([FHSW IRU ZDWHU UHWHQW LRIQHSHIRS
WLPH VHULHVY WKURXJKRXW WKH \H\DKH & HPQRIIIH W
VXFK PHDVXUBPH@®WYEDQ WKH DSSHQGL[ VHFV

&RQFOXVLRQV IRU SURFHVV LQWHUDFWLR

&2 PRGHOV DUH XVXDOO\ FDOLEUDWHG EROH 1((
7KH SUHVHQW VWKB \LIQQWHINFLW D RV@NG BYEN. RMH.@
ELRWLF SURFHVVHV DQG WKHLU SDBRDRHWEGV
XVHIXOQHVV RI GDWD RQ QRW RQO\OIW HEXW K
IOX[HV UDGLDWLR&SW & D WRIUO WDHERIH G Bl %W K HIR |
PRGHO FDOLEUDWLRQ RQ D ERUHDO SHDWBADR
SDUDPHWHUV DV ZHOO DV PRGHO SHUYIRVUIPPO®
YDULDEOHV ZHUH VWURQJO\ LQW H B ODLRAMRK® W
PRGHO FDOLEUDWLRQV DQG ZKHQ WHWQNHQU L
PRGHOV GLITHULQUHQ W ER QW KWVIN@WHFS\E UD P H

.H\ SDUDPHWHUV ZHUH LGHQWLILH®E& QRUQHDIKXKVF
PRGHO XVHUV WR GHVLJQ PRGHO FDOVEWDW
LQIOXHQWLDO SDUDPHWHUV IRU WXHJ Y B PHD EWD
IRU WKH FRQVWUDRBBIGYV SD U\DLPA-BOHWYVI DY @/LHAW |
FRPSXWDWLRQ 7KLV LQ WXUQ DOORZDHMKH
LQYHVWLIJDWLRQ RI D SURFHVV RIQBH WKL Q H\G
UHYHDOHG WKH VWURQJ GHSHQGHQFMRRRWR B\
SDUDPHWHUV DQG WR WKH FKRVHQ BURMWHMU WMR
XQGHUVWDQG D Q GHIUQ WIHAQSHI\H \@ HI-DGF HRRY WD O @ !
SDUDPHWHUV RI PDQ\ GLIIHUHQW PRGR@WHEOMN
FULWHULD RQ YDULRXV REVHUY DWI\R @HUMU LRDXG
WR EH PRUH LPSRUWDQW WKDQ SDUDPHWEUIR
DFFRXQWLQJ IRU HTXLILQDOLWLHVSDQUW®WRHW HU\
GHSHQGHQFH RI HDFK RWKHU RU E\ FDOMWH®
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SDUDPHWHUYV 7KH ODWWHU ZLOO OHHDBXWRWIK LYD U
UDQJH PLIJKW QRW EH WUDQVIHUDEOH WR RWKHU V

7KH JDLQHG NQRZOHGJH RQ WUDGH RIOWLAQDO EH
VWXGLHV ZLWK WRR PDQ\ SXUSRVHV DQGH KHOSV
LPSOLFDWLRQV RI WKHLU FULWHUHDS FRRIGH O VK H
DOZD\V UHVWULFWHG DQG UREXVWQHWH RI REW
TXHVWLRQHG 7KH LGHQWLILHG VXSSREWHQJ HIII
LQGLFDWHG WKDW VRPH PHDVXUHPHQE WHQRIDEOH
RU ORZ UHVROXWLRQ RI WKH FRQQHFWKEE YDUL
H[SHULPHQWDOLVWY ZKLFK PHDVXUHRHARW WH ULDE
REOLJDWRU\ LI D FHUWDLQ SURFHVW®KBRO®EH >
UHJXODWLQJ SULQFLSOHV ,W |IXUWX HUWWHH KPW PF
HQRXJK DYDLODEOH GDWD IRU PRGHO FDOLEUDWLF
PRGHO SUHGLFWLRQV GHSHQGLQJ RQ DYDLODEOH L

$00 REVHUYHG FDOLEUDWLRQ YDULDEWHHDMW/( /$
IOX[HV QHW UDGLDWLRQ VRLO W HWPGERZ BWSWHKY Z
KHOSHG IRU PRGHO FRQVWUDLQW DQISIRQWEHSUH
PHDVXUHG RQ VLWHV XVHG IRU FDONLEGDPRIGHDRI F
$GGLWLRQDO PHDVXUHPHQWYVY RI LQ D RWLEXWHU \
FRQWHQW ZRXOG ODUJHO\ UHGXFH SRBBBMABHQW\
FRQVWUDLQW



5HVXOWY DQG GLVFXVVLRQ RI VWX@&YV,,,

5HVXOWY RI YHGHWDWDRR@GSUR[LHV VWXG\ ,,

7KH SRWHQWLDO RI XVLQJ RSWLFD® WHHIHHWIDWL
FKDUDFWHULVWLFV OLNH ELRPDVV® @G YKRWR
JUDVVODQGY ZLWK GLIITHUHQW P D QW DHRARH/Q W KLH;
XVDELOLW\ RI YHJHWDWLRQ LQGLFHVWDW LRGS
FKDUDFWHULVWLFV YMXUH HGL | INBIIDQMD \ BIHRQD WL
FRUUHODWLRQ FRHIILFLHQWYV UDQJRG EURPDVYV
XS WR IRU 1'9, DV D SUR[\ IRU JURGQKWBW
ZHUH LQ PHDQ VWURQJHU ZKHQ LQWHQVLYH
FRQVLGHUHG VHSB UWMHOHDOL RHOVKSS BHBWZHHQ 1

7TDEORMRUUHODWLRQ PDWUILDWRIG W KB DMV MBI WKDLVE VR E
LQGLFHY DQG FKDUDFWHULVWLFV WYKRDIQ® H[WHDRY
PHDGRZV

3%, 1'9,

$00 LQWHQVLYH H[WHQVLYH $00
1'9, + + +
33
%LRPDVV

I+
I+

*UHHQ UDWLR +

6HBRQDO SDWWHUQV RI 1'9, DQG 38,

1'9, YDOXHV DW LQWWIWXVY B VWH® GIRMCH]MUH @AKLD
PHDGRZV EXW ERWKPDHDPPBKHRO RYFAL®YBWD VWHU
VSULQJ JURZWK DW VLQ@BDNH @WIWRH LPHH DEBDRHEWH G LLQ

E 7KH ILUVW FX/WWYBJPHRGRZYWWRRB $S0D
VDWXUDWLRQ 'XULQJ ZLQWHU LQWG QN LKLH®&\
1'9, DURXQG ZKLOH LW ZDV FRQWLGHU
PHDGRZV DURXQG 3%, YDOXHV GKHEUHDWVH (
DQG ZHUH ORZHU DW LQWHQVLYH PHDGRZV FR
GXULQJ ZLQWHU



5HVXOWY DQG GLVFXVVLRQ RI VWX@EY,,, YHJHWDWL

JLIXUHURXQG 1'9, D DQG SODQW DUHD LQWKH E YDOXH
\HDU IRU WKH ZKRHOHG GO V$BYH® |URWRXEHJILQQELRH
ZLGWK RI WKH ER[@XPLEHGLRD R BV HURKBWH RRUA LDKHD F K
PD[LPXP ZLGWRQFRW WHV G\D WHD FSLRQLLGPX® RWRORW YV [R U
LQWHQVLYH PHDGRZV DUH VKLIWHG WR WKH OHIW IRU EH

1'9, DV SUR[\ IRU JUHHQ UDWLR

7KH UHODWLRQVKLS E BWHEZH® Q DMWI,R DM QVLPLOD L
PDQDJHPHQW LQWHQVLWLHV EXWQWKHSGEDW WLREW W
yLJ RQO\ WZR VDPSOHV IURP LQWMBVLYH PH
ORZHU WKDQ ZKLOH PRUH WKDQ KRB IOKRZG W\I O X



5HVXOWY DQG GLVFXVVLRQ RI VWX@&YV,,,

YDOXH IRU JUHHQHUMPHWDLGRRZ W 4. W H BV PYDAOKX B (R I

ZKLOH Rl WKH REVHUYDWLRQWYXPRZHG
,Q FRQWUDVW | LRR PWHK] M/ Y/ @\PLSYQHH B H DYADRZX/HK/C
ORZHU WKDQ DQG D JUHHQ WINWW.HRU OFDRUFDH

IRU ORZ YDOXHV HVSHFLDOO\ DW H[WWIQVL%H
EURZQ ELRPDVYVY VSDQ D 1'9, UDQJH IURP

JLIXUH*URXQG 1'9, IURP WKH LQWHQVLYH WHBG@GH[W!
HIWHQVLYH PHDGRZV WRJHWKHU PHRNVWKHGHIUVB®
DJDLQVW JUHRQOQUHBWY W PWMKIAS R W V

1'9, DV SURI[\ IRU /8%,

$W ERWK LQWHQVLYH DQG H[WHQVLYHK FHD&RZ
3%, YDOXHV )LJ D 7KH UHODWLR®YNHSV
HVSHFLDOO\ DW H[WHQVLYH PHDGRZ\Q W DRZ
PHDGRZV VKRZHG JH WIFOL\® W bl O\ RODAA O B WHU 9W KD

(IWHQVLYH PHDGRZV KDG FRQVLGHUDE@WHRBLJIK
ZLWK LQWHQVLYH PHDGRZV IRULLE YTKQXH
ZDV DOVR WUXH ZKHQ *$, YDOXHV ZHUH JRPS|
F +RZHYHU *$, YDOXHY RQ LQWHOQRH YLHO PH D
LQWHUYDO EHWZHHQ DQG



5HVXOWY DQG GLVFXVVLRQ RI VWX@EY,,, YHJHWDWL

JLIXUH*URXQG 1'9, SORWWHG DJDLQVW SODODMWWDNHD LQ
LQGH[ F GHWHUPLQHG D DW LQWHQVIY¥HH DIDQ&DNYWHQ
WKURXJKRXW WKH \HDU 7KH ZLGWKURRIWREYV HBYHDWLRQ QVF
HDFK FDWHJRU\ 7KH PD[LPXP ZLGWK HFR UGMHW B RIRIQ WR
%R[SORWV IPHDGWHWY VIUYHVKLIWHEUWRW.EHOQOMW IRU EH

3%, DQG 1'9, DV SUR[LHV IRU ELRPDVV

30DQWV IURP LQWHQVLYH PHDGRZV WHHIEGEIGMKR KL
WKRVH IURP H[WHQVLYH RQHV EXW WKMQ&FDWWH
WKHUHIRUH 3$, ZDRUD SRR BDS/UB G LHFY\H DWHRW VRIUS U H
ELRPDVV WKDQ 3$, D OLQHDU FRUOHDHDGVLRQ RE L
YDOXH RI LI $ LQ WKH DSSHQGL]



5HVXOWY DQG GLVFXVVLRQ RI VWX@&YV,,,

J)LIXUH 30DQW DUHD LQGH[ SORWWHG DJDL@WGN WR
HIWHQVLYH PHNVEREG RQ VHYHUDO GIDWHYV WKURXJKI

1'9, DQG 3%, DV SUR[LHV IRU 33

7KH UHODWLRQVKLS EHWZHHQ 33 DQGWH9, DAG
JURXQG PHDVXUHG 1'9, YDOXHV ZLWK QQO\

PDQDJHPHQW LQWHQVLWLHV )LJ PHUMXEYV UH O
VKRZHG VWURQJ VDWXUDWLRQ HIIHFWV IEU *$
'LITHUHQFHY ZHUH REVHUYHG QRW RQOYHEHW
PHDGRZV EXW DOVR EHWZHHQ GLIIHUWKQKL SHHIL
33 YDOXHV DW WKH VDPH *$, YDOXHV WWKHQ H
HIWHQVLYH PHDGRZV WKH SURWHFWHG W KRWRD
PHDGRZ ( ZKLOH WKH QDWXUDO PRQXPHQW (



5HVXOWY DQG GLVFXVVLRQ RI VWX@EY,,, YHJHWDWL

JLIXUH3RWHQWLDO SKRWRIVRPNIKKDPEHUHUQXH®HDVXUH
SORWWHG DJDLQVW D'OHDDL@GHT JHHHM@Y IE® WIDRPDER WK
VRXUFHV JURXQG PHWWOWOHMHQ WRD DIQVG $B WKH UHODWI
SKRWRVI\QWKHVLYV @ PWHOQWIQEHD GV MWRBHSH FOILB LB DW W |
WKH\ ZHUH SORWWH GZ KRHW HDW¥ K PHPERH DO LQWHOQQG

( HITWHQVLYH PHDGRZV FI 7DEOH

'LVFXVVLRQ RI YHIHWDWLRQ LQGLFHYV DV SURTI

0DQDJHG JUDVVODQG IHQV DUH WK H IOIK®IG VF RQHN
FOLPDWH HIIHFW DOQV B RS E BN VIM@WL VWK HLQ V& 2D
HVSHFLDOO\ KLJK LQ *HUPDQ\ ZKHUHQWXHE DUH
'U/IVOHU HW DO 'XH WR WKH PHWOHMND QFFW R
FDUERQ UHODWHG SOWNHRYHWKHVEH HWHQMR QUW X G \
LPSOLFDWLRQWRRBHGBIVIXERPQJ YHIHWDWLRQ LQGLFF
IRU ELRPDVV HVWLPDWLRQV IURP UHFRWLNHVHQVL
PHWKRGYV 7KH SURGXFWLYLW\ RI IHGHREMWRRQQWH
DV WKH\ DUH RI KLJK FRQVHUYDWLRIQIRWD XS GXH
ELRGLYHUVLW\ DQG HQGDQJHUHG VSHRELHM GUHVF
ZDWHU TXDOLW\ LPSURYHPHQW OLWVPBIO\DIQG *RV
PDQDJHPHQW LQWHQVLW\ LV ORZ KQSWHEHWIZE H®K
1'9, RU /$, ZLWK YHIJHWDWLRQ FKDUD FPMIDGIRZVLFV |
LQ WKH JUHLVLQJHU ORRV ZHUH SRR WD WDHG VKR:
ZLWK UHODWLRQVKLSY WKDW KDYH EHHQ UHSRU
SDUWLFXODU WKH ZLGHO\ XVHG /$, ZDVMRWKRZQ V
ELRPDVV DQG 33 DQG FRXOG RQO\ SRRINWKHEH HVV
WKH VKDSHV Rl WKH XQGHUO\LQJ UHOQWLRQVKL



5HVXOWY DQG GLVFXVVLRQ RI VWX@&YV,,,

LOQWHQVLW\ 7KHUHIRUH WKH DSSOLEDRPIRQ F
SUR[\ RQ WKHVH PHDGRZV ZLOO UHVXORXQ® KALF
EH D EHWWHU SUHGLFWRU IRU 33 DWBVWRRXOE®
PRGHOYV 7KLV VWXG)\ | XWBMERFH L
YDOLGDWLRQ VWXGLHV IRU FRPPRQOWRWHR® QU
LQGLFHV DQG YHJHWDWLRQ FK D U CDIDMHURLQANKLLFS)
GLVFXVVHG LQ PRUH GHWDLO LQ WKB MO DL
UHVXOWLQJ IURP WHRHRSW P A BVE& PGBV E\D W ISDW
WKH GLVFXVVLRQ

6HDVRQDO SDWWHUQV RI 1'9, DQG 38,

(IWHQVLYH DQG LQWHQVLYH PHDGRQ@D GG 5ID MWHH
RI ERWK 1'9, DQG /$, $ KLJKHU SURSXRVLRIQRRI
VWDQGLQJ EURZQ ELRPDVV PLJKW EH @WHUPBS$
DQG ORZHU ZLQWHU VSULQJ DQG DXMXPRZYV'9
FRPSDUHG ZLWK LQWHQVLYH PHDGRZYHBKEWUH
WKH PRUH IUHTXHQW FXWWLQJV $OMKWVEHF
LPSRUWDQW 7KH H[WHQVLYH PHDGRZNEHQYRIV\
VSHFLHV LQFOXGLQJ VRPH \Phr@ykes\a8dt&®itHV D
ZKLFK GLIIHUHG YLVLEO\ IURP WKH BUWDVEA DSH
PRUH JUH\ EOXH OHDI FRORXU BV HRLD OO AR
JUHHQ OHDI FRORXUV FDQ OHDG WR QREHQ 1'
YHIJHWDWLRQ 6DWWHUZKLWH DQG 3RIQI®HIEF W B G
SURSHUWLHY ZHUHHUHSORUMHVEOIRYG QLSHFLHV

+LJK FRUUHODWLRQV EHWZHHQ 1'9, WHEWE CCHY
OHDI QLWURJHQ FRQWHQW KDYH EHHEY UHISROV
DO 7KH FORVH FRQQHFWLRQV @G WIZHGH G
VSHFWUXP HJ 7XGNHU1'9, FRUAXOZWHRQWH DI
FKORURSK\OO DQG QLWURJHQ FRQWH\QWMDEBD LV K
FRQFHSWV DQG PLJKW VHUYH DV H[S® DVQOHVL
IHUWLOLVHG LQWHQVLYH DQG QRQ IHUWLOLVHC

ODSSLQJ VWXGLHV KDYH VKRZQ WKDWIURFPDWO
VLPLODU HFRV\VWHPV RQ PLQHUDO VREBXR E\
1'9, WKDW LV UHDGEBWGE DWJD *OLEHQWKHOSUHYV
VWXG\ WKH HIWHQVLYH PHDGRZV ZHUSHDMNWOW R
WASLFDO YHJHWDWLRQ WKDQ LQWHQVLPXP PHD
1'9, YDOXHY UHDFKHG DW D ODWHU RHDWEHR Z\H U
+RZHYHU WKH UHVXOWY FRQILUPHGHMWWKHVR 8 I
WLPLQJ EXW QRW ZLWK UHVSHFW WD WKHVPDJ(



5HVXOWY DQG GLVFXVVLRQ RI VWX@EY,,, YHJHWDWL

$ WUHQG RI LQFUHDIVEQZLWSK PO IVLHPAEHD@WD DWW H Q V
EH IRXQG ZKHQ VDWHOOLWH 1'9, LV FRPSDUHG 2
VXUYH\HG E\ 'U|VOHU HW DO DH LD/W Q J HDWD Q BRS/D L
)L $ LQ WKH DSSHQGL[ 7KLV KQQRVW SWRLDQJSR
WLPH 1'9, DV SUR[\ IRW LRMQDYIWPMQ DXKHWKRXOG
LQYHVWLIJDWHG RQ IXUWKHU IHQ SHB3WDQD QW HBKH
WR EH FRQVLGWUPIGQIRR IRBFWW LR Q

1'9, DV SUR[\ IRU JUHHQ UDWLR

$ SRWHQWLDOO\ XNHUXO DVISREWK RS &/HW EHIQQ 1'9,
UDWLR ZRXOG EH WKH FRUUHFWLRQ YR FHSWRPHW
ZKHQ GHVWUXFWLYH VDPSOLQJ LV QRW SRMVLEOH
ZDV UHSRUWHG WR EH D UHOLDEOH %$UHIGILL BWRUU
UHODWLRQVKLS ZLWKRXW DQ\ VDWMNU DWW DOROQ QRAD 8V
DQG LQ 1HZ =HDODQG *LDQHOOH DQIGH9E B RYR

IURP WKH JUHLVLQJHU ORRV VKRZHGVXRSJIBQWG DWW
UDWKHU GLIIHUHQW GLVWULEXWLRQ ZRWKLQ Wt
PDQDJHPHQW LQWHQVLW\ 7KLV PLJKWQEHHR¥NSODL
OLWWHU GLVWULEXWLRQ 'XULQJ WKIDVWDNRQDO

OHDYHV DUH GHYW®&R SHD® R {\ WAKI. BHH ORIHEIR DH®G Y H
DQG GLH 5REVRQ URZQ+HOQERDVE LV ORAEQWHG X
OHDYHV DQG FDQQRWHIPHEWWRAFWHBHEBYXUHG U
UHVXOWLQJ LQ D ORZHU JUHHQ UDWHWRSEHWLBOIK 1'
SURQRXQFHG DW WKH TXLWH SURGXPWRRN S/QBVAH ,
DQG PLJKW H[SODLQ WKDW WKH FXQWDWRU B U VW
KLJKHU 1'9, YDOXHVHGQHRR QWD DWWIE OHOO RGN D)
OHDGLQJ WR EURZQ ELRPDVV FRYHUWVLQH PIMHMHEG SD
JUHHQ GXULQJ ZLQWHU ZKLFK ZDV DOVR REVHUY
Carexrostrata IHQ )XUWKHUPRUH DW H[WHQVLYH PHDGR
DXWXPQ D FRQVLGHUDEOH DPRXQW ®O BWRAQ QW D
LQ VSULQJ ZKHQ QHZ JUHHQ OHDYHV HPHUJHG XQC

1'9, DV SUR[\ IRU /%,

7KH UHODWLRQVKLS E3#WZWHEVEEFLID@OWKHOHY D
HVWLPDWLRQ RI /$, IURP UHPRWHO\ §HQWKE& GDW
UHODWLRQVKLS VKRZHG ODUJHU VFIOHVWHIUJ FRPSD
*DPRQ HW DO 'BIUW LDIOJDGHK  SHFQDBBOON K L \
SURQRXQFHG DW H[WHQVLYH PHDGRZGLIMKUWH@WIKW
VHDVRQDO SDWWHUQV RI 1'9, DQG 3RI| PDRRQ\ GXF
VWDQGLQJ ELRPDVYV



5HVXOWY DQG GLVFXVVLRQ RI VWX@&YV,,,

+LJKHU PHDQ 3%, YIOGXHR/PBWUH[GY B QDWKRZWRQV
1'9, YDOXHV VPDOOHU WKDQ FDQQRWIHKHIU I X
DPRXQW RI EURZQ ELRPDVV DV WKH SI¥WWHL
FRPSDUHG ZLWK 1'9WHD& GHDIQNRORXYRRIW B
IDFWRU 7KH RSSRVLWH FDVH LQ ZKLFKPILIKWYL
UHVXOW IURP KLJKHHDFAKHBXPWHEQWHQVLYH PH

8VXDOO\ WKH UHODWLRQVKLS EHWZHH® 1'9,
K\SHUEROLF RU H[SRQHQWLDO IXQFWLR® OZKH\
DURXQG RUH P 6HOOHUV *DPRQ HW DO

JRU FURSV WKLV VDWXUDWLRY PERKW ER
P 9LxD HW DO $ OLQHDU UHO FW IQRRS/IKH
HJ )DQ HW DO 5RFKD DQG 6KRWGHU
UHVSHFWLYHO\ ,Q FRQWUDVW VRPIG WUDIDSEHY
PD[LPXP 1'9, YDOXHY DOUHDG\ DW 3$P YDIOLIHV
RFFXUUHG DW LQWBI@QW L ¥ X OPHIDG REW\HKIDIGD BN Hi
FXW EHIRUH ORZHU SDUWV RI WKH MHXWMW RW L
VSHFWUDO LQGLFRWKHAKL ER YLHEIDX@\H OLHNG] HAGKIF
+XHWH 9LXxD HW DO RU WBBQ VSHF
RU D WKH XVH RI D ZHLJKWLQJ IDFWHRRUR YIHUHF®'
WKH VDWXUDWLRQ SUREOHP EXW QRBEWRWZKH S
ELRPDVV ZKLFK ZDRQRX®WHICD OO\ IS|WHQWHLY H (
PHDGRZV 7KH UHVXOWLQJ KLJK XQF HQWOLLQN\
/$, HVYWLPDWHG IURP VDWHOOLWH GBWWOLJIKVS
DPRXQWV RI VWDQGLQJ OLWWHU

3%, bQG 1'9, DV SUR[LHV IRU ELRPDVV

2SWLFDO PHDVXUHPHQW PHWKRGV D WH WIPYSH L
ELRPDVYV VDPSOLQJ DQG SURYLGH DPIRVWWVY BURI
UHPRWH VHQVLQJ /DUJH VFDWWHU Q® B\LKRHP N\HV
UHVXOWYV IURP GLIITHUHQW 63% GXHGWERH GV LI\ UI
DQG GLIIHUHQW DPRXQWY DQG GHGOWLWHWWWRI /N
/, &25 J/LQFROQ 86% PHDVXUHPHRWAZHOBW
FRQVLGHUDEO\ KLJKHU PHDQ 63% YDOXHVJIRU S
PHDGRZV FRPSDUHG ZLWK SODQWYV IURBRP H[W
)L % LQ WKH BIFEHYGISHFGE6LF GALIITHRAQFH
Schoenus ferrugineus W R B PPlantago lanceolata )LJ $ LQ
WKH DSSHQGL][ 7KH KLJKHU 63%$ YDOXH® IRL
DFFRUGDQFH ZLWK WWHHO DUHJHH VWQ RBHERGWUAH
ZHLJIJKW )LJ %DVHG RQ GHSHQGH®RRLMH V QE
SODQW KDELWDWY UHODWLYH JURRWNKXODDWH &



5HVXOWY DQG GLVFXVVLRQ RI VWX@EY,,, YHJHWDWL

QXWULHQW ULFK H/(HIFUR Y PHQWKY KK EMWWADH F Z 1K E OCH-
ORZ VSHFLILF OHDI DUHD VSHFLHV RQRAHIRWQG L
3RRUWHU DQG -RQJ 6LPLODWOND WU@RAHD ¥ HQH
IRXQG ZLWK LQFUHDVLQJ QXWULHQW DYDLODELOL
6SHFLILF OHDI DUHD KDV IXUWKHU EHBQRQCRZLQVW F
3LHUFH HW DO $GGLWLRQDOW Kb R WIKRHW. DD
VHDVRQV Rl DW OHDVW RQH \HDU LWRVKBHRBMUIN V
VLWH VSHFLILF FRUUHFWLRQ IDFWRUYV

,Q FRQWUDVW WR WKH UHVXOWV RI UMODWUR @M RM)
EHWZHHQ 1'9, DQG ELRPDVV ZDV IRXQ® IODBHZHW O
5HQGRQJ DQG -L\XDQ *RRG FRGURODIHVRQV |
WXQGUD YHJHWDWLRQ %RHOPDQ HVEXDM WKHLURL
PD[LPXP ELRPDVV YDO®RYHIHBRPBREKG ZLWK RXL
VWXGLHV LQYHVWLJIJDWLQJ JUDVVRDQGHORW PR QWKL
EHWZHHQ 1'9, DQG ELRPDVV H J *DPRQ HW DO
VDWXUDWLRQ HIIHFWV DW KLJK ELRPQWW R®OKHY |
WKDW LQFOXGH WKH EOXH ZDYHEDQ G Q HXIHWHG HW
VKRXOGHU 9HVFRYR HW DO RUQBRLEBKVRYH E|
7KHQNDEDLO HW DO RU EDQG KBHERMRUBQDO\
,Q IXWXUH UHVHDUFK LW VKFEXDGGERHWVHVIH (
UHGXFH WKHDQEHRMMQWVWLPDWLRQ IURP VDWHC

1'9, DQG 3%, DV SUR[LHV IRU 33

7KH HVWLPDWLRQ RI 33 IURP 1'9, RURYSH GV URHFK\L J}
SKRWRV\QWKHVLY PHDVXUHPHQW P H\WMKRGY QRW FF
SRVVLEOH RQ D JOR/BEDOMWWF DEBQADZ HKEHHHITS P QL@HEQ W

QHDUO\ OLQHDU UHHH@D W'I9R QI/VEG S3 EHWRPH VW XGLH
UHSRUWHG D VWURQJ VDWXUDWLRCHWIVHEWHRW K|
XVLQJ 1'9, EDVHG RQ UHG DQG 1,5 EDQBYGH J LC
*LDQHOOH HW DO LQ D SLQH |RWKINWWH IR F
VXJIJHVW WKH XVH RI JUHHQ LQVWHIOG RI UHRGJ ZDY+
DGGLWLRQDOO\ LQFOXGLQJ EOXH ZDYBXKFKQGV 6F
VDWXUDWLRQ HIIHPW Y @ MKHH GR\WPVGILAMW BW S 16Q GE R QY
WKH HFRV\VWHP $ OLQHDU UHODWLRRYKWW HEG W Z H
E\ ILQGLQJV LQ WXQGUD OFOLFKDHOO JUDVVO

X DQG IRXUHPRUWADKHEAN SURVYVY HW DO

*$ ZDV D FRPSDUDEO\ LQIHULRU SUMGHFW®G IRU
PDQDJHPHQW GHSHQGHQW DQG GXH WR VDWXUD
6DWXUDWLRQ EHWZHHQ SKRWRV\QWKHMVMOLO\ DQG /$.
RWKHU VWXGLHV H Q G 6IHWDGELHDWY M K [DG V @U R Q 8 FM GRI



5HVXOWY DQG GLVFXVVLRQ RI VWX@&YV,,,

XSSHU OHDYHV VKDGLQ JS@&DH-Bro@etiny BV VQ DQ
RI WKH OLJKW ZDV IRXQG WR EH LRIWWMKHAH S
OHDYHV )OLHUYRHW D&LGVHHWSHEL | LAFL BKWI HEUHH
H[SODLQHG E\ GLIIHUHQW YHJHW DMALRRQRQS\WR
IXQFWLRQDO W\SH VSHFLILF GLITHUHQ$FHD Q®
SKRWRV\QWKHVLV BBRHWHG YRRXERUGUHW PRO H
/JHSSIOI HW DO UDQJLQJ IURRLID @M
UHODWLRQVKLS )XUWKHU XQFHUWBL @OWGLE3 W
UHVXOWV IURP WKH GHULYDWLRQ RIWEKHIBRRU:
UHODWLRQVKLS EHWZHHQ JUHHQ UDWLRRWPR 1°
PRUH GLUHFW GHWHWIPWQR VRIUR 5 RZ [RUNH BRX/NY H I
DW WKH FKDPEHU SORWYV

0ODQ\ HFRV\VWHP PRGHOV XVH /$, WR FDK\FXQW
VWXG\ KDV VKRZQ WKDW 1'9, LV D EKMUWHHRUSUR
LQFRUSRUDWHG LQ FDUERQ PRGHOV

8QFHUWDLQW\ LQ 1'9,

6RPH VFDWWHU LQ WKH VWXGLHG UHEBDWLRC
XQFHUWDLQW\ LQ WKH RSWLFDO PHMVEHWEH®EQ
1'9, IURP VDWHOOLWH GDWD DQG JURXD GRMRKED \
DIJUHHPHQW ZLWKRXW ELDV )LJ $ WIK®W KK
XQFHUWDLQW\ LQ 1'9, YDOXHV LV RIHODW MYKHO
UHODWLRQVKLS ZDV VOLJKWO\ VWUSRUHG 2D\

WKH ILQGLQJV RI +PLPLQD HW DO D QB UFRWL
5 ZKHQ FRPSDULQJ JURXQG ZLWK 0@',6 1°'
D 5RI IRU GHFLGXRXV IRUHVRM 'HYSLRVH

VDWHOOLWH LPDJHV LQ WKH SUHVH@WWEKGDE
QRLVH DW ERWK LQMYHQRH ¥ 8 RYQy/G HEHWH 5D & O k
GXH WR KHWHURJHQHLW\ LQ WKH YHJHWDWLR
YDULHG ZLWKLQ D YHJHWDWLRQ SDWBIGDHIGFK
GHYLDWLRQ RI WRKBIEOKQFHUYXMDLQWN UBBXO
EHWZHHQ JURXQG DQG VDWHOOLWH PWB QXWRHP
VHQVRU DQJOH DQG HOHYDWLRQ VXQGDQJO
DWPRVSKHUH DUH GLVFXVVHG HOVHZKHUH H J
WKHUHLQ



5HVXOWY DQG GLVFXVVLRQ RI VWX@EY,,, YHJHWDWL

7DEOMWDQGDUG GHYLDWXRVPHIRPX BPHG QD WDMW WRY DQG
SDWFKHYV

$YHUDJH 0D]

*URXQG /$, DW YHIHWDWLRQ SDWFKHVY DQG VLWHYV
*URXQG 1'9, DW YHIHWDWLRQ SDWFKHY DQG VLWHYV
6DWHOOLWH 1'9, DW YHIHWDWLRQ SDWFKHV

33 DW VLWH& P KID&?2

%LRPDVV DW YHIJHWD@&LRQ SDWFKHV >NJ P

*UHHQ EURZQ UDWLR DW YHJHWDWLRQ SDWFKHYV

8QFHUWDLQW\ LQ 3%,

'KHQ YHJHWDWLRQ KHLJKW DQG GHQWRW\X®DWY\ ORZ
FRYHUHG ZLWK YHJHWDWLRQ 7KHUHIRSLHIHRHDYV X |
DFFRUGLQJ WR WKH W XDKDGREZL R WKBYFKSWRPH!
GHSHQGV RQ VRODU ]JHQLWK DQJOH DQ®JSODQW
HPHUJHQFH DQG H\BHFHLD\WO \WERHNVBYVERPWLRQ R
VSKHULFDO GLVWULEXWLRQ RI OHDYH& PLIKW KL
YDOXHV )XUWKHU OHDI DQJOH D QG/LSOHUDVE OD U F k
EHWZHHQ GLIIHUHQW ZHW JUDVVODQHUFRPPXQLWLFE
+HWHURJHQHLW\ ZLWKLQ WKH YHJHWDPMWULRIHS BWFK

PP 7DEOH I WXVVRFN VHGJHV ZHVH SUHVH

HVSHFLDOO\ XQHYHQ ZKLFK FRXOGWLHRIGRVB$FRQV

LI WKH SUREH UHVWHG RQ D KLJK S$BRBPWVKHKH X

RSWLFDO PHDVXUHPRQWO RPMSIQRG GHKMHIOBRQWH QWD

DUFKLWHFWXUH OBODH VH]H DR« &/IDO FIWH GV LQHW K H

QRLVH ZKHQ FHSWRPHWHU EDVHG 3$WLNHVRRPEB® UH G

RI VFDQQLQJ OHDIKRZIOD ZIOAWR QIRWUOMHE BQ I UD
PP DQG DYDB®XH RI

&RQFOXVLRQV RQ YRBHWBWDYV SUR[LHV VWXG'

$OPRVW DOO LQYHVWLIJDWHG UHODWGRQMKLSV G
LQWHQVLW\ DQG WKH\ VKRZHG O D UVMOLDFD W/ 7|
WKH DSSOLFDWLRQ RI 1'9, DV D SUR[WLRUDAS,ZHEQ®A P
DV 3%, DQG *$, DV SUR[LHV IEKLJKLRPD)\
XQFHUWDLQW\ DQG VKRXOG EH SHUIRHBPH®WQGHU



5HVXOWY DQG GLVFXVVLRQ RI VWX@&YV,,,

LQWHQVLW\ 7KLVHLVYRHYVOHHNVDOIHTWHEDGR KD
FRQWDLQLQJ KLJK DPRXQWV RI EURZQ GODKQW
QRQ GHVWUXFWLYH PHDVXUHPHQW PHWHKRGYV
DYDLODEOH IURP VDWHOOLWH LPOLMPRRIQUB G CKF
XQFHUWDLQW\ LW LV VWURQJO\ UHFRPMFQG!
PHDVXUHPHQWYV RI WEWHVYBYMWD BOR FRHU WHFHW
HVWLPDWLRQV HVSHFLDOO\ RQ H [ WKHRMIMKHROAW
WKH \HDU 7KH UHODWLRQVKLS EHW ZHMLD @' Z,DI
PDQDJHPHQW LQGHSHQGHQW DQG VKRZHG KL
7KHUHIRUH DVVLPLQDW$R®VPRGHDYS ®PWI ISW U D
FRQVLGHU LQFRUSRUDWLQJ 1'9, LQVWHDG



*HQHUDO GLVFXVVLRQ

*HQHUDO GLVFXVVLRQ

7KH RYHUDOO DLP RI WKLV WKHVLV ZFDWBRR LQFL
UHODWHG SURFHVVHV IRU PRGHO LPSIURPRBHOW YV L
SUHGLFWLRQV RQ SHDWODQGV 7KHUHMEWVWEHGVXJ
QRW RQO\ LQFOXGH WKH LPSOHPHQVWRWLRY BRBQGH.
WKH XVDJH Rl GLIIHUHQW XQGHUO\LQH®RGHO
FRQILJXUDWLRQ $HDQIP HDWIEU WHKRH VL\VGHHYW WILL YD W L |
SDUDPHWHUV WKHLU HTXLILQDOLWLHV RIQG WKI
PHDVXUDEOH IDFWRUV )XUWKHU W KH OXQEDXG H
DYDLODEOH DQG DGGLWLRQDO UHTXIOUH® RER/HUY
EHWWHU SDUDPHWHU FRQVWUDLQ DQGHEIHVROYL
FRQWULEXWH WR EHWWHU SURFHVW XIQXHQWLDQG
YDULDEOH DOVR IRU HPSLULF PRGHOULWSHVHIHG K
WRJIJHWKHU ZLWK RK\DKUDLF W H UH W\Y WA ARRYP RU EIP RV M L P
VHQVLQJ DQG RSWLFRE PEDNXWHPBIWABU M HDROW L R
RQO\ LQWHUHVWLQJ ERW PIRGBVHRO ORI H &2 HVWLPDWL
SURGXFWLYLW\ LQ D QRQ GHVWUXFWLYH ZD\

6RPH Rl WKH PRGHO LPSURYHPHQWY VXJJHVWHG
LQFRUSRUDWHG DQG WHVWHG LQ VW/XELQW\ORVRP F
VWXG\ ,, FRQILUPHG WKH UHVXOWV VMYRMHWWHKG\ |,
PRGHO DGYDQFHPHQWY DV ZHOO DV SDHORHWHU
IDEWRUV ZHUH DOVR VXSSRUWHG E\FRMUD JHW X O W
IXWXUH DSSOLFDWLRQV RI WKH FRW@NW UMD R QBHG DAEROG
WR HVWDEOLVK GHSHQGHQF\ FXUYHV HBKWWZHHQ

LGHQWLILHG SRVVLEOH SUR[LHV 7KHHV X HIOHNMDHM P
IRU DOVR RARIGHDO%2DSSOLHG WR SHDWODQGV DV \
WKH VDPH RU VLPLODU XQGHUO\LQJ HDXIDWHRQV
IRU GLIIHUHQW SURFHVVHV ZHUH LGHQWEMHG :
VHQVLWLYLW\ RI D SDUDPHWHU RQ MRIG HEX V8 HDLO RR P
KRZ ZHOO D SDUDPHWHU FDQ EH FREWWKB UQW & HE \
FRQVWUDLQW LV VLWH VSHFLILF DG®GUWRHWHUVW
LQWHUDFWLRQV .QRZLQJ WKH NH\ §D UDROXDHEWD\H | F
LQIRUPDWLRQ IRU WKH VHWXS RI PXWXGHQPXPEMO F
Rl SDUDPHWHUV PHDQ ORZHU UHTXLWURPHQXQN RQ
DQG IHZHU HTXLILQDOLWLHY DOORHEUQDQD®WHY F
PHWKRGY ,Q DGGLWMRQRQ WEHVFURERVIPZWHUH W
XQFHUWDLQWLHY DUH ORFDWHG ZKHQ RWLQJ D

H[SHULPHQWDOLVWY WKH LGHQWLILHG NEK\USDKIDB
UHVHDUFK DQG DGGLWLRQDO PHDVXUHPHQWYV



*HQHUDO GLVFX

6RLO WHPSHIWPHBWXDW XWH UHVSRQVH

6HYHUDO UHVXOWYV LQ UHVSHFW WRPBRIU® WX
UHVSRQVH RI VWXG\ , ZHUH FRQILWGPHG EW X @&/\X
WKH LQFOXVLRQ RI D VHSDUDWH PRRAWHGDWYRUC
WHPSHUDWXUH G\QDPLFV RI WKH XSSHRQVRL
SKRWRVI\QWKHVLYV G\QDPLFV ZDV PLQRMWUHKH
GHILQLQJ VRLO WHPSHUDWXUH DW WWKKXGORZHD'
DW WKH KLJKHU HQG RI WKH UDQJWKUWHHER 8RN
FROQOQHFWLRQ WR VQRZ FRYHU DW WKLV KLJK OI

7KH VHDVRQDO GHSHQGHQFH RI WHPXMBBRPWHE
WR EH UHVROYDEOH E\ XVLQJ D PRURQWRISKL
IXQFWLRQ WKDQ WKH VLPSOH 4 DSSX®DEK 7
ZKHUH WKH 5DWNRZVN\ IXQFWLRQ 5DWRRZVN
KHWHURWURSKLF UHVSLUDWLRQ LERSG\EH QRSUH
SODQW ZKLFK LPSURYHG PRGHO SHUIBRGO®DBFF
LQWHUDFWHG ZLWK WKH KLJKO\ L@®I062HQS\R DDV
/DUJH XQFHUWDLQW)\ ZDV UHPDLQLQWRQPDROL
HTXLILQDOLWLHY OLPLWHG LQIRUP DSWARRH \DE
XQGHUVWDQGLQJ 7KH XVDJH RI WKH EHVW

FRQWURYHUVLDXBRXFXVVH® V. ZHDRR ID&LW K H HXC
WHPSHUDWXUH UHVSRQVHV IRU GLIITHUHQW 62&

62& SRROV DQG GHFRPSRVLWLRQ UDWHYV

7KH SDUWLWLRQLQJ RI 62& EHWZHHQ WHR®R GWR
UHVSLUDWLRQ UDWH FRHIILFLHQMWKH DY D/AVOLDEQ
GHWDLOHG DQG ORJJGWMWDP D&2 ZHOO DV 62& |
GLIIHUHQW VRLO KRULJRQV VLW HHASDELGL P D&
LQWHUDFWLRQV ZLWK RWKHU ELRMHB DQGV IVKIC
DQG ,, KLQGHUHG WKH FRQVWUDLQ RDWRRO
9DULRXV GLIIHUHQW IUDFWLRQDWLQJ HHE S
GHYHORSHG IRU PLQHUDO VRLOV EXWD ELRO IQFDA
PHFKDQLVPV DQG KHQFH GR QRW GHWRRUH WHDIX C

YXUWKHU WKHLU DSSOLFD E IO WDWWRWVSE B B
SK\WLFDO PHWKRGV DUH EDVHG RQ FRPSDMH[H
FRPSRXQGV 7KH VLWH VSHFLILF G IRIQHUBRHG \E
VWXG\ ,, QHHG WRI[EHW 8 DDA B G QAGRKSABD W IL R §/ R
GDWD WKDW LV DYDLODEOH RQ D JOREOO
DSSOLFDWLRQV WR PDQ\ PRUH VLWHV DUH UHT.



*HQHUDO GLVFXVVLRQ

$ QXPEHU RI RSHQULH YXSINUIRAH QXWMDXE VCHDG PR ®HE O L
UHPDLQLQJ LQ WKH FRQWH[W RI GHFR®S FOAL WIKRQ |
UHVSRQVH WRXVURLDQW HPRSIHLU BRLVW X UH

'LQWHU DQG VSULQJ IOX[HV

7KH SUREOHPV RI DFFXUDWHO\ NPPXQDRWL GH DMK D
JRP LQ VWXG\ , ZDV UHSHDWHG D WL HIHISQ! (GHKEW
RI ZKHWKHU WKH 4 RU WKH 5DWNRZVINWXXNEFWLR
UHVSRQVH ,QVWHDG DV DOUHDG\ DRRAXHPWHIBIH Q V\
PLJKW SOD\ DQ LPSRUWDQW UROH BQFEHVSHHQJ W
LQ 1(( WLPH VHULHV SORWV DW RWKOIDWWWNBEMV
$XUHOD 2HFKHOZHWOBIOWKH\ DWLHV B FAINL QUK B \
WHPSHUDWH UHJLRQ &KRMQLFNL HW DHVVSLWH &DU
WKDW VSULQJ DQGPDINHVRIQON FOL WHICRBOAR Y WQ R § PRIO
WKH DQQXDO EDODQFH WKHVH SHU DRGVHD S HFRIHGS
WR EH KLJKO\ DI HFFKADHG HE \ 7AKOHLUPHDI\RHHDHU FIKX RV MVEKUL WU b
SKHQRPHQRQ LV QHHGHG 7KLV UHTXLSUHNARGH Q D
RI ZLQWHU I0X[HV ZKLFK ZDV DOVRKRBW VDRRHQ R
FRYHU DV VKRZQ LQ VWXG\ , ,W QHWOWLRQRIWH
UHGR[ SRWHQWLDO GHSHQGHQFLHVLEMHUHGXFHIVW
RQ WKH VLWHV ZLWK ORZ VQRZ FRYHDWAKUL FKDEDG L
GXULQJ ZLQWHU 7KH (&266( PRGHO KD¥F\LBFRUSRU
LQFOXGLQJ WKH GXUDWLRQ RI VDWXWHVHIEY BRQE H'
6PLWK HW DO ZKLFK VKRXO@DEH WHYWMKB IR
WR WKH UHODWLYHO\ VPDOO 1(( YD OIXMHW DBXWLQJ

FRUUHVSRQGLQJ SURFHVVHV DUH RIWRGHKDUGO\
SHUIRUPDQFH ,W LV WKHUHIRUH UHFRPP® Q/GHEG V
WLPH IOX[HV DV DGGLWLRQDO FDALEXWWUR®DQG
PRGHOOLQJ VWXGLHYV

30DQW & EDODQFH & VWRUDJH DQG OLWWHU I

SHVXOWV LQ UHVSHFW WR SODQW FGBUERQUKRGVH
EHWZHHQ VWXG\ , DQG ,, LQGLFDWLEUDWEKR Q BQXGL
YDOLGDWLRQ DW PDQ\ PRUH VLWHV

(VSHFLDOO\ VWRULQJ & UHVHUYHYV DGXIRIQ JRIOLW!
VHQHVFHQFH QHHG WR EH IXUWKHU RQMBOWQJIDWH
7KH SDUDPHWHU LYV DW URQ V ROR ¥ XHRIGIDG W GG Y, D W W
IURP WKH FRPPRQ FRQILIJXUDWLRQ DSSKODRDEWK H
SODQWY DW WKH YHU\ QXWULHQW I$RR LL MILFACHVL QQV
EXLOGLQJ ELRPDVV DQG VWRULQJIH& ERW K DUHID W RY



*HQHUDO GLVFX

SODQWYV IURP WKH PRUH QXWULHRW FIRLVK AN
WKH ODWLWXGHV RI WKH VLWHV LQHUWXG\ ,WR

f1 1RUWK )LQODQG DQG WKH YHIHWDWKR®
FRPPRQ SDUDPHWHULVDWLRQ JLYLQJ SRRG U
SHDWODQG VLWHV VWLOO PLJKW QHHG RSHAH
SHDWODQG VLWH LPSO\LQJ WKDW P RGO DIISIS
UHTXLUHG 7KH WRWDO QXPEHU RI SHHWI FPUB KW
EH KLJK KRZHYHU PDQ\ GLIIHUHQW RR®MOV
FDOLEUDWLRQ VHWXS DQG GLIIHUHQMW SHRIRYF
LQ VWXG\ ,, PRGHO UHVXOWYV DURRBRBOV STHIM
LQ WKHVH IDFWRUV 7KLV LPSOLHVOWKH VQKIH & D
FRQILIXUDWLRQ DQG FDOLEUDWLRQ WKW X$HD/\WX
EHWZHHQ WKH VLWHV ,Q D VHFRQG XMWHS R AR
PRGHOV ZKLFK PLJKW KDYH EHHQ UXQ RQ WKH '

7KH VLWH VSHFLILF GLIIHUHQFHV RRQG IVQVR Wi
GXULQJ OLWWHUIDOO IRU UHJURZWHGL B\ VFXW.\W L
VSHFLHV VSHFLILF JURZS QYD WLHRIDWR QVROH Q JW K
RYHUZLQWHULQJ SODQW SDUWV 7KH WWX\GKL)
VXSSRUWYV WKHVH ElibpS@umQuBgiatRQ WK BVGRPLQ D\
YDVFXODU SODQW DW 'HJ KDV KLJK®N QiH ML
OHDYHV -RQDVVRQ DQG &KDSLQ ,,, 6KDY
HYHUJUHHQ PRVVHV SOD\ DQ LPSRUWIDQ\R UF
FKDUDFWHUL]JHG E\ D VKRUW Y HJHWDWHR Q7 IS X\
IXUWKHU PRGHO DSSOLFDWLRQV WR D3LGI HURIC
IXUWKHU VLW HVioghBrénL @@inatih® @6 PRVVHV DUH Q
FRQILUP WKLV K\SRWKHVLYV

'DWD RQ OLWWHU IDOO LQ FRPELQDWHRGS | XIOWIK
UHVROYLQJ HTXLILKQHDW LARLHW DDICY | RH B VKRG
SDUDPHWHUV DQG IRU LQYHVWLJDWLQJ GHS
FRPPXQLW\ /LWWHU IDOO RI DERYH JURXQG EL
VLWHV EXW XVXDOO\ QRW RQ WU HUBIOMHY WP VLKA
UHPDLQ DWWDFKHG WR WKH OLYLQJ SODQW XQ\

,Q VWXG\ , DQG ,, LQLWLDWLRQ RLQLMDLUDWH®E
LQFUHDVHG OLWWHU IDOO UDWHWR Z\HUH GRX ®RG '
\HDU WKDQ WR WHPSHUDWXUH VXPV RUWRQKRH
WKHVH IDFWRUV PLJKW OHDG WR HYQHWQ IRHIV W E
DQG \HDU VSHFLILF GHYLDWLRQV $NVROXMRLR
1'9, WLPH VHULHV KDNQHWIDD KLWKR SRUWMHCHU L
VHQHVFHQFH SDWWHUV EHWZHHQ GUHWDMQWR
WV\SHV $ FRXSOLQJ RI 1'9, ZLWK SURSWREDEOL |
KHOS LQ SDUDPHWHU FRQVWUDLQ DQG UHVROY



*HQHUDO GLVFXVVLRQ

SHIJIURZWK DIWHU FXW

$W WKH VLWHV )V$ DQG )V% SUHSDUDIWRLD VWXC
UHJURZWK DQG UHD G P&H B % YWIDHNG! /$D:@XBIQGDIWHU
OF*HFKDQ UHSRUWHG GLIILFXOWMKH ?R®HD SQH"
UHDFKLQJ PHDVXUHG ELRPDVV YDOXWVYRQWBY FXW\
LPSOHPHQWHG UHVHWWLQJ RI WKH MRAEWK VWIRJ
DYRLG LPPHGLDWH OLWWHU IDOO RARWRN QBB GHY
BWRGGDUW DQG UHDOORFDWL@L &H WRFS RUKM HL
LQ ODERUDWR U Febtity praansis -IRRKD B IV R Q DQG

7R FDOLEUDWH WKLV IXQFWLRQ P HDVWKHPFQMW LW
HYHQW LV UHTXLUHG 7KLV GDWD QEDPGRKWDBPEHBUOL
VLWHV %HVW ZRXOG EH D WLPH VHWWMV BRY KLJK
RIITIHUHG E\ DXWRPDWLF FKDPEHUV RU WWHKH(& PHW
H[LVWLQJ (& VLWHV RQ PRZQ JUDVVOEZQWK VSDQ
GLIIHUHQW FXWWLQJ GDWHV RU DUH QPG [BGHZLWK
WKHUHIRUH OHVV VXLWDEOH IRU RXLW WBXUGHK \OH G
IUHTXHQWO\ FXW PLQHUDO WHRUWSKHPLJ
FRUUHVSRQGLQJ SDW PRHVGIRZYV RI)V SV\WRFQ BV IJBION N
GLIIHU LQ WKHLU PRZLQJ WROHUDW F Bo DICHP O H LIDQ @&/
(OOHQEHUJ $GGLWLRQDO H[SHBERHRWBO\ GD
FDOLEUDWH WKLV IXQFWLRQDO LW\ QYR WX.U DK HUWEY
FRQQHFWLRQ ZLWK WKH & VWRUDJH KXWWREOMRWLE B J
WLPH VHULHV RI /$, RU ELRPDVV FDIRS URY WKHI LY D ¢
LQYHVWLIJDWLRQV RV ER VFK WUBQGREXMKR QISOHQILQJ

/$, DQG PRGHOOLQJ

,Q VWXG\ , WKH SURSRUWLRQ IRO LRHP RELUORDMWLR
WKH QH[W VSULQJ DV ZHOO DV |RBOW KEH SIK RWRIG\ @
PHDVXUHG /$, RU ELRPDVKHWHRPRUWHUM. KR XOG E
LQWHUHVW IRU XSVFDOLQJ LVVXH\W WRO®H WLHY K& DK
8QIRUWXQDWHO\ WIQH UMY DWW R]R PR&\D Y,V RIQEB

/$, DV SUR[\ IRU ELRPDVV RU SKRWRVLQWKKNLV Z
JUHLVLQJHU ORRV GXH WR WKH KLJK DPRKQW RI V
ZLOO SUREDEO\ KLQGHU VXFK GH U LOY DAWLSRHPL RQOR \
LI ELRPDVV TXDQWLWLHV DUH KLJK \OWER@WHD VW
DQG VLPSOHU FRQQHFWLRQV WR SKRW&®V\DWKHVL\
LQSXW WR SURFHVV RULHQWHG PR &B G VE HY WHVHNHHG
LQ IXWXUH UHVHDUFK 7KLV PLJKW EK ®IORAHRY WWODH
FDQ EH GLUHFWO\ F\U B 6 O WW HGSD WIGR RD KY/BI VWD KVH. RHQ@®
LQGH[ (9, 6FKXEHUW HW DO RW RBKNO@(5 , 6
LQGH[ 07&, +DUULV DQG 'DVK



*HQHUDO GLVFX

JRU WKH VLWH 'HJ LQ VWXG)\ ,, |IHOWL QD WKAHH &
WR /$, E\ XVLQJ WHRWH AR PUFRPQWE B VIR B'G R
OHDG WR PXFK RYHUHVWLPDWHG SKRWRY\QWK
UHPRELOL]DWLRQ IUDFWLRQ ZRXOG WH G- KARR/ HL¢
YHIJHWDWLRQ FRPPXQLW\ WKH GRPLQDWHQJ
FRQVLVWHG RI PRVVHV ZEKdpRdfurd vaginaiinZ K 18 K H Q
LV KLJKO\ HIILFLHQW LQ UHWDLQLQJ6&D YRIQDD Y
/IDXQGUH 7KH YHJHWDWLRQ RGWIOH Q/Q WHRIT
VHGJHV JUDVVHV GZDUI VKUXEV DG KHHWEV
SODQWYV VHHP WKHUHIRUH OHVV HIIQBLHQWW W«
DPRXQW RI DVVLPLODWHY 7KLV LPSOLKHMW MEK
HIILFLHQF\ IURP /$, FDQ RQO\ ZRUN LIW XUWW
YHJHWDWLRQ FRPPXQLW\ ZRXOG EH DYDHODE:
PRGHO DSSOLFDWLRQV WR VLWHV HMWEHGIG | W}
SHUIRUPHG DQG FRPSDUHG WR ILQG WHOLDI
FRUUHVSRQGLQJ SDUDPHWHU VHWYV |RUG HOHF K
LOQWHUHVWLQJ WR WHVW LI XVLQJ RVOR \L\@WWKHHD
HIILELHQF\ LV OHWK B HSH 6 &/HOWL RRD B R B PLXRA_H\ \
QRW RQO\ LPSRUWDQW IRU SKRWR V\QWKI©DWL
DQG WUDQVSLUDWLRQ 7KLV LQIRUPDYWMIR®Q PW L
W\SH ZKLFK FDQ EPVGHOQQYWE GURPDVAWLPIHOV H UL
-RRVWHQ DQG &RXZHQEHUJ

6FRSH DQG OLPLWDWLRQV

&DUERQGLR[LG LV DQ LPSRUWDQW *+*HWPLW
HPLVVLRQV RI PHWIKDQHW BRX VORIHLGHWWRL EH FRQ
LQ PDQDJHPHQW SWRBWWHERY BQG FUHIWIHVH \H Z§ |
KLJK ZDWHU ORYHOHU&*.OLVDWLRQ PDQDJHPH
IOXFWXDWLR@RZHYHU WKH LQYHVWLIJDWLRQ RI
SURFHVVHV OD\ RXWVLGH WKH VFPH RI &KLV
DQG 2 IWLPHV PRUH KD U®IKDHWHD Q@ & 2 W K
ZDUPLQJ SRWHQWLDO IURP SHDWODQGYHM &\
EDODQFH 'U|VOHU HW DO DQG R GV HGH
&2 IOX[HV 'U|VOHU HW DBPLVVLRQ V(W
OLQNHG WwRI@QLVDULR / 0 HW DO 3DQLN
7KHUHIRUH D UHDVRQDEOH W BSSbIN FRWWDMMLRR

PRGHOOLQJ ZKLFKDWME BHE RAQREHWAWH. S



*HQHUDO GLVFXVVLRQ

&RQFOXVLRQV

8VLQJ SURFHVV RULHQWHG PRGHO OIMRI LZDHQWKLRYZ Q
DQG H[SODLQ GLIIHUHQFHMD QAMQ PHY VKH\WBHI’RQ GL
SHDWODQG VLWHV ZKLFK OHDGV WRQ®AWHDVHG
SUHFRQGLWLRQ IRU SUHGLFWLYH PRGIHGIOD®I %)\
SKHQRPHQD FRXOG EH H[SODLQHG MFKRBHLHLV V.
LGHQWLILHG DQG VHYHUDO PRGHO LPSURYHPHQWYV

(VSHFLDOO\ LQ VWXG\ , VHYHUDO SORUDPRRUWHV F
QDUURZ UDQJH DQG VHYHUDO LQWGHQWW LRIV DIQQEG
GHVFULEHG LQ VWXG\ , DQG ,, ZKLRK BHVQ JEH &H O
IXWXUH FDOLEUDWLRQV 6WXG\ ,, WIDYHB @ HGR WKDM
RQO\ GHSHQG RQ WKH WHVWHG UDQUWDEXNMN DOV
SHUIRUPDQFH LQGLFHV PRGHO FRPSRQHQWV S
DFFRXQWHG IRU LQ D FDOLEUDWLRIV7RUW [RREM\L H
SDUWO\ WUDQVIHUDEOH EHWZHHQ RRB GBOV E3LD MWLLR.
VHWXS

$ QXPEHU Rl SURFHVVHY DQG WK H L WU WSLDYULIP\HIVHG V
VLWH GHSHQGHQFH DQG VHYHUDO SBYUDPH®H BWR|
ZHUH SURSRVHG 7KLV LV YDOXDEOH PRGBROPDWLR
SUHGLFWLRQV )XWXUH UHVHDUFK VX®RKEWGLRQVHYV
EHWZHHQ SDUDPHWHUV DQG SUR[LHV @MWDERDH)\ PR
UHODWLRQVKLSY DQG WHVW WKH JOGHEROLW\ R
PRGHOOLQJ

1'9, ZKLFK LV GHUWHBCEIOIWHJ RPDUBIWR [ZO0R UVHEY WH G
DQG /$, DV SUR[\ IRU ELRPDVV DQG S$IWBWEIDVOMWKH
IHQ PHDGRZV +RZHYHU VXFK DSSOLFEWWRQV ZHL
KLIJIK XQFHUWDLQW\ GXH WR WKH KLJKVDFKXQW RI
UHVXOWY VXJIJHVWHG WKDW LQFRUKRUDWISQXWI1RY I
FDOLEUDWLRQ YDULDEOH LV PXFK PRQX[HWRKLVLCQ
SHDWODQGYV

$00 DYDLODEOH PHMWXEZHBPHQWKRDWLVMDE EH KHOSI.
FRQVWUDLQ DQG IXUWKHU DGGLWLRRDAD VY QIR WP DW
DYDLODEOH DW WKH WHVWHG VLW HW WEKW PRRHGG
FRQVWUDLQ DQG UHGXFLQJ XQFHUWDLQW)\ LQ PRGF

7KH UHVXOWV Rl WKLV WKHVLV FRRQWIRLLY SW DO R €
PRGHOOHUV DQG H[SHULPHQWDOLVWULEHIWURBQYJ
IXUWKHU PRGHO GHYHORSPHQW LPSURYHG SDL
UHTXLUHPHQWYV DMQ@ZG OOQPRWBWLRRROWVHPHQW VHWXS
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$FNQRZOHGJHPHQWV

, ZRXOG OLNH WR WKDQN 3' 'U +DUBOGLYQRQHF
P\ GLVWVHUWDWLRQ DQG 3URI 'U -RKDD@WHV
3UHW]VFK IRU DJUUIWLRIJWIQHER[IDPLBDWLRQ FRP

, DP JUDWHIXO WR 3URI 'U ODWWHKG&DWY WO®OHU
ZLWK WKH KRSH WR JHW VRPH KLQWW WERGW Q
PRGHOOLQJ *+*V |URP SHDWODQGV ,QVRVHDG
KLPVHOI +H JDYH PH DOO WKH IUHHGRH R D @
LQYHVWLIJDWH LQ P\ UHVHDUFK LQWHUNYWH

PDQDJHUV DQG PRGHO GHYHORSHUV ZKR ZHUH
DQG DOORZHG PH WR SDUWLFLSDWIB Z® PPND\DK RSl
DQG FRQIHUHQFHVWRRBIHQRQ3DPEHO B DRQWPD FM VU V
\HDU KH HQWUXVWHG PH ZLWK KHOSU®Y HRQWD
KLP DW WKH *+* (XURSH DQQXDO SURMHGWNWFRHH
WDV N SHDWODQG V\QWKHVLV ZKLRMDBPDIGHK
LOQWHUQDWLRQDO FRQWDFWYV LQ WKBWWFK HIWV L
\RXU WUXVW ,Q UHVSRQVH WR P\ ZLVK LRW €
ZRUN KH VXJJHWV$ HD® GP H 9 WHH DSVE K H R W@
H[LVWLQJ JDV 10X[ VLWHV LQ WKH LWAHL WIDQVHO
GDWD +H HVWDEOLVKHG WKH OLQN WRLODUF
6FKQHLGHU IURP 780 ZKR SURYLGHG PW HOIOH \
LPDJHV IRU VWXG\ ,,, DQG VXS BRUIKDIQE VP W |
WKHP DV ZHOO

0\ VSHFLDO WKDQN JRHV WR 3UBXJKW PHUKRZ
UXQ DQG FDOLEUDWH WKH DOUHDG\ ZH[WWKWLQWJ
IL[HV DQG LPSOHPHQWHG RU VXSSRUWHEGR PH |
DGGLWLRQDO PRGHO IXQFWLRQDO LWV HLWY ISV U
UHJURZWK DIWHU FXW DQG WKH UHOD O\RFE DWW OF
IRU SHDW DFFXPXODWLRQ +H ZDV DORBOS IXOD
GLVFXVVLRQV HVSHFLDOO\ GXULQJ B\XVIL\QLWPD
\HDU DW .7+ LQ DQG P\ YLVLW LQ FBAMR LQ
PDQ\ 6N\SH PHHWLQJYV DQG LQ WKH &RXSORGHFH
JUHLVLQJ :H GLVFXVVHG WHFKQLFD O DWKLHRVQV L]
JHQHUDO DQG LQ VFLHQWLILF ZRUNE RXE\R KWZHW
ZULWH D VFLHQWLILF SDSB@XDQ
H[WHQVLYH GLVFXVVLRQV DERXW WKHUPDQXYV
LPSURYHG WKHP D ORW /DVW EXWHQRWLEHBRVW
ZDUP ZHOFRPH ZKHRFN HVUR, 6AADRPHNEROW DW&H |
WKH LOQWHUHVWLQJ GLVFXVVLRQV MERKWSBLRH
ZRUN GXULQJ FRIIHH DQG OXQFK EUHDNV



*HQHUDO GLVFXVVLRQ

)XUWKHU , ZRXOG OLNH WR WKDQNRMKSHURR IDXLVQK R
PH DOO WKH GDWD ZKLFK , XVHG IRH QJ X0QQQG QN KOHQ «
VXSSRUW , JRW IURP P\ FRDXWKRUWH @ DWHEF KOQULG D (
PHDVXUHPHQW PHWKRGYV VKRZLQJ BW NV K8 HFLWHV
TXHVWLRQV DQG JLYLQJ KHOSIXO FRPPBY R \OMNRH W
WR WKDQN P\ FROOHDJXH &KULVWR 85& WHWSWHWEZ QR
WKH GDWD |URPUWKRIR YURMNG QX SDSHU |,

0DQ\ WKDQNV WR WKH FR DXWKRUV REBDSHU ,,, :
YDOXHV DQG JDYH KHOSIXO FRPPHQWYNWRDQKH PD
VWXGHQWY LQ SDUWLFXODU -DQQD )BUDHQ 6LC
'"HQQHUOHLQ ZKRP , VXSHUYLVHG LQ WRKIHMJKSHURM
780 .ROOHJ UHVSHFWLYHO\ WKHLU PDSWBWHBURJUD
D ORW ZLWK WKH 6D WADOKDAINK QKEBEQ@DWD SURFHV

, DP JUDWHIXO IRU P\ FROOHDJXHV DQ®IHOORZ 3k
DQG .7+ IRU IUXLWIXO GLVFXVVLRQVL@XKRXLQJ X¢
GRFWRUDO SURJUDPPHV D QLFH ZRURV®J EXMPRYV S
QRW OHDVW , ZRXOG OLNH WR WKDQMKHRW KXVED
SDWLHQFH GXULQJLD® W R\QD)ENHHQREMK RODPWHU LQ 6V

7KLV ZRUN ZDV ILQDQRBE E\ *WHKQKRXVEWDYV PDQ
LQ (XURSHDQ ODQG XVH V\VWHPV VXIFRRUWGP G E\
WKH WK )UDPHZRUN GWRDUDRARHQW OQRLQW w
UHVHDUFK SURMHFW 32UJDQLF VRLOWHWRKRGVLWLR
DFWLYLW\ GDWD DQG HPLVVLRQ IDFWBHYV [RU W
/8/8&) $)2/8° IXQGHG EQHQKHQVWLWXWH DQG E\ Wi
SURMHFW 3/$**( /DQGVFDSH *UHHQKRXVHRtDV ([FK
7HUUHVWULDO DQG )UHVKZDWHU VRXUFHV DQG
FRRUGLQDWHG E\ /HLI .OHPHGWVVRQ



S5HIHUHQFH\

SHIHUHQFHYV

$EGDOOD 0 +DVWLQJWPSWRHOB®OOLERNVRBEY O
% 3HLFKO QLXY|IVH2 /XQG 0 +HQIWHU &
BXWWRQ 0 $ $XUHOD 0 /RKLOD $%HDKOIOQ
ODUFKHVLQL / S3RUJVRQUBZHEQH DU/RY GRUWH
3 6LPXODWLRQ RI &2 DQG $WWU L B¥XWMWRID G
6LWHV 8VLQJ WKH (&266) DIREGERLOD3IROOXW
GRL v

$GDP ( OXWDQJD 2 DQG 5XJHJH 'SHEWQWDOVSFH
UHPRWH VHQVLQXIRQ G GG W L QLIF R WIZIFRVO 3Q G
UHYLHZ :HWODQGV (FRORJ\ DQG ODQDJHPHQW
GRL v ]

$HUWV 5 DQLXWRHWLRQDO FRQWDRGVPRY KDUIE
HPLVVLRQ IURP &DSHID WG RRLOIYWHEBLO %LRORJ\
%LRFKHPLVWU\ + GRL 6

$QGHUVRQ - ( SSHFWUDIO: WD G0 G WHSWR VW7
86 $UP\ &RUSV RI (QJLQHHUV 7RSRJUDSKLF (¢
$OH[DQGULD 9LUJLQD 8 6 SS

$UPVWURQJ : $HUDWLRQ LQ +LJKHGBODDWAK $

+ GRL v

$WNLQ 2 . %UXKQO' DO OMRHONHUS5EYEHZYD
1R 7KH KRW DQDYWRDB LRKRIOW K X O/IUSOBQW Ut
UHVSLUDWLRQ WR WHPSHUDWXUH )XQFWLRQD
GRL )3

$WNLQ 2 . TDMRHOMIGQSW DR HUFPRDLPODWLWKH
G\QDPLF UHVSRQVH RI SODQW UHVSIQDWWLRQ
6FLHQFH + GRL v

$XUHOD 0 7RKHWPRRELPHOW FRQW URDVQWHKH Q@ @Q
VXEDUFWLF IHQ *HRSK\V 5HV /HWW GRL

$XUHOD 0 /RKLOD $ 7XRYLQHQ HUKL BDWDNN
/IDXULOD 7 &DUERQ GLR[LGH H[FKBPRUHDRQ D
HQYLURQPHQW UHVHDUFK +

%DOGRFFKL ' ' +QOFNMH®YV %7 B LEMSBWHULDJ ©
$WPRVSKHUH ([FKIQFBDYO R 3H®MWHG *DVHV ZL
OLFURPHWHRURORJLFDO OHWKRGV (FRORJ\

%DXHU ' ) &RQVWUXFWLQJ &RQILGHQFH 6HWYV
WKH $PHULFDQ 6WWMWRQYWLFDQ@ $VVGRLD



SHIHUHQFHYV

%D]LQ 0 - DQG BKRVIVRIQWRILFEDO RROWKROV BGE&PLFURE
VHULHV LQ PDWKHPDWLFDO PRGHOVSIDWRIQFURELR
)OD YROXPHV

%HOO * ( +RZHOO *% 90 S5PAKQVRE % R ®LHG
BWRQH 0 / 2SWLAPDUW JBHQAVL QKB GRR URBE\0O0 &RQW
7LVVXH 1LWURJHQ +RUWGBFLHQFH +

%HOOLVDULR / 0 RBYHELHUS5- DQ® & RIRWMRIR OV RQ
&+ HPLVVLRQV IURP D QRUWKHUQ SHBWODQG *OfF

+

%HUJPDQ , /XQGEBUVYR® ®QGLFURH.DIOEDDWRA QP
LQ DQ DFLG VXUIBF i GHIDWR QHPIHIQRENRNO DWW RWR UV L Q
LQFXEDWLRQV 6RLO %LRORJ\ DQG %LRFKHPLVWU\
GRL v

%HYHQ . DQG )UPBUW) GDXUDLRDVYERUYDWQR®Q® DQG
HVWLPDWLRQ LQ PHFKDQLVWLF PRGN®@O®IIPYJ Rl FRF
XVLQJ WKH */8( PHWKRGRORJ\ -RXUQDO RI +\GURC
GRL v

%08% 1DWLRQDOH .OLPDSROLWLN GHV %XQGHVPLQL
1DW XUV F K XW5|H DANDWRUYE FKHUKHLW
KWWS ZZZ EPXE EXQG GH WKHPHQ NOORD HQHUJL
NOLPDSROLWLN ODVW DFFHVV '"HFHPEHU

%RHOPDQ 1 6WLH¥OLBRP FOHUBIRHWPKIILOKDY HU
* DQG *DPRQ - $ B5HVSRQVH RI 1'9JDELRPDVV T
H[FKDQJH WR ORQJ WHUP ZDUPLQJ QGGDIHUWLOL]EL
2HFRORJLD + GRL v

%RQDQ * % ,PSRUWDQFH RI OHDIQDHWW LIRDGH[QDQ G
SKRWRV\QWKHVLY LQ ERUHDO IRUHVWY 5HPRWH 6

+ GRL

%UDJD]]D / )UHHPDQ5\&LQR®HVLMHSHHW -1 )

(OOLV 7 *HUGRORPia+iMHNDRXPZQ 3 .XWQD
7DKYDQDLQHQ 7 DGWHRESKPDIOF QLR RIHQ GHS
SURPRWHV FDUERQ ORVV IURP SHDW ERJV 31$6

%UHGD 1 - - *URXQG EDVHG PHDY X¥HBINEHRWY RI O
PHWKRGY LQVWUXPHQWY DQG FXUUHPMQMDIDNVUR®
% RWDQ\ + GRL M[E HUJ

%ULHPOH * DQG (OOHQEHUJ + =XU ODKGYHUWUIJC
*UsQODQGSIODQ]HQ * 1DWXU XQG /DRWXBKDIW
XQG /IDQGVFKDIW +

%URRNV 5 + DQG\&RIWDK\OI$F 3U RS HILHGLHDY R1 3RUR X\
&RORUDGR 6WDWH:RBQDYBVVIEROR B D\BFD B6U +\GUR(
1R SS



S5HIHUHQFH\

%XELHU - &ULOOH 3% DIGIGV ORFRNG BDDOHIM &2 H[FK
PHDVXUHG E\ DXW R KD FIQRZ GRYHQYHG VHDVF
WHPSHUDWH SHDWODQG +\GURORJLFDO SURF

%\UQH . $ &KRKWLWVFWHQ¥%HQ: 7 % HLEDIOHWU 0
JULERUJ 7 )H)URRWIQJ$ 6 ODLOQEDPRHPHU- 1DQG
(8 SHDWODQGYV &XUUHQW FDUERQ WWRIKNV DQ
$FWLRQ+6\QWKHVLV RI WKH (XURSHDQ #UHHQK

&DUUROO 3 DQG RDNODQFB REDWEHR®S HUDENDH SR
%LRIJHRFKHPLFDO &\FOHYV +

&DUYDOKDLV 1 5HLFKVWHLQ 0 [RKIDEKD 30 &RC
ORQWDJQDQL / 3DGD®H D'QG5BRE[DNDWLRGHQ
YHIJHWDWLRQ DQG VRLO FDUERQ SRP®R\GR®W IR
HGG\ FRYDULDQFH DQG ELRPHWULF FRQ¥WUDL

GRL M [

&KRMQLFNL % + SERNWD®DN O0-XV]FJDE 5 $XJIX
'U/[VOHU 0 DQG RDWMOHMNHGER®D R L RALIGW 5O
&KDPEHU OHWKRG DWOWRE FFRVAQWHR RRODQ
(QYLURQ 6WXG +

&KRMQLFNL % + ORGKPODND @ DOGBGIHHMQLN
FRPPXQLW\ &DULFHWXP HODWDH FDUERQ GLF
SDUDPHWHUV LQ D ZHWODQG 3ROLVK -RXUQD

+

&O\PR 5 6 7KH *URZWK RI 6SKDJQXPQWRPH (IIH
-RXUQDO RI (FRORJGRL +

&O\PR 5 6 7KH /L% RWVYURRVBK DMR\DIO/ ERGILHW\ 3

+

&O\PR 5 6 DQG +DYXBUGRDRU\ RI 6SEIRISKN{ W HL Q
(FRORJ\ 6PLWK $ - ( (G 6SULQJHU 1HWKH

&RQDQW 5 7 'UDGBHU 6 /$ 3PUWAQ( :$- 3®DQ
$ ) 6L[ -WBIQ®BZBHJ - 0 B6HQVLWANUW) RI RU.
GHFRPSRVLWLRQ WR ZDUPLQJ YDULHWRQ@LWK L\

+ GRL M [

&RZOLQJ 6 $ DQGQYHORQRH@NDD®BRQWURO RI
SURGXFWLRQ PSE»WFDD/WLRRQQMQBLDEQ@B VXUIDF
*OREDO %LRJHRFKHP &\FOHV + GRL

&RXSORGHO &XUUHQW YHUVLRQ RI &28 DWRBKO
PRGHO KRPHSDJH 3XPRRWS O FRPFRXDVW DFFHV
2FWREHU

&UDPHU : %RQGHDX $ :RRGZDUG 5 )$ 3UHQW
%URYNLQ 9 &R[ 8 OQRQHVKHUW )ULXEXD ULN



SHIHUHQFHYV

& /RPDV 0O 5DPDQNXWW\ 1 6LWEKQ® 6PLWK
<RXQJ OROOLQJ & H ®RBE\DHUUH VSRIQRAVDXHFRD QGN H
IXQFWLRQ WR &2 DQG FOLPDWH FKRE@DI® UHVXOW
YHIJHWDWLRQ PRGHOV *ORE &KDQJH %LRO +
&XL - /L & DG WODOWLQJ KK EHF®RDY® HP FD
K\GURORJLF FKDUDFWHULVWLFV RIHFRUFDWWHG ZHV
SURFHVV PRGHO *ORE &KDQJH %LRO + GR

[

'DUYLVK]DGHK 5 6NLGPRUH $ $WJEHUJHU & DQ(
(VWLPDWLRQ RI YHJK\WEBWY8BFAM U DUR B(HIKDAVFW D Q F|
RI VRLO W\SH DQG SODQW DUFKLWS®WX® KD UPWKH U
2EVHUYDWLRQ DQG *HRLQIRUPDWLRQ +
GRL M MDJ

'DYLGVRQ ( $ -DQQGHQXR < $2QWNXKRH VBIVSDBEDOLL R
LQ WHUUHVWULDO HFRV\WWHPV PRYLQJ EH\RQG 4

+ GRL M [

'DYLGVRQ + 5 DQG$&DMKIEHOEFW RP RS W ® G H
QLWURJHQ RQ WKHI QWWH RS GIHYHDREBPW DV PHDV
GHJUHH GD\V &DQDGLDQ MRXUQDO RI SODQW VFL

'DYLHV $ 7KH 5HJURZWK RI *UDVV BRRDBIVGY KQ 7KH
/IDJHQE\ $ (GMUDVAKBIURS D&X®S$SPDQ ./RQGRQ 8

+

'H QULHV ) : 7 3 7KH &RVW RI 0DQ@WSHHIDOMH 3UR]
$QQDOV RI %RWDQ\ +
'HO *URVVR 6 - OBDUMWRG :5- DQGS$ZEI(PD ' 6

PRGHO DQDO\VLYVY RI SDVW DQG FRQWNPSROIM U\ VR
IOX[ IRU PDMRU BUBRRVOLQ WK HALHODEH 5HVHDUFK
GRL M VWLOO

'"H/DXQH 5 ' B5HGGBD&WULFRQG : +WWHUDQLF PD
GHFRPSRVLWLRQ LQ VRLO DV LQIOXIBREEBG E\ S+ D
%LRORJ\ DQG %LRFKHPLVWU\ +

'"HWWPDQQ 8 %HKRWROBQ® 7)HPH\HU % 2Q WKH
DSSOLFDELOLW\ RI XQLPRGDO DQG ELBRGDO YDQ -
PRGHOV WR SHDW DQG RWKHU RUJDRQFV VRLOV XQ
-RXUQDO RI +\GURORJ\ * GRL M MK\C

'LPLWURY ' ' *UDIQWXB 3 0 DQG BXPSKUH\V (
ORGHOLQJ WKH HITHFWV RI K\GURORHU REDHERRV\VW
ERJ -RXUQDO RI *HRSK\VLFDO 5HVHDUFK 30DQHW

'LQVPRUH .WW %BLOOHNLEDHY 5ZBU 'UH DQG
+HOIWHU & 5ROISIRVKZION DJ WDRHEFKRMERD JDYG JL



S5HIHUHQFH\

EXGJHWV RI D SHDWODQG FDWFKPHQW *ORE &
GRL M [

'RLURQ 0 /HJDJQHX] 38 HMDXWRIXHEU\ D'QG +HQ
%URDG VFDOH VDWHOOLWH 1RUPDOW|B G UHGHE
SODQW ELRPDVV DQG SHDN GDWH RWRQWUR JH
YHIJHWDWLRQ $SSOLHG 9HJHWDWLRQ 6FLHQFF
GRL M : [

'UHZHU - /RKLOD $ $XUHOD 0 3IPRWMOIDI77 |
'LQVPRUH . - OF.HGIQHNIBUO0& )OMWRU® &
$ DQG 6NLED 8 0 &RPSDULVRQ RLWURHB®&R
EXGJHWYV IURP DQ RPERWURSKLF ERJVHGEFHRW

IHQ LQ )LQODQG (RUPBRHDQGFRNQERBO +
GRL M [

'U/VOHU 0 $GHOPDQQ : $XJXVWLQ&KR MGHUFNLE
% + )JUVWHBEDXHU)UH *LHEHOV SHU*|[¥/OLW]
.DQWHOKDUGW - /LHEHUVEDFK + HWDRRRGFK
8 3IDGHQKDXHU - G6FKDOOHU / X&PKIBQI$U

DQG :HKUKDQ 0 .OLPDVFKXW] GXUFKWRRUVF
%0%) 9RUKDEHQV .OLPDVFKXW] ORRUQXW]XQJ
7,% 8% +DQQRYHU +DQQRYHU *HUPDQ\ SsS

'U/VOHU 0 )JUHLEDWHQVS$Q &KU5 DREBGHUYBRUWUR
DQG 6WDWXV RI 3HDWODQG *UHHQKRKNH *DV (
FRQWLQHQWDO VFEDWDQH G RXWRDID V$
JUHLEDXHU $ 9DOHQWLQL 5 (GW L QEARD RLH.
<RUN +

'U/VOHU 0 9HUFK®MWHU % )®BQ * (YDQV &
%RXUERQQLHUH 5 $ $OP - 3 3DJH 6 $JX
&RXZHQEHUJ - -DXKDPLBHQDQJ6ED 6ULYDVV
%RUJHDX &KDYH] / +RRLMHU $ ORQGNIZQHQ
6LULQ $ OLFNOHU DEQG7MQWH\Q . DQWRUQHBGL,
BRLOV FKDSWHU LQ 6XSSOHPHYWRWMR W
1IDWLRQDO *UHHQKRXVH *DV ,QYHQWRULHV :H
*XLGDQFH RQ /DQGV ZLWK :HW DQG 'UDLQHG 6
"HWODQGV IRU :DVWWZDWHDLVKHDWPHUXJ 7
6ULYDVWDYD 1 -DPVUDQMDY % ,3@8XGD 0
6ZLW]HUODQG E

(LENHQVFKHLGW 7DQELQLFEHQ 6 VRAKHD VURHHITKC
RI D GUDLQHG IHQ SHDWODQG LV PIDL@RD6R®
RUJDQLF FDUERQ FRQWHQW %LRJHRVEUHQFH)

(ODWDZQHK $ 5DSSO $ B5HKXVK 7 §RKGNMGH
WUHH VSHFLHV FRPPXQLWLHV LG H QDN W.IFDHWL F



SHIHUHQFHYV

5DSLG(\H GDWD &DVH VWXG\ LQ WKH %PWHFW \RR )|
WKH 6HUYLFH %RWJ (RKDN®QOBZ (@®DJ*, 72 9HU
%HUOLQ *HUPDQ\ *

)DOJH ( %DOGRFFKL ' 20VRQ % HBQWRRQL & $>
%XUED * &HXOHPDQV 5 &OHPHQWURVVROPDQ
3 *U+sQZDOG 7 +ROOLQJHU ' < HURIMHD 31 2
.RZDOVNL $ /DL & 70HIBDV%7 ORRARUILHI[ -

O0XQJHU : - 3LOHJDDUG . 5DQQL® h 5HEPDQQ
7HQKXQHQ - 7X . O9HUPD 6 9HMVDOD6 7 :LOVR
*DS ILOOLQJ VWUDLVEIDH DY QXKD G NMAMWP RI QHW HFR
H[FKDQJH $JULFX\DW XH G RQRSORI H +

GRL v

)DQ / *DR < %U<FN + DQG %HKHKRIGDWER QQK HS
EHWZHHQ 1'9, DQG /$, LQ VHPL DULG VUQYVODQG 1
LQ VLWX PHDVXUHPHQWY 7KHRU $SSO &OLPDWRO
GRL v

)DQJ & DQG ORQFULHIlI - % 7KHJMDSLDWWRRQREI WF
GHSWK LQ UHODWLRQ WR VRLO FDUERQ FRPSRVLW
GRL v

)DQJ & 6PLWK 3 ORQFULHII - W UHMBRONHWK -
ODELOH DQG UHVLVWDQW VRLO RRSIDQRW PWW W H U
1DWXUH + GRL QDWXUH

)DUTXKDU * ' &DHPPHUHU 6 Y DQG %HUU\ - $
SKRWRV\QWKHVLY 30DQW 3K\VLRORJ\ +

)DUTXKDU * ' YR® &DHPRMUWHUUKHPLFD® ELRF
PRGHO RI SKRWRV\QWKHWLF &2 DVVLBIODIMWIRQ L

+

JHQJ / 5XL 6 7IRQMORDRQG=7DBWJIRQ RALPXDDRVL

GLR[LGH IOX[HV LY EDVRBFRY\%V2HP %*& PRGHO

9DQFRXYHU %& &DQDGD ,((( +

JOLHUYRHW / 0 DQG :HUJHU 0 - # R R®LEPHOWH WUXI
WZR ZHW JUDVVOD®E BRAPRQRWLHY 1 +
GRL M W E

JRQWDLQH 6 %DURW 6 %DUUpXPSHEGLRXL 1 0D
BWDELOLW\ Rl RUJDQLF FDUERQ LWHEKHDVRRQ OD
VXSSO\ 1DWXUH L + QDG\RX U H

JUDQNR 8 &URFNHU * - *UDFHO 33BXQWRKQ -3 .|U\
5 DQG 5LFKWHU QJ WUH@EQORWLVRLIOQRWRQODLF FD
WHUP H[SHULPHQWYV XVLQJ WKH &$1'< PRGHO *HR
GRL v

JURONLQJ 6 ( SRRUHW 7157 5LFKMYRLE 0 +DQG
OXOOHU 6 ' ORGHOLQJ 1RUWKHUQ 3#WDWODQG 'H



S5HIHUHQFH\
$FFXPXODWLRQ (FRV\WWHPYV * GRL

JURONLQJ 6 ( S5RROMW7 157 /DOIOHLWH U3 -0/ %D Q
&ULOO 3 0 ORGHOLQJ VHDVRQDO WR XM XD

%RJ 2QWDULR & DRIHREF KHPR BRDBOOH V *
GRL JE
JURONLQJ O6HW 83RX 7XLWWLOD ( %XELHU -

DQG 5LFKDUG 3LHUUH - + $ QHZ PRBGHMPDRN +
SURGXFWLRQ GHFRPSRYEWLRQG ZDHDWIIEN KX P
6\WWHP '\QDPLFV + GRL HVG

)XONHUVRQ : - DQG 'BQDQMA VROXEBELHVADYHR KD
VHQHVFHQFH NH\ FULWHULD IRU G HYJHPRIRWYD J
VA\VWHP IRU U\HJUDVV EDVHG SDVWXUHV $ UH
6FLHQFH +

*DEHU&PLN $ D Q G6HDUM QML p\ QD P L FVQRM KIHHWL \3 k
DQG 3URGXFWLYLW\ RI 6SKDJQXP SDSLOORVXP
GRL

*iERUPtN 1 5HODWLRQVKLS EHWZHH®@BRRQWHQV
YDOXHV DQG 1LWURJHQ RI 6RPH 7THPSHUDWH °

+ GRL % 3+27

*DPRQ - $ )LHOGH® ® /*RM™MQAIILWOH\/ $+DU-RH
* 3HQXHODV - DQBHODMHRWVEILSYFDIYWR B H H (
VWUXFWXUH DQG \§KEWR\WDOWK R VYIDHNQ YHJIHW
(FRORJLFDO $SSOLFDWLRQV +

*DPRQ - $ 6HUUDQR / DQG 6XUINWIOHEWDRRA
LQGH[ DQ RSWLFDO LQGLFDWRU RFISK@®R(RV\Q
DFURVV VSHFLHV IXQFWLRQDO WDSHVQ GQRD @)
RI SKRWRV\QWKHWILE FLH®FD D ER@ MK/ RGBI G L\WM\S
DQG QXWULHQW OHYHOV 2HFRORJLD +

*DUGL & 6RPPHU 6 6HHS . D QGR0R®\W NQDOQHK
'LVWULEXWXLRQ LQ (VWRQLD 8VLQJ®Q ,QWHJ!
3URFHHGLQJV, R WWEKB D WIGRPDRQS SHPRRMY HR 16 H Q V
(QYLURQPHQW B6WUHVD ,WDO\

*LDQHOOH ' DQG WHHWFPRYOPWLRE® RMWLRHHQ KHUE
JUDVVODQGV XVLQJ VSHFWUDO UH | QHIPPWM Q@RH
,QWHUQDWLRQDRWR 6HQVQ RI 5HP
GRL

*LDQHOOH ' 9HVRROYRD /% ODDQFDL*$ DQG &HVF
(FRV\VWHP FDUER@SOXEHFIVQO F DX QWPWQ QF
PHDGRZ ,QWHUQDWLRQDO -RXUQDO RI 5HPRW
GRL



SHIHUHQFHYV

*LWHOVRQ $ $ :LGH "\QDPLF 5DQJH 9HJHWDWLRQ ,
AXDQWLILFDWLRQ RJD% WRHSK\VWH B ¥ XRKEBMHD HRW D W L R (
30DQW 3K\VLRORJ\ + GRL

*ODW]JHO 6 6WHSKDQG®WRWRIUGML NR RS[lL GHD DBREQ G L
PHWKDQH SURGXFWLRQ SURWHQWLDQWG RI SHDWYV
UHVWRUHG VLWHV OGP WHQ OOEEGW &DQ +

*RQJ - .HOORPINL $KD@RJI& . 6KXWHPNALNDLOQBG
3 - ORGHOLQJ &2 BRBQEHVIOFR[SULIRMWLQH SHDWOC
J)LQODQG XQGHU FKDQJLQJ FOLPDWH FRQGLWLRQV
+ GRL M HFROPRGHO

*RUKDP ( 1RUWKHR@H3HD WK B Q&ED/H BERDE G H
5HVSRQVHV WR &OLPDWLF :DUPLQJ (FRORJLFDO $

*UDQEHUJ * *ULS + [IIYHQLXV 066 2+ 6X@Q&K 6Y
1LOVVRQ O $ VLPAPX PREG HRQI RU ZDWMHBWR QW HQ
DQG VRLO WHPSHUOWGX WPHVHY EBWHDOCGRVRXU 5H\

+ GRL :5

*UDQW 5 ) 'HVDL $ 5 DQG 6XOPDNL QW 1 ORGHO
UHVSRQVHY RI ZHWODQG SURGXFWWXLW\ WR FKDQ
%LRIJHRVFLHQFHYV +

*URVVH %UDXFNPDQQ * S$EODJHUXQIJHNXQGH ORRUL
UG HG *RWEOLBRKZHLIHUEDUW VIRKHIHUODJIVEX
6WXWWJIDUW +

+DUOH\ 3 & THQKRKXQBYD .- -' DQGUUBGLWLDWFH DQG
WHPSHUDWXUH HIITHFWV RQ SKRWRVRQWKHVLV RI V
PRVVHV I[URP WKH IRRWKLOOV RI WKH 3KLOLS 6PL\
2HFRORJLD + GRL %)

+DUULYVY $ DQG 'DYXURDFKQRD BVWBEPRPDWIODIQGRUWK |
JURVYV SULPDU\ SURGXFWLYLW\ XVRQBRIXKVMDAVHOOL'
LQGH[ -RXUQDPOMRUHNRIBWEK *

GRL MJ

+D[HOWLQH $ DQG$ 3WHHMW OFoH B B.GiK HB V HI K
(IHMLFLHQF\ RI 3ULPDU\ SBURGXFWLRQ )XQFLRQDO (I

+HLQVFK ) % =KDR O 5XQQLQJ & 5 APEDOO -

'DYLV . - %ROVWD® 3 9HV®RR$WB 'SIOFFLX

/IDZ % ( 2HFKHO : & .ZRQ + [IXR $ [:RIV\ 6
0XQJHU - : %DOGRFFKL ' ' :X DUGRRQL®JHU
* BWR\ 3 & G6LTEHLORQWR® 5 . WRGQV 6 3

)ODQDJDQ / % (YDOXDWLRQ RI UHPRWH VHQVLQ

SURGXFWLYLW\ IURP 02',6 XVLQJ UHJLRQDO WRZH|

REVHUYDWLRQV (@ THRONMOFQFHRQYRSHPRWH 6H
+ GRL WJuV



S5HIHUHQFH\

+HOIULFK 0 )OHVWD YHOHNXWWDBQG /XGZLJ
&RPSDULVRQ RI FKWPREDPHWRR®Y R®H VRRO DV
RUJDQLF FDUERQ SRROV (XURSHDQ#-RXUQDO
GRL M [

+HQGULNV ' YDQ +XLVVWHGHQ - ORQPDQ. $ -

7TKH I XOO0 JUBHEPRROWHFKGROBG SEDY PHDGRZ
%LRIJHRVFLHQFHYV *

+PLPLQD * 'XIUrQ@®OH U3RQNWUIJH OISQ HHX EO
&DTXHW % *UDQGFRXUW $ GH WXWEDQ %
*URVV 3 +HLQHVFRe %0RMUMHIN] & 02XUFLYD
5DPEDO 6 6DLQW $QGUp / DQG 6RXEGIBQWLD
RI 02',6 VDWHW®R LSWH GDFD Y H J H W DAVLLHR@WS K H Q
ELRPHV $Q LQYHVWXQBWEIRDHBWDYXUHPHQW YV

5SHPRWH 6HQVLQJ RI (QYLURQPHQW +
GRL M UVH

+ROGHQ - &KDSPDQ 3 - DQG /DEP®] SHRW®D
+\GURORJLFDO DQGURVHYVRFBREBLEDWCDQG UHV
3URJUHVV LQ 3K\VLFDO *HRJUDSK\ +
GRL SS UD

+XHWH $ 5 $ VRHOWDWMRYWBG H[HEBRV,L QIHPIRW
(QYLURQPHQW + GRL

+XHWH $ 5 'LGDQ S5ROUXIXMH]7( BQGPRUYHLUD
* 2YHUYLHZ Rl WRB @ BEGRBRUWREPOVEEH R
02',6 YHIJHWDWLRQ LQGLFHV 5HPRWH 5HQVLQ.

GRL Y%

+XPSKUH\V ( 5 /DIOHXU 3 0 )ODGDHDBQ. /+%
*OHQQ $ - DQG *UDQJHU 5 6XPPHDSRIMUER
IOX[HV DFURVV D UDQJH RI QRUWKI-HBQ(BHDWO
5SHVHDUFK 30DQHWYV * GRL

,PSHQV , DQG /HFNXIRQ RI(RMM) UDHILW ¥ URG LQ
FDQRSLHV $UFK %0LHRW O* HR S K
GRL %)

,3&& 6XPPDU\ IRU 3RIOQ FERDLPBUWH &KBQWIHFDO 7|
6FLHQFH %DVLV &RQWULEXWLRQ RHVRWPHIQQN *
SHSRUW RI WKH , Q3/DHUHIR RIQUKP IHRDMIFO &K D Q J H
4XLQ ' S30DWWQHU * . 7LIJQRU-0 1BROEYQ
$ LD < %H[ 9 OLGU@OH\ &DPEULGJBUHWY H
&DPEULGJH 8QLWHG .LQJGRP DQG 1HZ <RUN

-DFREV & 0 - -DFREV $ ) * %RWHDGIQ %
.URRQ 3 6 ORRUN G6FKULROD 8LM@QSGDIDIR 9!
0 9DULDELOLW\ RI DQQXDO &2 H[FKDQJH IUR
%LRIJHRVFLHQFHV 'LVEXVV +



SHIHUHQFHYV
-DQVVHQV , $ /DQNUHLMHU + OBOWAKPOEQ 1 .R.

(SURQ ' 3LOHJDDUG . .XWVFK : /RQJGR] %
ORQWDJQDQL / 'ROWH & ORFEPD ( -5D'QURIONOH $
h ORUJHQVWHUQ . 20WFKHY 6 &QQMWUEW 5 °

6 %HUELJLHU 3RQEWRAI $- BXERIHW & %HUQK
-HQVHQ 1 2 9HVDOD 7 *UDQLHK $ G6FKXO]H
'ROPDQ $ - -DUYLV 3 * &HXOHPDQV 5 DQG 9
BURGXFWLYLW\ RYHWWKDE BZHWW H P SONU@IVWRL O D Q
UHVSLUDWLRQ DFURVV (XURSHDQ IRUHVWV *ORE
GRL M [

-DQVVRQ 3 ( &RXSWVRIGHOOQLEGEHWRRY DQG 9DOLGE
7UDQVDFWLRQV RI WKH $6$%

-DQVVRQ 3 ( DQQRGBHOAQBUQWKH DRQNDOD ZORHUDQ
D OD\HUHG VRLO &RPSDULVRQ RI IRWHRFWHIG HQ
IRU (FRORJLFDO ORGHOOLQJ &RSHQKDJHQ +

-DQVVRQ 3 ( DQG .DUOEHUJ / &RPXFE®HIG IRWDW DQ
VRLO+SODQW+DWPRVSKHUH VIVWHPV 5R\DO ,QVW
BWRFNKROP S DE¥FHNEHU

KWWSV GULYH JRRJOH FRP ILOH G %
'-.S IP<&= -9H9J]5:),E8N YLHZ"SOL

-RKDQVVRQ * B5HOHDVH RI RUJDQLR &HVURPHIURZLQ
JHVWXFD SUDWHQVLYV / 6RLO %LRORJ\ DQG %LR
GRL F

-RKDQVVRQ * &IWURRQLGLMMYNVEXHVWXFD SUDWHQYV
UHJURZWK DIWHU FXWWLQJ2XWLOLMMGERQ RI VWRI
FDUERQ 30DQW 6RLO +

-RQDVVRQ 6 DQG &EIDISALQLFED QF BORIDV KETHXYHHIVRISIP®! Q
IRU QXWULHQW EDODQFH RI WKH FRWWRQ VHGJH

2HFRORJLD + GRL %)

-RQFNKHHUH , )OHFN 6 1DFNDHUWWYV .0 0X\Q@G %
%DUHW ) B5HYLHZ RI PHWKRGV IRUQIDQWYRWX OHDI
$JULFXOWXUDO DQG )RUHVW OHWHRURORJ\ +
GRL M DJUIRUPHW

-RRVWHQ + DQG &RXZHQEHUJ - $DWOIPQGYLRQ UH
059 DEOH :HWODQGV ,QWHUQDWLRQDO (GH

X : DQG &KHQ EXWLRRVAMWRLO ADYUERI W WRFHN\AM
DQG ZHWODQGV VL8X0 DM BFIDVDHG/URMPRRIRE O D S K \
VHQVHG YHJHW DWIGR@R G R ULDFDHONSHWR/F HV V H V +
GRL K\S

JWWHUHU 7 DQGIGREWIPQJ %D IBO\ SARRIQ WHHPEQ UDW X
DUDEOH VRLOV LRJIJERQG WHARSE UD WH RS DWHRW X U H



S5HIHUHQFH\

LQGH[ $FWD $JULGR®WSOU D6HH BWD R Gl Q BB D Q W
+ GRL

.HFKDYDU]L & 'DZVRQ 4 %DUWOHWW 0 DQG
RI VRLO PRLVWXUH WHPSHUDWXUH OX[GI ORKRV U
DJULFXOWXUDO SHDW VRLO PLFURFRVPV *HRC
GRL M JHRGHUPD

HGG\ 3 $ $VVHPEO\ DQG UHVSRQWH. YUNOHV 7Z
FRPPXQLW\ HFRORJ\ -RXUQDO RI 9HJHWDWLRC
GRL

.HOOHU - . :KIGNKDP % '%URQGOIIPDWMRIUFKD @Jt
HIITHFWV RQ FDUERQ DQG QLWURJHQ®LQHUDO
FKDQJHV LQ VRLO TXDOLW\ *OREDO &KDQJH %
GRL M [

.HOOQHU ( DQG +DEXBEHW B Q GDWKHU DWW RUM\HU L
6SKDJQXP ERJ LQ FHQWUDO 6ZHGHQ +\GUROR

. HWWXQHQ $ .DLWDOD 9 /HKWLQMROB -/RIBIXC

ODUWLNDLQHQ 3 - OHWKDQH SURGXQFWLRQ D
UHODWLRQ WR ZDWHU WDEOH |0XMRORVL PQG
%LRFKHPLVWU\ + GRL \Y

.LUVFKEDXP HPSAKBWXUH GHSHQGHQFH RI RUJD
GHFRPSRVLWLRQ2VWLOO D WRSLF RILEWEDWH
+ GRL M VRLOELR
LVWULW] 5 8 +«<DWONL -, DBUORGXFW\LYOW| OO
QXWULHQW F\FOLUEJIHLQWL &DOHf DA QK: (VWXDUL

.OHPHGWVVRQ / $UQROG . Y :HWRLIDQ& 3 UMDW
DV D VFDODU S D UQIPW WRHIN VRR L SUHHIGREWD QR € V
%LRO + G RIL [

.OHPHGWVVRQ / -DQVVRQ 3 ( *KVODHWQVRQ '

$UQROG . (UQIRUV 0 /DQJYDOO 2 DQG $Q
FDOLEUDWLRQ PHWKRG XVHG WR HRMXEU®LWHC
RUJDQLF VRLO %LRJHRFKHPLVWU\ + GF

.OLPH& / DQG .OLPHHRF¥WYV RT7 PR Z]MWLIRGRE UW
FDUERK\GUDWH UHVRUYHD\DUHY UG RIRE @WKS U R
FRH[LVWHQF K LRX WWSHFGRXV" (YROXWLRQDU\ (F
GRL B

.URVV $ B6HDTXLVW - : B5RXOHWQDHQW)MU @D
(VWLPDWLQJ FDUERQ GLR[LGH H[FK®QJH UDWF



SHIHUHQFHYV

SHDWODQGV XVLQJ 02',6 VDWHOOLWRHIDWD 5HPR
+ GRL M UVH
. X]\DNRY < 5HYLHZFWLRWRUKLIRYVSKAWK S B XRIQIDIOH |
RI 30DQW 1XWULWLRQ DQG 6RLO 6FLHQFH

XJ\DNRY < )JULHGHO - . DQG 6WDKDQG S5HYLHZ F
TXDQWLILFDWLRQ RI SULPLQJ HIITHFWY 6RLO %LRC
+ GRL \%

/IDIOHXU 3 0 ORRXG®GHW 83 B DQG YBROWMHP 6 (
SHVSLUDWLRQ LQ BORRROSHARPBYHROQEHBWWHPSHUD
1RW :DWHU 7DEOH (FRV\VWHPYV + GRL

/IDLQH $ 0 %XELHU 41LBUXR® 0 % 9ORBQK HU
+ DQG 7XLWWLOD DQG FREPXREDWERI RIDSODQW E
SRWHQWLDO FRQWUROV IR[FRDRQBHQHORWMBRV\W H P -

GRL E

/IDSSDODLQHQ ( RRBE®® SHIWHBEDMMRQDWONBHDW
J)LQODQG SS

/HSSIOI 0 .MB®NR 2/DLQH - DQG VRQW®/IGCOQDPLEV 6

RI &2 H[FKDQJH GXXUAFHVYURRDRIPER@W LDR/O PR G
E\ SKHQRORJ\ RI S®EHDQWY £FRVEGRHQ

/JHXQLQJ 5 =KDQB <$ 4&GHDXIKX + $ VQBSOH .
VXUIDFH FRQG X FWIDRDAHHP R 16 H.OR @IROHWY\D SRUD W L R (
02',6 OHDI DUHD L Q@] ® QRQWHKIH WK HTXDWLRQ :D
SHVRXUFHV 5HVHDUFK : GRL 5

JLOOLHIRUV + : 20RWKIRLBORRJRHVVELRK QRDPDOL\
DQG 9DULDQFH 8QNQWZQ $PRXWEDQ RWDWIRQVLFDO

+ GRL

/ILPSHQV - DQG %R¥ZUE DRVEWH U) T XD RIMV\ IDQ G EWVDR P D V \
IURP GHFRPSRVLQJ 6SKDJQXP 2LNRV +

/LQGURWK  $1Q /D) JHEXIWHODU @D GR WWWLHIQ WH Q&R U L
'"HOOZLN ( *UHOOH $ ,EURP $+ -RKDQVVRQ 7
/IDXQLDLQHQ 6 /DXULOD 7 O0|OGEU.O, ALNLQPD
6LIXUGVVRQ % ' DQG 9HVDOD 7 SD®DVHIUHIILQ
SDUDPHWHU IRU ERWK JURVV SKRWR\RWKHVLV D
1RUWKHUQ GHFLGXRXV DQG FRQLIHURXV IRUHVWYV
GRL M [

ILQGURWK $ /XQ® O0$XUHOMD/RED &KULVIVHLODQ 7
7 5LQQH - 5LXWWD- 76WW|PHUIRBXRYQGHQ
9HVDOD 7 (QYLURQPHQWDO FRQWUROV RQ WKH
(XURSHDQ PLUHV 7HOOXV % + GRL M

[



S5HIHUHQFH\

JLSVRQ ' $ 6FKDGW & : DQG 6FKOLEWURELD
&RPPXQLW\ 6WUXFWIXQ D QG0 JXQHF WLRQYD GR Z
6SULQJ 6QRZ OHOW OLFURELDO (FRORJ\ -

JOR\G - DQG 7D\ORU - $ 2Q WKH RH®SHUDWXL
5HVSLUDWLRQ )XQFWLRQDO (FRORJ\ +
/JRKLOD $ $XUHOD BLKODMNHNDO GHDNWWQEKQ
DQG /DXULOD 7 5HUSRONWR RV HLP SAHIJEDONHX D € C
1 GHSRVLWLRQ LQ DHQR UXWKRSUIH® @ R B RIDHQDRH R |
+ GRL M [

IRQIVWUHWK ' - DQEBEWMRBHHDWBEYERQ /HDI
3KRWRV\QWKHVLV (IITHFWV RI QLWUWRUHQ SKR
*RVV\SLXP KLUVXWXP / 30DQW 3K\VLRORJ\

IXQG 0 /DIOH%BRX®HW 1 7 $QGBUV 5 &KULV
$XUHOD 0 &KRMQLFNL % + /DZUHDRH L Do

7 2HFKHO : & 20HMQLN - 50003GH1EOBFR®
0 % O9DULDHE®RDWYH@®I &2 DFURVWG RACWK}
WXQGUD VLWHV *ORE &KDQJH %LRO + G

[

IXQGPDUN $ ORQLWRULQJ WUDQV SRHWRQ G M DG
HQYLURQPHQW ORGHOOLQJ DQG ILH@G PHDVX
,QVWLWXWH Rl THFKQRORJ\ .7+ 6WRFNKROP

/*W]JRZ 0 Y .|JHO .QDEQHU , (NVIRKRBEMWJIHU)
* ODW]QHU ( DQG 6RUVERPWUR@DWLRQ PHW
SHOHYDQFH WR IXQFWLRQDO SRR O %HOHY WRF W
WR IXQFWLRQDO SRROV DQG WR VWDEQGL]DWL
%LRFKHPLVWU\ + GRL M VRLOEL

ODOMDQHQ 0 B6LIJXUGVVRQ % ' *XePXQBXYRQ
- 7 DQG ODUWLNPQ®RRVE JDV*EBGIQFHV RI |
SHDWODQGV LQ WKH SRUYGE HHSRMQERAG HD SV

%LRIJHRVFLHQFHV + GRL EJ
OF*LOO 5 7XNH\ - DQG /DUVH@ORWY 9DKH. D
$PHULFDQ 6WDWLVWLFLDQ * GRL

OFOLFKDHO &DWLQUWWLP HW K\ZQRI M LIVF HW XLQQG I DF W
HFRV\WWHPV GXULQJ WKH JURZLQJ @ HI\GHJ XV
,QWHUQDWLRQDRWR BHQVQ RI 5HP +
GRL

OHJLDQH ' DQG 6KUDFMIL QW G,I@WH UP LAHDIY W\ R D

KHUEDFHRXV VS HRLHVG I K& AMA)\DHIEW O YAD L O
30DQW &HOO (QYLURQPHQW +

OLWVFK : - DQG *RVKHOMIONXH R DNWDQFG G \LA

DQG ODQGVFDSH VHWWLQJ (FRORJLFDO (FRQF



SHIHUHQFHYV
ORQWHLWK - / QGRQBGUSURG KXFWILRRWY WER RWURSLFDCOC

-RXUQDO RI $SSOLHG (FRORJ\ +
ORRUH 7 5 %XELHU - / DQG %QR®]NQ / /LWWHL
7HPSHUDWH 3HDW O DHQ@G | HFFRW \R/IMBEKEEW WWKDWH DQG 6
+ GRL v

ORRUH 7 5 DQG 'DOYD 0 OHWKDQH HROWHEDNLERIYV G
RI SHDW VRLOV D@ DREIRE DD DRGDBRLD %QRRORDW L |
DQG %LRFKHPLVWU\ + GRL Y,

ORULDVL ' 1 $UQROG - * 9DQ /EBEDPBHO: 5%LQJIHU
DQG 9HLWK 7 / WIRRCHOXHGEBOXDHY IRU VA\VWHPDYV
TXDQWLILFDWLRQ RI DPEROLDFLRQVZEFA HHUMKEAG 6/ L
$IJULFXOWXUDO DQG %LRORJLFDO (QJLQHHUV

OXDOHP < $ QHZ PIRFOH@ JRUKSUK\G WD XFOLF FRQGXFV

XQVDWXUDWHG SRBRXRXPHTGLD 5 HYW B UFK +
GRL 5 L S
OXUUD\ . - 7HQKXQHQ - ' DQG RRZDW D5FRQVBKRY
RQ SKRWRV\QWKHVLY DQG SURGXFWLRQ RI 6SKDJC
+ GRL %)

OXWDQJD 2 DQG 6NLGPRYBHEWUDO EDWQEGRBGHBWK DC
EHWWHU HVWLPDWVR @ HQ BN ALK Y PHDVX

FRQWUROOHG O D E RUNDNLRILD WIRRQED DHER QVQW R R 1 $ ¢

2EVHUYDWLRQ DQG *HRLQIRUPDWLRQ +
GRL M MDJ

0\KUH * 6KLQBHBRQ') V¥ :&RAOQBYWYKNDRJ -
.RFK ' /DPDUTXH - ) /HH ' OHQG®REJ®FN6 1DNE

$ 6WHSKHQV * OQDNHPXPD ¥ BQWKURSRJIHQLF I
1DWXUDO 5DGLDWIOMH PRUHF BEBD QLY DO 7KH 3K\VLF
6FLHQFH %DVLV &RQWULEXWLRQ RHVRWPHIQQW *UR X
SHSRUW RI WKH , Q3DHUHIR RIQUQPIHRDWIFO FKDQJIH 6W
4XLQ ' 30DWWQHU * . 7LJQRU-0 1BRBEQ 6 .
$ ;LD < 9%H[ 9 OLG@@W\ &DPEULVG\BUSQAWHUVL
&DPEULGJH 8QLWHG .LQJGRP DQG 1HZ <RUN 1< 8

1DVK - ( DQG 6XWMFPOHUIHORZ 9R UK FFIORWFIHBIMWWNY R OR X J
PRGHOV SDUW ,2$ GLVFXVVLRQ RI SULQFLSOHV -R

+

1RUPDQ - -DQVVRQ 3 ( )DUDKEDGSKVKDJD& 1 %:.
DQG .OHPHGWVVR@®RI/126R@RBOIDWNHRQVVLRQV IURP I
VSUXFH IRUNMVWHEKHUMXIDZ HYHQW XNOQUR® 1 10X|
WKH 3Q(7 1 '1'& PRGHO LQWHJUDWHG WR &RXSORG
ORGHOOLQJ + GRL M HFROPRGHO



S5HIHUHQFH\

IXWWRQVRQ 0 < FOKHP D\RRERIN EIQRDISH FIXEDAV X U
UHIHUHQFH WR WHE®GX 8K RV RVWHKBRRO S XUHT X L |
OLQH YDULHWLHW RJLF®DQMAG D VDIWRERILE@ DW EF
DQDORJXHV +RPRFOLPHV ,QWHUQDWLRQDO -

+

2HFKHO : X& OBWLV * / +DVWLQJV+LQ]PDOXDXH
DQG .DQH ' $FFOUPDWHR@RIHHFRD QUBIQLQ WK
$UFWLF LQ UHVSRRDAMHWVARD GHAEQ & DIRWXIUH
GRL

3ILYIQHQ - +\GUDXOLF FRQGXFWLYLW\ DQG ZDV
JRUHVWDOLD J)HQQLFD

3DQLNRY 1 6 DQG 'HG\WK 6 1 &ROIRQHDWRRQ
ERUHDO SHDW ERJIYQWNW IODEHYVLDORQWKDZ DI
G\QDPLFV *OREDO %LRJHRFKHP &\FOHV
GRL * 0

3DSDOH ' GSHLFKQWWL® O&DEXRUD & PRIQUGRRI
% .XWVFK : G5DPRRQL65 9DPBWROD '7 DQG -«
7RZDUGV D VWDQGDUGL]HG SURFHVVLQJURIGLH
ZLWK HGG\ FRYDULOIRUWHL W K F X @LQ G FOMFLHRIQV D L
%LRIJHRVFLHQFHYV

3DULVK ) $ 6LULQ -RRKDHEDD OLFRLOYRXDQG
(GV  $VVHVVPHQW Rl SHDWODQG\H EIR®LYH !
5HSRUW *OREDO (QYLURQPHQW &HQWUH .XDC
"HWODQGV ,QWHUQDWLRQDO :DJHQLQJHQ 7Kk

3DXO . 7HPSHUDWOXH HIHF WRLRQ GWFRPESRR LW
0 8 OXHOOHU 5 (GV 1HW (FRV\WWHP ([FKE
5HVHDUFK B HQMWHKRXVH $FFRXQWLQJ =+

3HDFRFN - 0 7HPSBUDWXAMKDIQEG/R,0L7KM SHUHC
7KHUPDO OLFURF O LHPAOHAQHV DAVG 05HDO/DMI R Q W R
-RXUQDO RI $SSOLHG (FERRJ\

3HLFKO 0 gTXLVWW ® 2|IY,PQWHOMW -8 *6BHOBHIR
ILQGURWK $ DQG $LOMMROQUBF®UIBHAYGDOV
VHDVRQ WHPSHUDWNUM P AG WKW HUKVRIDE H || H
FDUERQ GLR[LGH HBRDEOH (@Y DURRIPHWWHEO\5

3HLFKO 0 6RQQHQWDJ 2 DQG 1L®\KHRELFON XU |
8VLQJ 'LJLWDO 5HSHDW 3KRWRJUDSKROWRR,IQY H
WKH &DUERQ 'LR[LGH ([FKDQJH LQ D %RUHDO (
GRL v ]

3HWUHVFX $ 0 5XRRKQBQ $ 37 %DOG/PRFKL
5 S5RXOHW 1 7 O9HVDOD 7 'ROPDRRCGOD 9t
JULERUJ 7 5LQQH + OHBWERKOY / .OHQMLGH



SHIHUHQFHYV

BRWWRFRUQROD 0 6DFKV 7 =RQD ' 9DUODJLC
9HHQHQGDDO ( 3DUPHQWLHU ) -HQ 6NLED 8
YDQ +XLVVWHGHQ % PpEDXQBDDQ A7- *U+QZDOG
+XPSKUH\V ( 5 -FFNRELFP.R®¥XUHODOD $ /DXU
*UsQLQJ & &RUUBBULKU BLMO6$Q37 &KULVWHQV
7DPVWRUI 0 3 ODVWHSDQRY 0 ORUWLNDLQHQ
%HUQKRIHU & DQG &HVFDWWL $W RAH XQFHUWD
ZHWODQGYV XQGHU KXPDQ SUHVVXUHHBURFHHGLQ.
6FLHQFHV RI WKHRBORMWWHEBWDWHV +
GRL SQDV

3LHUFH / / 5XQQLQJ 6 : DQG :IDOMNWURQVIHIV RQ
OHDI DUHD LQGH[ WR VSHFLILF OH DA RODORUL OQOG O F
$SSOLFDWLRQV +

3RRUWHU + DQG -BEDVR® RE DRIDSEHAI DO
FRPSRVLWLRQ DQG OHDI FRQVWUXKWERQY FRVWYV F
GLIITHULQJ LQ SURGXFWLYLW\ 1HZ 3K\WRORJLVW

SRWWHU & WiXEQH® 0OHXQUG 3D IRFRR/GHWWOHQJ RI
PHWKDQH DQG FDUERRUGHERUPIHDHD | ITOUNON VLWHYV &
-RXUQDO RI JRUHVW #5HV IBRWF K [

3ULFH - & +RZ XQDDXWLDQBEWSHHFW RBIHPRWH 6HQV
(QYLURQPHQW +

BULKRGNR / 'HQQLQJ $ 6 +DQDQ 1 3 %DNHU |,
BHQVLWLYLW\ XQFRHBMIGHD\FBQRE WIRPEBOHWHUV L
ODQG VXUIDFH PRGHO $JULFXOWXUDRXO DQG )RUHYV
GRL M DJUIRUPHW

BURHEVWLQJ : 0 D@ LHDWI[3*-$ 3KRRERWHRBORBIL
DSLFDO VHQHVFHQRH LRI B HBIY HAWIFQW+3K\VLRORJ

3UXLP 5 .DSODQ 'l PRV DBRAUVBR@MHIRAWILOR6$,& P

ZHE RUJ VWDW L\DMLLFAW DIDHED P R IMKH R WIHQLML RV 5
KWWS &5$1REBSRFMNBW PRVDLF

5 &RUH 7HDP 5 $ OFQURDPH QWA RHQXWIDQILBWLFDO |
JRXQGDWLRQ IRU 6WDWLVWLFDO &RPSXWLQJ O9LHC
KWWS ZZZ 5 SURMHFW RUJ

5DLFK - : DQG 6FKOHLVLQJHU : +IOXKHQ@WREDO FI
UHVSLUDWLRQ D Q\GR LYW\ H\M D W WR BDERNKG 9O L PD W H

5DWNRZVN\ ' ¢ 200H\ - OFOHHND@LRQWKD®RG %D
EHWZHHQ WHPSHUDWXURIEDGEWHRDBE® RXOWXUHV
%DFWHULRORJ\ +



S5HIHUHQFH\

5DYLQD 0 ORGHOOLQJ RI PHWKDQHWPLVVLRQ |
,PSOHPHQWDWLRQ DQG WHVW RI VXEPRGHO D\
7KHVLV .7+ 5RWHDRQ VAVALKADR O R J\

5HGG\ . 5 DQG 3DWHEMNRI D:OW H G QDQWDHH D RIEIRFE
FRQGLWLRQV RQ UHGR[ SRWHQWLDOQIRUURQH G
ORVV LQ D IORRGHG VRLO 6RLO %LRORJ\ DQG
GRL

5HLFK 3 % (OONM@BUWEWHWBY 0 % /HDI VWUXI
DUHD PRGXODWHV SKRWRV\QWKH VAL Z LN KALWDR J
DQG DFURVV VSHFLHV DQG IXQFWLRQD@ JURX:

5HLFK 3 % :DOWHUV 0 % (OO\RAMRRIWMRWKIBVLE
QLWURJHQ UHODWURIGIVVIS® BIPHD R QHBROW JL D

SHLFKVWHLQ 0 )DOJH ( %DOGRGFFRAHU E L3I $MJKC
3 %HUQKRIHU & %XFKPDQQ 1 *REZPDGRY
7 +DYUIQNRYi . ,ODHQRXMHPL QRID &% /DX
/IRKLOD $ /RXVWDX ' ODWWHXFFL * OH\HU
2XUFLYDO - 0 SDPED@H® -5RWHQEHUJ ( 6
7HQKXQHQ -* 6HXFADWL ) O9HVDD@®G7 <DNLL
9DOHQWLQL 5 2Q WKH VHSDUDWLRQ RI QHW
DVVLPLODWLRQ D QIBWH RRV\VMWLFH P HRBE WRS8UR
*ORE &KDQJH %LRO + GRL M

[

SHLFKVWHLQ 0 5H\ $$ 7HEKEQMNB 5 HDOQOHDWL:

&DVDOV 3 &KHQJ < 0*U:QYZKIH -/DZREBAUK 5

IRXVWDX ' OLJOLHWWD ) 2HFKBO-:6 2XUFL
SBHUHVVRWWL $ 3RPWDO) 64L5BX\PHQW 0 5R
5RVVL ) 7HGHVFKL 9 7LURQH *HQXQO0 DQ

WHPSRUDO DQG QD YD LVOFEDLGDH. W S@B WI/MBR. & RILHDV ¢
ZDWHU DYDLODELOLW\ WHPSHUDWYFHW DQG YF
*OREDO %LRJHRFKHP &\FOHYV GRL
5HQGRQJ / DQG -LQCQHJIHWIDWQORQREY PRIBVYV HV
PDSSLQJ IURP /DQGVBIW {7 & \@ P®ADR 1$3 R\@DAO /D1
RI *HRJUDSKLFDO 6FLHQFHV +
S5LFKDUGY / $ G&GREWQRBRURIFRIQNXLEWGLKPRXIK .
-RXUQDO RI $SSOLHG 3K\VLFV + GRL
SREVRQ 0 - 7KH *WHRORSRHHDQW RHYSLPKODWHG 62
3HUHQQLDO 5\HJIWPRWDRAQDOV R
S5RFKD $ 9 DQG 6KDYHU * 5 $GY D@QFXDIHVHRS |
IURP VRODU DQG SKRWRV\QWKHW LFPO@/OX WDIFGV [
YRUHVW OHWHRURORJ\ +
GRL M DJUIRUPHW



SHIHUHQFHYV

5RVVLQL 0 &PHUPQLLOEDYDFFD O0R HDOYDJQ
%XVHWWR / &UBPR@WVH (6L-QXL\GADOWFAROR 80RUU
DQG &RORPER 5 B5HPRWH VHQVLQJ BEDVHG HVWLF
SURGXFWLRQ LQ D VXEDOSLQH JUDVVODQG %LRJF
GRL EJ

5XGROSK + DQG 6DPODQG - 2FFXUQMHRQBRLIQG PH\
LQ WKH FHOO ZDOOV RI EU\RSK\WHV 3K\WRFKHPL\
GRL v

5XQQLQJ 6 : DQG &RXJKODQ - & FRWW@HWPDO PRG
SURFHVVHV IRU UHJLRQDO DSSOLFDWLRQV , +\GU
H[FKDQJH DQG SULPDU\ SURGXFWLRQ SURFHVVHV

+ GRL

6DDULQHQ 7 'HPRJUDSK\ Rl &DUH[KURVWQDWD LQ D

6KRRW G\QDPLFV DQG ELRPDVV GHYHORSPHQW $¢
+

6DJHUIRUV - J/LQGURWK $ *UHQHH 3% DQEPHGWV
1LOVVRQ 0 $QQXDO &2 H[FKDQJH EHWZHHQ D QX
PLQHURWURSKLF ERUHDO PLUH DQG WKH DWPRVS
%LRJHRVFL * GRL

6DQWDUHQ ' 3H\OLQ 3 %DFRXU & &LDLV 3 DQ
PRGHO RSWLPL]DWLRQ XVLQJ LQ VLWX IOX[ REVHU
&DUOR YHUVXV YDULDWLRQDO VFKBPHRRB®OG DQDC
SHUIRUPDQFHVY %LRJHRVFLHQFHYV + GRL

6DQWDUHQ ' 3H\OLQ 3 9LRY\ D SMRE LW IEWD VHG:
HFRV\VWHP PRGHO ZEMW KOG ®\HPR XD BIFRMMWW $ SL
LQ VRXWKHUQ )UDQFH *OREDO %LRJHRFKHP &\FO
GRL * 0%

6DWWHUZKLWH 0 9%d\DQ G 633RHFGHILD GNRIRD IV B OW I WIHGA
VRLOV DQG YHJHWDWLRQ LQ 1RUWIHXQLOHYDGD D
EDQG UDWLR WHFKQLTXHV 5HPRWH 6HQVLQJ RI (C
GRL

6FKQHLGHU 5 5 BWWOQR[6 - DR GaDYIHDI W KHD
FXPXODWLYH LPSDFWV RI ODQG XVHWDQ\WKH :HV\
%DVLQ D PRGHOLQJ DSSURDFK &RQVHUYDWLRQ (

BFKXEHUW 3 (NOXQGKQG 1L0W®RQ QRUWWHRPRWLQ
SHDWODQG &2 H[FKD®lH HURPULHY6GDQMD 5HPRW!
RI (QYLURQPHQW + GRL M UVH

BFKXOGW 5 - %URNWQLY DQGH RGHWMDILEX] - 0
+RORFHQH FDUERQ D MFKPQ D MWPLRQLRPE RHER U H D
+ DQ (DUWK VI\VWHP PRGHO DSSURDFK %LRJHRVFL
GRL EJ



S5HIHUHQFH\

6FKX0O] . DQG %HYHQ . 'DWD VXS8RUVQHGDQRE
VXUIDFH DWPRVSKHUH IOX] SUHGLFWLRQV WR
+\GURO 3URFHVV + GRL K\S

BHOOHUV 3 - &D GKRWRMIHFHDEMHRQG WUDQ!
,QWHUQDWLRQDO -RXUQDO RI 5HPRWH 6HQVLQ
GRL

6KDYHU * 5 DQG /DXQGUH - ([VRH®ER QR | HORX
RI (ULRSKRUXP YDJLQDWXP DQG &DUHORIEIJHOF
&KDQJH %LRO + GRL M \

6LQFODLU 7 5 DQG +RULH 7 /HRGL1&WRIRJIHQ
5DGLDWLRQH®FK (SIEAYLBELEQRS +
GRL FURSVFL , [

6PLWK - *RWWW%FHIODDDNE\ - &KDSREZBAU® :/LOO
%HOO - &ROHPDQSLFKDUBN '0 \@QOGLHU -
‘DWWHQEDFK 0 $KWONQKSDWLO- QMDBPHU -
7KRPVRQ $ (YDQV & :KLWPRUH $ )DOORR
(VWLPDWLQJ FKDQJHV LQ 6FRWWLVK VRLO FDU
ORGHO GHVFULSWLRQ DQG XQFHUWDLQWLHV &
GRL FU

6PLWK 3 6PLWK - 8 3RZOVRQ '5 O00F*LOO :
&KHUWRY 2 * &ROHPDQ . )UDQRRR® "YURO
6 -HQVHQ / 6 .HOO\ 5 + .OHLG *BQQ@HZLH
& OROLQD - $ ( 3IXHORGIU: 7 QKRUQOBIQGF
'KLWPRUH $ 3 $ AR SHIMRIQODIQHNMRQ DFR
PDWWHU PRGHOV XVLQJ GDWDVHWV IURP VHYE
*HRGHUPD + GRL Y%

6SRQDJHO + %RGHQNXQGOLFKH .BUSMXIMUDQOH
6FKZHL]JHUEDUW B6WXWWJDUW *HUPDQ\ 6

BWDXGW . )DOJH ( 3\OHV 5 ' 73D6H@GVLWLYLR
DQG SUHGLFWLYH &%k URNRIGLHOOV D W | BW WEBLIWNXF H |
%LRIJHRVFLHQFHYV + GRL EJ

BWHHG - ( 'H:DOROE (7 DQGK\VLRODRIWRDO DQ
5HVSRQVHV RI 5LSDULDQ 6HGJH 7UDQVSODQW)\
,QWHUQDWLRQDO -RXUQDO RI 30DQW 6FLHQFH
GRL

BWHHOH - 0 G5RWGLWHRRXUW * ULDWDR® QQOWY
QRQVWUXFW XUD O VW DQ ELRIHE\G\DNDH VOFSIHIA - R X U
ODQDJHPHQW +

6W +LODLUH ) :X7- )BRROH®J 163( 0 /DIOHXU
+XPSKUH\V ( 5 DQ@G*:$0ORUDHWODQGRPRKGHD
SHDWODQG FDUE RS NGPRWDIDRE G DWW HVVPH
%LRIJHRVFLHQFHYV + GRL EJ




SHIHUHQFHYV

BWRFNHU 7 ) 4XLQ ' 30DWWQHU 9%RVFKXQRU 0
- 1DXHOV $ ;LD < %H[ 9 DQG OLGJOH\ 3 0
&KDQJH 7KH 3K\WLFDO 6FLHQFH %DVLV &RQW!

*URXS , WR WKH )L I @KUMY \RHWWRNH-QQ@AEIHDHCD R Q
&OLPDWH &KDQJH &DPEULGJH 8QLYHUVLW\ 3UHVYV
LQJGRP DQG 1HZ <RUN 1< 868%$

WUDFN 0 (G 3HDWODQGVY DQG &MUMMWH &KDQJH
&DOJDU\ SS

7DWDULQRY ) $ DQ¥SSOHPBFWDBD RIOHDOW®H*& PR
PDQDJHG IRUHVWV )RUHVW (FRORJ\ DQG ODQDJHF
GRL M IRUHFR

7KHQNDEDLO 3 6QGPIDXK % %YDMXNREERQRDQD
EURDGEDQG YHJHWDWLRQ LQGLFHVURO GHWHUPL
ZDYHEDQGV IRU D XILFXPWHKWLD O VFURE BKRWRJIUDF
(QJLQHHULQJ DQG 5HPRWH 6HQVLQJ +

7KRPDV + DQG 6WRGGDUW - / /HWI BHYHREHQFH

+

7KRUQWRQ 3 ( DQG 5RVHQEORRP 1 $ (FRV\VWHP
(VWLPDWLQJ VWHD G\QVIVB RS PRICEW & ICHES/W U L D O
QLWURJHQ F\FOH PRGHO (VWLPDWUQIOMMEHD G\ VW
WHUUHVWULDO FPWFERQPRGE @ LFRRRHIQFDO O0RGHC

+ GRL M HFROPRGHO

7KRUVHQ 0 5HIVJDDUG - & +DQVH® 6DQEHEHVPD
.OHHVFKXOWH 6 $VY\WDVOWQWQRUXIWEDWLRQ RI
OHDFKLQJ WR DTXLVADY H WRPONKP RQWAGUROR J\

GRL 6

7XFNHU & - 5HGKRGEA GKFOWRIIEDEY HOW FRPELQDWI
PRQLWRULQJ YHJHWDWLRQ 5HPRWH 6HQVLQJ RI (
GRL

7XLWWLOD ( 6 .RPEDDDRQBBQO +OLEHVWRUHG FXW
DZD\ SHDWODQG DV D VLQN IRU DWPRVSKHULF &2
GRL Vv

7XUHWVN\ 0 5 7KH 5ROH Rl %U\RSKR\WBIMQUQ &DUER
7KH %U\RORJLVW + GRL

81(3 \HDU ERRN (PHUJLQJ LVVXHV LQ RXWWHEREDO H
1IDWLRQV (QYLURQPHQW 3URJUDPPH 1DLUREL .HC

8SGHJUDII . 3DVWRU - %ULGJKDP 6 ' DQG -RKC
(QYLURQPHQWDO DQG VXEVWUDWH FRQWUROV RYHI
PLQHUDOL]DWLRQ LQ QRUWKHUQ ZHW@DQGV (FRO



S5HIHUHQFH\

YDQ +XLVVWHGHQ - YDQ GHQ %RV 5HPFR DQG
ORGHOOLQJ WKH HIITHFW RI ZDWHU WDBJHWDQ
IURP SHDW VRLOVUQEB®W KRH U ERQBI ERH V +

9HUEHHFN + 6DPVRQ 5 9HUGRQFMU DQG /H
VHQVLWLYLW\ DQE XRUFHHWW BDQWR @BH ®8K[ PR G H
ORQWH &DUOR DQDO\VLV 7UHH 3K\VLRORJ\
GRL WUHHSK\V

9HUKRHYHQ - 7 $ 'BHEDRBPBRWKW(RQ IRDEINPH[ DQ
OLWWHU LQ IHQVD QIL WKW RG Q Q\RMEMWNRQHE\ O |
KRPRJHQDWHYV 6RLO %LRORJ\ DQG %LRFKHPL\
GRL

9HVFRYR / :RKOODKWRWOR 0%D3LOORROD6 0 6RW\
5RGHJKLHUR 0 DQG *LDQHOOH ' 1HZ VSHFV
RQ WKH QHDU LQIUDUHG VKRXOGHWEZDYHOHQJ
JUDVVODQG SK\WRPDVV ,QWHUQDWLRQERO -RX

GRL

9LXD $ *LWHOVRQ $ $ 1JX\ 5REH&RPSOY LY RQ
RI GLIIHUHQW YHJHWDWLRQ LQGLMHHQIRHDVKH
DUHD LQGH[ Rl FURSV 5HPRWH 6HQVLQJ RI (Q

9XLFKDUG 1 6RXWMINQB -9)RYA 1 &PEDQRD &3
&OLIWRQ %URZQ RQHMWKWUHDQG 0DUWLQ & (V'
JUHHQKRXVH JDVHOR[BYVDRIVXD@®SY BGWK D SU
PRGHO ORGHO HYDOXDWLRQ IURP LQ VLWX |
%LRIJHRFKHP &\FOHV Q D GRL * %

‘DGGLQJWRQ - 0 6GWHBPERRG DG WREERUGVKF
QHW FDUERQ VLQN IXQFWLRQ RI GHRIQ\DIGHG St
&2 H[FKDQJH WR HFRV\VWHP VFDOH UHVWRUL
GRL %

':DQLD 5 5RVV FHDQG 3UBWWLUDWICQS HUHTDNOR
LQWR D G\QDPLF JOREDO YHJHWDWWRY LPRGRIO
SK\WLFDO ODQG VXO REDHD SWIRFHWRFAKEPD &\FOH
GRL * 0/ D

:DQLD 5 5RVV FHDQG 3UGQWLU DWIGQS HHIDNO®
LQWR D G\QDPLF JOREDO YHJHWDWWRY LRPRGRIO
YHIJHWDWLRQ DQG FDUERQ F\FOH SURFHVVHV
Q D GRL * 0% E

'DQJ 4 7HQKXQHQ - 'LQK 1 4 5BIQRKVWHLQ
.HURQHQ 3 6LPLODULWLHV LQ JURKIQ® HDQIBV
DQG WKHLU UHODWLRQVKLS WR SH\NRILRHO/RAJ LLRD
)LQODQG 5HPRWH 6HQVLQJ RI (QYLURQPHQW
GRL M UVH



SHIHUHQFHYV

'DQJ ; +H ; :LOOUDRVUD®GH GGGWZRR
BHQVLWLYLW\ DQG XQFHUWDLQW\ JD@LG\FEVERQE U
VLPXODWHG ZLWK (3LI&W$FRHL$UFEJD.QX6CRWKDDO DQG %
(QJLQHHUYV +

'DUG 6 ( 2VWOH 1 - 2DNOH\ 6 4XLUN + +HQU
DQG YDQ GHU 3XWWHQ : :DUPLQJ WILHFWV RQ JU
SHDWODQGY DUH PRGXODWHG E\ YHBWWDWLRQ FR

+ GRL HOH
'DWVRQ ' - &RPSDUDWLYH SK\VLRORI1IHEIORPWRSEL |

, 9DULDWLRQ LQ UDHMH [DWQY/E RO HDIDIWELLRHYD CEHAV ZHH Q
YDULHWLHV DQG ZLMIXU\WQ DI EBWY HRHYQ@RWDQ\

"HEE 1 1LFKRO & :RRG - DQG 3GRV)WHADQ( 8VHU
% /WG ' 7 ' YGBKLUHUBE . Ss

'HGLQ ' $ 1XWULHQWVAGDQGY LYY VBRIEGRILMNHNTCQ 3
IXWULHQW &\FOL@YLQRRWDIHVIVBREMUWY & $
3RWDVK DQG 3RV S QXU W \MD\QW L 8/ X8V 0D

'KLWH / 0 &DUERKWGBDWHD YNWNU$ M RUHD QRXUQ
ODQDJHPHQW +

'LOVRQ ' $OP - G5LXWWD 7 /DLQH - %\UQH . §
7XLWWLOD ( 6 $JKHIKQUMNYHRD XOWGRWRKW PRGHOO
VHDVRQDO G\QDPLFV Rl &2 H[FKDQJH LQ SHDWOD
FRPPXQLWLHV 30DQW (FRORJ\ + GRL

'LQJOHU $ 7KH UROH RI VXJDUV 1QD.AQWGEIUDRLQJ

WKH UHJXODWLRQ RRXOHDD O/ RQ HNSFHRUQLPH QWDO %R\
+ GRL M[E HUL

‘RKOIDKUW * %DKQ® O-RYWDMNEQHOLFKDHOHU : 5RW
7DSSHLQHU 8 DQE&HWOXYHPLISA YDULDWLRQ RI
ELRFKHPLFDO OLPLWDWLRQ WR SKRRMRV\QWKHVLV
VSHFLHV 1UR B WPRWXQOWDIMLEXHFRWVIYVGMH PV HQW ODQG
30DQW &HOO DQG (QYLURQPHQW +

'RKOIDKUW * 3LOORQL 6 +|UW QLPIDW L Q JDRIEUERRP
GLR[LGH IOX[HV IURP WHPSHUDWH PREGWDLQ JUD
YHIJHWDWLRQ LQGLFHV %LRJHRVFLHQFHV +

‘X & 8VH RI D YHJHWDWLRQ LQGHURBGRG XFRVHR @ L
LQ RSHQ JUDVVODQG -RXUQDO RI $SSOLHG 5HPRV
GRL -56

X - BRXOHW 1 7 ®I¥GULROWVWRQWLR® RBELRXO
\HDUV Rl FDUERQ IOX[HV IRU D VHGRBBH®RFLQDWHG
SHDWODQG LQ 1RUWKHUQ 6ZHGHQ XVLQJ WKH OF*L



S5HIHUHQFH\
- *HRSK\V 5HV %LRJHRVFL * GRL

X | OF*HFKDQD®G% QLJKW $ & 6DWXAGDWLURQ
DFFXPXODWHG ELRWBYPVLY P QHDV D QUDRAWKQRER
YRUDJH 6FLHQFH +

‘X < DQG %ORGDX & EXEIWRFKHPLFDQLERGHO |
FRXSOHG FDUERQ DG\ IL\WW URRIBIW KGNQQ SHDWO
*HRVFLHQWLILF ORGHO '"HYHORSPHQW +

<HORIlI ' DQG ODXTXR\ ' 7KH LQIOXH®RHRR) SHi

KXPLILFDWLRQ ,PSOLFDWLRQV IRU SD@DHRFO
GRL

<X = & 1RUWKHUQ SHDWODQG FDWEZRQ VWRFN\
%LRIJHRVFLHQFHV +

<XURYD $ :ROI $ PBPRIHULRVVROQV ALQ IPHMDWLF
HFRV\VWHP H[FKDQ[LUGRILEDD ERQY DA PLUH OF
PHFKDQLVPV OLQOHGSRRLAD\R B U -WEBHERSWKRY 5H

* GRL %

=HLW] - DQG 9HOW\ 6 6RLO SUBSHQWRLORI 6l
6FLHQFH 6RFLHWRXRIQEPBIULFD =

=KDQJ 7 ,QIOXHRGH®RVYKH FMRDHK ROPWRH JUR
UHJLPH $Q RYHUYRIHMHRSSKAVHEV 5 *
GRL 5 *

=KDQJ < /L & 7UHWWLQ & & JUDWH® @R G
VRLO K\GURORJ\ DFOYHBBOWDWDRDFMRLQ ZHW
HFRV\WWHPV *O RPERAF®HRJIHRFK K
GRL JE

=LPPHUPDQQ 0 /HLIHOG - G6FKPLXWUBU: -,
OHDVXUHG VRLO RUJDQLF PDWWHUW QUWRWLRQ\
5RWK& PRGHO (XURSHDQ -RXUQDO RI 6RLO 6F
GRL M [



$SSHQGL[ WR PDWHULDOV DC

$SSHQGL]

7DEOH Rl FRQWHQWY LQ WKH DSSHQGL]
7DEOH Rl FRQWHQWYV

JLVW RI ILIXUHV

/JLVW Rl WDEOHV

$ $SSHQGL[LDROWVDWBUPHWKRGV

$ 'HWDLOHG GHVFULSWLRQ RI WKH FDOLEUDWLRC
$ $SSHQGL[ WSDVLWRIQFRPVXG\ ,

$ $SSHQGL[ WR WKH LQYHVWLJDWLRQ RI LQWHUDE
$ 5HVXOWY GHWDLOHG GHVFULSWILRQVRISHWWBQV
SUREHVYV

$ ‘DWHU OHYH®IGHBSWKVIWX&® H FRQGLWLRQV

$ 7UDQV SIQED WERHR Q

$ 1(( /%,

$ BHQVLEOH KIHDWHPSHUDW)XRUKQY DQG QHW UDGI

$ 6QRZ

$ 'LVFXVVLRQ GHWDLOHG GHYVFULBSHWRRQR I S\HUQ
SURFHVV

$ 8QVDWXUDW G ZRQ H WV RELY WRNEWXUH FRQGLW

$ & EDODMWHXRDY SODQWYV

$ 6HQVLEOH KIHDWHPSHUD WRUKBY DQG QHW UDGI

$ 6QRZ

$ 7DEOHV

$ )LIXUHV

$ $SSHQGL[ WR UHODWLRQVKLSV E H\W EMHIQ INWHY HFW
VWXG\ ,,,
SHIHUHQFHV WR WKH DSSHQGL]



$SSHQGL[ WR PDWHULDOV DQG PHWKRGV
/[LVW RI ILIXUHV LQ WKH DSSHQGL]

JLIXUH $ &ULWHULD IRU DFFHSWIB® W\XG M VIFQ
WKH EDVLF FULWHULD DOO RWKWHLFV/FUMW BSSD L
JLIXUH $ ORGHO ILW WR REVHUYDBWDRGV

PHDVXUHG PHDQ RI FOROOOX PHDD UFK PXIQIBEWDHF®  YHDIDX +

JLIXUH $ $FFHSWHG SDUDPHWHU BIDQ FHD U ¥
VKRZV WKH RYHUODSSLQJ UDQJH ,QHPSW\ UDC
JLIXUH $ &RUZHBQWESRQOM ERDDFH SOQIGREH

GLVWULEXWLRQ GXULQJ VSULQJ WLPHBQO{ 8
(DFK Rl WKH GRWYV UHSUHVHQWYV D HS DWKDHP B Y\HH.
WKURXJK JHUR

JLIXUH $ \HDU PHDQ RI WUD QVFXDDW LR@DI
7KH KDWFKHG DUHD VKRZV WKH UD GIIHRRIPWRHAF
LQ 1(( WKH VROLG OLQH LWV PHDQ

JLIXUH $ 30DQW DUHD LQGH|[ DW [FKIDQPEHHUDY
Y HJHW DMWAKRHY S D

JLIXUH $ 1'9, YHUVXV ELRPDVYV

JLIXUH $ JUHTXHQF\ RI FXWWLQJ YHUUQYXV \

I[UHTXHQF\ ZzDV VXUYH\HG E\ 'U/VOHU HW YO
HIWHQVLYH E\ 6FKREHU DQG 6WHLQ Q BRXXWY W
RU SDUFHOV PDSSHG DV LQWHQVLY i XBAKW Z\HXUUH
H[FOXGHG 7KH ZLGWK RI WKH ER[HVDWLRIQRD I\
HDFK FDWHJRU\ 7KH PD[LPXP ZLGWK FRMN KHIV!
PLQLPXP WR

JLIXUH $ 0D QD JHPWH GWI IGHSHHFE N QL (P B @ JHD® )
JUDVVODQGV DHIHWBOHRWHGI R XSV

JLIXUH $ ODQDJHPM GWI IGHHFHHRFE N QL P B P JYHD® >
JUDVVODQGV DIIHWIHOHRWHIAJ RXSV

JLIXUH $ *URXYOS/ IWHOOLWH 1'9,



$SSHQGL[ WR PDWHULDOV DC
/JLVW Rl WDEOHV LQ WKH DSSHQGL]

7DEOH $ 3DUWLWLRQLQJ RI PHDVXUMKG 62BWDR W
LQ WKH WDEOH LV DJJUHJDWHG L@WR U KIVH ®D\|
LQ WKH PRGHO

7DEOH $ "\QDPLF GDWD IRU PRGHO EDOLEUDW
PHWKRGV DQG LQVWUXPHQWV

7DEOH $ /ILVW RQRDAVHBTX@WWXG\ , DQG

7DEOH $ &DODPUDAMHE BDVWXG\

7DEOH $ &DODPUDAMHE BDVWXG\

7DEOH $ & RODPVHADHQUAYY SRD W W X G\

7DEOH $ &RQNWBQW RSIDUWDRG)\ ,,

7DEOH $ &ULWHUWLDOQNR U QD N MHSAARHDGD QEW B W LERDQ/ L F
D /RZHU DQG XSSHU OLPLWV DUH YRH DU DWKHHG E\
XSSHU OLPLW FRUUHVSRQGV WR WKHWHJIJRKMW Y
FULWHULD ZHUH VHOHFWHG WR |LWKIR & DIURXIQGW
SHUIRUPDQFHY DFKLHYHG IRU WKH GLIITHUHQW VL\

7DEOH $ &R Q1L JIX WH\O HEQ@H & | VW RIW B WIDROXH 8U H S
& S5HVXOWLQH; YIDQQOEDWQ IRH IRXQG LQ WKH PDLQ
YLIXUH

7DEOH $ 9D U L DHE® 15D UDIRCH WH O DD XV B P HRW HIX U
FRQVWUDLQW LQ VWHS , F DQG ,,,
7DEOH $ & U L WHH W HDD N FW/L RRQU RV KY MPHGW H G TUKKHD V

ILUVW HQWU\ GHVFULEHV WKH EBVRE GIMMRQADD W
WKH EDVLF FULWHULD
7DEOH $ &RUUHQBWWRQ EFRVWIHIHQ SDUDPHV
SHUIRUPDQFH 7KH PDMKRKPQYDOXHSDRUWRIBWHU FF
ZLWK VHYHUDO SHU IR WRDGIFH Q QO FMBIRRIR GV R
YDULDEOH 7KH ILUVW WZR GLJLWE DBDMNHXHWGHFLP
DUH QRW VKRZQ
7DEOH $ 3ULRU DQG SRVWHULRUVEDHBWHW® U
'"HYLDWLRQV Rl SDUDPHWHU UDQJHXKHURPVIWKH S|
FULWHULD 2QO\ S OSUHYRHDWHRYQ DIUWHK VBLRDQ LWV KH
JLYHQ LQ SHUFHQWDJH RI WKH SULRU UDQJH
7DEOH $ &R U UFLODMOR R I FRIKH L ®HWHAWH GK H T X
ILUVW WZR GLJLWV DIWHU GHFLPDO BRHQMRWUH
VKRZQ



$SSHQGL[ WR PDWHULDOV DQG PHWKRGYV

$ $SSHQGL[ WR PDWHULDOV DQG PHWKRGV

$ '"HWDLOHG GHVFULSWLRQ RI WKH FDOLEUDW

$ VWHSZLVH DSSURDFK ZDV XVHG W RDED® HEUHD
UDQJHV RI  SDUDPHWHUV ZHUH FRQWOW EDYHC
FDOLEUDWLRQ E\ PXOWLSOH UXQV Z)L \UKG U DLQQGF
UDQJH VLPLODU WRLWHK8LKRREUBQEMBRRLEW!
%HYHQ DQG %LQOH\ DQG %HYHQ
DFFRUGLQJ WR H[SHRXNVQFRE®HO RPXSW B YRH B RADV
UDQJH DURXQG WKFRKBHORXWWR I SOXIDWY HMWHVINH
UDQJHV DUH GLVSODWKG®H IRXWBKWHRE WKHVH UX
ZLWK VHYHUDO GLIIHUHQW YDULDEOXREGBHURIY
SHUIRUPDQFH LQGLFDWRUV ZHUH FR@ \PLREGGHIONG
ZLWK DQ DFFHSWDEOH ILW LQ VWHS SWHG3D
EHKDYLRXUDO PRGHOV ZHUH IXUWKH BHMWZBHO\Y
SDUDPHWHUV DQG DOVR WR XQGH U VRXIDQ\GL S\CK-
FULWHULD , E HUH HHFXWEG |IRWHRBEK+RIUW H
ZKLFK f UXQV ZHUH SHUIRUPHG 7R KADXH
PRWLYDWHG E\ WKH REVHUYHG GLVFYHBRQF\ L
YDOXHV DQG D ZLGHU UDQJH IRU VRHPG®\ KRUBP
UDWLR RI ELRPDVV WR *33

, D J)URP WKHVH UXQV DURXQG DHKDY QR R W
DFFRUGLQJ WR DQ DHRAF$SW WROMHIDL WHIRDRHQEBV G
*33 UHVSHFWLYHO\ LQ FDVH RI +RU 1(KHLQG S
UHODWLYHO\ VPDOO DPSOLWXGH DLQPMHIUQ BILE|
RI WKH ZKROH \HDU +RZHYHU WKH\ WRY §OMD &\
UHVSLUDWLRQ DQGVBHHALWKXHLIHVR UM RRIQ F+H Q B
PRGHGLRDIG *33 GXULQJ ZLQWHU UHVSHFWLY
/RP ZHUH DGGLWLRQDOO\ WDNHQ LQWRVWDFER.
SDUDPHWHU YDOXHV DQG WKH PRGHO SHUIRI
IUHTXHQF\ RI WKH DYDLODEOH PHDV)DUEFHORH QW
KDG WR EH DSSOLHG IRU HDFK VLWH

, E 3HUIRUPDIQFBIQG 16( RI WKH DFFHSWH
YDULDEOH ZDV SORWWHG DJDLQVWD Y DDXHIH MR L
HDFK SDUDPHWHU DJDLQVW YDOXHVORWVHDRKI
YLVXDOO\ DQDO\WHG WR GHWHFW FRYRPHUBQF
IXUWKHU DQDO\WHG LQ VWHS ,,, DQ B QEHHWZKILH
ZHUH IXUWKHU DQDO\VHG LQ VWHS , F

, F 7TKH EHVW ILW IRU RQH YDU LPD BNGKH GERIWVW Q E
DQRWKHU YDULDEOH 7KHUHIRUH E\IXUWKHRW LF
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HDFK EHVW  RXW @G MSHD G HOVOW\ DR U DHEIDAKY FO QUEK
HDFK SDUDPHWHU D% OL$WFHRGU GQ QUDBWERHP UH\EX O W \
GLIITHUHQW SHUIRUR DXYFHG LEOMIHFOG LODHURED WKH YD L
FKRVHQ L@GuFDWH RB3 DV HIIHFW RQ 0( FDQ EH FRI
UDGLDWLRQ X¥HL®IIRFYHQF\ *33 DQG GHFRPSRVLWL
IDVW 6 X& LY RFDSM: RHDQ HUURU ZDV FKRVHQ L
WHPSHUDWXUH 16( IRU DOO RWIKSHADQBUZDEWHY L
*33 7KLV SURFH G XHUD O HDIBYJI MAR IRHSYHR 6 K FSMUD P H
WKH EHVW SHUIRUPDQFH GHSHQGLQJ RQ WKH YDUL

, G 7KH UDQJHV ZHUH PHUJHG WRJBDWBRHWWR D Q
VWDUWLQJ ZLWK WKH KLIJKHVW YDOXE RIOWRK/H ¥ R
WKH ORZHVW RI WKH XSSHU HQGV 7&BDYSLQDQJIH\
UDQJHV® LQ WKH IROORZLQJ HYHQ WRRXHZ WKH\
FDVHYV

,, 3DUDPHWHUV PLJKW LQWHUDFW ZLWK RQH RU
FRXQWHUDFW RU HYHQ FRPSHQVDW H QUK HRIHFW

VXFK SDUDPHWHUV FRXOG EH VDPH REXRWHW®DS S
DSSOLFDWLRQ RI DUNPE&WHU WHW XRHIVSP RIKAX VHWH D
VSHFLILF YDOXHV IRU RQH RU VHY HUWFFE SRV DERHV H
SHUIRUPDQFH 7R WHVW WKLV |IRW HDEK KILIWKH \RVQ |
SHUIRUPDQRHrEWH 6 H F W HDGRGIGEGM XVWHG XQWLO 0( L
DQ&rrZDV VPDOOHU' WEKIDR®IWHUZDUGE R WHSZLVI
SDUDPHWHU ZDV VHW WR WKH URXQGMBIRHDEPYDO:
, G DQGEDDRGRGMXVWHG XQW 5D VBB ®QIBU W K
__Jie@D\,l WKHQ WKH SHWRERWPOGFI33LQD5/ QRW

UHGXFHG E\ PRUH RGDIQHG SW KB PH WIHMJ YZDO/X N H S W
2WKHUZLVH LW ZDV VHW EDFN WR WK MW ISIDHWVH & X\Q °
.., 7KLV SURFHGXUH ZDV UHSHDMWDH®&GIRU DOO SDUD

.., 3DUDPHWHUV MKREZHQDFWLRRYJ W VKRILGJ G
UDQJHV IRU WKH GLIIHUHQW VLWHW RUUWRHUDEO
PXOWLSOH FDOLEWRWLRQWXQVWKRU HDRFXOS DAUKDLAH W
SDUWLFXODU SDUDPHWHU DQG YHU\ IHZFWOKHU ¢
UHODWHG WR LW ZHUH FDOLEUDW HIBQ W KW R HWB @& O
YDOXHV IURP VWRS DFRHSWHE LDXQRUZRUKWD PHDC
__ J& ®D\LRDQG *33 UHVSHFWLYHO\ LQ *33 DC
WHPSHUDWMUHVRDYHFRBW  WR UXQV B6XFK DGC
FDOLEUDWLRQV ZHUH DOVR SHUIRWPIBGDQ RSWMLSDE
UDQJH RXWVLGH W®&HWWKHY WIBGE HU B/VGUHHF RO WVEKIHD W L |
SDUDPHWHU ZDV LQFUHDVHG
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7KHQ VWHSV , F G DQG ,, ZHUH UHEHDWHRBQIRU
SHUIRUPDQFRSLIrQQEG *33 ZDV UHGXFHG E\ PRUF
SDUDPHWHU ZDV FRQVLGHUH®@ BV@RGEHHU WAL IVGIMKS/E
XQWLO 0( LQ5#%33DDWQE@PDOOHU W&DR7KLV_ VIH®W
SDUDPHWHU YDOXHV ZLOO EH FDOOHG HFRPP
IROORZLQJ

,9 'LIIHUHQW FRPELQDWLRQ RI SDPDOBWHR R
UHVXOWYV ZKLFK LV FDOOHG HTXLDNVOINOZNUH %
, WR ,,, LOGLFDWHG FRYDULDQFH EHWHAHM Q
FRPELQDWLRQV Rl SDUDPHWHU YDOXH\W (OHPDGL
*33 DREAVPDOOHU WKDQ@D\ ZHUH&WHVWHG 6XFK
VLQJOH VHW RI SDUDPHWHU YDOXH\W RUIHQ F DAY
QXPEHUHG ZLWK & WR & 7DEOH $

7DEOH 8DUWLWLRQLQJ RI PHDVXUHG 62& WRQWWK 5
WDEOH LV DJJUHJDWHG LQWR VRALWOHGCDNG WK K R RIGH

GHSWK >P@ IRP $PR +RU )V

OHDVXUHG WRWDO & >NJ Pi @

OHDVXUHG & 1 >NJ Pi @

(VWLPDWHG IUDFWLRQ RI IDVW SRRO
WRWDO &

"U\ EXON GHQVLW\ >J FPi @ P

QR GDWD DYDIURPEORZHD @DNHU XVHG
EQR GDWD DY DIURIPEXSHS YD OPMHU XVHG
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7DEOH $\QDPGBWD IRU RFOGHMR EU@MEG FRPSDULVRQ + PHW
LQVWUXPHQWYV

6LWH O9DULDEOH BHULRGHWKHRGROXWLRUWBYOLFDWHY "HVFULEHG LQ
XVHG IRU RI GDWD
FDOLEUDWLRQ SRLQWYV
IRP 1(( PLG KRXUO\ (& $XUHOD HW DO
HFR 5 KRXUO\ VBRWHRPDWLF RSDTXRKLOD HW DO
RQO\ FKDPEHU
5HFrR *3 3 PLG KRXUO\ HPSLULFDO PRXKWBGODQHW DO

IURP (& GDWD

ZL QSN #kU KRXUO\ HPSLULFDO PRGHOOLQJ
IURP QLJKW 1(( (&
GDWD GXULQJ 6HSW

1RY
VRLO PLG KRXUO\ DXWRPDWLF
WHPSHUDWXUH WHPSHUDWXUH VHQVRUV
DW i FP
VRLO PLG KRXUO\ DXWRPDWLF
WHPSHUDWXUH WHPSHUDWXUH VHQVRUV
DW i FP
$, WLPHR/SWRLFIO FDQRS\
VXPPHU DQDO\VHU
6QRZ GHSWK KROXAQO\ DXWRPDWLF VHQVRU
$PR 1(( PLG KRXUO\ (& "UHZHU HW DO
HER 5 EGZHRNO\ PDQXDO RSDTX®VPRUH HW DO
FKDPEHU
54¢,r*33  PLG KRXUO\ HPSLULFDO PRGHDHU HW DO
IURP (& GDWD
ZL QM #kU P KRXUO\ HPSLULFDO PRGHOOLQJ
IURP QLJKW 1(( (&
GDWD GXULQJ 1RY
$SU
VRLO PLG KRXUO\ DXWRPDWLF
WHPSHUDWXUH WHPSHUDWXUH VHQVRUV
DW i FP
VRLO PLG KRXUO\ DXWRPDWLF
WHPSHUDWXUH WHPSHUDWXUH VHQVRUV
DW i FP
$, WLPHV RSWLFDO FDQRS\
DQDO\VHU

+RU  1(( KRXUO\ (& +HQGULNV HW DO
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6LWH O9DULDEOH SHULRGHWKRGROXWLRQ@MBYOLFDWHYV 'HVFULEHG
XVHG IRU Rl GDWD
FDOLEUDWLRQ SRLQWYV
H[FHSW
HFR 5 ELZHHNO\ PDQXDO RSDTXH
FKDPEHU
5urr *33 KRXUO\ HPSLULFDO PRGIHEKVWHLQ HW DO
H[FHSW IURP (& GDWD 3DSDOH HW
DO
ZL QM #kU KRXUO\ HPSLULFDO PRGHOOLQJ
H[FHSW IURP QLJKW 1(( (&
GDWD GXULQJ 1RY
$SU
VRLO PLG KRXUO\ DXWRPDWLF
WHPSHUDWRUE WHPSHUDWXUH VHQVRUV
DW i FP
VRLO PLG KRXUO\ DXWRPDWLF
WHPSHUDWRUE WHPSHUDWXUH VHQVRUV
DW i FP
$, WLPHV D \HDU RSWLFDO-RQQREBNV

DQDO\WHU ZHLJKWHG
PHDQ IURP
YHIHWDWLRQ W\SHV

DERYH WLPHV D \HDBOLSSHG +HQGULNYV
JURXQG GHDG OHDYHV
ELRPDVYV UHPRYHG ZHLJKWHG

PHDQ IURP
YHIHWDWLRQ W\SHV

RRW5 WLPHV D \HDU VLHYHG VRHQGWRINW RI
ELRPDVYV AT P GHDG
URRWY PDQXDOO\
UHPRYHG ZHLJKWHG
PHDQ IURP
YHIHWDWLRQ W\SHV

VS 1(( ZHHNO\PDQXDO WUDQVSDMH@WQVFKHLGW HW
DQG VHYHUDO FKDPEHU
YV % PHDVXUHPHQWYV

SHU GD\

HFR 5 ZHHNO\WDQXDO RSDTXH (LFNHQVFKHLGW HW
VHYHUDO FKDPEHU DO
PHDVXUHPHQWYV
SHU GD\

*33 ZHHNO\HPSLULFDO PRGHQLFNHQVFKHLGW HW
VHYHUDO IURP FKDPEHU GDW®
PHDVXUHPHQWYV
SHU GD\

ZL QW HkU ZHHNO\WPDQXDO RSDTXH
VHYHUDO FKDPEHU GXULQJ
PHDVXUHPHRQYWgSU
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6LWH O9DULDEOH 3HULRGHWKRRGROXWLRQ@WBYOLFDWHYV '"HVFULEHG LQ
XVHG IRU Rl GDWD
FDOLEUDWLRQ SRLQWYV
SHU GD\
VRLO KRXUO\ DXWRPDWLF
WHPSHUDWXUH WHPSHUDWXUH VHQVRUV
DW i FP
VRLO KRXUO\ DXWRPDWLF
WHPSHUDWXUH WHPSHUDWXUH VHQVRUV
DW i FP
$, |/ XPRIMJZHHNO\ RSWLFDO FDQRS\
DQDO\VHU
VXPPHU
$ERYH ZHHNO\ VLR FH
JURXQG P FOLSSHG DQG
ELRPDVV VRUWHG LQWR OLYLQJ
DQG GHDG
"HI  1(( KRXUO\ (& 3HLFKO HW DO
DQG
UHIHUHQFHYV
WKHUHLQ
I+ KRXUO\

1HW UDGLDWLKRRXUO\

ZDWHU WDEOHK;DLO\

GHSWK

VRLO KRXUO\ DXWRPDWLF

WHPSHUDWXUH WHPSHUDWXUH VHQVRUV

DW i FP

VRLO KRXUO\ DXWRPDWLF

WHPSHUDWXUH WHPSHUDWXUH VHQVRUV

DW i FP

/$, 0D\ 6HEEXWHHNO\ RSWLFDO FD@REFKO HW DO
DQDO\VHU

$ERYH $XJIJXVWQFH FOLSSLQJ IURP/RQ®H HW DO

JURXQG TXDUWHU RI D FLUFXOZHLFKO HW

ELRPDVYV FP UDGLXV SORWO

6QRZ GHSWK KRDGQJO\ DXWRPDWLF VHQVRU




$SSHQGL[ WR PDWHULDOV DQG PHWKRGYV

7DEOH $/LVW RI PDLQ HTXDWLRQV XVHG LQ VWX

(TXDWLRQ 1R "HILQLWLRQ
30DOW ELRWLF SURFHVVHV
Cam o= + T, fE, E, Ry 5DWH RI SKRWRV\@BNKHVLV J & |

ZKHPH WKH UDGLDWLRQ XVHNHHLFRBYRUDIOREQ IDFWRU IURP

ELRPDVV WREHWEWQH JOREDO UDGLDWLRQ DEVRUEHG E\ FDQRS\ DQG

f-||- DQ& E[a E OLPLWDWLRQV GXH WR XQIDYRXUDEOH
WHRUDWHXWHQRQG ZDWHU FRQGLWLRQV

T, < P 7HPSHUDWXUH UHVSRQVH IXQF\
- - SKRWRV\QWKHVLV
(TSPw)/(P SPw)  Pan T P,

le = po <Tl<po
S(MSp )/(PuSPR) P T Pu
Tl>pmx
Z K HeehdHpo1, poz D @ DUH S D U D PiHWHKIHU © DIGWHP SHUDW XU H
Ea 5HVSRQVH IXQFWLRQ IRU WUDQ

fEta Epza

Z K HELH( T BQ GT DUH DFWX\DL® O Q\CU BRWSIIQUDW LR Q

Co tear = 1o Ca $OORFDWLRGQL RL@MMEHY WR WKH
ZKHYHY D SDUDEHMWKH @HIZGDVVLPLODWHG FDUERGBDYHV
C. rot= Sly C, $OORFDWLRQL RL@MIHY WR WKH

ZKHUHY D SDUD(PaHWVK—HJQ)HQZGDVVLPLODWHG FDUEW&RWV UHVSHFWLYHO\ WR EHOJ

FDVH RI PRVVHV
respleaf = kmrespleaf f(T) C

+k C 3ODQW JURZWK DQG PDLQWHQD
leaf gresp™~ a Leaf UHVSLUDWLRE) J & P

Z K HRdrbdpear LV WKH PDLQWHQDQFH UHVSkWMPWYRQ FRHIILFLHQW IRU OHDYHV

WKH JURZWK UHVSLUDBWLRQVRRIHMHPSHQWWRQB 7KH HTXDWLRQ

FDOFXODWHV UHVSLUDWLRQ IURP @®WkRs WRRWYV DQG JUDLQV E\ H[FKDQJL

Kmrespstem Kmresproot Kmrespgran D QG XVLQJ WKH FRUUHVSRQGLQJ VWRUDJH SRROV

5HVSLUDWLRQ IURP SRR}V QAE AYWERQWHG ZLWK WKH VDP

PDLQWHQDQFH UHVSLUDWLRQ FRHIIZFEBQBRQDYV IRU UHVSLUDWLRQ IURP QH

SRROV

fFT = TSty bes / 7HPSHUDWXUH UHVSRQVH IXQF\
tQ PDLQWHQDQFH UHVSLUDWLRQ %
ZKHWHDQ:GEWD UH SDUDPHWHUV

Clear stem=l1s C Lear 5HDOORFDWRMRQHRDIIEGSRRO WR V)
ZKHIUWH YV D SDUDRHKWHKY BQBERQ LQ WKH OHDI S§RBOH+VKHUH XVHG DV SRRO IRU

= /HDI & HQWHULQJ WKH VXUIDFH
Qeaf LitterSurface fTSum f A| S ne\MeaIC Leaf GHSHQGLQJ RQ WKH WHPSHUDW:

ZKH$lddeat LV D VFDOLQJ IDFWRU 6WHP & LV FDOHRODPWHE DQBOIRIRXVO\ ZLWK

Snewstem

WHPSHUDWXUH VXP
PDJ tLZStL1)© ‘1

ZKHUWHt2 lia DQIGz DUH SDUDPHMWHWY WOKHG VR FDOOHG

SGRUPLQJ" WH P STiokhddMoklsdin MKFFDOFXODWHG DW WKH HQG WR

WKH JURZLQJ VHDVRQ ZKHQ WKH DLU RMOMSPSHUDWXUH LV EHORZ WKH WKUH’
WHPSHGERMXWDH WKH DFFXPXODWHGoketh | I IQIBQFH EHWZHHQ

7 Dlpormtn LV D SDUDPHWHU

7KH VWHP OLWWHU UDWH LV FDOFN@DWKG DQDORJRXVO\ ZLWK WKH SDUDPHW
DQa WKH URRW OLWWHU ILLDMRHRZ IRMKXQMEKH SDUDPHWHUV

PD /HDI OLWBWSIHQI®KW@FH RI
fl %

Lc :|Lc1+ l LC2S Lcl
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(TXDWLRQ 1R 'HILQLWLRQ

f A = draem A /LWWHU IDOO GHSHQGHQF\ RI /$,

ZKHUith LV D SDUDP MMKHUOBIQGDUHD LQGH|[

(; . :fl C S 5RRW & HEWRWUDOQOIWMINHU SRRO RI WK
Litter Re Root =~ newroot FRUUHVSRQGLQJ OD\HU

ZKHs$kfdot LV D VFDOLQJ IDFWRU 7KHrURFPW BHWWHU UDWH IXQFWLRQ
FDOFXODWHGEY HWKK DO JL QJ WK Ko $.0 DIIFBHMRE U V
tr1 tr2 Irc1 D Qe

8 . 5RRW GHSWK
B,

Z = Broot 7[[) B >
B, +_ oot R

Pincroot © >
ZKHpJdd D Qofmroot DUH SDUDPBAWWHWWKBQRDVYV RI URRWYV L H WKH

FDUERQ FRQW H@MW C&QrMKH URRWYV

1

cMobile = CLeaf LinerSur!ace+ COIdLeaf LitterSurface m retain $OORFDW|—RQ WR WKH PRELOH & SRRO
ZKHrilldn LV DQ DOORFDWLRQ FRHIILFLHQW GHYHORSLQJ QHZ OHDYHV GXULQJ OLW
-C $OORFDWLRQ IURP WKH PRELOH & SRR
C;\Aobne Leaf Mobile shoot OHDILQJ EHWZHHQ *6, DQG DV DQ
DO VXSSO\ 7KLV SURFHVV J
ZKHth LV DQ DOORFDWLGQFR K H LA UERIQ L@GW B BRELOSY WK i on LV FDUERG OHIW L
SRRO PRELOH SRRO
CL =f C $PRXQW RI KDUYHVWHG FDUERQ UHPF
eaf Harvest leafharvest Leaf JURP WKH V\VWHP

ZKHWaarvest LV D SDUDPHWHU +DUYHVW IURP WKH VWHP SRRO LV FDOFXODWHG

DQDORJRXVO\ Efiatdlds BD Widkhakd 7KHVH SDUDPHWHUV DUH

DOVR XVHG WR FDOFXODWH WKH KD@QGHOWDIWHFWLRQV IURP WKH ROG VWHP

SHUHQQLDOV

CL ) =f C S(V > $PRXQW RI SODQW SDUWV ZKLFK DUH
eaf LitterSurface leaflittharv L Leaf Harvest UHPRYHG IURP WKH SODQW DQG HQWH

ZKHfddnav LV D SDUDPHWHU 6LPLODU IORZV DUMXKDBFEK @D WME YRR B @ PV KPS Y HVW

URRWYV E\ Hffhittd QR ndy

CMoblle = cLeaf LmerSurface+C0|dLeaf LitterSurface m retain $OORFDW|—RQ WR WKH PRELOH & SRRO
ZKHrdeldn LV DQ DOORFDWLRQ FRHIILFLHQW GHYHORSLQJ QHZ OHDYHV GXULQJ OLW
C. .. =C,... m $OORFDWLRQ IURP WKH PRELOH & SRR
obile  Leaf Mobile shoot OHDILQJ EHWZHHQ *6, DQG DV DQ
ZKHridht LV DQ DOORFDWLBRQiFW K H LA WERQ OLQGW RI¢ PRWLBADO VXSSOV 7KLV SURFHVV J
SRRO DV ORQJ DV WKHUH LV FDUERQ OHIW L
PRELOH SRRO
cRoms Leat = M Rroot c RoolsSC Leat T 1 $OORFDWLRQ RI & LQ WKH URRWV WR
Z K Hrbkbd D@GDUH S DU D BrsbM/ BIQGk DMKG FDUERQ LQ WP WRIRGODFH DIWHU D KDUYHVW HYH
DQG O‘HD?ISRRO O QLQ DV URRW OHDOOBWMRKDWY WKH YDOXH
RI WKH SBUPW®PKXWMWLO WKH SODQW
JRHV WR GRUPDQF\
COIdLeaf LmevSur!ace f I C OIdLeafSC RemamLea§ oldleaf /ILWWHU IDOO IURP URRWYV OHDYHV D
ZKHU ldaRWL V D VFDOLQJ IDFWRU 7KH OLWWHU VVLWJ’O RRE’ 95\193!3’!9”9' 'ePQJF@IQ\DQVlV/?UH
FDOFXODWHG DQDORJRXVO\ XODWHG WR WKH *QH?Z

ELRPDVV EXW ZLWK WKH LPSRUWDQW
H[FHSWLRQ WKDW VRPH RI WKH ROG Ol
PD\ EH UHWDLQHG

_ & JUDFWLRQ RéaMiSHR B R RWDKID W
RemainLeaf_COIdLeaf Sﬁ ZLOO EH H[FOXGHG IURP WKH FDOFXOLC
life WKH OLWWHUIDOO IURP WKH ROG OHD)
ZKHI¢¢HLY D SDUDPHWHU

C

30DQW DELRWLF SURFHVVHV
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(TXDWLRQ 1R '"HILQLWLRQ

&, A 30DQW LQWHUFHSWLRQ RI JORE
— S f S
Ruy= Se = f( Sa,)R 0- PGB\
ZKHKIHLY WKH OLJKW XVH H[WLQFWLRQPHRVHHILFLHQW JLYHQ DV D VLQJOH SDUD
FRPPRQ IRU 0¥ S\GKDHQWAW IDF &y ED A\RKSH BERYHW DOEHGR
D@Rs LV WKH JOREDO TLRQ

7KH SODQW DOEHGR LV FDOFXODW MDWIRMHWKMDSBHUDPHWHUY DOEHGR YHJH
apveg DQG RU DOEH é@pBraihU BIHE NQ/®LBJ RQ SODQW GHYHORSPHQW

foo = Pepoy SN 6XUIDFH FDQRS\ FRYHU P

:KH@ddax LV D SDUDPHWHU WKDW GHWHUPLQHYV WKH PD[LPXP VXUIDFH FRYHU DQC
pk LV D SDUDPHWHU WSKIDME DRAY HKQFKWWRBRARHPD[LPXP VXU
FRYHU LVAUHD MKKHGOHDI DUHD LQGH[ RI WKH SODQW

_ B /HDI DUHD RQIBH[XQFWLRQ RI
A=—- OHDI PDVV
psp
‘KHUhh LV D SDUCEP HWHMKB MEGRWDO PDVV RI OHDI
Rt . e Se 3RWHQW LD EMFD GBSLUDWLRQ
a~p
r
LE = _ a
P r.§
+ o+ sF
(NG *1

ZKHBHLY QHW UDGLDWLRQ DY QNE®HK H RUD IRXWQVSLUDWLRQ
SUHVVXUH D&V LWDW K H [DVE MR O LY D\S BX U & WHIPWAL YW H

WKH VSHFLILF KHDW RI DUULYWWRRIQQWYWE QWS B HDWX WRHI
YDSRULVDRWWMRKH VORSH RU \BLM XV B WHH & UD\SRW WHP SHUDW X U H
FXUYHY WKH SV\FKUR RHWH W Hi FIROW WHIWMX UIDFH UHVLVWDQFH
DQGLY WKH DHURG\QDPLF UHVLVWDQFH

z, Sdg . 7KH DHURG\QDRLBVWHVLVWDQFF
o0Q—— FDOFXODWHG ZLWKRXW VWDELO
z *1
ra: ©+ anow
ku

ZKHUH WKH ZWQIGV VISHH® DW WK HzeUH LWUMRG®H KHLJIKW
_.DUPDQUV FIRIQN WBEWG LV SO D F HP ENQ WY K<HH LI KIQGHSY V

OHQIWK
D Zmax 2 ! Zomax 7KH URXJK Qzbl VIW CFHD@FXIO D W H G
z = H,S 7z, fof o+ 1Q,, 2nnPo ! Zmax DFFRUGLQJ WR WKH IXQFWLRQ C
» Zomin 2 < Zomn 6KDZ DQG 3HUHLUD

Z K Hiohkk D Q6in DUH SDUD DHMBBIUN IXQFWLRQV GHVFULELQJ WKH
GHSHQGHQF\ RQ OHDI DUHD QG WEE FWIMERESE GS\YKLW\
D@ LV WKH FDQRS\ KHLJKW

Zrefé § 'LVSODFHP#HQMV KKHDIOIKXMODWHG E

& . WKH 6KDZ DQG 3HUHLUD IXQF

d=PLQ[  *  Puwr)S S s, It Q - Q
( S pdensm)es " © © t

PaensmLV GHQVLW\ PD[LPXP Rl FDQRS\ LQ ®#&ODWLRQ WR WKH FDQRS\ KHLIKW
LV WKH VQPRIZLEHEWHK S O D 8L 1 WWHKDH LRIEH S\ KHLJIKW

6WRPDWDO UHVLVWDQFH V P

r=———
PDAg
ZKHHV WKH OHDI FRQGKKHFWHQFIBD WG LQGH[
g = R, Orp 6WRPDWDO FRQGXFWDQFH SHU
' R+g. ,(aSe) PV
Ghpo

ZKHddkHgnax D@ DUH S D U D P lgWabh B RADUCHWHBRQIGY W R
ZLQWHWY WKH JORE B0 VKD WD RRXDIQSSUHVVXUH GHILFLW
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(TXDWLRQ 1R 'HILQLWLRQ
$

e=g 2l 2(Td() | R
V\VWHP

z LV URRW GHfS(WKZ(} D@ DUH UHVSRQVH IXQFWLRQV IRU VRLO

ZDWHU SRWHQWLDO DQ&LYRWKHVHASBWIWMNUBMRRYGGHQVLW\
GLVWULEXWLRQ ZKLFK LV H[SROQHQWIWROWKBHRR/DVLQJ IURP VRLO VXUIDF
GHSWK

§PE¢,+P 7UDQVSLUDWLRQ UHVSRQVH WR ZDWH

f( Z)= c 5 ’
VA >1

ZKHW B DQ®DUH SDUDPHWHUV ,I| WKH VRLO ZDWHU SRWHQWLDO LV UHDFKLQJ WKH

ZLOWL Q%S RLIQWXSWDNH LV DVVLIQHG WR EH JHUR IURP WKDW KRUL]RQ

f(T Z)_ ges'WAPD[TZSng‘WB 7UDQVSLEPQNR WRHWYHPSHUDWXUH DV
- SURSRVHG E\ $[HOVVRQ DQG cJUHQ
ZKHWAHD Qs DQG WKH WULJITL.QDWHEBHDPMWHHYV

6XUIDFH (QHUJ\ EDODQFH

REZI E +H +q 7KH SK\WVLFDOO\ EDVHG DSSURDFK IR
S h FDOFXODWLQJ VRLO HYDSRUDWLRQ R

IURP WKH LGHD Rl VROYLQJ DQ HQHUJ\
EDODQFH HTXDWLRQ IRU WKH VRLO VX
$FFRUGLQJ WR WKH ODZ Rl FRQVHUYD\
HQHUJ\ WKH QHW UDGLDWLRQ DW WKH
VXUIRFHYV DVVXPHG WR EH HTXDO WR
WKH VXP RI ODMWH QW\H & M DEVO HO X [
KHDWHIOR[G KHDW IO%[ WR WKH VRLO
7KH WKUHH GLIIHUHQW KHDW IOX[HV D
HVWLPDWHG E\ DQ LWHUDWLYH SURFH(
ZKHUH WKH VRLO VXUIDWH WHPSHUDW X
YDULHG DFFRUGLQJ WR D JLYHQ VFKHF
WKH HTXDWLRQ LV EDODQFHG

T -T VHQVLEOMsKHDW 10X]

ZKHUH DLU, ®HB/ WWKH VSHFLILF KHDWGRDWH U DW FRQVWDQW SUHVVXUH
FRQVLGHUHG DV SKk¥LIFRADOVWKRQYMDRGNYDPLF UHVLVWDQFH
FDOFXODWHG DWDB DX@F WIHPGERUIZWXUH JUDGLHQWYV

r =r_+r $HURG\QDPLF UHVLVWDQFH DERYH WK
as aa ' ab VXUIRFHY FDOFXODWHG DV D VXP RI W
ZKHIEHLY D IXQFWLRQ RIWHRSH VB WKG H QD G L HORWP\S RRH EW W

FRUUHFWHG IRU DWPR V6 KHU IDRQ VINDELVDILRQD ® QUHVLVWDQFH

UHSUHVHQWLQJ WKH LQIOXHQFH RI WKH FURS FRYHU

«5d8.  z,8d. 7z, 8§ 6WDELOLW\§XQFWLRQ IRU DHURG\QDF
Mg = (@] =S _— +0 — ®X" Ud—iVLVWDQF'H DW QHXWUDO FRQGLWLR!
ku Zy © L, 1 L= @ 1 !
Sds . Sd . ° . . Y,
od '§S . Fet i 27H® § : __§ ’ 3?/4
Zy © Ly 1 L = 9

© 1 © 1 S
ZKHWHY WKH ZLQG VSHHG D WeWKKN WHIH UHQRHOKN HIX W

GLVSODFHPHQW KHLJKW F | SRWHQWLDW KAHUD®\WRSQUDWLRQ RI SODQW

.DUPDQV FRQMMWIDQ@WDDEGWKH VXUIDFH URXJKQHVV OHQJWKV IRU

PRPHQWXP DQG KH D WzouUHW SHI[FWK D Qb WKRH

HTXDWLRQ FDQ EH XVHGE LNRW KB RE X¥NKRKEFEMQIWK DQG

DQ@ DUH HPSLULFDO VWDELOLW\ IXQFWLRQV IRU PRPHQWXP DQG KHDW
UHVSHFWLYHO\

YXUWKHUPRUH DQ XSSHU OLPLW RIVWUKIHP HD NWDEQWPLF UHVLVWDQFH LQ HJ
FRQGLWLRQV LV VHW E\ WKH 3ZLQ@®HVV H[FKDQJH  FRHIILFLHQW
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r.=r aA $GGLWLRQDO DHURG\QDPLF UH\
ab alal M UHSUHVHQWLQJ WKH LQIOXHQFH
ZKHWHLY DQ HPSLULFDO SDUDPHWHU FRYHU
aCp Eur S € 6XP RI ODWHGEW KHDW 10X[

LVES:
las
KHWh LV WKH YDSRXU SUHVVXU# IDIWWKKIHDFRMXD @ XUIDFH DQG

YDSRXU SUHVVXUH LQ WKH DLU
S \Mwa|ergecon§ . 9DSRXU SUHVVXUH DW WKH VRL
e =e(T)e R Famme 5

s
ZKHRIHY WKH JD WwfRQVWBRIQWRODU PIDNVWIRH ZDWHU

JUDYLW\ FRAVWNVIEW PRIRHXDWEVYBWXUDWLRQ

7KH HPSLULFDO FRbUHMKHSIHRG VDRY RO HPSLULFDO SDUDPHWHU
% DQG D FDOFXODWHG PDVV HXORREHKDW WRBRZAL® VXUIDFH
WR YDU\ EHWZHH Qe Gdes LY BIRHWHBF RI ZDWHU

TséT +HDW IOX[WWR WKH VRLO
6=k ———+Lq,

ZKHRHY WKH WKHUPDO FRQGXFWLYRWYRO @ O WRS VRLO OD\HU
SVI\FKURPHWH,UD BRQFRRID/QWHUHG DV gS KWL FIKH FRQVWDQWV

YDSRU IORZ IURP WKH VRLO VXUIDFSHMRRWWH FHQWUDO SRLQW RI WKH XS
FRPSDUWPHQW

q,,=Sd

C\,SQ, 9DSRU IORZ IURP WKH VRLO VXL
fD T M=% FHQWUDO SRLQW RI WKH XSSHU|
vapd Z FRPSDUWPHQW

ZKHtdh LV WKH WRUWXRVLW\ JLYHQ DOVUWD@KHSLULFDO SDUDPHWHU
GLIIXVLRQ FRHIILFLHQW IR UVDWIKN HQDWFWRRQURWRXUW ILOOHG

SRUHAVY DQEDQEGEDUH WKH FRQFHQWUDWLRQV RI ZDWHU YDSRXU DW WKH VRLO
VXUIDFH DQG DW WE&BHURR/OH FRRPEBHW/WPHQW UHVSHFWL

6QRZ

kyI — 7KHUPDO FRQGXFWLYLW\ RI VQI
ow $< snow

ZKH4HY DQ HPSLULFDO SDUDPHWHU

Z + 7 "HQVLW\ RI VQRZ LV D ZHLJKWH
— __pec Tprec  od Told WKH ROG VQRZ SDFN L H WKH G
snow z VQRZ UHPDLQLQJ IURP WKH SUH
now it DQG SUHFLSLWRWLRQ GHQVL\
SQ "HQVLW\ FOOHHZ MQRZ DV D IXQF!
orec = smin <P RI DLU WHPR.SHUDWXUH
fliqmax

ZKHUWkh LV WKH GHQVLW\QRLVQWKH QRZHUPDO TXDOLW\ RI
SUHFLSLWMRMURQDDQBUDPHWHU WKDW GHILQHV WKH PD[LPXP OLTXLG
ZDWHU FRQWHQW RI IDOOLQJ VQRZ WKDW LV DXWRPDWLFDOO\ SXW WR

- o TSTR . 8 7KHUPDO TXDOLW\ RI SUHFLSLW
a ai
oPLQ( Sfliqnﬂx) +f\iqmax - IUDFWLRQDO IUR]JHQ ZDWHU FR(?

— a RainL
QP_ S@ TSnomA_STRaJnI©
N Ta>TRajnL
ZKHWGHreilV D SDUDPHWHUPWKIDAX FG BILTOHG WRMHU FRQWHQW
R1 IDOOLQJ VQRZ DQG LV DX%WRP QBLAZD OB\ BXW WR 7

WHPSHUDWXUH UDQJH ZKHUH SUHFLBLWPFPWLRQ &YV UHJDUGHG DV D PL[WXUH
OLTXLG ZDWHU
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SN '"HQVLW\ Rl WKH ROG VQRZ SDFN LQFU
= ) +sd|_'+sd S ZLWK WKH UHODWLYH DPRXQW RI IUHH
o smin wres WKH SDFN DQG ZLWK RYHUEXUGHQ SUF
Imax LH ZLWK ZQMHUDMIRUIYDOHQW
ZKHYH Q& DUH SDUS8SRKMWHWKH UHWHQVBLRY FDSBHRMWL WP ®@®VR JHQHUDOO\ LQFUHDVHV
WKH ZDWHU HTXLYDOHQW RI WKH VQRZ DJH 7KH DJH GHSHQGHQF\ LV DFFRXQ\
IRU E\ XSGDWLQJ GHQVLW\ DV WKH PD]|
GHQVLW\ RI WKH SUHYLRXV WLPH VWH!
_ S '"HSWK RI ROG VQRZ SDFN
and_
old
-z 7KH IUDFWLRQ RI VQRZ IUHH JURXQG |
o_show Z.< Z WKH HVYWLPDWH WKH DYHUDJH VRLO V>
f = 7 now RY WHPSHUDWXUH DQG WKH DYHUDJH VXU
bae — ® ZERy DOEHGR GXULQJ FRQGLWLRQV RI SDW
o VQRZ FRYHU
zsnow ZFRY
ZKHOH LV D WKUHVKROG SDUDPHWHU
thh 7KH IXQGDRMHRWWRHSBRSLULFDOO\
M :MTT +MRR_ I L L EDVHG VQRZ PRGHO LV WKH PHOWLQJ
a s JUHH]LQJ IXQFWLRQ ZKLFK FRPELQHV
f PDVV DQG KHDW EXGJHWV 7KH DPRXQ'

ZKHUHLVY DLU WHRIS HUDVDXREH O fgiDIGYDWLRQ F DV/QRZQ MHQW PDGH XS E\ D
FRHIILFLHQW DWK& ODWHQW KHDW RI TUHH]LQ W HMHRNILDQN XNDTHOIX IGRENFFARMR @&/ K H
ZKROH VQRZ SDFN ZKHUHDV UHIUHHYXQU DA ® FFRAQWUAFWRD LQBXWMIGEH RI VRODU

OD\HU UDGLBIR/LIR@G WKH VRLO VXUIDFH KHDW
10 RyA0
m. T 5HIUHH]LQJ HIILFLHQF\ LV LQYHUVHO!
a SURSRUWLRQDOZMW® VQRZ GHSWK ~

o
M. =
T ® rnl' Ta<
_anowmf
ZKHWAHY DLU WHP&HASQ® PUH BQGDPHWHUYV

— S SS Sge *OREDO GHGHIMEHRFH RI VQRZ
Mp=mg, o *+s SE€ PHOW
ZKHRMinsl1 DGBEDUH SDUDPHWHUYV
$JH RI VXUIB&Hd YVQRZHWHUPLQHG E\ WKH QXPEHU RI GD\V VLQFH WKH
ODVW VQRZIDOO 7¢/H@FHHG RAHP MKIG ISREBOPLSIRUDWLRQ D
VKRZHUV VQRZIDOO LV FRXQWHG IOY WRIN HF&R QMBI RQO\ IRU VQRZ VSHO
D FULWL FBdniny DAYGH IRU SUHFLSLWDWLRR ZLWK WKHUPDO TXDOLW\
DERYH D WKUHVKROG YDOXH

6RLO FDUERQ DQG QLWURJHQ SURFHVVHYV

C:I L:k| fT f C 'HFRPSRVLWLRQ RI WKH 62& SRROV IR

Litter SODQW OEVBWMU J & P

:KHWHYV D SDUDPfHWHLDQBG DUH UHVSRQVH IXQFWLRQV
IRU VRLO WHPSHUDWXUH DQG PRLVWXUH LQ WKH FHUWDLQ OD\HU

(i :k fT f C 'HFRPSRVLWLRQ RI WKH 62& SRROV IR
mpH h Humus PRUH VWDEOH PEWMULDO J & P
KHUK LV D SDUDPI-fW-[lU IDQ(& DUH UHVSRQVH

IXQFWLRQV IRU VRLO WHPSHUDWXWH DQG PRLVWXUH LQ WKH FHUWDLQ OD\H
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f 7= T>t,, 5HVSRQVH IXQFWLRQ IRU VRLO
[ DFFRUGLQJ 5DWNRZVN\
TSt : e
f 7= —,PW'§ to ST <t op
t,, St 1
poPl P@
f 7= T<tPLQ

:KHUA DQfax DUH SDUDPIHWKH W RIQ® WHPSHUDWXUH LQ WKH FHUWDLQ
OD\HU

P satact s 5HVSRQVH IXQFWLRQ IRU VRLO
> p
$§87, . . §
o (Spsa‘ml;p ,
- erd . ;
$ W8 .
PLow © EING) o1

wilt
Z K Hubb P tow Psaat DRGBDUH SDUDPHWHUYV DQiS WKH YDULDEOHYV
DQG DUH WKH VRLO PRLVWXUH FRQWHGRQIMHQYWWXUDWLRQ WKH VRLO PRLVW)
DW WKH ZLOWLQJ SRLQW DQG WEHFWIMXIMDA VRLO PRLVWXUH FRQWHQW UHV

CL, =].C,. /LWWHU IURP LQDFWLYH VXUIDF
itterSurface  Litterl 11 ™ LitterSurface HQWHULQJ WKH IDVW 62& SRRO
ZKHWHV D SDUDGREMWHEHUMKYPGFDUERQ LQ WKH VXUFREHVG QW R WSIRWK Id
CL_ “ = Sf C $PRXQW RI GHFRPSRVLWLRQ SU
itter S>CO el DecompL WKH IDVW €H& GRREOHDVHG DV
ZKHfJHV D SDUDPHWHU &2
CL f f C $PRXQW RI GHFRPSRVLWLRQ SU
itter S>Humus DetOmpL 9] WKH IDVW GZRWSHRIRQVY WKH VORZ
ZKHJH ®G DUH SDUDPHWHUYV GHFRPSRVLWLRQ SRROV
CL, . =f. Sf C $PRXQW Rl GHFRPSRVLWLRQ SU
itter S>Litter el mpL K WKH IDVW 628 ERROAKEGHG WR V
ZKHUH @G DUH SDUDPHWHUYV IDVW GHFRPSRVLWLRQ SRROV
C < =f C $PRXQW RI GHFRPSRVLWLRQ SU
HumusS> CO e K~ DecompL WKH VORZ 2RLBRINOHDVHG DV
ZKHishHLV D SDUDPHWHU &2
6RLO KHDW SURFHVVHV
. T 6RLO KHDWGEDX[ - P
Z

ZKHWHYV WKH FR'QG\XN\W(LH(VWLO W H W SHHHIOPWMKKUH DQG
8SSHU ERXQGDU\ FRQGLWLRQ II

_K"o QN( )qLQ qu/o IORZ* ®D\

ZKHKbHLY WKH FRQGXFWLLFYIE’\NWIRIIUWEKCBITRWW‘QKI—VXUIDFH

VXUIDFH WHP 8§ UDKNHX WH PSHUDWXUH LG WKWH XSSHUPRVW VRLO OD\HU
WKH ZDWHU L Qid OW WIXW LRIMWBIWHD & R XW KIKD RZD WDHXBN

KHDW

szh+h +HDW FRQGWRW LRUNDQRIF PDWH |
DW WKH VXUIDFH

ZKHWBQGSDUH HPSLULFDO FRQVWDQWYV

T+4aT 6RLO VXUIDFH WHPSHUDWXUH X
= a SDFN GXULQJ SHULRGV ZLWK V(
Ss
+a
ZKHUH WKH LQGH] PHDQV WKH WRS WRLO OD\HU DQG WKH VQRZ VXUIDF
WHPSHUDWXUH LV DVVXPHG WR EH HWINRWLWR DLU WHPSHUDWXUH D LV D Z
IDFWRU GHSHQG INQHRY PQRBZFW&GKF\8DFINVD QG WKH VQRZ
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7HPSHUDWXUH DW WKH ORZHU ERXQG!
KHDW FRQGXFWLRQ' f&
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1

ZKHTdan DQdamp DUH SD UD P WUHKURY WL PHKH SKDVH VKLIW &

LV WKH | WRH TWKKIK) FYF O¥ WRB GDPSLQJ GHSWK

6RLO ZDWHU SURFHVVHV

58 g &

6,=% 8 &% |

7KH WRWD @wZDW KUK HORZP RI
WKH PDWdhk DI@DRIVKH YDSRXU
IORZ PP GD\

ZKHRJHV WKH XQVDW X UDW HG%H\G WIKHOZ B W IR Q) GHFQWLLYRLQV \
LV GHSMKWKH FRQFHQWUDWLRQ, RVYWRISRXAL ILRVWRIQO DLU DQG

FRHIILFLHQW IRU YDSRXU LQ WKH VRLO

g
— =S +
t z S

7KH JHQHWIDRD HRXDXQVDWXUDWHG
ZDWHU IORZ IROORZV IURP WKH ODZ R|
FRQVHUYDWLRQ DQG HT

ZKHUHV WKH VRLO ZD3WHV BRWORWHGW \DLGGN WHUP IRU H J

KRUL]JRQWDO LQ DREBVWRZWWIHREZ RSWDNH
§S
S = b

e 5

a© L

‘:DWHU WBEFRRGLQJ WR %URRNV DQG
&RUH\ EHWZHHQ WKH WKUHVKROG
Y D 0% B Q%

ZKH%H.V WKH DLU HRDW WKW BRWIHRPL]IH GIVYWULEXWLRQ LQGH[ DQG

WKH HIITHFWLYH VDWXUDWLRQ

SI'
R

(ITHFWLYHSY/ BEMWWDBMWQ RVKH
WKUHVKR®B Q¥R OXHV

ZKHYHV WKH SRIWNRBIRMRVLW\ FIRQWKQW PWXDO ZDWHU

FRQWHQW
+ +n

K, =K 2
©

°1

8QVDWXUDWGGFKHBd§VXFWLYLW\
PP GDDFFRUGLQJ %URRNYV DQG &RUH\

:KHUH WKH PDW Ukoht ERQIG FQHWLR/Q RI WKH WRWDO FRQGXFWLYLW\
LV D SDUDPHWHU DFFRXQWLQJ IRUUSRKRYV FRUDRGDWLRQ DQG IORZ SDWK WR

LV WKH SRUH VL]H GLVWULEXWLRQ LQGH][

kma_ ORJS ROt kORI
¢ =

O0DWUL[ FRQGXEWWYRWY\RIWRWDO
FRQGXFWLYLW\

ZKHbddm DQiBens DUH SDUDP kbt HVVWIKGIGWRWDO VDWXUDWHG

FRQGXFWLYLW\

= (2452
"st d,d,

(z52),

7KH KRUL]JRQ®WPD @ VORZV ¥ B WG

WR EH SURSRUWLRQDO WR WKH K\GUD}
JUDGLHQW DQG WR WKH WKLFNQHVV D
VDWXUDWHG K\GUDXOLF FRQGXFWLYLV
VRLO OD\HU

ZKHWHYV WKH XQLW OHQJWK RI WKz IWRWKHR QWRPBOUHOHPHQW L H P

GHSWK RI WKH GUDLQDJH S#.SIHV LWHK HV K H POV 1B G H GAHFEWWHIO

Rl WKH JURXQG ZBhWHW DVPEOHDBP@YGEULVWLF GLVWDQFH EHWZHHQ
GUDLQDJH SLSHV 1RWH WKDW WHKAUXDO/ IDDRZPIPONKVMFDWLRQ ZKHUH WKH DF
DQG WKH DFWXDO JUDGLHQWY DUH WRW GUBUBVHQWHG 2QO\ IORZV DERYH

OH¥BOH FRQVLGHUHG
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7RWDO FRQGXFWLYLW\ FORVH V
. DERYH WK H®WWRHYKRROXRQW IRU V
X FRQGXFWLYLW\ LQ WKH PDFUR S

ZKHKA LV WKH VDWDXOUBWRRGXWWLYLW\ ZKLFK LQFOXGHV WKH PDFUR

SRUHW*DQ&G LV WKH K\GUDXOLF FRQGXPMPIW LW\ EHORZ
FDOFXODWHG IURP (T

= $FWXDO XQVDWXUDWHG K\GUDC
KN rAOT-'-rA'FI-S kwkaujc[P DIWHU WHPSHUDWXUH FRUUHFW

ZKHMdH rar D Qe DUH SDUDPHMYHUVYWRMHRMRQGXFWLYLW\
DFFRUGLQJ WR HTV DQG

7DEOH $&DOLEUDWHU S CRIDPAMXG\
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Gmasin &RQGOD[:LQWHU' P VPD[LPDO FRQGXFODRFHQRYWRPDWD WR
FDOFXODWH WKH SRWHQWLDO WUDQVSLUDWLRQ
GXULQJ ZLQWHU

Oph *6, 3BRVW +DUYHVW JURZWK VWBNH WRHBKLFK WKH SODQW
KDUYHVW

Kgresp *URZWK&RHI f GD\ UDWH FRHIILFLHQW IRU JURZWK UHVSLUDWLRQ
SODQW UHVSLUDWLRQ UHODWLYH WR DPRXQW R
DVVLPLODWHYV

ki 5DWH&RHI/LWWHU WDWH FRHIILFLHQW IRU WKH GHFD\ RI 62& LQ W
SRROV

Kmrespleaf 0&RHI/HDI i GD\ UDWH FRHIILFLHQW IRU PDLQWHQDQFH UHVSLU!

OHDYHV UHVSLUDWLRQ UHODWLYH WR OHDI ELRH

Kmresproot 0&RHISRRW i GD\ PDLQWHQDQFH UHVSLUDWLRQ FRHIILFLHQW IRU
UHVSLUDWLRQ UHODWLYH WR URRW ELRPDVV

Kmrespstem 0&RHI6BWHP i GD\ PDLQWHQDQFH UHVSLUDWLRQ FRHIILFLHQW IRU
UHVSLUDWLRQ UHODWLYH WR VWHP ELRPDVV

kn 5QW/$, H[WLQFQWIR@ FREHIMHHUTY ODZ XVHG WR
FDOFXODWH WKH SDUWLWLRQLQJ RI QHW UDGLD
EHWZHHQ FDQRS\ DQG VRLO VXUIDFH

[ HIF  / i & IUDFWLRQ RI QHZ DVVLPLODWHV ZKLFK LV DOOR
WKH OHDYHV

In 5DWH&RHIBXUI /i GDVUDFWLRQ RIRKKQH DERNIEXHY WKDW HQWHU
WKH OLWWHU SRRO Rl WKH XSSHUPRVW VRLO C

ILaiEnh /$, (QK &RHI VFDOLQJ IDFWRWORUDHQHKW QFHG OHDI OLW
ZKHQ KLJKHU /$, YDOXHV DUH UHDFKHG

ILe /HDISDWH i GD\ UDWH FRHIILFLHQW IRU WKH OHDI OLWWHU IDOO
ILUVW WKUHVKRO!G MHBEBBRMWXUH VXP

ILe2 /HDISDWH i GD\ UDWH FRHIILFLHQW IRU WKH OHDI OLWWHU IDOOC
VHFRQG WKUHVKRQG WHPSBEDMG(UH VXP

ILs & /HDI WR 6WHP VFDOLQJ IDPWRIDIRMRUHDOORFDWLRQ |
VWHP DIWHU WKH SODQW UHDFKHG PDWXULW\ JU
VWDWH

Ire1 5RRW5DWH i GD\UDWH FRHIILFLHQW IRU WKH OLWWHU IDOO IURP
EHIRUH WKKRDGVWHPEHWHDWXUH VXP
UHDFKHG

Ire2 5RRW5DWH i GD\UDWH FRHIILFLHQW IRU WKH OLWWHU IDOO IURP

WKH VHFRQG WKUHVKR Q8 WHPSHUDWXUH VXP
UHDFKHG
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Isc1 6WHP5DWH i GD\ UDWH FRHIILFLHQW IRU WKH OLWWHU IDOO IURP VWH]I
EHIRUH WKKRDGYWHREHHDWXUH VXP
UHDFKHG

Isc2 6WHP5DWH i GD\ UDWH FRHIILFLHQW IRU WKH OLWWHU IDOO IURP VWHI
WKH VHFRQG WKUHVKROQ® WHPSHUDWXUH VXP
UHDFKHG

Mretain ORELOH $OOR &RHI FRHIILFLH@\R PRRE BB HUFLQLQJ DOORFDWL
LQWHUQDO VWRUDJH SRRO  EF F

G G

MRoot 5DWH&RHIBISRRW ZKLFKVSHEGCRFIRRVRQ VRR & [URP U
OHDYHV DIWHU KDUYHVW WDNH SODFH

Mehoot 6KRRW &RHI & RAHK H_ BIDHADHY DIVIR ZIKWHIG & LV UHDO O
IURP WKH PRELOH SRRO WR WKH OHDI DW OHDILQJ

Pek $UHD N([S VSHHG DW ZKLFK WKH PD[LPXP VXUIDFH FRYHU R
WKH SODQW FDQRS\ LV UHDFKHG

Pisp 6SHFLILF /HDISUHD JI®PWRU IRU FDOFXODWLQJ /$, IURP OHDI ELRPDVV
ZKLFK LV DF@NHDWD\H RIKWSHFLILF OHDI
DUHD L H OHDI PDVV SHU XQLW OHDI

Pron 7 /0LQ f& PLQLPXKP WHIPGHUDWXUH DW ZKLFK
SKRWRV\QWKHVLYV FDQ WDNH SODFH

Po 7KHWD3RZHU&RHI YRO FRHIILFLSRAM Ul QQ MM HROQHRSRQVH IX
PLFURELDO DFWLYLW\ LQ GHSHQGHQF\ RI VRLO
PRLVWXUH

P Satact 6DWXUDWLRQ DFWLYLW\ YRO USDIP@WM HUQEQ MRKH' VRLO PRLVWXU'L
GHILQLQJ WKRAWILFIMREXQGHU VDWXUDWHG
FRQGLWLRQV

P Usp 7KHWD8SSHU5DQJH YRO FRQWHQWDIVONW RUWWRUH WKH VRLO
UHVSRQVH IXQFWLRQ IRU PLFURELDO DFWLYLW\

rn 5RRW /HDI 5DWLR G YD OWH URIY KARRHD WRRKAL XH D1 UDW L
UHDOORFDWLRQ RI & IURP URRWV WR OHDYHV WDNHV ¢
DIWHU DQ KDUYHVW HYHQW

Sneweat 1HZ /HDI VFDOLQJ IDFWRU IRU OLWWHU IDOO IURP QHZ OHE

Snewroot 1HZ 5RRWV VFDOLQJ IDFWRWY IRU OLWWHU IDOO IURP QHZ Ul

Snewstem 1HZ 6WHP VFDOLQJ IDFWRU IRU OLWWHU IDOO IURP QHZ VW

Tamean 7HPS$LUOHDQ f& HORV RPID® PROXWKRSHUDWXWPH IRU W
ORZHU ERXQGDU\ FRQGLWLRQEIRU KABW FRQGXFWLRQ

F G

Toormth "RUPDQF\ 7WK f& WHWKHBYWROB IR# ISODQW GRUPDQF\
WKH WHPSHUDWXUH IDOOV EHORZ WKLV YDOXH IRU ILY
FRQVHFXWLYH GD\V WKH GRUPDQF\ WHPSHUDWXUH
VXP VWDUWY WR EH FDOFXODWHG

Temegessm  7HP S6XP6WDUW f& H VXP WKIPPSKH UD WKIH WKUHVKROG IR
VWDUW RI SODQW GHYHORSPHQW

Temegetn  7HPSB6XP&ULW f& FULWLFDO DLU WHPSHUDWXUH WKDW PXVW EH
IRU WHPSHUDWXUH VXP FDOFXODWLRQ

t /HDI7VXP GD\f&WKUHVKROG WHPSHUDWXUH VXP DIWHU UHDFKLQJ

GRUPDQF\ VWDWH IRU WKH ORZHU OHDI OLWWHU UDWH
:KHQ LW LMW NBVEKHEY WR FKDQJH WRZDUGYV
WKH LQFUHDVH& OLWWHU IDOO UDWH
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tL /HDI7VXP GD\f&WKUHVKROG WHPSHUDWXUH VXP DIWHU UHDFKLC
GRUPDQF\ VWDWH IRU WKH KLJKHU OHDI OLWWH
‘KHQ LW LV UHDFKHG WKH IXO0 KLJK OLWWHU U
DSSOLHG

Tvawresem  ODWXUH 7VXP f& WHPSHUDWXUH VXP BHJLQQLQJ IURP JU!
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tQ1obas

ts1

ts2

7HP4

7THP4 %DV

5RRW7VXP

5RRW7VXP

6WHP7VXP

6WHP7VXP

VWDJH IRU SODQW UHDFKLQJ PDWXULW\ VWDJH
G F

G

UHVSR@QVHARWA WHPSHUDWXUH FKDQJH RQ
WKH PLFURELDO DFWLYLW\ PLQHUDOLVDWLRQ
LPPRELOLVDWLRQ QLWULILFDWLRQ DQG GHQLW
DQG SODQW PDLQWHQDQFH UHVSLUDWLRQ

f& EDVH MHPSKHIPARURELDO DFWLYLW\
PLQHUDOLVDWLRQ LPPRELOLVDWLRQ QLWULILFI
GHQLWULILFEWLRIK DAW BZRQVH LV

GD\f&%KUHVKROG WHPSHUDWXUH VXP DIWHU UHDFKLC
GRUPDQF\ VWDWH IRU WKH ORZHU URRW OLWWH
:KHQ LW LMrdNVFKHBEY WR FKDQJH WRZDUGV
WKH LQFUHDVHg& OLWWHU IDOO UDWH

GD\f& KUHVKROG WHPSHUDWXUH VXP DIWHU UHDFKLC
GRUPDQF\ VWDWH IRU WKH KLIJKHU URRW OLWWt#
:KHQ LW LV UHDFKHG WKH IXO0 KLJK OLWWHU U
DSSOLHG

GD\f& WKUHVKROG WHPSHUDWXUH VXP DIWHU
GRUPDQF\ VWDWH IRU WKH ORZHU VWHP OLWWH
:KHQ LW LVs&d NIVDKHMGY WR FKDQJH WRZDUGV
WKH LQFUHDVH& OLWWHU IDOO UDWH

GD\f& WKUHVKROG WHPSHUDWXUH VXP DIWHU
GRUPDQF\ VWDWH IRU WKH KLJKHU VWHP OLWWF
:KHQ LW LV UHDFKHG WKH IXO0 KLJK OLWWHU U

DSSOLHG
J'z

Q 3KR5DG(IILFLHQF\ UDGLDWLRBLXWQH\ IRU SKRWRVI\OWKH¥VLYV XQGHU
RSWLPXP WHP SHWDWHX DB GPGREW BLHGW V
FRQGLWLRQV

PDW /RP

EDW $PR

FDW +RU

CDW )V$ DQG )V%

H3DUDPHWHU XVHWY \RBSRKHVOH YDIOX S DUDPHWHU
' UDQJH WHVWHG LQ DGGLWLRQDO PXOWLSOH UXQV
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& P 6QRZ FRYHUDJH NQHVKHRWEKHPBPQ VQRZ KHLIJKW WKDW GHIDXOW YDOXH
ov FRUUHVSRQGY WR D FRPSOHWH FRYHU RI WKH VRLO
me NJ 6QRZ PHOW &RHIILFLHQW LQ WKH JOREDA UAGLDWLRQ UE MSERQAM RDOXH
min - GHSHQGHQFWRB HPSLULFDO VQRZ PHOW IXQFWLRQ
UDGLDWLRQ
fan 6QRZ PHOW 6FDOLQJ FRHIILFLHQW IRU WKH FRQWULEXWLBRXQOR KBl O WH
GHSHQGHQFNORZ VRRP JURXQG RQ WKH PHOWLQJ RI WKH VQRZ LQ
KHDW WKH HPSLULFDO VQRZ PHOW IXQFWLRQ
Siw P! 6QRZ GHQVOWVV FRHIILFLHQW LQ WKH FDOFXODWLR@ RIDX@RZ YDOXH
FRHIILFLHQW HRQ\RIOMG DV DTIKEGFWQRQLRH GBRQWHQW LQ
VQRZ WKH ROG VQRZ SDFN
sa NJ 6QRZ GHQVUWTXLG ZDWHUW @ RMKHL FIDHOPA ODWLRQ RI GHIDXOW YDOXH
pi GHSHQGHQFWORZ GHQVLW\ DV D IXQFWLRQ RI OLTXLG DQG LFH
OLTXLG DQ EFRH WRIQW/H @ WK\ V@D BB IZLWK WKLV
YDOXH ZKHQ WWHJCARWE @W LQ WKH VQRZ
SDFN EHFRPHVY HTXDO WR WKH WRWDO UHWHQWLRQ
FDSDFLW\
Ism NJ 6QRZ GHQVLWOWRLW\ RI QHZ VQRZ GHIDXOW YDOXH
n Pl QHZ VQRZ
mr NJ 6QRZ PHOWIRHIILFLHQW IRU WHPSHUDWXUH GHSHQGD@X¥H RQ VWKH
fé& GHSHQGHQFMMRSR ULFDO VQRZ PHOW IXQFWLRQ QRUPDO IRU IRUHVWYV
WHPSHUDWXUH 6LPLODU DV IRU
P! OHOW&RHI*ORES5DG D
GD\ WZR RU WKUHH IROG
i LQFUHDVH LV H[SHFWHG LI
DGDSWDWLRQ WR DQ RSHQ
ILOHG LV WR EH GRQH
-DQVVRQ DQG .DUOEHUJ
Tra 6QRZ WHPSHERWHKWKLY WBAPSHWWALSUWDWLRQ LV GHIDXOW YDOXH
inL WUHVKROG WROLQ
UDLQ VQRZ
ho PP 6RLO K\GUDXS®@WDWXUDWHG PDWUL[ FRQGXFWLYLW\ GHIBRGWQOXH
m  GD\ FRQGXFWLYRW\WR\VGEE G/ BRVAGROFWLY LW\
f VDWXUDWHG FRQGLWLRQV
% FP 6RLO K\GUDMQ@LAQWU\ WHQVLRQ $V WKLV ZDV WKBEDRIEB\UHFHLYHG E\
SURSHUWLHND O KBS BWH Gl ISPLUDIPWWH W/ IGIHSH S) FRPSDULQJ UHVXOWLQJ S)
ZDWHU UHWHRRUWLIHR QWQGHWHUPLQHY XQVDWXUDWHAIYBEWHUWK FXUYHV
WKH XSSHU GRUWJREXWLRQ LQ WKH VRLO LQFOX®HPNVKDBEGOIOCDBHDWODQGV
.HOOQHU DQG /XQGLQ
9DOXHV LQ EUDFNHW
ZHUH XVHG IRU VRLO
KRUL]JRQV 1§ FP
d P 6RLO K\GUR@RDUDFWHULVWLF GLVWDQFH EHWZHHQL\VBHY DASHIFFIHLF
GUDLQDJH CSIVSHVQEHQRPLQDWRU ZKHQ HVWLPDWV®L WKWMLRUDGLHQW
QHFHVVDU\ |RWLRRHRFMWXAX®RUL]RQWDO
ZDWHU IORZ WR GUDLQDJH SLSH
Oma P 7UDQVSLUDWULRQVSLUDWLRQ FRHIILFLHQW IRU YD\GHHAOMWSODRW\D SUH
x Vv HIILFLHQF\ WKH PD[LPDO RRQXGEOWRHE VWRPDWDWXG\ FDOLEUDWLRQ ZLWHK
vasc LQ WKH /RKDPPDU HTXDWLRQ /RKDPPBMKHWLDMH GDWD
IRU FDOFXODWLQJ OHDI FRQGXFWDQFH DQG
VXUIDFH UHVLVWDQFH
Oma P 7UDQVSLUDWULRRVSLUDWLRQ FRHIILFLHQW IRU PRWOAHINXOMKHIURP D SUH
w Vv HIILFLHQF\ PD[LPDO FRQGXEWDRSH®RVWRPDWD LQWXG\ FDOLEUDWLRQ ZLWHKk

WKH /RKDPPDU HTXDWLRQ /RKDPPDU MWHO®LWH GDWD
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IRU FDOFXODWLQJ OHDI FRQGXFWDQFH DQG VXUIDFH

UHVLVWDQFH

7UDQVSLUDWICRQPDO FRQGXPWD @SH @IVWRPDWD WREHVXOWY IURP D
HIILFLHQF\ EXWFKGBWH WKH SRWHQWLDO WUDQWSLKNGWERQLEUB®WDAQ'
WKH JURZLQGEXWHMVRIL QW HU WKH VLWH GDWD
7UDQVSLUDWHRQHUWDWHVM FRHIILFLHQW LQ WKH WHPASHIMW KWRIP D S
GXH WR OLPUMNHSRDYWHKYQFWLRQ VWXG\ FDOLEUDWLR!
DYDLODELOLW\ XQGHU WKH VLWH GDWD
ORZ WHPSHUDWXUHV
7UDQVSLUDWIRQVY ARG BWHVVXUH KHDG IRU UHGXBWYRQWY IURP D S
GXH WR WRFSRWBQWLDO ZDWHU XSWDNH $ ZLGH \WWRGMFDOLEUDWLR!
ZDWHU FRQWAQ@WWHU RI YDOXHV KDV EHHQ UH S RW KWH{ @ LIVPHWEKIHW D
OLWHUDWXUH /RZHU YDOXHV DUH H[SHFWHG IRU VDQG\
VRLOV ZLWK OWRZH Y FORMG GHQK/HMU YDOXHV
DUH H[SHFWHG IRU FOD\H\ VRLOV ZLWK KLJK URRW
GHQVLWLHV
7UDQVSLUDWIMRG IVAHQW IRU WKH GHSHQGHQFH RI SRW HIQXOMD @D O X
GXH WR WRRIDWHAU XSWDNHVIL@ QV KHQBWERQ 7KH
ZDWHU FRQWHSWQ G HQ FH VRL D/DK K SS\RMYWWHHQU DWH KDV
IUHTXHQWO\ EHHQ UHSRUWHG DV DQ LPSRUWDQW
SKHQRPHQRQ IRU UHGXFWLRQ RI ZDWHU XSWDNH
9DSRXU SUHNDWWRUDWMR DFFRXQW IRU GLITHUHQFHV GHINI XBMQY DO X H
WKH VRLO VEXDWHHWHQVGRE®HERWWRP OD\HU DQG
DFWXDO YDSRXU SUHVVXUH DW VRLO VXUIDFH
$HURG\QDPLBRXJKQHVV OHQXMKFRDHE QADWLRQ R GHIDXOW YDO
UHVLVWDQFHEIHDFK SODQWs» ER U UTHVBRIQEY WR
FDQRS\ PLQLPXP
H[FKDQJH XQGHU
VWDELOH FRQGLWLRQV
$ HUR@QLBXD WXUEKOHQW H[FKDQJHARHIIZHYKNQWYV IURP D S
UHVLVWDQFHQRIHWYRIZRI PD[LPXP DOORZHG DHURGAQRBLFDOLEUDWLR
PLQLPXP H[RKDQMWDQFH RYHU VQRZ $YRLGV H[DWKHUDMSEGDW D
XQGHU VWDEX®HDFH FRROLQJ LQ ZLQGOHVV FRQGLWLRQV RU
FRQGLWLRQM[WUHPH VWDEOH VWUDWLILFDWLRQ
$HURG\QDPLFKH FRQWULEXWLRQ RI /$, WR WKH WRWBROWYV IURP D S
UHVLVWDQFBHURG\QDPLF UHVLVWDQFH IURP PHDYWXBRFQWLEUDWLR
FRQWULEXWKRIQIRW/BHIHUHQFH OHYHO WR WKH VWRK® VXWID BHD W D
$HURG\QDPLF5RXJKQHVV OHGOWKK PRDVERR VQRZ A5HVXOWYV IURP D S
UHVLVWDQFH VWXG\ FDOLEUDWLR
URXJKQHVV OHQJWK RI WKH VLWH GDWD
VQRZ
6RLO WHPSHURKWRLOHO FRQGXFWLYLW\ FRHIILF LA QWHNRUOWYRIARP D AL
WKHUPDO VWXG\ FDOLEUDWLR
FRQGXFWLYLW\ RI WKH VLWH GDWD
VQRZ

6RLO WHPSHEPBWXILAD ©® F RIQK/MIDV) \WRMGWRKWLY LW\ RI GHIDXOW YDO
WKHUPDO WKH RUJDQLF PDWHULDO DW WKH VXUIDFH
FRQGXFWLYLW\
6RLO WHPSHUDXPHIEH¥DOXH Rl PHDQ DLU WHPSHUBAIXHB FRQ UHVXO\
ORZHU ERXQMGKMORZHU ERXQGDU\ FRQGLWLRQ IR KWHDWWXG\ FDOLEL
FRQGXFWLRQ ZLWK WKH VLWH GDV
6KRXOG EH f&
KLJKHU WKDQ DQQXI
PHDQ WHPSHUDWXU}
OHW]JHU HW DO
ZKLFK ZDV f& DW
"HJHU| GXULQJ WKH
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VLPXODWLRQ SHULRG
apg 5DGLDWLRQ 30DQW DOEHGR &@XULQJ JUDLQ VWDJ 'U\ JubDVV DQG VWUDZ
rain LQWHUFHSWLRQ SODQW XS WR DQG
DOEHGR UHVSHFWLYHO\ .RQGUDWLE
HW DO
Qpv 5DGLDWLRQ 30DQW DOEHGR RI YDVFXODU SODQWYV G X UBa@x
e, LOQOWHUFHSWYLHRIHWDWLYH VWDJH IRU ERJ UDLVHG HGJH
vasc YDVFXODU SODQW IRU ERJ GHSUHVVLRQ
DOEHGR 3HW]ROG DQG 5HQF]
apv 5DGLDWLRQ 30DQW DOEHGR RI YDVFXODU SODQWV GXUL®@D
e, LOQWHUFHSWYLIRIHWRWVYYH VWDJH SphagnumVHGJH ERJ
mos DOEHGR %HUJOXQG DQG ODFH
s IRU
Sphagnum IRU
Carex IRU
Pragmites =KDR HW DO
Q J' 30DQW DVVLPDGDDWLRRQ X\WRH HUDILFXEBQDQB\SODQWYV IRUDVHG RQ UHVXOWYV IUR
vasc Z HIILFLHQF\ SKRWRVI\QWKHVLV XQGHU RSWLPXP WH BIHHUDWXEGHFDOLEUDWLR!
- PRLVWXUH DQG QXWULHQWY FRQGLWERYYX WKH VLWH GDWD
5DQJHV ZHUH VHOHFWHG L
WKDW ZD\ WKDW PRVVHV
DQG YDVFXODU SODQWYV FC
FRQWULEXWH
DSSUR[LPDWHO\ VLPLODU
WR SKRWRV\QWKHVLV
GXULQJ VXPPHU
9HUPHLM $FWXDO
YDOXHV GLIIHU GXH WR WK
GLIIHUHQW SODQW
FRYHUDJH
Q J' 30DQW DVVLPDGDDWLRRQ XVH HIILFLHQF\ RI PRVVHVABVHG RQ UHVXOWYV IUR
mos Z HITLFLHQF\ SKRWRV\QWKHVLVY XQGHU RSWLPXP WH BIHUDWXEHFDOLEUDWLR
s - PRLVWXUH DQG QXWULHQWYV FRQGLWEZR®@YX WKH VLWH GDWD
5DQJHV ZHUH VHOHFWHG L
WKDW ZD\ WKDW PRVVHV
DQG YDVFXODU SODQWYV FC
FRQWULEXWH
DSSUR[LPDWHO\ VLPLODU
WR SKRWRV\QWKHVLV
GXULQJ VXPPHU
9HUPHLM $FWXDO
YDOXHV GLIIHU GXH WR WK
GLIITHUHQW SODQW
FRYHUDJH
pmn & 30DQW DVVQLIPQOMWLR®YDQ DLU WHPSHUDWXUH UHSRUWHG IRU VRPH
. WHPSHUDWXSKRWRV\QWKHVLV IRU YDVFXODU SO DOSLQH SODQWYV .|JUQHU
vase UHVSRQVH
GHIDXOW YDOXH
pmn & 30DQW DVVLIPQOMWLR®YDQ DLU WHPSHUDWXUH UHSRUWHG IRU VRPH
. WHPSHUDWXSKRWRV\QWKHVLV IRU PRVVHV DOSLQH SODQWYV .|UQHU
mos UHVSRQVH
s GHIDXOW YDOXH
po1 f& 30DQW DVV/IRRAHODWLRIQW PHDQ DLU WHPSHUDWXUHHHR® WR EH KLJKHU

WHPSHUDWXRISWLPXP SKRWRVI\QWKHVLV IRU YDVFXRDQ BOM@QNEXW ORZHU
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vasc UHVSRQVH 7 12SW
po2 & 30DQW DVVEPEODWLRQW PHDQ DLU WHPSHUDWXUH IRWRBWICAXAPHU L
WHPSHUDWXSKRWRVI\QWKHVLYV IRU YDVFXODU SO PQ&¥VSHFLHV
vase UHVSRQVH :RKOIDKUW HW DO
f& CRek DQG
Eriophorum
. XPPHURZ DQG (OOL)
por f& 30DQW DVVIRFAHODWLRIQW PHDQ DLU WHPSHUDW 1HHG WR EH KLJKH!
s WHPSHUDWXRISWLPXP SKRWRVI\QWKHVLV IRU PRV'WKDQ 7 /0LQ EXW O
mos UHVSRQVH 7 12SW
s
p2 f& 30DQW DVVE&PESODWILRQW PHDQ DLU WHPSHUDW X8pHadiRitd R SA\&LP XP
s WHPSHUDWXSKRWRVI\QWKHVLV IRU PRVVHV &O\PR DQG +D\ZDUG
mos UHVSRQVH GHSHQGLQJ RQ
s ZDWHU FRQWHQW D
f& *UDFH
fsno 30DQW /$, UHGREWXRQUDFDMIRRQY RERYH XQRZ 5HVXOWYV IURP D S
wRe GXH WR VQRZXERNYFHW WR DOORZ WUDQVSLUDWLRQVRUWX G WHUIFH$SDIWL RR)
duce HYDSRUDWLRQ WKH VLWH GDWD
LAI
Il GD\ 30DQW OLWWFDMWIBD GEHOHPLHQW IRU WKHAOHDI OLWAWNXQAW®O LERRRU B
f OLWWHU IDOMKHOWH @XWKQHVKRQE WHPBSKH®WX VYW XEPFDOLEUDWLR
WKH VHDVRQ WKH VLWH GDWD
ILs 30DQW OLWAWFBHDOWIROODRWRWH IRU UHDOORFDWLRQ BHYXIQWV WKRH D
IRU OHDI! \HGSRRWIRY) @MKHWLFE MNXKMH BPWLLYYH SRRUWXG\ FDOLEUDWLR
WKH HQG RIDNWHU WKH SODQW UHDFKHG PDWXULWK H WRIWHK G\DWDW H
YHIHWDWLRQ SHULRG
Ire1 30DQW OLWWHU IDOO A 5HVXOWV IURP D S
VWXG\ FDOLEUDWLR
mos WKH VLWH GDWD
s
IRc2 30DQW OLWWHU IDOO A &DOLEUDWHG UHO!
©r
mos
s
™ f& 30DQW SKHQRPRHUDWXUH VXP EHIJLQQLQJ IURP JUBWQJHWEWQDO
atur VWDUW RI VH@BYAHQUVHSODQW UHDFKLQJ PDWXULWRX@®EHVW YDOXH)V
esu OHDGLQJ WR JUDLQ
m VWDUW DURXQG PLG
Rl -XO\ ZKLFK
FRUUHVSRQGV WR
DW WKLV VLWH
Kgr 30DQW UHVSLUDWLRQ $ ZLGHU UDQJH ZI

VHOHFWHG IRU PRVV
FRPSDUHG WR YDVF)
SODQWV DV GXH WR
VHOHFWHG FRQFHSW
PRGHO PRVV UHVSL
ZDV RQO\ JURZWK
GHSHQGLQJ ZKLOH
LV DQ DGGLWLRQDO
GHSHQGLQJ FRPSRQ
IRU YDVFXODU SODQ
JUDFWLRQ RI DVVLPL
ORVW E\ UHVSLUDWL
DFFRUGLQJ WR 5LFH
IRU GLIIHUHQW
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6SKDJQXP VSHFLHV

30DQW UH YV SEDW W IFRR®! | | UFRZVQRV URVSELKIBDWLRQ R 5HVXOWV IURP D SUH
SODQW UHVSLUDWLRQ UHODWLYH WRVDPRX\QMDRLEUDWLRQ ZLWK
DVVLPLODWHYV WKH VLWH GDWD
30DQW UHVSIHMBRIQRV® WR D f& VRLO WHPSHUDWRUN EKVGIMDWLRQ LQ
WHPSHUDWXRI® SODQW PDLQWHQDQFH UHVSLUDWERorum
UHVSRQVH YDQ GH :HJ HW DO
30DQW URRWDRPERIMRW GHSWK LQ WKH IXQFWLR\WRPDWHG PD[LPXP
+ LPSRUWDGWORNODWLQJ WKH DFWXDO URRW GHBRWRKVLQJ GHSWK IRU WKLV
ZDWHU XSWDNH DQG VLWH LV FP 3HLFKO
URRW OLWWHU LQSXW SHUVRQDO
ZLWKLQ WKH VRLO FRPPXQLFDWLRQ
SURILOH
30DQW URRWDQUPEHAURIRW GHSWK LQ WKH IXQFWLRQWRWPDWLRQ
+ LPSRUWDGPWMORNMODWLQJ WKH DFWXDO URRW GHSWK
ZDWHU XSWDNH DQG
URRW OLWWHU LQSXW
ZLWKLQ WKH VRLO
SURILOH
30DQW VWRERBHIISRRA@MW IRU GHWHUPLQLQJ UDWLR RI OEDN IRXQG LQ
IRU UHJURZWBRUERQ DOORREBWOIE WRRWEHH SRROOHW]JHU HW DO IRU
VSULQJ GXULQJ OHDI OLWWHU IDOO VHYHUDO SHDWODQG VLWH
KRZHYHU SUH VWXG\
UHVXOWYV VXJIJHVWHG KLJK
YDOXHV IRU WKLV VLWH
62& GHFRPSRVLWLRQ 5DWH FRHIIWAUHAW IRU WKHAGHFWRRI 6E& LQ
SODQW OLWWHU SRROV IRU PRVVHY FDOLEUDWLRQ OHW]JHU HW
DO
62& GHFRPSRVLWLRQ UDWH FRHIIVORAW IRU WKH GE&HRDD V& Y RQOXKH
62& SRROV

62& GHFRP YRULWHRQHUDWXUH LQ WKH 5DWNRZVN\ GXH)IBW DRWQ YWD X H
+ WHPSHUDVKUFRK PLFURELDO DFWLYLW\ LV
UHVSRQVH
62& GHFRP YRWLWHRQHUDWXUH LQ WKH 5DWNRZVN\ G¢Q BWQRQYDW X H
+ WHPSHUDVWKUFK WKH UHVSRQVH RQ PLFURELDO DFWLYLW\ LV
UHVSRQVH
62& GHFRPSRDIWIPRIGVHUOLRRWKWXRH UHVSRQVH $ YHU\ ORZ YDOXH ZDV
+ ZDWHU UHMSRQWIRQ GH IWRE QD OVBFWLLYAL W\ XQGHKRVHQ WR JHW D VWURQJ
VDWXUDWHG FRQGLWLRQV UHVSRQVH WR GURXJWKV
628& GHFRPSRUMWMMURRRQWHQW LQWHUYDO LQ WKH VR G® IDKIOWW XD 8 X H
+ ZDWHU UHVBR®R@VH IXQFWLRQ IRU PLFURELDO DFWLYLW\
PLQHUDOLVDWLRQILPPRELOLVDWLRQ QLWULILFDWLRQ DQG
GHQLWULILFDWLRQ
628& GHFRPSRUMWMMURRRQWHQW LQWHUYDO LQ WKH VRLIDI IPRQWWHOIHX H
+ ZDWHU UHVBR®R@VH IXQFWLRQ IRU PLFURELDO DFWLYLW\

62& GHFRPSRVLWLRQ 5DWH FRHIIWKHHAW IRU WK H CEGILFEDY CRW 166G & WIQODWL Y |
SODQW OLWWHU SRROV IRU YDVFXODK4 SODQWYV
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6\PERO XQLW (T "HILQLWLRQ 9DOXH
Zoumss P 7KLENQHVV RI WK HK KN B XDV OD VAIKHD PDO S URS HU W\
| 30DQW DOEHGR
fen G\ JUDFWLRQ Rl GHFRPSRVLWLRQ SURGXFWV IURP WKH VOl
UHOHDVHG DV &2
fel G Db\ JUDFWLRQ RI GHFRP SRR/R WIKH | BV RGHIERWERR UM GEH L Q
DV &2
) GD\ JUDFWLRQ RI GHFRPSRVLWLRRBORGKEIW IURD WRW HDV W
WKH VORZ GHFRPSRVLWLRQ SRROV
fieamarvest 7KH IUDFW LVRIQDRM OWHBDHYHVWH G
fieafitthary JUDFWLRQ RIOMIDN H\H BDW @ UGKDW WHNHW DWKAD \&/2 8 GBR R O
fstemharves 7KH IUDFWLRQ RI VWHP WKDW LV KDUYHVWHG
t
fstemiithar JUDFWLRQ RI WKH UHPDLQLQJWKHHIFD DWNV& S KR YHVW WKD\
v
Omax vV P 7KH PD[LPDO RRQBXEWRRKE VWRPDWD
Gris - P 7KH JOREDO UDGNRBW RIH & Q WWRGAW CKDIOR @ L QKWK H
G D\ OLJKW UHVSRQVH
Ovpa 3D 7KH YDSRXUFEWHWKOWH FRHIUH M 6 K W I RIQRRD
VWRPDWD FRQGXFWDQFH
hi (PSLULFDO FRIQH/DWD 6 RVIQIGX PWKLE PR WRIUWRKE BWIW® H
VXUIDFH
h2 (PSLULFDO RARKQH/DWD G R/QICX MWKILK IPVD WRIUWB E BWID® H
VXUIDFH
kn i n 50WHLFHRHV |R R IVGK HQGWRE $QRD YV A
knaa PP GID\ O0DWUL[ FRQGXKWEWLRQLIR W KEFWILWXWDWHG FRQGX
Ksat PP GD\ 7RWDO FRQGXFWLYLW\ XQGHU VDWXUDWHG FRQGLWLRQV
llife D OD[LPXP OHDI OLIHWLPH
n 3DUDPHWHU IWURSRDR G RO R E 30 WK HV RAUQEXR \RIQVAR U
XQVDWXUDWHG K\GUDXOLF FRQGXFWLYLW\
Pomax P P! OD[LPXP VXUIDFH FRYHU RI SODQW
PixedN 5HVSRQVH IRU ®HIDIOXH BDWRRDQVRQR 1 OLPLWD
Prx f& OD[LPXP PHDQ DLU WHPSHUDWXUH IRU SKRWRV\QWKHVLV
Pot f& /RZHU OLPL\8HUDD/OX D HUIRVH R SWN.PXP SKRWRV\QWK
Po2 f& 8SSHU OLPLSHBEB WX WDH URMHPS W.PXP SKRWRV\QWK
Pw  YRO “D'W H U UFYROQDWIHGD W KD W R LID IFXKRIPKVALRIDH | R H VP EQR EL D O
DFWLYLW\ PLQHUDOLVDWLRQILPPWELOLAMMDMWIRE®R QLWULILF
FarT f 7KH VORSH FRHIILFLHQW LQ D IXIQFVWDLR @ HRS HWIMW X UH GHS
K\GUDXOLF FRQGXFWLYLW\
Faot 5HODWLYH K\W8UVDIXO\LBVERQE KBRBDUHEGFALWK D
WHPSHUDWXUH RI f&
Soldleat 6FDOLQJ IDFWRU IRU OLWWHU IDOO RI ROG OHDI
Soldroot 6FDOLQJ IDFWRU IRU OLWWHU IDOO RI ROG URRWYV
Soldstem 6FDOLQJ IDFWRU IRU OLWWHU IDOO Rl ROG VWHP
Toamp [ & $VVXPHG YDOXMWRGEH RH \VDRISHMHWLQUIYW K HJBREZHU
ERXQGDU\ FRQGLWLRQ IRU KHDW FRQGXFWLRQ
z P "HSWK ®HWEHVERWHQ WK H RSSO LQGUBRBHBW WR
K\GURORJLFDO SURSHUWLHV
PRO'& J &RQYHUVLRRQBDEMRW IWR FDUERQ
Gz
m YRO ODFUR SRUH YROXPH DE F
.G ,,DE
FG
v YRO 5HVILG ZD® WR FRQWHQW -
s YRO :DWHU FRQWHQW DW VDWXUDWLRQ DE F
.G ..DE
LF .G
wil YRO :DWHU FRQWHQW DW ZLOWLQJ SRLQW PE.F ¢
3RUH VL]H GLVWULEXWLRQ LQGH] bE .6
f FG
% FP $LU HQWU\ WHQVLRQ DE F
,G ,DE
FG
% FP 6RLOLAQVBIW WKBWSSHRNERXQG RRURINWUR[SUHVVLRQ
PDW /RPW $PBRW $RW )V$ DQBS)IYHAU KRODIRRPW KRUL]RC
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7DEOH $&RQVWDQW SDUDPHWHUV RI VWXG\ ,,

6\ 8C(T ORGXOH 'HILQLWLRQ 9DC/LWHUDWXUH RU GHIDXOV
PELV YDOXH
RC
PR 30DQW ELF &RQYHUVLRQ IDFWRU | "HIDXOW YDOXH
& UDWLR FDUERQ
Ji
Gz
Pmx f& 30DQW DV\ OD[LPXP PHDQ DLU WHI %DVHG RQ UHVXOWV IURP D SUH
WHPSHUDW SKRWRV\QWKHVLV VWXG\ FDOLEUDWLRQ ZLWK WKH V
UHVSRQVH GDWD
lg 3 30DQW DO( )UDFWLRQ RI QHZ DVVI OHW]JHU HW DO
& DVVLPLODVDOORFDWHG WR WKH OF
OHDYHV
Kmre G D 30DQW UH\ 5DWH FRHIILFLHQW IRL %DVHG RQ UHVXOWYV IURP D SUH
UHVSLUDWLRQ RI YDVFX VWXG\ FDOLEUDWLRQ ZLWK WKH V
spleaf UHVSLUDWLRQ UHODWL" GDWD
,vasc
Kmre G D 30DQW UH\ ODLQWHQDQFH UHVSLU OHW]JHU HW DO U
YDVFXODU S®DWDWURGW
sproot URRW ELRPDVYV
,vasc
Kmre G D 30DQW UH\ ODLQWHQDQFH UHVSLU 1R UHVSLUDWLRQ@ DV WKLV
YDVFXODU S®IORWR VWHEF UHSUHVHQWYV EURZQ VHQHVFHQW
spste LQDFWLYH ELRPDVV OLN ELRPDVV YYHV
m, WKDW DUH VWLOO DWWI
moss UHVSLUDWLRQ UHODWL"
Kmre G D 30DQW UH\ 5DWH FRHIILFLHQW IRL 1R OHDI UHVSLUDWLRQ IRU
UHVSLUDWLRQ RI PRVV PRVVHV WR DOORZ D IL[HG PRVV
spleaf UHODWLYH WR OHDI ELF FDSLWD
, moss
Kpre G D 30DQW UH\ ODLQWHQDQFH UHVSLU %DVHG RQ UHVXQUWWV IURP D SUH
PRVV URRW OHDYHV | VWXG\ FDOLEUDWLRQ ZLWK WKH V
sproot FDSLWD UHVSLUDWLRQ GDWD .RPDVV
, moss
tow & 30DQW UH\ %DVH WHPSHUDWXUH | "HIDXOW YDOXH
7HPSHUDW.UHVSRQVH RI SODQW U}t WKH
bas UHVSRQVH UHVSRQVH LV
Shew 30DQW OLV 6FDOLQJ IDFWRU IRU C )XOO OLWWHUIDOO UDWH DSSOL
VWHPV VFDOLQJ
stem
lsg GD 30DQW OLV 5DWH FRHIILFLHQW IRl %DVHG RQ UHVX®WV IURP D SUH
VWHPV EHIRUH WKH ILU" VWXG\ FDOLEUDWLRQ ZLWK WKH V
WHPSHU DWW XVYHUWOFKHG GDWD
lsy GD 30DQW OLV 5DWH FRHIILFLHQW IRl %DVHG RQ UHVX®WV IURP D SUH
VWHPV DIWHU WKH VHFF VWXG\ FDOLEUDWLRQ ZLWK WKH V
WHPSHU DWW XVYHUWOFKHG GDWD
Shewl 30DQW OLV 6FDOLQJ IDFWRU IRU C )XOO OLWWHUIDOO UDWH DSSOL
p OHDYHYV VFDOLQJ
e
|z GD 30DQW OLV 5DWH FRHIILFLHQW IRl %DVHG RQ UHVX@WYV IURP D SUH
OHDI OLWWDIWHU WKH VHFRQG WKI! VWXG\ FDOLEUDWLURQXPLWK WKH V
DW WKH HGtz, LV UHDFKHG GDWD
VHDVRQ
t, GD 30DQW OLV 7KUHVKROG WHPSHUDV %DVHG RQ UHVXOWV IURP D SUH
& UHDFKLQJ GRUPDQF\ VW VWXG\ FDOLEUDWHRQ ZLWK WKH V
OLWWHU UDWH liHQWIDA GDWD
FKDQJH WRZDUGV WKH | 00 UDWH
lic2
t, GD 30DQW OLV 7KUHVKROG WHPSHUDV %DVHG RQ UHVXOWYV IURP D SUH
& UHDFKLQJ GRUPDQF\ VW VWXG\ FDOLEUDWLIRII ZLWK WKH V
OLWWHU UDWH :KHQ LW GDWD O KLJK
OLWWHU UDWH LV DSSO
tgq GD 30DQW OLV 7KUHVKROG WHPSHUDV %DVHG RQ UHVXOWYV IURP D SUH
& UHDFKLQJ GRUPDQF\ VW VWXG\ FDOLEUDWLRQ ZLWK WKH V

VWHP OLWWHU UDW# :K
VWDUWYV WR FKDQJH WR

GDWD

3



$SSHQGL[ WR PDWHULDOV DQG PHWKRGYV

ORGXOH '"HILQLWLRQ

9DC/LWHUDWXUH RU GHI

YDOXH

6\ 8C (T
PELV
RC
1, GD
L2 &
Toor f&
mTth
ILaiE
nh
1, GD
R1 &
1, GD
R2 &
Shew
roots .
IRcl, GD
vasc
IRcZ, GD
vasc
IRcl, GD
moss
IRCZ, GD
moss
Ilife, D
vasc
Ilife, D
vasc
J
pi
J
pi
J
pi
J
pf
pincr
oot
Msho

OLWWH1td2IDOO UDWH
30DQW OLV 7KUHVKROG WHPSHUDV
UHDFKLQJ GRUPDQF\ VW
VWHP OLWWHW WD WHH D:FK
KLJK OLWWHU UDWH LV

7KUHVKROG WHPSHUDYV
GRUPDQF\ + LUDWKXUWMHE
WKLV YDOXH IRU ILYH F
GRUPDQF\ WHPSHUDWXL
FDOFXODWHG

6FDOLQJ IDFWRU IRU F
IDOO UDWHV ZKHQ KLJK
UHDFKHG

7KUHVKROG WHPSHUDYV
UHDFKLQJ GRUPDQF\ VW
OLWWHU UDWH thHWQWIDA
FKDQJH WRZDUGV WKH |
tre2

7TKUHVKROG WHPSHUDYV
UHDFKLQJ GRUPDQF\ VW
URRW OLWWIHW IU\D WHD Fk
KLJK OLWWHU UDWH LV
6FDOLQJ IDFWRU IRU C
URRWYV

5DWH FRHIILFLHQW IRl
URRWV EHIRWKUMKKRDWG
VX®R: LV UHDFKHG

5DWH FRHIILFLHQW IRl
URRWYV DIWHU WKH VHF}
WHPSHU Dt XWHUWORF KH G
5DWH FRHIILFLHQW IRl
PRVV URRWV EHORZJL
VWHPV EHIRUH WKH ILU’
WHPSHU Dt XWHUWORF KH G
5DWH FRHIILFLHQW IRl
PRVV URRWYV DIWHU WI
WHPSHU Dt XWHUWORF KH G
OD[LPXP OHDI OLIHWLP

30DQW OLV

30DQW OLV

30DQW OLV

30DQW OLV

30DQW OLV

30DQW OLV

30DQW OLV

30DQW OLV

30DQW OLV

30DQW OLV

30DQW OLV OD[LPXP OHDI OLIHWLP

,QLWLDO 1 FRQWHQW F
OHDYHV G HWIQHIYH& RIJGH
GHILQHG & 1 UDWLR
,QLWLDO 1 FRQWHQW F
& DQG WKHUHIRUH ELRP
UDWLR
,QLWLDO 1 FRQWHQW F
GHILQHYV & DQG WKHUHI
GHILQHG & 1 UDWLR
,QLWLDO 1 FRQWHQW F
SDUWV URRWV GHILQH
ELRPDVV E\ GHILQHG &
30DQWY V 'LVWULEXWWRIQ SRQUWRI
URRW GLVVIRU FDOFXODWLQJ WKH
LPSRUWDQW IRU ZDWHU
LQSXW ZLWKLQ WKH VRIL
30DQW VWI &RHIILFLHQW IRU WKH
IRU UHJUR:; UHDOORFDWHG IURP WK
VSULQJ OHDI DW OHDILQJ

%DVHG RQ UHVXOWYV IURP
VWXG\ FDOLEUDWLRQ ZLWK
GDWD

%DVHG RQ UHVXOWYV IURP
VWXG\ FDOLEUDWLRQ ZLWK
GDWD 1

OHW]JHU HW DO U

%DVHG RQ UHVXOWV IURP
VWXG\ FDOLEUDWRR® ZLWK
GDWD

OO0 UDWH

%DVHG RQ UHVXOWYV IURP
VWXG\ FDOLEUDWLRQ ZLWK
GDWD

)XOO OLWWHUIDOO UDWH
VFDOLQJ

%DVHG RQ UHVX®WV IURP
VWXG\ FDOLEUDWLRQ ZLWK
GDWD

%DVHG RQ UHVX®WRV IURP
VWXG\ FDOLEUDWLRQ ZLWK
GDWD

%DVHG RQ UHVX®WRV IURP
VWXG\ FDOLEUDWLRQ ZLWK
GDWD

%»DVHG RQ UHVX®WV IURP
VWXG\ FDOLEUDWLRQ ZLWK
GDWD

9DVFXODU SODQW OHDYH\
DVVXPHG WR EH UHQHZHG I
RQH \HDU

ORVV FDSLWD ZDV DVVXPH
EH FRQVWDQW DQG WKHUHI
GLHV

%DVHG RQ UHVXOWV IURP
VWXG\ FDOLEUDWLRQ ZLWK
GDWD

%»DVHG RQ UHVX®WYV IURP
VWXG\ FDOLEUDWLRQ ZLWK
GDWD

%DVHG RQ UHVXCRMW IURP
VWXG\ FDOLEUDWLRQ ZLWK
GDWD

%DVHG RQ UHVXOWYV IURP
VWXG\ FDOLEUDWLRQ ZLWK
GDWD

"HIDXOW YDOXH

3
WWHU
%DVHG RQ UHVXOWYV IURP

VWXG\ FDOLEUDWHRQ ZLWK
GDWD
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6\
PE
RC

8C (T
LV

ORGXOH '"HILQLWLRQ

9DC/LWHUDWXUH RU GHIDXOV
H

YDOXH

Kn

pcma

vasc

pcma

moss

Pek

pl,sp

Tem

ergeT

Tem
ergeS
um
Pden
sm,
vasc
Pden
sm,

moss

gl’IS

pi
GD

3D

NJ
pi
GD

30DQW UDC ([WLQFWLRQ FRHIILFLF
LQWHUFHS XVHG WR FDOFXODWH W
SDUWLWLR UDGLDWLRQ@RBWEZABQR
5DGLDWLR( OD[LPXP VXUIDFH FRYH
LQWHUFHS SODQWYV

FRYHUDJH

5DGLDWLR(
LQWHUFHS’
FRYHUDJH

OD[LPXP VXUIDFH FRYH

5DGLDWLR( 6SHHG DW ZKLFK WKH
LQWHUFHS FRYHU RI WKH SODQW F
FRYHUDJH

30DQW J)DFWRU IRU FDOFXODW
/$, SK\WRP ELRPDVV ZKIDRXOL WK HWM
UDWLR VSHFLILF OHDI DUHD L
OHDI

&ULWLFDO DLU WHPSH
H[FHHGHG IRU WHPSHUL

30DQW SKF
VWDUW RI
VHDVRQ

30DQW SKF
VWDUW RI
VHDVRQ

$LU WHPSHUDWXUH VX
WKUHVKROG IRU VWDUW

30DQW GH 7KH GHQVLW\ PD[LPXP
YDVFXODU UHODWLRQ WR WKH FDQ
FDQRS\

30DQW GH 7KH GHQVLW\ PD[LPXP
PRVV FDQRUHODWLRQ WR WKH FDQ

30DQW DV\N *OREDO UDGLDWLRQ Lt
UDGLDWLR KDOI OLJKW @ DWVMKX¥U O WJIK

$HURG\QDP 5RXJKQHVV OHQJIWK X\
UHVLVWDQ FDOFXODWLRQ RI UD IR!
FDQRS\ PL FRUUHVSRQ®E VHWR
H[FKDQJH )
VWDELOH F
$HURG\QDP +HLJKW DERYH JURXQC
UHVLVWDQ WKH OHYHO IRU PHDVXL
FDQRS\ PLKXPLGLW\ DQG ZLQG VS
H[FKDQJH )
VWDELOH F
$HURG\QDP 7KH PD[LPXP URXJKQH’
UHVLVWDQ ZKHQ HVWLPDWLQJ URX
URXJKQHV\GLIIHUHQW FBRRBSGHYDF
Rl SODQWV UHVLVWDQFH
$HURG\QDP 7KH PLQLPXP URXJKQH
UHVLVWDQ ZKHQ HVWLPDWLQJ URX
URXJKQHV\GLIIHUHQW FDQRSLHV
Rl SODQWYV
7UDQVSLUL 9DSRXU SUHVVXUH GHI
VWUHVV G>WR D UHGXFWLRQ RI
DLU KXPLG FRQGXFWDQFH
7UDQVSLUL &RHIILFLHQW LQ PRLV\
VWUHVV G)>IXQFWLRQ 7KH GHJUHH
ORZ ZDWHUWKH DFWXDO SUHVVXUH
FULWLF D O%ALK/UFR/@W O &
FRHIILFLHQW P RIDHONK Kt

>

%DVHG RQ UHVXOAVV IURP D SUH
VWXG\ FDOLEUDWRR®W ZLWK WKH V
GDWD

9LVXDOO\ HVYWLPDWHG SODQW
FRYHUDJH DW WKH VLWH

9LVXDOO\ HVWLPDWHG SODQW
FRYHUDJH DW WKH VLWH

%DVHG RQ UHVXOWYV IURP D SUH
VWXG\ FDOLEUDWLRQ ZLWK WKH V
GDWD

OHW]JHU HW DO

/
'"HIDXOW YDOXH 4
RQ

"HIDXOW YDOXH
QW

'"HIDXOW YDOXH

(VWLPDWLRQ IRU WKH VLWH

'"HIDXOW YDOXH 4VHQWYV

'"HIDXOW YDOXH

'HIDXOW YDOXH

DLU

'HIDXOW YDOXH

'HIDXOW YDOXH

'HIDXOW YDOXH Q2GV

'HIDXOW YDOXH
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6\ 8C(T ORGXOH 'HILQLWLRQ 9DC/LWHUDWXUH RU GHI
PELYV H YDOXH
RC
SRWHQWLDO WEPQVSLU
Pox 7UDQVSLUL $ UDWH FRHIILFLHQW V 7KH SODQWV DUH DVVXPH
DVVLPLODVUDSLGO\ WKH SODQW Ut ZHOO DGDSWHG W-RD¥HW FR
GXH WR KL EHFDXVH Rl WKH ODFN F DQG WKHUHIRUH GR QRW V:
FRQWHQW ZDWHU FRQWHQW RI WK ZDWHU VWUHVV GRBX¥HR WR
JLYH E\ WKH DFWXDO VF FRQGLWLRQV w
am YR 7UDQVSLUL 7KH PLQLPXPRIARXQWE 7KH SODQWV DUH DVVXPH
DVVLPLODVQHFHVVDU\ WR SUHYHQ\ ZHOO DGDSWHG WR ZHW FR
n GXH WR KL RI ZDWHU IURP WKH VRL DQG WKHUHIRUH GR QRW V:
FRQWHQW ZDWHU VWUHVV GXH WR WR
FRQGLWLRQV
twe 7UDQVSLUL 7HPSHUDWXUH FRHIILF "HIDXOW YDOXH
VWUHVV G>WHPSHUDWXUH UHVSRQ
OLPLWHG Z
DYDLODELC
ORZ WHPSF
twe 7UDQVSLUL 7HPSHUDWXUH FRHIILF "HIDXOW YDOXH
VWUHVV G>WULJILQJ WHPSHUDWXU
OLPLWHG Z
DYDLODELC
ORZ WHPSF
Fasol $HURG\QDP OLQLPXP WXUEXOHQW "HIDXOW YDOXH
50 UHVLVWDQ FRHIILFLHQW LQYHUVH |
max OLPLW XQCDHURG\QDPLF UHVLVWD
ZLQGOHVV $YRLGV H[DJJHUDWHG V
FRQGLWLRIZLQGOHVV FRQGLWLRQV
VWUDWLILFDWLRQ
Zom P $HURG\QDP 6XUIDFH URXJKQHVV O "HIDXOW YDOXH
UHVLVWDQ PRPHQWXP DERYH EDUH
URXJKQHV\
Rl EDUH VR
Sowce PP 9DSRXU SU 7KH KLJKHVW YDO Xk D "HIDXOW YDOXH
WKH VRLO YDULDEOH ZKLFK LV XV RQV
ss Rl VRLO VXUIDFH UHVLV
SUHVVXUH DW WKH VRL(
Ser PP 9DSRXU SU 7KH ORZHVW YDOXADC "HIDXOW YDOXH
WKH VRLO YDULDEOH ZKLFK LV XV RQV
Rl VRLO VXUIDFH UHVLV
SUHVVXUH DW WKH VRL(
Ohap &RUUHFWLRQ IDFWRU | '"HIDXOW YDOXH =W
, FRQGLWLRQ IRU GLIIXVL
Kot PP 6RLO K\GUI 6DWXUDWHRERBDBWEWLY "HIDXOW YDOXH
GD FRQGXFWL"
- WHPSHUDW
GHSHQGHQ
. YR 6RLO K\GUI :DWHU FRQWHQW DW V 5HFHLYHG E\ FRPSDULQJ
SURSHUWL UHVXOWLQJ S) FXUYHV ZLW
Rl ZDWHU PHDVXUHG LQ SHDWODQGV
DQG /XQGLQ XQGHU
FRQVLGHUDWLRQ RI WKH Ul
WKH FDOLEUDWHG SDUDPH\
$LU(QWU\ WKH YDOXH LQ E
LV XVHG IRU OD\HUV EHOR?Z
wit YR 6RLO K\GUI :DWHU FRQWHQW DW Z 5HFHLYHG E\ FRPSDULQJ
SURSHUWL UHVXOWLQJ S) FXUYHV ZLW
RI ZDWHU PHDVXUHG LQ SHDWODQGV
DQG /XQGLQ XQGHU
FRQVLGHUDWLRQ RI WKH Ul
WKH FDOLEUDWHG SDUDPH\
$LU(QWU\ WKH YDOXH LQ E
LV XVHG IRU OD\HUV EHOR?Z
9% FP 6RLO K\GUI 6RLO ZDW HDWWHGH KBS "HIDXOW YDOXH

SURSHUWL RI %URRNV DQG &RUH\T'
RI ZDWHU L
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9DC/LWHUDWXUH RU GHIDXOV

UHVXOWLQJ S) FXUYHV ZLWK FXU)
PHDVXUHG LQ SHDWODQGV .HOOQ
XQGHU
FRQVLGHUDWLRQ RI WKH UDQJH IF
WKH FDOLEUDWHG SDUDPHWHU
$LU(QWU\ WKH YDOXH LQ EUDFNH
LV XVHG IRU OD\HUV EHORZ i FP
%»RXQGDU\ EHWZHHQ DFURWHOP
DQG FDWRWHOP EDVHG RQ YLVXD
GLIIHUHQFHV LQ WKH VRLO SURIL!

PHDVXUHPHQWY *UDQEHUJ HW DO

" WKH

6LWH VSHFLILF YDOXH IRU SHDW
GHSWK OHDVXUHPHQWY DW WKH \
LQGLFDWH D SHDW GHSWK RI P

UHVXOWLQJ S) FXUYHV ZLWK FXU)Y
PHDVXUHG LQ SHDWODQGYVY .HOOQ
XQGHU
FRQVLGHUDWLRQ RI WKH UDQJH IF
WKH FDOLEUDWHG SDUDPHWHU
$LU(QWU\ 7KH YDOXH LQ EUDFNH\
LV XVHG IRU OD\HUV EHORZ i FP
%DVHG RQ UHVX®AVV IURP D SUH
VWXG\ FDOLEUDWLRQ ZLWK WKH V
GDWD 7KH YDOXH LQ EUDFNHWYV 1

OHDVXUHG ZDWHU OHYHO GXULQ

PHDVXUHG ZDWHU WDEOH DW WKD

UHVXOWLQJ S) FXUYHV ZLWK FXU)
PHDVXUHG LQ SHDWODQGV .HOOQ
XQGHU
FRQVLGHUDWLRQ RI WKH UDQJH IF
WKH FDOLEUDWHG SDUDPHWHU
$LU(QWU\ WKH YDOXH LQ EUDFNH
LV XVHG IRU OD\HUV EHORZ i FP

GHQVLW\ DFFRUGLQJ 3ILYIQHQ

R

6\ 8C(T ORGXOH 'HILQLWLRQ
PELV YDOXH
RC
BRLO K\GUI 3RUH VL]JH GLVWULEXW SHFHLYHG E\ FRPSDULQJ
SURSHUWL
RI ZDWHU
DQG /XQGLQ
z P 6RLO K\GUI 'HSWK RI WKH ERUGHU
SURSHUWL DQG ORZHU KRUL]JRQ LQ
EHWZHHQ kK\GURORJLFDO SURSHU!\
DQG ZDWHU WDEOH GHSWK
h, 6RLO WHPS (PSLULFDO LFQR @\KW DKGH/ '"HIDXOW YDOXH
WKHUPDO FRQGXFWLYLW\ RI WKH
FRQGXFWL VXUIDFH
T f& 6RLO WHPS $VVXPHG YDOXH RI WK '"HIDXOW YDOXH
ORZHU ERXVLQH FXUYH UHSUHVH(
mp ERXQGDU\ FRQGLWLRQ |
2 P 6RLO WKHU 7KLFNQHVV RIOMKHIUKXY
SURSHUWL D WKHUPDO SURSHUW\
umus
. YR 6RLO K\GUI 5HVLGXDO VRLO ZDWH' SHFHLYHG E\ FRPSDULQJ
SURSHUWL
RI ZDWHU
DQG /XQGLQ
n 8QVDWXUD 3DUDPHWHU IRU SRUH
K\GUDXOLF SDWK WRUWXRVLW\ LQ \
FRQGXFWL XQVDWXUDWHG K\GUDX(
XVHG IRU OD\HUV EHORZ i FP
z P 6RLO ZDWH /RZHU GHSWK RI WKH ¢
GUDLQDJH ZHW SHULRGV DW WKH VLWH
P 6RLO ZDWH /RZHVW SRVVLEOH ZDW :HOO EHORZ WKH ORZHVW
PLQLPXP G
OHYHO
n YR 6RLO K\GUI ODFUR SRUH YROXPH SHFHLYHG E\ FRPSDULQJ
SURSHUWL
RI ZDWHU
DQG /XQGLQ
Keat PP 6DWXUDWH 7RWDO FRQQGHWULYDW) JURP PHDVXUHG GU\ EXON
GD K\GUDXOLFFRQGLWLRQV
FRQGXFWL
W f& 6RLO K\GUI 7KH VORSH FRHIILFLHC "HIDXOW YDOXH
FRQGXFWL WHPSHUDWXUH GHSHQG
WHPSHUDW K\GUDXOLF FRQGXFWLY]I
GHSHQGHQ
Wbt 6RLO K\GUI 5HODWLYH RQEUXFXMCOLLYA "HIDXOW YDOXH
FRQGXFWL FRPSDUHG ZLWK D UHIH
WHPSHUDW f&
GHSHQGHQ
Ny PP 6RLO K\GUI 7KH PLQLPXP K\GUDXO "HIDXOW YDOXH
GD FRQGXFWL WKH K\GUDXOLF FRQGXF

uc
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6\ 8C(T ORGXOH 'HILQLWLRQ 9DC/LWHUDWXUH RU GHI
PELYV YDOXH
RC
L, GD 62& JUDFWLRQ RI GHFRPSR "HIDXOW YDOXH
' GHFRPSRVIIURP WKH IDWWE62&LQ 5 RIR
&2
l, GD 628& JUDFWLRQ RI GHFRPSR "HIDXOW YDOXH
' GHFRPSRVIIURP WKH IDVW 62& SRR WKH
VORZ GHFRPSRVLWLRQ
S, YR 628& 3RZHU FRHIILFLHQW LC '"HIDXOW YDOXH
GHFRPSRVIIXQFWLRQ RI PLFURELD!
ZDWHU UH\GHSHQGHQF\ RI VRLO PF
@ GD 62& JUDFWLRQ RI WKH DER "HIDXOW YDOXH
GHFRPSRVIWKDW HQWHU WKH SRR( VLRQ
Rl WKH XSSHUPRVW VRL
L, GD 62& JUDFWLRQ RI GHFRPSR "HIDXOW YDOXH
' GHFRPSRVIIURP WKH VORZEGRIEZQSRR
&2
FQ 628& /[LWWHU TXDOLW\ DW Z %DVHG RQ UHVXOWYV IURP

GHFRPSRVIVKLIW IURP LPPRELOLVI
QHW PLQHUDOLVDWLRQ
*HRJUDSKLF SRVLWLRC
FDOFXODWLRQ RI FORXC

VWXG\ FDOLEUDWRRQ ZLWK
GDWD
/IRFDWLRQ RI WKH VLWH
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7TDEOH $&ULWHULD IRU DFFHSWHG UXQV L@ VIRXG\WU, LQ W
DQG XSSHU OLPLWV DUH VHSDUDWHGNVKN DRIUSH WV GDLWPK W
FRUUHVSRQGYV WR WKH KLJKHVW YIDMEKWHL D FAH BN H/G& OR{EF WA
ILW IRU DURXQG UXQV DQG GHSHQOFRQHWHKEB GRLUI MUK
GLIITIHUHQW VLWHV

6LWH S$FFH5:¢& *33 *33 /8§, /$, LQWHWWHUY 5RRW

SWHG 0( 5 o( 5 54rr *33 5 ELRPD
UXQV 0(  0¢ VV 0(
/RP i i i i i
$PR i i i i i
+RU i i i i
YV $ i i i i i
YV % i i i i i

7DEOH $&RQILIJXUDWLRQV RQ MKH YWDHXHF WHBUMVHQWDW |
5HVXOWLQUXYDQ@EHNQIEH IRXQG LQ WKH PDLQ GREFXPHQW

,GHQWL|LHU IHVFUL&WL}BD@ pSatactkmrespIeaf & 1 pck> @
> @>f&@ @ >GD@ IDVW
SRRO >
@
& BEDVLF VHOHFWHG EDVLF FRPPRQ b
FRQILIXUDWLRQ E
F G

& B9SODQWBUHVS KLJKHU UDWLR RI SODQW WRD
VRLO UHVSLUDWLRQ

F G
& Bsaac KLJKHU VDWXUDWLRQ DFWLYLW\ D
E
F G
& BOWHPSBUHVSRQVH VWHHSHU WHPSHUDWXUH °
UHVSRQVH IXQFWLRQ E
F G
& B& & KLJKHU VDWXUDWLRQ DFWLYLW\  °
DQG VWHHSHU WHPSHUDWXUH E
UHVSRQVH F e
& B& 1B & 1 Rl IRU WKH IDVW D
GHFRPSRVLWLRQ SRROV E
F G

& BFRPPRQB paWDOXHPIRU DOO
VLWHV

SDW /R®DW $PBW +RIW )V$ DQG YV %



$SSHQGL[ WR PDWHULDOV DQG PHWKRGYV

7DEOH $9DULDEOHV DQG UHDWWIGG SIIRWD R KUWHAKIH U
FRQVWUDLQW LQ VWHS , F DQG ,,,

9DULDEOH 6LWH 3DUDPHWHU
S5nER /IRP $PR +R lel ISL)l\yS& ILcl |LcZ ILa\iEnh Twmaturesum Toormth
) V% tra tr2 tsa ts2 Omaxwin kmrespstem kmresproot P satact
p Upp II1 p kl TEmelgeSum thO thObas
*33 / RP $ PR + FRnU pck) g, ﬁ,sp Icl Shewroot Shewleaf Snewstem IRCl
)V % IRcZ IScl IScZ ILcl ILcZ ILe\\Enh TMatureSum ILS

Toomin ti1 tiz tra tre ts1 ts2 Msnoot Mhetain
TEmergeTh TEmergeSumpmn gmaxwin gph kmrespstem
kmrex)root kgres:u kmrespleaf thO thObas

ZLQNHRU /RP $PR +R1RJ1 t&z\/ﬁl tSZ kgresp pSatacl pUpp I|1 p kl
)V % Temergesumtoio toiobas

ZL Q WHU *33 /IRP $ PlR S]e'\WSBmUJSCZ DLM $—MatureSum ILS TDormTlh t
)V % tL2 tRl tRZ tSl tSZ pmn gmaxwin gph kgresp kmrespleaf

XSSHU PRVW VRRO$PR +RUWn p¥R
WHPSHUDWXUR %
ORZHVW VRLO WHPSHUDWXM& /RP $PR +RU )V$

YV %
/$ ll / R P + R U ) V &n Q:N %p,sp IcI Shewleaf |LaiEnh TMa\ureSum
TDormTth tLl tL2 Mshoot Metain TEmergeTh
TEmelgeSum rn?ool kmrewleaf 171 gph
VQRZ GHSWK /IRP

JUHHQ DERYH+RJIR X)Q’$ )V %0, Pusp Shewroot Snewleaf Shewstem Jph
ELRPDVV

WRWDO DERYHRU RMG )Vo/snewstemlLS gph kmrespleaf
ELRPDVV

URRW ELRPDVYV +R U Lo Shewroot Ire1 Ire2




$SSHQGL[ WR PDWHULDOV DC

7TDEOH $&ULWHULD VHW IRU WKH VHOHFWLRQLRNVWFFHSW
HQWU\ GHVFULEH\DW KHO & DR/W K HFUM-WILHRED C SWOR HWE K Bl GBI
FULWHULD

0DLQ FRPSRQHQW 9DULDEOH (50
%DVLF VHOHFWLRQ WKHVH FFULWHULD PUH « P
DSSOLHG DGGLWLR%DOO\ LQ , )
IROORZLQJ FULWHULD VRWEXODU SODQWV P P
GD\WLPH 1(( & B&?2
1(( $FFXPXODWHG 1(( .
"D\WLPH 1(( 0 &gJ&2
PG
1LIKW WLPH 1(( “&  J&2
P 6
6HQVLEOH KHDW + “@ -P6
$FFXPXODWHG + .
/IDWHQW KHDW I( “® - PG
$FFXPXODWHG /( .
1HW UDGLDWLRQ 1HW UDGLDWLR® - P G .
6RLO WHPSHUDWXUH H FRHPSHUBWXU * f&
7HPSHUDWXUH FP “ f&
6QRZ BQRZ GHSWK .

:DWHU WDEOH 7 P .




$SSHQGL[ WR WKH LQYHVWLJDWLRQ RI LQWHUD

$ $SSHQGL[ WR VLWH FRPSDULVRQ VWXG\ ,

JLIXUH $&ULWHULD IRU DFFHSWHG UXQV LWWKA\ |,
EDVLF FULWHULD DOO RWKHUV PWIHVBI®EOLHG DGGLYV



$SSHQGL[ WR WKH LQYHVWLJDWLRQ RI
$ $SSHQGL[ WR WKHRIQRHVQWHIMM FWLRQV VWXG\ ,,

$ 5HVXOWYV GHWDLOHG GHVFULSWLRQ RI V
LQWHUDFWLRQV SHU SURFHVYV

'HWHFWHG VHQVLWLYLWLHV FRQQHPRWLR@OE MW A M
VKRZHG DOO VWURBW ZHWQH WIKFHW ICRONDUEQW SUR
SDUDPHWHUV RI GLITHUHQW PRGXOHY YRR QDEGMALR
DQG PRGXOHV EXW PRVW VWURQJO\ ZDRWHK UOLQNH
DQG 7V )LJ LQ WKH PDLQ GRFXPHQWR+HDFK: 7 ZH
RWKHU DQG WR 1(( HKISODPGWFMW RXUMKKWKHUHIOF
FRUUHODWLRQV EHWZHHQ SHUIRUPDRBHRWRHY, ZL
YDULDEOHV )LJ 7KH LPSOLFDWLRFRQRRGWKH G H
YDULDEOH ZLOO EH GHVFULEHG LQ WKH IROORZLQJ

$ ':DWHU OHY HIGOHIWKPRLVWXUH FRQGLWLRQV

SHUIRUPDQFH LQ ZDZWDH/U GNWHHLOP IGHSGV BEW HUNH\ SD
7DEOH $ ,W Z D\ FFR\QVQ NRWWHRE WHR WARKLHD \ZKDIWGHHU R
UHWHQW ROV FXHIY®! DV WR WKH WUDQVSLUDWLRQ F
ZLQWHU W UgReSdndbd WLIRE) WUDQVSLUDWLRQ FRHII
YDVFXODU SODQWYV SOD\HG D VPDOOMIUHWRRAOH GX
SDUDPHWHUV GHILQLQJ WKH JURZWK DD/FE OMKHUH I
S O D Qkf¥sphasdtitetain lict (TXLILQDOLWLHYV H[LVWHG EHWZH}
SDUDPHWHUV

% KDG VWURQJ HIIHFW RQ WKH SHUIBD®DWQFUBRRIJD (
HTXLILQDOLWLHV ZLWK LQ SDUWLFKXP W \BLDWDP® MH-
DQG WUDQVSLUDWLRQ% F® XWIGH QRMK IEBI KRQEW UD |
XQDPELJXRXV UDQJH DQG ZDV WKHUHDRUHVWKH S
RYHUDOO XQFHUWDLQW)\ )LJ LQ WKH PDLQ GRFXF

3HUIRUPDQFH LQ :7 ZDV IXUWKHU VHQVLWLYH

DHURG\QDPLF UHWukVIN@@HEH ©HRWK SDUDPHWHUV
HTXLILQDOY%WLGIY EZRWW,DQEMGRHOO DV ZLWK WLPL
VQRZ MHOWG WKHUPDO FRQGXFMVDWVRLWAKR | GAYRWZD Q
EHWZHHQ dg UDKRIZIH® VRPH VHQVLWLYLW)\

$ 7UDQVSLUDWLRQ DQG HYDSRUDWLRQ

7KH QLQH PRVW LPSRURWD QW SHURBPIBVHRM \ZHUH C
SDUDPHW H %%VonhiRakd Ghdxmoss Omaxwin Kgrespvasc Mretain et Talai

CHocanopy KLV H[SODLQV WKH VWURQJ FRUUWKHODWLRQ
7 DQG /( O(C )LJ G RF X\PKHID W DIO@G VHRDOW WKH F



$SSHQGL[ WR WKH LQYHVWLJDWLRQ RI LQWHUD

ZLWK SODQW :7 DQG + $Q DGGLWLRQ@HO VI
DHURG\QDPLF UHVLVWDQFH PRGXOH ZRM WKH
ZKLFK FRUUHODWHG ZLWK PRVV DOGHMR5KLQW

"\QDPLFV LQ :7 DQG /( EXW DOVR PDJQWWMGH
WUDQVSLUDWLRQ FRHIILFLHQW ZDVHR/QDIQ/BV RAR
XSSHU UDQJH LQ EDDIYWRY YDV FXOD O RPHSL W B QN
IRU PRVVHVY WUDQVSLUDWLRQ LWHWK B X3HJ WRRU
KLJKHU /$, DQG FRYHUDJH )LJ $

&UXFLDO IRU /( SHWMRWU»PBOQO BB PZDWHMOBEIQQ PQB
UHVLVWDQFH RI WKH FDQRS&thXfs HDU WAWD BEM.RODH
YDOXH LPSURYRHG/(WBRG5VSULQJ /( EXWRARZ(
DFFXPXODWHG /( DQG RI ZLQWHU UDGLDWLRQ

6SULQJ /( ZDV RYHUHVWLPDWHG LQ PRVWHRI \
VWURQJHVW VHQVLWLYLW\ RQ VSULQJIQWHDV
WUDQV GrhdhD WKRIQKLIKHU W®&B BHWAMRH BMEKHU Z L
WKLV ZDV DOVR WWHSPR\DWHWERUWRD ZLQWHU /(

$ 1(( /8,

6HYHQ RI WKH QLQH SDUDPHWHU ZKLFIK DHOWH F
DPRQJ WKH PRVW HIITHFWLY B SR GHWHUV I
kgrespyvasc metain ||_c1 ralai DQG EHORQJ WR IRXU GLIIHUH
WUDQVSLUDWLRQ VRLO K\GURORJ\ DBQG DHUR
+RZHYHU WKH PRVW VHQVLWLYH SDULLFRH\G MUI RF
KHWHURWURSKkLFZKHMS ZDWYWHRHFLDOO\ LPSRU
1(( )XUWKHU VHQVLWLYH SDUDPHWHUWRIZRNWK Q|
UHVSLUDWLRQ FR HilebyFoks HD@QWE MRKIHPWR WY ISWUDW XU
FRHIILFLHQW IRU KHWRWURWURSKLF UHVSLUDWL

7KH UDWHV RI SKRWRV\QWKHVLV DQE MWV WH
Ponvass ZHUH NH\ SDUDPHWHUV IRU /$, 1(( PDJQL
G\QDPLFV UHVSHFWLY HQW HWIA WLR Q&  SH) D\QWMH
SDUDPHWHUV ZKLFK ZHUH HVSHFLDO®@\ D¥WLVL
PHQWLRQHG LQ 6HFWLRQ LQ WKH PDLQ GRF

7KH UDWH RI OHDI OLWWHU |DQQ DX RIQHI] RN K\WM
SDUDPHWHUV ZLWK WKH KLJKH VW PIR® FG UIQH UGH
SURFHVVHV LWV HTXLILQDOLWLHV DBQ®WRDWQ
XQDPELJXRXV VROXWLRQ )LJ LQ WXIHWPDORQ
e GLIIHUHG HVSHKID GQ I b MWW HEH WIZR WKILQF |
1(( DQG ZLWKLQ /$, EXW DOVR EHWZHHQ 1(( DQ



$SSHQGL[ WR WKH LQYHVWLJDWLRQ RI

$ 6HQVLEOH KHDW IOX[HV VRLO WHPSHUDMW
UDGLDWLRQ

0DQ\ LOQWHU FRQQHFWLRQV H[LVWH GUEHWZHHHD +
DOVR OLQNHG ZLWK /( :7 VQRZ DQG 1(QLRNQRZ S
WKH WLPLQJ Rt YQRZVRHORRVW FUXFLDO SDUDPHW!
QRW RQO\ LQ VSULQJ WLPH EXW DIOWRHERDNVWKH ZK
LPSRUWDQW IRU 7V LQ VSULQJ WLPH WKH6NRWQRQ
ZDWHU UHWHOQDM\R @ KXUWHFRQG PRVW VHQVLWLYH
YDULDEOHV

7KH DHURG\QDPLF UHVLVWD QF HaaG HDHQ GHIQR\ P RPN
VHQVLWLYH SDUDPHWHU IRU 7V DQWLPIHHFWHG DO
ZKLOH LW VWURQJO\ FRUUKERRWHECKZLWKLPE VRRD
VHQVLWLYH SDUDPHWHU IRU + DQG PRAHBWHGVLW
UDQJHfG FROWUDGLFWHG ZH WKW ® UMK ¥DWR DE GVHWP SG |
RQ WKH FKRVHQ SHUIRUPDQFH LQGHKHWWQGHWRDVLG
LPSRUWDQW IRU GXULQD @& EWHU EXW ORZ RQHV I
GXULQJ VSULQJ DQG GXULQJ WKk ZKRIDW SWIUWKLR
SDUDPHWHU FDXVLQJ WKH ODUJBRVWKRVYHEDWO X
IROOR ZAfGosE ZKLFK KDG ORZ YDOXHV IRU DEFFHSWHG
5Q DQG 7V GXULQJ WKH ZKROH SHULR® HEXW KQGK °
50 ,W IXUWKHU VKRZHG VWURQJ HDHOQU@IKDALWH
VQR&sow ZKLFK ZDV WKH VHFRQG PRVW VHQVLWLY*H
DOVR DIIHFWHG + DLFGHQW KRUFR/IKNWRADWRRRQGXFW
DIIHFWHG B QEDXQ\GQRW +

7KH WKHUPDO FRQBR®MWWRIQ¥RLORR hlBQKIF © B WHIW L T
ERXQGDU\ PHD QT.WH P8 KK DMRIHPHOW GHSHQGHQF\
FRHII LMkl Q@G WKH GHQVLW\ RI.QI%% DQBFROIG VQF
RQO\ VRLO WHPSHUDWXUHV WKH ODWWHU WZR DO\

3DUDPHWHUV GHILQLQJ PRV YnahQs@madih @B UWWHD Q V
JURZWK UHVSLUDWLRQ FRHIILFLHGW RQ YYDDAFFOODU
SODQW ELRP RNMasDDHEU HE V H Q V Igibao¥e HD QYR vZV

DOVR WR + 7KH PRVW LPSR\WHTWVSDQRMKMHUNH
SDUDPHWHU IRU 5Q DQG +



$SSHQGL[ WR WKH LQYHVWLJDWLRQ RI LQWHUD

$ 6QRZ

7KH WHPSHUDWXUH FRHIILFLHQMW ZIV WKKH VRRRY
LPSRUWDQW SDUDPHWHU IRU 0( LQ VQRPHOWG
+RZHYHU UHVXOWLQJ SDUDPHWHU UDQJHV GL(
SHUIRUPDQFH LQGLFHV ZLWKLQ WKHOIQRZAUB A @
RWKHU YDULDEOHV $ ORQJHWU ORDW LFQUX NIQRY
VSULQJ + DQG UHGXFHG PHDQ HUURUW D@ XIQR ZI
VSULQJ 7V D QGmVIQRE HAHDSFWHHE XIQRK SQREYRHW I
DV ZHOO DV ZLWK SDUDPHWHUV |URPQ WPKHG XVOHH
Tamean Gmaciin 7 KH GHQVLW\ FRBEILFQBQ @ HLRU\KRDEEZ
PHGLXP HIIHFWIRRRDQFE RZQG B9 NIRNG B0
ZLQWHU VRLO WHPSHUDWXUHV LQXRO® EQD XHRXW
FRQVWUDLQHG E\ WKH DYDLODEOH GDWD

$ 'LVFXVVLRQ GHWDLOHG GHVFULSWLRQ F
LOWHUDFWLRQV SHU SURFHVYV

7KH SDUDPHWHUV WKDW ZHUH LGHQMRIZHG ¥
VWURQJHVW HTXLILQDOLWLHV ZH UHUUFHRO@WHHGEW
D VWDELOH UHSUHVHQWDWLRQ RI KV H G KIHDV
IOX[HV RU WR VQRZ 7KH LQWURGXFHGFHQGH]
LQFOXGHV VXEMHREWLYKWLQRL FIHRAWR IUNIR QAKLHG A K
FDOLEUDWLRQ YDULDEOHV DQG WKHLUHQ/XE

SHUIRUPDQFH LQGLFHV +RZHYHU VHYD-OUD OWW |
ZHLIJKWLQJ GLG QRW QRWL P4 ZBYHDBORDQJIHV KM
LPSRUWDQW SDUDPHWHU IROORZHG E\GWXMH J
LPSRUWDQFH ZKLRKOG LQHUKIKEL V OULDRW KB LU DPRQ

$ BQVDWXUDWHGLERWHRQGLVRILO PRLWWVXUH

2XU UHVXOWYV VXJIJHVW WKDW PRGHKOEH®EHGWY
IRU HLWKHU VRLO K\GUDXOLF SURDHWSLHBWE
FKDUDFWHULVWLFNVAH WHH YD OMDEMEH : @ QS R (
LQ RXU VWXG\ ODHPIHL ®B 6HIUQV UL B XYY BUYW GG X B\
WKH FRPELQHG XQFHUWDLQW)\ LQ HNA¥ FODQONVGH V
SODQW ZD VWhhlasc OSWMR Bkdwin  7KHLU VHQVLWLYLW
SURFHVVHY DQG WKH KLJK QXPEHU @Y VWHUI XLQMD
RWKHU SDUDPHWHUYV DQG WKHUHIR UIHQ YWK®Y K G
SURFHVVHV )RU H[DPSOH WKLV PLJKWXK[B\WDR G
IRU QHLWKHU SODQW DVVLPLODWDRR® QRIUQHWEBL
VKDSH SDUDPHWHU RI WKEBy ZDDMWH WD BRWHQW KR
PRVW VHQVLWLYH SDUDPHWHUV IRU 1QG7!L(W



$SSHQGL[ WR WKH LQYHVWLJDWLRQ RI

PRVW VHQVLWLYH SDUDPHWHU LQ FDASH LRIWIR @ QC
FRH I L BrlaodhQ WaVinoss Gnain ZHUH DPRQJ WKH WRS  PRVW
DQG LQIOXHQWLDO SDUDPHWHUYV

‘:DWHU UHWHQWLRQ SURSHUWLHV D Wi MDR/L ((QG FK
3UHYLRXV VHQVLWLYLW\ DQDO\WHV RQXHRWKHU H
XVHIXOQHVV IRU PRGHOOLQJ FDUERQ G\QDPLFV
1IHYHUWKHOHVYV PDQ\ RI WKH DY D IDOADCERTH/ IS Y4 DHWJIO D
(XURSHDQ )OX[QHW 'DWDEDVH &O XWWHNL OKON &/ Q R
FRQWDLQ LQIRUPBWHR® LRI ZDURHB WWZRIX/O GDEWH U |
HYHQ PRUH LPSRERWH WLEN\WXMOW R/ R PHDVXUH

‘H WKHUHIRUH VWURQJO\ UHFRPPHQG MPSHULPHC
UHWHQWLRQ PHDVXUHPHQWY LQ WKBIQVY RHKHHIUE RHRQ
UHVROYH WKH VWURQZLMIKKWUQRYSWUBWLRQ FRHII
SDUDPHWHU LQ WKHURIZOE R 6 DRV URIGOLR/IWD B RS \W K
GHILQLQJ WKH PLQLPXP H[FKD QGdatyQGHU VWDELOH

$ & EDODQFH RI YDVFXODU SODQWYV

$ VWDEOH YDVFXODU SODQW WKDW EVRBEWDLVKH\
HYHU\ \HDU WKURXJKRXW WKH VLPX®IYWGRB\ SHUL]
FHUWDLQ YDOXH FRPELQDWLRQV I|Rkc WKKH SKRWR
UHVSLUDWLRRpERBQGFWKEWWRUDJH IUDFWLRQ IRU
VSUm@d 'HVSLWH WKHLU KLJK LPSDFW LQ WKH E
HTXLILQDOLWLHV QRU VHQVLWL YLLIW LIHFVDR IX WK ¥ LK
ILQDO VHOHFWLRQV VSIWYREDBO\S EWFPEWHWLNQ Z H U H
VLPXOWDQHRXVO\ 7KLV LQGLFDWHV WKHVIQHHG
SDUDPHWHUV LQ GHSHQGHQF\ RI HRFKNRWRHWRR D
FRQVWDQW YDOXH DV WKH DYDLO ROXYH GMKMY HZ D
HTXLILQDOLWLHV $V UDQJHV IRU WKSSBLHJISDUDP|
EHWZHHQ WKH GLIIHUHQW YDULDEOHXOGNEH UDQ.
QDUURZHG XQDPELJXRXVO\ OHDGLQJFRWR BUQRZ UI
GHVSLWH VHYHUDDWGEHW H EMYHEU WHRE BIANANYY WZKRHKCHS S
EH RI KLJK LPSRUWDQFH IRU SUHGLFWLRQV LI QR
DUH DYDLODEOH

&RPSDUHG WR SUHYLRXV DSSOLFDWURIQW I RKHQ&R
SHDWODQGV OHW]JHU HW DO YORKF PE&DYH SOD!
HITHFWLYH & EDODQFH WR SURGXFH WKHVIREDVXU
DPRXQW RI DVVLPLODWHY 7KLV FDD@® & H UW WVGILV HXX
ORVVHVY DQG D ODUJH VWRUDJH SRRM®VEBUUDMILRRY
ORVVHV IURP YDVFXODU SODQWYV ZHUMWHV LRI WK



$SSHQGL[ WR WKH LQYHVWLJDWLRQ RI LQWHUD

OHW]JHU HW DO WKH PRGHO WDBI\QFHD W IS OA
/$, RU RYHUHVXWIWDWH X2 LQ WKH PDLQ GRI
H[SODQDWLRQ IRU WKH GLIITHUHQFHR/ LY@ \SIOXJIF
SODQWYV PLJKW OLH LQ WKH YHJHWDWLRQ FRPF
LQFOXGHG VHYHUDO GLIIHUHQW W\SHQ RI

FRPPXQLWLHYVY QRQH RI WKHVH VLWHVQKWG D
FRQVLVWLQJ RI P D E@@horirRyAYIHaMMDONG DW "HJIH L
6 W R URrophorum vaginatum LV N QR ZQ WR EH PXFK
PDLQWDLQLQJ & FRPSDUHG WR RWKHUWLHQGNH
UHPRELOL]DWLRQ IURP VHQHVFLQJ OCRDYVNVV FB® |
DQG &KDSLQ ,,, V 8 Q FIHRUDWDXLUHNP IHMY WIVE R @ GRW
PRGHOOHG UHVSLUDWLRQ RYHU WKRWKBBXPY I\
WKLV HIITHFW ([SIODDWHDQNWFIHRWQ YVQEP BREGHB N WO XBW)
DV WKH VDPH HIIHFW ZDV REVHUYHG XKWQU KV
XQSXEOLVKHG GDWD 7R LGHQWLI\ ZKKH KG EIDKH W |
WKH GHYLDWLRQV LQ WKH FRPELQH® SOHHXG MW
EH DSSOLHG WR IXUWKHU RSHQ SRIQ®WRPRXQW NN
QXWULHQW VWDWXV DQG SODQW SURGXFWLYL
SDUDPHWHU UDQJHV ZKLFK LV D QHFHY MVDQG

UHGXFLQJ PRGHO HMGQGEHWIWMDQW W Q LARAWKWHU SHDWC

$OQRWKHU SODQW SDUDPHWHU ZKLFKDADW APGQW
OD\HU DQG ZDV UDQNHG DV RQH RI WWH WRWHDE
WKH UDWH FRHIILFLHQW IRU WKHJOWBDIMRQVW F
BUREDEO\ GXH WR WKH KLJK QXPEHUPRWHRYU
WKHVH FRUUHODWLRQV GLG QRW: HM HEHLG HAFKY
FRQQHFWHG WR WKH ILOOLQJ RI WIOH QMIRUD L
OHDYHV ,WV VWURQJ VHQVLWLYLWAKWRHE) DDI\
XSWDNH ZKLFK H[SODLQV WKH VWURQJY \DH@V MM
HTXLILQDOLWLHYV ZLWK D WUDQVSIHMFVLE QQS DW
ZDWHU UHVSRQVH RI KHWHURWURSKLFDUHD/GXH
R lLe1 " GRXOG EH XVHG VLWH LQGHSHQGH
PXFK ORZHU UDQJHV RI RXU VWXG\XBDUWRHYHU
/$, 7 LQ ORZHU OD\RUVVOWQIIOWLPH 1(( +
Eriophorum vaginatum LV NQRZQ WR PDLQWDLQLC
KDYH D YHU\ ORZ OLWWHU IDOO UDWMWK-HW D
LQYHVWLIJDWLRQV DUH QHHGHG W®RJ UHDMRIGHYWH DU
HTXLILQLDOLWLHYV ZLWK RWKHU SDUDPBWIUWY\
IDOO WKURXJKRXW WKH \HDU ZRXOG EH RI KLJK



$SSHQGL[ WR WKH LQYHVWLJDWLRQ RI

$ 6HQVLEOH KHDWOIWX[MYHWRWXUHV RQG QHW U

7KH ODUJH QXPEHUHEIMWMVWRURQJIJEARWQ@HHQ + 7V
HTXLILQDOLWLHY EHWZHHQ WK HLUHGHMSHRWALDQ BH ¢
WR FRQVLGHU PRGHO DQG FDOLEUDWHU WKKIVH S
FRQVWUDLQW RI WZR RI WK Hr.R B\ bR SRUDIDQW S
QRW GXH WR GLIIHUHQW UDQJHV EHWHAHHXFY\DULD
GHSHQGLQJ RQ ZKLFK SHUIRUPDQFH LQGKLWQG V
HPSKDVLVHV WKH L\PYSERMMFWQLFHH REIWAMDIK HIUR Q CRKRQ AH
YDULDEOH LV FRQVLGHUHG

$FFHSWHG Y.p @XHHM IRJFHSWLRQDOOR KLLAKQG V P
WR ' MRU OF ZKHUWDRID PXOWLSOLHG ZLWK W
/$, RI OHDGV WR DQ DHURG\QDPLRVYVHWVL F WKW H
IRUP D ZHOO LQVXODWLQJ OD\HU ENW WWDQ ONWI |
DHURG\QDPLF UHR/L VY DB@RKW R I6ZHESHQO Q NUP
3ULFH UHSRUWMGYWHW\FKLJIKK @ PRAVXUWXIUNYDFH
ORZ HJ GXULQJ GU\ SHULRGV EXWKWRHRXUYD @X
SRVVLEOH H[SODQDWLRQ PLJKW EH VDH)GLQMHGDFW
SDUDPHWHU $ KLJK DHURG\QDPLF UHXUWWDQFH
LQVXODWLRQ OHDGLQJ WR KLJKHU VXP®PIHU YROO V
RVFLOODWLRQV )XUWKHU LW OHDGV WR VWURQ.
WKHUHIRUH UHGXFHG /( HYHQ WKRXJHK MWKAQ HLV
KLJKHU WUDQVSLUDWLRQ IURP PDLQO\ PRVVHV ZKI
FRQWHQWY LQ XSSHU VRLO OD\HWWR 7KIDQB[SODLQ
ZKLFK DOVR VXSSRUWHGOBX KKLIJKKH PDLQ FDXVI
ORZHU RSWLPXP UDQJH IRU G\QDPLFV I7QV W FRPS|
SUREDEO\ DQ RYHUHVWLPDWLRQ Rl WKH GEXQQDO
UHGXFH WKLV RYHUHVWLPDWLRQ EXW QRHWFRU!
FDOLEUDWHG WR DYRLGraXVWREAEWG HT ® UH QRGO MMWLL
L QW H U D F &) RDVQBLW K
7KH FRUUHODWLRQV RI WKH FRIQGXFWKL BIOD\QRI RU.
DQG :7 SDUDPHWHUV PLJKW EH H[SODLQBG E\ WK
FRQGXFWLYLW\ I[URP SHDW ZHWQHVV .HOOQHU

6HDVRQDO GLIIHUHQ Faldhost PRRRGYV EBIOBEHGFWHG DV
UDGLDWLRQ UHIOHFWLRQ SURSHUWLKLP YW\ DX W K
+RZHYHU KLJKHU YDOXHV ZRXOG IEH PRYNFWH G
VXUIDFH LV GU\ DQG OLJKWHU EXWHRXYDPX®VEU I
GXULQJ VSULQJ DQG ZLQWHU 7KHVH RODXME ZHUF

WR OLWHUDWXUH/MDOGKYG DQG ODFEHKDR HW DO
. HOOQHUQWHUHVWLQJO\ D @BEN\GR LS @B WF:



$SSHQGL[ WR WKH LQYHVWLJDWLRQ RI LQWHUD

VKRZ DQ\ VHQVLWLYLWLHV Q WK HR G 00 WHLU W
Rl VHQHaEHRKHQ D KLJKHU YDOXH ZRXOG KDYF
OHDI \HOORZLQJ + LQ VSULQJ WHQGR)GO® FEHEF
FRPSHQVDWHG E\ D KLJK DOEHGR G XWIGQ I QV WK
UHDO ZRUOG E\ RSHQ ZDWHU RYHU HIR IHQ WIRH
PRGHO $QRWKHU H[SODQDWLRQ FRXOG OD\ L
Zovisnow D@ 'LUHFW PHDVXUHPHQWYV RI SODQW DO
WKLV VWXG\ $ WLPH VHULHV REVHUY®WDRIR R
FODULILFDWLRQ 7KH GHWHFWHG VB GVDWGYE
SUREDEO\ UHVXORQN | Z2RW K. @WK H D FSDIERRH W H U
DV WKH VXUIDEHWR [FRWKLUFHMGYQRZ FRYHU

$ 6QRZ

7KH PRGHO SHUIRUPDQFH LQ VLPXODWGQWNRVQI
SHUIRUPDQFH LQ D®\ RWHKIIW WDRILBHEOIRUPDC
H[FOXVLYHO\ VSULQU FRIPVH. G BONE VVKQW DN WK
UDQJH IRU WLPLQJ RI VQRZ PHOW Y DW IMKG EA\WD
RI WHPSHUDWXUH ULVH ZDWHU WIBESRVGURGE
H[SODQDWLRQ PLJKW EH WKH SRR DOL WIRVD R\
JRRG ILW LQ GXUDWLRQ RI VQRZ FRPWIH W KIKW VW
PRVW LPSRUWDQW SDUDPHWHY VRW RQALFRL\QD I R-
SHUIRUPDQFH LQ G\QDPLFV RI + 1(( DQBHWH®X
GHILQLQJ WLPLQJ RI VQRZ GHSWK PLWW HEH
FDOLEUDWLRQV LQFOXGH DQ DG G LPRXRQF B QHDW
WKH WLPLQJ RI VQRZ GHSWK H J EQD IHRR@RZ
FRYHU LV SUHVHQW RU QRW ,W QR HKGI\O SV RV E H/
WKH GLVDJUHHPHQWYVY LQ YDOXH UD ®YHVQEFDA\Z
RI WKH GHQVLW\ FRHWLFKHRKXWFRXRBG VQ FRPEL
mr WKH ORZ DYHUDJH RYHUODS ZLWKLQ VQRZ G*
$FFRUGLQJ WR -DQVVRQ DQG .DUW®EHUNJ f& D
PP GDWRXOG EH H[SHFWHG IRU RSHQ ILMXGV §
ORZ DFFHSWHG YDP XG'® \RkNUIQfBEDVH RI FULWHU
FRQWUDVW WR WKH KLJK YDOXHV OLW FKULIW HADLMD
FRPSHQVDWH IRU RYHUHVWLP D W RE HUS ALK
RYHUHVWLPDWLRQ RI VSULQJ + PLJKWFWHRBR
SURSHUWLHV RI PRVVHV GXULQJ VSWIDRRQWRP!
UDGLDWLRQ UHIOHFWLRQ DQG HYDSRWDEHRQ
IRUPHG GXULQJ VQRZ PHOW RQ VW WX® WURYB SR\
E\ WKH XQGHUHVWLPDWLRQ RI /( GXUZRQUFKSUL
FDQQRW EH FRQQHFWHG WR XQGH UKN WLRP®MH
HYHQ WHQGHG WR RYWDNWWLDPWDLVOH XLV SHULF



$SSHQGL[] WR WKH LQYHVWLJDWLRQ RI
$ 7TDEOHV

7DEOH $&RUUHODWLRQ FRHIILFLHQWY EHWZHHH @ DRPOPHWHUV |
YDOXH LV VKRZQ LI D SDUDPHWHU FRMUHOIIWHG RUWKHYHUYHOI
SHULRGV RIJWKH VDPHDULDBEDHSRLROMW DLUH %L WSZRD \G GJ LOW

YKRZQ = z z z
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1 0(
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o Sove, vasc
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7DEOH $ 3ULRU DQG SRVWHLQRHV SPIUDMWKHWVED VUF
'"HYLDWLRQV RI SDBBPMKH S ULIRQJI HRMHWEHDUV DS FOQNLVY B UA
SDUDPHWHUYV ZLWK D GHYLDWLRQ DY K HKRZQW D BEH &
SULRU UDQJH

Max % kgres),vasc metain Q,vasc gmax,mnss ILcl ILS

Min Range deviation 3% 3% 0% 0% 0% 0% 0% 0%
Max Range deviation 1% 1% 0% 0% 0% 0% 0% 0%
Mean Range deviation 13% 8% 13% 8% 10% 8% 9% 7%
S.D range deviation 11% 11% 5% 4% 2% 2% 5% 1%
5 Percentile range deviation  11% 11% 2% 10% 4% 1% 0% 2%

51 Percentile range deviation 17% 10% 17% 10% 12% 10% 9% 10%

95 Percentile range deviation  19% 19% 14% 1% 1% 4% 13% 2%




$SSHQGL[ WR WKH LQYHVWLJDWLRQ RI

7TDEOH $&RUUHODWLRQ FRHIILFLHQWYV RI WKW GHWHFWH
GLJLWV DIWHU GH¥SPDOH&R OQW XHMKBZQ DUH QRW

P satact
[tmax

[tmin

P Low

P upp
ki1

Pzroot, vasc

[TMaturesum
Kresp, vasc
Pmn, vasc
Po1, vasc
Po2, vasc

Mretain

X, vasc

fSnowReduceL Al

X, moss
i, moss
Po1, moss
[Po2, moss
Kgresp, moss
Pzroot, moss
[toio

lLct

ILs

[Bpve, vasc

P upp
P Low
P satact
tmax

tmin

kn

ki1

Mretain
Pzroot, moss
Pzroot, vasc
tQio

Kgresp, vasc
Kgresp, moss
Twmaturesum

18

18
IRc1, moss
Is
1751
fsnowReducel A
|

Po2, moss 21
Po2, vasc
Po1, vasc
Pmn, moss
Pmn, vase
Po1, moss

X, moss

X, vasc
Bpve, vasc
Apve, vasc
Apgrain
Tamean

hy

S

ZoM,snow
Talai
T'a,max,snow-1
CHO, canopy
-y

P1

—

twa

Omaxwin
Omax, moss.
Omax, vasc
dp

-

16
17
Ncom
TRainL
mr
Gin
Sl
Siw
fqn
MRmin
Loy
Count 2 3 3

16

19

21

16

14

16

16

19

20

20

19

24
25

20

16 19

19

17

21

23 18

17

17
20

19

19
19

25

5|
© [IRc1, moss.

19
17

26 19

19
16

19
19
26
24

19 16

19

23

16

16

20
20
22

14

28 17

19




$SSHQGL[ WR WKH LQYHVWLJDWLRQ RI LQWHUD

7DEOH $ FRQWLQXHG

[@pgrain
[@pve, vasc
h2

ISk
[Zom,snow
lalai
Tamean
ICHO, canopy
[Omax, vasc
-

P1

(Omax, moss
—y
[Omaxwin
[twa

-

db

Ncom

mr
TRainL.
MRmin
Ifgh

eov
Gsmin

[Sdi

[Siw

o [Fa,max,snow-1

=

P upp
P Low 14

P satact 17 16

tmax

tmin

kn 14 16

ki 20
Mretain

Pzroot, moss 20

Pzroot, vasc

tqio 16

kgresp, vasc 19

Kgresp, moss 16

Twaturesum 20 16 21 23

IRc1, moss

Is 22 14

I 20

fsnowReduceLA

| 23

Po2, moss

Po2, vasc 17

Po1, vasc 19

Pmn, moss 28

Pmn, vasc 18 17
Po1, moss 17

X, moss

X, vasc

Apve, vasc

Apve, vasc 32 30 18

Apgrain 16

Tamean 21
h2 19 20

S 19

ZoM,snow 32

Talai 30 18

T'a,max,snow-1

CHo, canopy 18 30

—

P

- 19

twa 17

Omaxwin 14 14 22
Omax, moss 19 45 17

Omax, vasc 23

dp 16

- 20 18 30 23 45 14

Neom 17

TrainL 20

mr 14 20

i

Sdi 21 22

Siw

fan 17

MRmin

Aoy

Count 13 3 2 1 2 2 1 5 2 1 2 5 05 1 7 4 1 3 1 0 4 0 1 2 2




$SSHQGL[ WR WKH LQYHVWLJDWLRQ RI

$ )LIXUHV

JLIXUH $0RGHO ILW WR \R E/NHHWYMRMOPXFODWHG DQG PHDV XU
PHDQ RI DOO \HDUV 5LJKW FROXPQ FXPXODWHG YDOXHYV



$SSHQGL[ WR WKH LQYHVWLJDWLRQ RI LQWHUD

JLIXUH $ FRORGRAHEGW WR REVHUYDWLRQV /[/HIW
PHDVXUHG PHDQ RI DOO \HDUV S5LIJKWHAHFRONXPWL FXPX



JLIXUH $$FFHSWHG SDUDPHWHU UDQJHV 7KHW®&HBVW EDU
RYHUODSSLQJ UDQIHHM BBEWRW RYHUODSSLQJ



$SSHQGL[ WR WKH LQYHVWLJDWLRQ RI LQWHUD

J)LIXUH $&RUUHODWLRQV EHWZHHQ SHUIRUPDRGH LC
GXULQJ VSULQJ WLPH RQO\ 8SSHU SD@HOWISH ®RW&
UHSUHVHQWY D SDUDPHWHU VHW K JHURLQHV LQGLF



$SSHQGL[ WR WKH LQYHVWLJDWLRQ RI

J)LIXUH $ \HDU PHDQ RI WUDQVSLUDWLRQ IURHP PRVVHV |
KDWFKHG DUHD VIKWEW W KHX Q N ZIHMRP @ ©® H FVQH 13 (S WK R
VROLG OLQH LWV PHDQ



$SSHQGL[ WR UHODWLRQVKLSV EHWWHH QVYHIHW
VWXG\ ,,,

$ $SSHQGL[ WR UHODWLRQVKLSY EHWZHHQ Yt
FKDUDFWHULVWLFV VWXG\ ,,,

JLIXUH 8ODQW DUHD LQGN[YHVU \FXD iR B D@ SIHERWDW Y R Q
SDWFKHYV

JLIXUH $'9, YHUVXV ELRPDVV



$SSHQGL[ WR UHODWLRQVKLSV EHWWHHQVYWHIFHW L
VWXG\

JLIXUH JUHTXHQF\ RI FXSWALQQJIWLHPWHV K'Y,V &XWEWVYQJ IUHTX
VXUYH\HG E\ 'U|VOBDUHFWWPDSSHG6FYXRHEWH @WLGY I VEN L Q
EXW VXUYH\HG ZLWKWR WRU VS RD@EKHOWHRD & 3 H E DWW
VXUYH\HG ZLWK OHVV WKDQ FXWH EZR{BIN H QFGOLDE® MG V7 W
QXPEHU RI REQ HHDHXWHRW F DRIUR X ? KH. 8 WKRRFREWUW R

GDWD SRPQL/P XPKW R

JLIXUH $DQDJHPHQW GH S HHQYGIH®R W3 & LY DKOKHHWFIRU PDQDJH
JUDVVODQGY DQG VHOHFWHG YHJHWDWLRQ JURXSV



$SSHQGL[ WR UHODWLRQVKLSV EHWWHH QVYHIHW
VWXG\ ,,,

JLIXUH $DQDJHPHQW GHSHQYGIHR %3 & IMDHWXHHYFIRU PDQ
JubvvobQGY DQG VHOHFWHG YHIJHWDWLRQ JURXSV

JLIXUH $URXQG YHUVXV VDWHOOLWH 1'9,



SHIHUHQFHYV

5HIHUHQFHVY WR WKH DSSHQGL]

$[HOVVRQ % DQG cJUHQ * 7UHH JURDWK PRGHO :
SDSHU 6ZHGLVK &R3QIRMHRWVSIRHEAW LW\ RI
$JULFXOWXUDO 6FLHQFHY 'HSDUWPHQW RI (FROR
SHVHDUFK 8SSVDOD 6ZHGHQ ,QWHUQDO 5HSRUW
%HUJOXQG ( 5 DQGIDURAD®DRODHEIRE NRI %
6SUXFH DQG 6SKDJQXP 6HGJH %RJ &RYHU 7\SHV -
PHWHRURORJ\ +

%HYHQ . SWHOOQRUHWKH HTXLILQDOBWRORHMHVLY -R)>
+ GRL M MK\GURO
%HYHQ . DQG %LQWHA R$ GEXKWUXWXWHG PRGHOV 0

FDOLEUDWLRQ DQBWLERRHUWGEUR YR BFID@LSURFHVV

%URRNV 5 + DQG\&SRIWK\O I$F 3 U RS HOHGLHDY RI 3RURD
+\GURORJ\ 3DSHU 1&RWDWER®ORIUYDHIR/ LW\ )RUW &RO
&RORUDGR 86 SS

&O\PR 5 6 DQG +DYXKBUGRDRIU\ RI 6SKDJIQXP LQ
%U\RSK\WH (FRORJ\ 6PLWK $ - ( (& 6SULQJHU

'U/VOHU 0 $GHOPDQQ : $XJXVWLQ - %HUJPDQ
&KRMQLFNL % + )JUVWHU & )UHWED&XHU $ *LF
+|SHU + .DQWHOKDUGW - /LHEHUQEBFK + +D|
3HWVFKRZ 8 3IDGHQKDXHU - 6FKDOOHU / B6Fl
7KXLOOH $ DQG :HKUKDQ 0 .OLPDVFKXW] GXUF
6FKOXVVEHULFKW GHV %0%) 9RUKDEHQV .OLPDVF]

ORRUQXW]XQJVVWUDWHILHQ .OLPDVFKXW]
ORRUQXW]XQJVVWUDWHJILHQ 7.% 8% +DQOQR
*HUPDQ\ SS

*UDFH - 7KH *URZWK 3K\VLRORJ\ RWRRRKEBDQG 30
$HULDO (QYLURQPHBO®LY3K6KHWIKHWIY 6KHIILHOG 8
*UDQEHUJ * *ULS + /|]IYHQLXV 06 2+ 6X@G&K , ¢

1LOVVRQ O $ VLPAPX PREG HROQI RU ZDWHBWR QW HQ
DQG VRLO WHPSHUOWG& WPHVHY EBWHDOCGRVRXU 5H\
+ GRL :5

*UDKDP ( $ +DPLOWRQ 0 3 OLVRQBU+DRQVHQ5XQ
0 + 8VH RI D 1HWQ@RADNPHHG) DL WLRV DV W LSVDOWH1IHW &
Rl D '"HVLERDWUDP@QW ORVV ,QW - 30DQW 6FL

GRL

-DQVVRQ 3 ( DQG .DUOEHUJ / &RXE®H®G IRKIDW D
VRLO+tSODQW+*DWPRVSKHUH VI\VWHPV 5R\DO ,QVW



SHIHUHQFHYV

BWRFNKROP &S DREFHNEHU
KWWSV GULYH JRRJOH FRP ILOH G %
:-.S IP<&= -9H9J]5:),E8N YLHZ"SOL
-RQDVVRQ 6 DQG 6WXDUW &KDSLRD® QHD6LJIQ
GHYHORSPHQW IRU QXWULHQW EDODQFH RI W]
YDIJLQDWXP / 2HFRORJLD + GRL |
HOOQHU ( 6XUIDFBQHX AR QWORKPHRY LHRYD SIRR\PU
6ZHGLVK 6SKDJQXP PLUH $JULFXOWXUD@ DQG
GRL 6
.HOOQHU ( DQG /XQGLQ / & &DCLVERPAW.BQIR
ZDWHU FRQWHQW LQ SHDW VRLO 1RUGLF +\GU
.RQGUDWLHY . < ) OIDURDRWWR= $ OIEHGERHRWUD
QDWXUDO VXUIDFBVJHRIKNDLFY DSSO LtH
JUQHU & $OSLQH SODQW OLIH )XPQRKWQMRILMO
HFRV\WVWHPV 6SULQJHU %HUOLQ 1HZ <RUN
. XPPHURZ - DQG (OSHYDWXBH HHIMH RG REWE RROP
DQG URRW VKRRW ELRPDVV UDWLR®OAHGWZR D
HQYLURQPHQWDO FRQGLWLRQV %RW +

OHW]JHU & -DQVVRD 8 GXURIKOD LIGW(LENHQVF
%HOHOOL ODUFKHNLQL- / 'UHQNBRWHGHIR +XLV"
DQG 'U/VOHUIOX[H&2 DQG HPRPYPMWDHIW G\DH (XUR
WUHHOHVV SHDWODQGV + PHUJLQJ GDWD DQG
%LRIJHRVFLHQFHYV + GRL EJ

3ILYIQHQ - +\GUDXOLF FRQGXFWLYLW\ DQG ZD
JRUHVWDOLD )HQQLFD

BHW]ROG ' ( DQG BHRPPBHGR RI VA WKRWMHGHV
$UFWLF DQG $OSLQH 5HVHDUFK +

3ULFH - (YDSRURWHRQEIRRPQDDE (RDUR DR B \DWD
%RXQGDU\ /D\HU OHWHRURO GRL

5DWNRZVN\ ' $ 200H\ - OFOHHND®LRQKDX
EHWZHHQ WHPSHUDMWHUR | EQG ¥ bl R DBDE® BRX O W X |
%DFWHULRORJ\ +

5LFH 6 . $FODQGWRIQ /' DBGRRBR\WHVVKERPV
IXQFWLRQ OLNH YDVFXODU SODQWIOMDYHV RU
UHODWLRQVKLSV L\Q 665XDIJIDFHPRVYXQFWLRQL
UHODWLRQVKLSY LQ 6SKDJQXP PRVVHRY 6SKDJ(
ERWDQ\ + GRL DME

6FKREHU + 0 DQG 6WHLQ & )UHLVLQJHU ORR
YOIFKHQPDQDJHPHQWQQ VWIDQMDR MPXQMOHMDW K H
ORRV ILQDO UHSRUW IRU /($'(5 SURMHFW



SHIHUHQFHYV

6FKREHU %*UR IU /DQGVFKDIWVDUFXSWHNWXU )U

6KDYHU * 5 DQG /DXQGUH - ([VRHWER@IHORQJD
OHDYHV RI (ULRSKRUXP YDJLQDWXP ®@IBV&DUH[ EL
*ORE &KDQJH %LRO + GRL M

6KDZ 5 + DQG 3HUHLUD $ 5 $HURGD@RBLF DRXJIKQ
QXPHULFDO H[SHULPHQW $JULFXOWXUDO )RUHVW

YDQ GH :HJ 0 - )HWFKHU 1 DQGN6KDYHU * B5HYV
UHVSLUDWLRQ WR WHPSHUDWXUH L@ WURAGSKRUXP
WUDQVSODQW H[S HBOIDRHY W RQ BDDVKEDHUVLW\
GRL

9HUPHLM , 5HODWR QUKSKHRRWRSULODERURBRFW
SHDWODQG XVLQJ WKH JUHHQQHVVQIHEH[ 06F Wt
8QLYHUVLW\ :DJHQLQJHQ

'DQJ ; +H ; :LOOJJDRVUD®TGHH GGGWZRR
BHQVLWLYLW\ DQG XQFHUWDLQW\ JD@LG\FEVERQE U
VLPXODWHG ZLWK (3L,I&W$FRHL$UFEJD.QX6(R1HKDDO DQG %
(QJLQHHUYV

'RKOIDKUW * %DK(D O-RYUDNEQHULBRIMMORIW :

7DSSHLQHU 8 DQ@®WHURKIHMHMIDOWKRQ R

ELRFKHPLFDO OLPLWDWLRQ WR SKRRUMRV\QWKHVLV
VSHFLHV 1UR B WPRXQODILEHFRVYVEGMH PNV HQW ODQG
30DQW &HOO DQG (QYLURQPHQW +

=KDR : +LGHQRUL 7 DQG =KDR WXU(DWHPDWLRQ
DOEHGR LQ WKH .XDRIGWPD WLUH QDWR /&BKLQ *HRJIU

GRL Y%









