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%FBS 4BLJOB�%PSPUIÆF

8F MJLF UP UIBOL ZPVS GPS UIF FêPSU BOE UIF UJNF TQFOU GPS B DBSFGVM BOE QPTJUJWF SFWJFX� :PVS DPNNFOUT BSF NVDI
BQQSFDJBUFE
 BT UIFZ BSF DPOTUSVDUJWF BOE IFMQGVM� 8F MJTUFE PVS SFTQPOTFT UP BMM PG ZPVS QPJOUT CFMPX BOE IPQF UIF
NBOVTDSJQU JT OPX TBUJTGBDUPSZ�

3FNBSLT PO UIF .FUIPET
&RVBUJPOT � BOE �� XIZ EPOrU ZPV BMTP UFTU UIF TFOTJUJWJUZ PG UIF NPEFM UP UIF QBSBNFUFST PG UIFTF UXP FRVBUJPOT 1MFBTF

KVTUJGZ JU JO UIF UFYU�

3FQMZ� 5IFTF UXP UFNQFSBUVSF DPOaHVSBUJPOT BSF FNQJSJDBM GVODUJPOT
 EJSFDUMZ TJNVMBUJOH FYQFDUFE PS PCTFSWFE
UFNQFSBUVSF EFQFOEFODJFT PG /2 aYBUJPO� 0OF PG UIF NBJO HPBMT PG UIJT TUVEZ JT UP DPNQBSF B NPSF SFBM�
JTJUJD UFNQFSBUVSF EFQFOEFODZ 	01&.�)
 UP UIF EFGBVMU GVODUJPO VTFE JO UIF 67JD 	01&.
� 5IVT
 PVS TUVEZ
DPNQBSFT UXP EJêFSFOU NPEFM DPOaHVSBUJPOT� 5IF TUSVDUVSBM EJêFSFODF CFDPNFT VMUJNBUFMZ aYFE CZ UIF UFN�
QFSBUVSF GVODUJPO FNQMPZFE
 XIJDI JODMVEFT UIF WBMVFT BTTJHOFE UP UIF SFTQFDUJWF QBSBNFUFST� *O BEEJUJPO

PVS GPDVT JT PO WBSJBUJPOT JO QIZTJPMPHJDBM QBSBNFUFST
 CVU UIF QBSBNFUFST PG UIF UXP EJêFSFOU UFNQFSBUVSF
FRVBUJPOT IBWF OP DMFBS QIZTJPMPHJDBM NFBOJOH� 5IFZ EFUFSNJOF 	EFaOF
 UIF UXP NPEFM DPOaHVSBUJPOT FY�
DMVTJWFMZ� 8F FYQMBJO UIJT OPX JO UIF UFYU PO Q� �
 MJOFT ��v���� s#PUI PG UIFTF FRVBUJPOT BSF FNQJSJDBM GVODUJPOT
EJSFDUMZ TJNVMBUJOH FYQFDUFE PS PCTFSWFE UFNQFSBUVSF EFQFOEFODJFT PG /� aYBUJPO� 8F DPOTJEFS &R� 	�
 NPSF SFBMJTUJD
BOE IFODF BOBMZTF JUT FêFDU PO NPEFM CFIBWJPVS� )PXFWFS
 TJODF UIF QBSBNFUFST JO UIFTF UXP FRVBUJPOT IBWF OP DMFBSMZ
JEFOUJaBCMF QIZTJPMPHJDBM NFBOJOH
 XF DPOTJEFS B TFOTJUJWJUZ BOBMZTJT PG UIF QBSBNFUFST JO &RT� 	�
 BOE 	�
 CFZPOE UIF
TDPQF PG UIF QSFTFOU TUVEZ� /PUF UIBU TPNF NPEFMT EP OPU FOGPSDF BOZ UFNQFSBUVSF MJNJUBUJPO PO OJUSPHFO aYBUJPO 	F�H�

%VOOF FU BM�
 ����� *MZJOB FU BM�
 ����� +JDLFMMT FU BM�
 ����
� *O UIF QSFTFOU PDFBO
 XBUFST DPMEFS UIBO BCPVU �� �$ BSF
HFOFSBMMZ SFQMFUF XJUI aYFE JOPSHBOJD OJUSPHFO� 'PS FYJTUJOH QBSBNFUFSJTBUJPOT PG /� aYBUJPO
 XIJDI BSF GVODUJPOT PG
UIF OJUSBUF EFaDJU XJUI SFTQFDU UP QIPTQIBUF
 UIFSF IBT CFFO MJUUMF JOEJDBUJPO PG TVCTUBOUJBM JNQBDUT PG UIF GPSNVMBUJPO PG
UFNQFSBUVSF DPOUSPM BU MPX UFNQFSBUVSFT PO UIF EJTUSJCVUJPO PG OJUSPHFO aYBUJPO 	4PNFT BOE 0TDIMJFT
 ����� -BOEPMa FU
BM�
 ����
� 4VDI EJêFSFODFT JO GPSNVMBUJPO NBZ
 IPXFWFS
 HBJO JNQPSUBODF JO FOWJSPONFOUBM DPOEJUJPOT EJêFSFOU GSPN
UPEBZrT�t�

5BCMF �� .PSF DMFBSMZ JOEJDBUF JO UIF MFHFOE PG 5BCMF � UIBU UIF JEFOUJaFE sCFTUt WBMVFT GPS USBEF�Pê TJNVMBUJPOT XFSF UIF TBNF
GPS UIF UXP NPEFM DPOaHVSBUJPOT 01&. BOE 01&.�)� *U JT JOEJDBUFE JO UIF UFYU MBUFS
 CVU JU IBT UP CF DMFBSMZ NFOUJPOFE
IFSF GPS UIF SFBEFS�

3FQMZ� 8F IBWF BEEFE s/PUF UIBU UIF USBEF�Pê TJNVMBUJPOT TIBSF UIF TBNF QBSBNFUFS DPNCJOBUJPO�t UP UIF UBCMF DBQUJPO�

-JOFT ���v���� * BN OPU FOUJSFMZ DPOWJODFE CZ UIF BSHVNFOUT HJWFO IFSF UP KVTUJGZ XIZ UIF QBSBMMFM TFUVQ JT CFUUFS UIBO
TZTUFNBUJD DBMJCSBUJPO BQQSPBDIFT� *OEFFE
 POF DBO JNBHJOF B TZTUFNBUJD DBMJCSBUJPO XIFSF 9 WBMVFT BSF TZTUFNBUJDBMMZ
UFTUFE GPS UIF �� QBSBNFUFST� *O UIBU DBTF
 * EP OPU TFF IPX UIJT XPVME MFBE UP JOEJWJEVBM NPEFM TJNVMBUJPOT UIBU XPVME
EFQFOE PO PUIFS�QSFWJPVT DPNCJOBUJPOT PG QBSBNFUFST
 OFJUIFS IPX JU XPVME QSFWFOU SF�FWBMVBUJPO XJUI EJêFSFOU NFUSJDT�
)PXFWFS
 UIF aSTU JUFN XPVME CF USVF GPS B QBSBNFUFSJTBUJPO CBTFE NJDSPHFOFUJD BMHPSJUIN GPS JOTUBODF� 5IF BVUIPST NBZ
OFFE UP SFQISBTF UIJT TFOUFODF UP NBLF JU BDDVSBUF 	F�H�
 CZ SFQMBDJOH UIF UFSN sTZTUFNBUJDt CZ BO PUIFS POF
�

3FQMZ� 8F BHSFF
 CZ sTZTUFNBUJDt XF PSJHJOBMMZ UIPVHIU PG B UZQJDBM QBUI�EFQFOEFOU NJOJNJ[BUJPO 	PS NBYJNJ[B�
UJPO
 JO UIF QBSBNFUFS�DPTU GVODUJPO NBOJGPME
 XIJDI JT BO JUFSBUJWF QSPDFTT� 8F SFQMBDFE sTZTUFNBUJDt XJUI
sJUFSBUJWFt
 OPX PO Q� �
 MJOF ����

�



3FNBSLT PO UIF 3FTVMUT
5BCMF �� $PVME ZPV BEE B DPMVNO XJUI PCTFSWBUJPO WBMVFT
 BU MFBTU GPS UIF EFQUI MFWFMT XIFSF UIF EBUB BSF BWBJMBCMF 	BOE

BMTP BEE SPXT PG TJNVMBUFE WBMVFT BU UIFTF EJêFSFOU EFQUI MFWFMT

 TP UIBU UIF SFBEFS DBO BMTP FTUJNBUF JG UIF PCTFSWFE
DPODFOUSBUJPOT�bVYFT GBMM JOUP UIF SBOHF PG TJNVMBUFE WBMVFT 0UIFSXJTF
 * IBWF UIF GFFMJOH UIBU UIJT UBCMF DPVME CF
SFNPWFE� "T JU JT
 JT JO VODMFBS
 FWFO GSPN MJOFT ���v���
 XIJDI NBJO SFTVMU	T
 UIF SFBEFS TIPVME LFFQ JO NJOE GSPN UIJT
5BCMF�

3FQMZ� 8F BEEFE POF DPMVNO XJUI PCTFSWBUJPOBM FTUJNBUFT
 CBTFE PO HMPCBM BWFSBHFT PG FJUIFS BWBJMBCMF PCTFSWB�
UJPOT PS PG EBUB�CBTFE 	EBUB�ESJWFO
 NPEFM SFTVMUT GPS UIPTF USBDFST�SBUFT XIPTF NFBTVSFNFOUT BSF TQBSTF PO
UIF HMPCBM TDBMF� 'PS CFUUFS DPNQBSJTPO XF BEKVTUFE UIF EFQUI SBOHFT BDDPSEJOHMZ� /PX $IM DPODFOUSBUJPO JT
UIF BWFSBHF PG UIF UPQ �� N
 BOE /$1 JT DBMDVMBUFE GSPN � UP ��� N� 8F SFNPWFE 10$ FYQPSU BOE TIPX POMZ
/$1
 TJODF BU TUFBEZ TUBUF JU JT FRVJWBMFOU UP 10$ FYQPSU bVY�

1PTJUJWF DPNNFOU� 'JHVSF � OJDFMZ TIPXT UIBU UIF NPEFM PVUQVUT BSF IJHIMZ TFOTJUJWF UP ⌫EFU BOE Q/
�
 QIZ 	BOE UP gNBY BOE

�QIZ BU UIF TFDPOE PSEFS
�

4FDUJPO ����� JT RVJUF MPOH
 CVU JU QSFTFOUT B WFSZ EFUBJMFE BOE JOUFSFTUJOH EFTDSJQUJPO BOE BTTPDJBUFE DPNNFOUT PG UIF SFTVMUT
QSFTFOUFE JO 'JHVSF �� ,FFQ JU BT JU JT�

3FQMZ� 8F BQQSFDJBUF ZPVS QPTJUJWF DPNNFOUT�

'JHVSF �� +VTUJGZ JO UIF NFUIPET UIF SFBTPO	T
 PG ZPVS DIPJDF PG QFSGPSNJOH B SFHJPOBM TQMJUUJOH JOUP MBUJUVEJOBM CBOET� 5IJT
JT NJTTJOH JO UIF BSUJDMF� *OEFFE
 ZPV NFOUJPO MBUFS MJOF ���� sTFOTJUJWJUJFT PG EJTTPMWFE /�1 SBUJP UP QBSBNFUFST JO <e>
UISFF HFPHSBQIJDBM TFUUJOHT 	MPX
 IJHI MBUJUVEFT BOE HMPCBM
t� *U IBT UP CF NFOUJPOFE 	BOE KVTUJaFE
 FBSMJFS�

3FQMZ� 8FBEEFE UIF KVTUJaDBUJPO JO UIF.FUIPET TFDUJPO
 OPXPOQ� �
 MJOFT ���v���� s8F BMTP FWBMVBUF UIF TFOTJUJWJUJFT
PG TVSGBDF QBSUJDVMBUF FMFNFOUBM SBUJPT 	$�/
 $�1 BOE /�1

 BT XFMM BT OJUSBUF UP QIPTQIBUF SBUJPT GPS EJêFSFOU MBUJUVEF
CBOET 	���4 UP ���/
 ���4 UP ���4
 BOE HMPCBMMZ
� 5IJT JT CFDBVTF EJTTPMWFE BOE QBSUJDVMBUF FMFNFOUBM SBUJPT JO HFOFSBM
TIPX WFSZ EJêFSFOU CFIBWJPVS CFUXFFO MPXFS BOE IJHIFS MBUJUVEFT 	.BSUJOZ FU BM�
 ����B
�t

-JOF ���� sXIFSF EJB[PUSPQIT BSF BCVOEBOU JO IJHI MBUJUVEFTt� ZFU
 UIJT JT OPU WJTJCMF GSPN ZPVS SFTVMUT� *G UIJT DPNFT GSPN
1BIMPX FU BM� ���� QMFBTF JOEJDBUF JU�

3FQMZ� 8F IBWF BEEFE s	TFF 'JH� �� JO 1BIMPX FU BM�
 ����
t PO Q� ��
 MJOFT ���v����

'JHVSF �� "EE B MFHFOE GPS CMBDL 	01&.
 BOE HSFZ 	01&.�)
 BT ZPV EJE JO 'JHVSF �� 4BNF DPNNFOU GPS 'JHVSF ��

3FQMZ� %POF

-JOF ���v���� *U TFFNT UP NF UIBU UIFTF TFOUFODFT TIPVME SBUIFS CF JODMVEFE JO UIF .FUIPET TFDUJPO
 OPU JO UIF 3FTVMUT TFDUJPO�

3FQMZ� 8F NPWFE UIJT QBSU UP UIF .FUIPET TFDUJPO 	OPX PO Q� �
 MJOFT ���v���
�

'JHVSF �� *U NBZ CF OJDF UP IJHIMJHIU UIF WBMVFT UIBU EJêFS CFUXFFO01&.BOE01&.�)
 GPS JOTUBODF XJUI SFDUBOHMFT 	BSPVOE
UIF CBST
 BOE PS TUBST 	CFMPX PS BCPWF UIF CBST

 TP UIBU JU XPVME DMFBSMZ TUSJLF UIF FZFT UIBU UIF EJêFSFODFT CFUXFFO UIF
UXP DPOaHVSBUJPOT BSF PCUBJOFE GPS UIF ���4����4 MBUJUVEJOBM CBOE GPS $�/
 $�1
 BOE /�1� "MTP JOEJDBUF JO UIF MFHFOE
UIF DIPJDFT ZPV NBEF GPS UIF sEJêFSFOU MBUJUVEF CBOETt�

3FQMZ� 8F GPMMPX ZPVS TVHHFTUJPO BOE IBWF BEEFE BTUFSJTLT CFMPX PS BCPWF UIF CBST XIFSF TFOTJUJWJUJFT BSF WFSZ
EJêFSFOU CFUXFFO 01&. BOE 01&.�)� 8F BMTP JOEJDBUF PVS DIPJDFT PG PVS MBUJUVEF CBOET JO UIF MFHFOE�

�



'JHVSF � JT OPU FBTZ UP SFBE BT JU JT CFDBVTF QVSQMF BOE CMBDL TZNCPMT MPPL WFSZ TJNJMBS� 4NBMMFS TZNCPMT NBZ CF VTFE UP IFMQ�
%SBXJOH IPSJ[POUBM BOE WFSUJDBM MJOFT UP CFUUFS VOEFSMJOF UIF MPDBUJPO PG UIF 80" ���� WBMVFT 	HSFFO TRVBSF
 NBZ BMTP
CF B HPPE JEFB 	BMUIPVHI UIF aHVSF JT WFSZ XFMM EFTDSJCFE MJOFT ���v���
�

3FQMZ� 8F TISBOL TJ[F PG UIF TZNCPMT
 BOE DIBOHFE UIF DPMPS LFZ
 XIJDI BQQFBST UP NBLF JU FBTJFS UP SFBE� *O
BEEJUJPOBM UP ESBXJOH MJOFT UP JOEJDBUF UIF MPDBUJPO PG UIF 80" ����
 XF BEEFE JUT OJUSBUF BOE PYZHFO WBMVFT
JO UIF MFHFOE�

-JOFT ���v���� s0WFSBMM
 XF TUSFTT UIBU UIF NJOJNVN�DPTU BOE USBEF�Pê TPMVUJPOT BQQFBS BU UIF NBSHJO PG UIF GVMM TQSFBE PG
UIF FOTFNCMFT
 XIJDI DPVME CF JOUFSQSFUFE BT JOEJDBUJOH B NPEFM EFaDJFODZ�t� * EP OPU VOEFSTUBOE XIBU ZPV NFBO IFSF�
'PS NF
 JU TFFNT UIBU UIFZ BSF JO B QBUDI PG TJNVMBUJPOT XJUI TZNCPMT JO CMBDL
 JOEJDBUFE MPH�� PG DPTU WBMVFT MPXFS UIBO
�
 XIJDI TFFNT 0,� 8IBU BSF ZPV SFGFSSJOH UP CZ UIF UFSN tNPEFM EFaDJFODZt 

3FQMZ� *EFBMMZ
 XF XPVME PCUBJO UIF FOTFNCMF TPMVUJPOT FWFOMZ TQSFBE BSPVOE UIF 80" ���� EBUB�CBTFE FTUJNBUF�
5IBU UIF DPTU WBMVFT DMPTF UP UIJT QPJOU BSF MPX JT B OFDFTTBSZ DPOTFRVFODF PG UIF EFaOJUJPO PG UIF DPTU GVOD�
UJPO� 0VS SFTVMUT DMFBSMZ TIPX
 IPXFWFS
 UIBU UIF NFBO PG UIF FOTFNCMF TPMVUJPOT EPFT OPU DPSSFTQPOE UP UIF
PCTFSWBUJPOBM FTUJNBUF� (JWFO BMM UIF OPO�MJOFBSJUJFT
 UIJT JT OPU SFBMMZ TVSQSJTJOH� 3FGFSSJOH UP UIJT BT B sNPEFM
EFaDJFODZt NJHIU CF BO PWFSMZ DSJUJDBM TUBUFNFOU� 8F SFNPWFE UIF UFSN sNPEFM EFaDJFODZt BOE SFQISBTFE
PVS FYQMBOBUJPO PO Q� ��
 MJOFT ���v���� s5IF FOTFNCMF TPMVUJPOT BSF VOFWFOMZ TQSFBE BSPVOE UIF 80"���� EBUB�
CBTFE FTUJNBUFT� 5IJT IJHIMJHIUT UIBU PVS USBEF�Pê TPMVUJPOT DPVME OPU IBWF CFFO JEFOUJaFE IBE XF POMZ DPOTJEFSFE UIF
FOTFNCMF NFBOT�t

-JOF ���� s'JHVSFT � BOE � TIPX [POBMMZ BWFSBHFE /0�
v BOE 0� JO TJNVMBUJPOT XJUI MPX BOE IJHI /0�

v BOE UIF USBEF�Pê
TJNVMBUJPOTt� 8PVME JU CF QPTTJCMF UP EFMJOFBUF UIFTF TJNVMBUJPOT JO 'JHVSF � *OEFFE
 JU JT VODMFBS JG UIF DPODFOUSBUJPOT
QSFTFOUFE 'JHVSFT � BOE � DPNF GSPN POF TJNVMBUJPO POMZ
 PS GSPN TFWFSBM 	IPX NBOZ 
 TJNVMBUJPOT� 8IFO EFTDSJCJOH
UIFTF UXP aHVSFT
 BMTP VOEFSMJOF UIF GBDU UIBU UIF PVUQVUT GSPN 01&. BOE 01&.�) BSF WFSZ TJNJMBS IFSF� *G UIJT JT
JOEFFE UIF USBEF�Pê TJNVMBUJPO 	BT JOEJDBUFE JO UIF MFHFOE

 UIFO UIF SFTVMUT TIPVME CF UIF TBNF BOE UIFSF JT OP OFFE UP
TIPX UXJDF UIF TBNF aHVSFT�

3FQMZ� 5IF QBOFMT JO 'JHVSFT � BOE � BSF [POBMMZ BWFSBHFE /0�
v BOE 0� GSPN UISFF TJNVMBUJPOT UIBU SFTVMU GSPN

UIF UISFF QBSBNFUFS TFUT UIBU HFOFSBUFE UIF MPXFTU BOE IJHIFTU /0�
v JOWFOUPSJFT
 BOE UIF USBEF�Pê TJNVMBUJPO

JO UIF 01&. DPOaHVSBUJPO� 8F IBWF SFWJTFE UIF TFOUFODF UP SFBE s'JHVSFT � BOE � TIPX [POBMMZ BWFSBHFE /0�
v

BOE 0� JO TJNVMBUJPOT XJUI UIF MPXFTU BOE IJHIFTU /0�
v BOE UIF USBEF�Pê TJNVMBUJPO JO UIF 01&. DPOaHVSBUJPO�t

PO Q� ��
 MJOFT ���v���� 8F JOEJDBUF UIF MPX BOE IJHI /0�
v TJNVMBUJPOT XJUI TPMJE CMBDL TZNCPMT JO 'JHVSF

�
 XIJMF UIF USBEF�Pê TJNVMBUJPOT BSF BMSFBEZ IJHIMJHIUFE� 8F OPX VOEFSMJOF UIF GBDU UIBU UIF SFTVMUT GSPN
01&. BOE 01&.�) BSF WFSZ TJNJMBS BOE SFNPWFE UIF QBOFMT GPS 01&.�) GSPN UIFTF aHVSFT� 8F IBWF BMTP
BEEFE [POBM BWFSBHFT GSPN UIF 80" ���� GPS DPNQBSJTPO�

-JOF ���� sCFDBVTF PG JOUFOTF EFOJUSJaDBUJPO JO UIF 0%;t �� UIF MBTU 	BOE aSTU
 UJNF UIBU ZPV VTFE UIF BCCSFWJBUJPO 0%;
XBT MJOF ���� "T JU IBT OPU CFFO VTFE TJODF
 * SFDPNNFOE HJWJOH UIF GVMM OBNF IFSF BHBJO BOE OPU KVTU UIF BCCSFWJBUJPO
	BT ZPV EP JU MBUFS MJOF ���
�

3FQMZ� 8F IBWF BEEFE UIF GVMM OBNF sPYZHFO EFaDJFOU [POFTt
 OPX PO Q� ��
 MJOF ����

-JOF ���� sXJEFTQSFBE 0%;T
 PDDVQZJOH NVDI PG UIF EFFQ XBUFS JO UIF OPSUIFSO BOE FRVBUPSJBM 1BDJaD BT XFMM BT UIF *OEJBO
0DFBO 	'JHVSF �
t �� 1MFBTF JOEJDBUF UIFTF BSFBT DMFBSMZ PO UIF 'JHVSF �
 VTJOH BSSPXT GPS JOTUBODF�

3FQMZ� 8F IBWF BEEFE JO UIF TVQQMFNFOU B HMPCBM �%NBQ 	'JHVSF 4�
 TIPXJOH PYZHFO DPODFOUSBUJPOT JO UIF EFFQ
XBUFS 	���� UP ���� N
 GPS B TJNVMBUJPO XJUI WFSZ MPX HMPCBMMZ BWFSBHFE PYZHFO� 5IJT TJNVMBUJPO JT UIF TBNF
BT UIF MPX PYZHFO 01&. TJNVMBUJPO TIPXO JO 'JHVSF ��

�



'JHVSF �� DMFBSMZ NFOUJPO JO UIF MFHFOE UIBU UIF UXP USBEF�Pê TJNVMBUJPOT GPS 01&. BOE 01&.�) BSF JO GBDU UIF TBNF
 BOE
VTF POMZ POF TZNCPM GPS UIJT USBEF�Pê TJNVMBUJPO GPS aHVSF DMBSJUZ�

3FQMZ� 5IF UXP USBEF�Pê EP IBWF TBNF QBSBNFUFS DPNCJOBUJPO
 CVU UIFJS DPTUT BSF TMJHIUMZ EJêFSFOU
 TP XF OFFE
UP LFFQ CPUI TZNCPMT� 8F IBWF BEEFE s/PUF UIBU USBEF�Pê TJNVMBUJPOT TIBSF TBNF QBSBNFUFS DPNCJOBUJPO CVU IBWF
TMJHIUMZ EJêFSFOU DPTU WBMVFT�t JO UIF DBQUJPO�

3FNBSLT PO UIF %JTDVTTJPO
5IF TFDUJPO ������� 	FTQFDJBMMZ UIF MJOFT ���v���
 QSPWJEFT OFX BOE WFSZ JOUFSFTUJOH IZQPUIFTFT PO UIF MJOL CFUXFFO /0�

JOWFOUPSZ BU HMPCBM TDBMF BOE QIZUPQMBOLUPO QIZTJPMPHZ� * BQQSFDJBUF UIJT TFDUJPO�

3FQMZ� 8F BQQSFDJBUF UIJT DPNNFOU�

-JOF ���� s0%; WPMVNFT JO UIF USBEF�Pê TJNVMBUJPOT BSF NPSF UIBO UXJDF UIBU JO UIF 80" ���� 	'JHVSF ��
t �� * EP OPU
TFF XIFSF JU JT WJTJCMF PO UIF 'JHVSF ��� * HVFTT JU DPVME CF JOGFSSFE GSPN 'JHVSF ��$ GSPN BO FYQFSU FZF
 CVU * XPVME
SBUIFS HJWF UIF QSFDJTF WBMVF JO UIF MFHFOE PG 'JHVSF ��
 XJUI UIF DPSSFTQPOEJOH WFSUJDBM MJOFT PO 'JHVSF ��$
 JG ZPV EFDJEF
UP LFFQ UIF UFYU BT JU JT� #FTJEFT
 UIJT JT UIF aTU NFOUJPO PG 'JHVSF ��
 UIBU XJMM CF NFOUJPOFE BHBJO MJOF ���� * SFDPNNFOE
DMFBSMZ EFTDSJCJOH UIJT aHVSF IFSF BOE MBUFS JO UIF EJTDVTTJPO
 UP GVMMZ FYQMBJO BOE FYQMPJU JU�

3FQMZ� 8F IBWF BEEFE 0%; WPMVNF GPS UIF80"���� 	7.45⇥1014N3
 JO UIF DBQUJPO BOE BMTP BEEFE B EFTDSJQUJPO
PG UIJT aHVSF FBSMJFS JO UIJT TFDUJPO PO Q� ��
 MJOFT ���v���� s5P FWBMVBUF IPX XBUFS�DPMVNO EFOJUSJaDBUJPO BêFDUT
UIF DPTU WBMVF PG PVS TJNVMBUJPOT
 XF BSSBOHF PVS TJNVMBUJPOT JO UIF PSEFS PG UIFJS DPTU WBMVFT BOE QMPU UIF WPMVNF PG
PYZHFO EFaDJFOU [POFT 	0%;T
 BHBJOTU DPTU WBMVFT GPS CPUI UIF 01&. BOE 01&.�) DPOaHVSBUJPOT JO 'JHVSF ��" UP
$�t� 0O MJOF ��� XF NJTQMBDFE BO FYUSB 	'JHVSF��
 IFSF� 5IJT TFOUFODF JT SFGFSSJOH UP 'JHVSF 	4� �4�
 	OPX
'JHVSF 	4��4�

 JO UIF QSFWJPVT TFOUFODF� 8F IBWF SFNPWFE UIF NJTQMBDFE 	'JHVSF ��
 OPX�

-JOF ���v���� s" QFDVMJBSJUZ PG PVS DPTU GVODUJPO JT UIBU JU DPNQMFNFOUT UIF EBUB�NPEFM NJTaU
 J�F� UIF SFTJEVBMT PG TQBUJBM
NFBO MPH�USBOTGPSNFE WBMVFT
 XJUI BO BEEJUJPOBM UFSN UIBU SFTPMWFT EJêFSFODFT JO TQBUJBM WBSJBODFTt �� :FT
 JOEFFE� *
IBWF QBSUJDVMBSMZ BQQSFDJBUFE UIJT�

3FQMZ� 8F BSF IBQQZ UIBU UIJT JT QFSDFJWFE JO B QPTJUJWF XBZ�

-JOF ���� s5IF DPTU GVODUJPOrT WBSJBODF UFSN JOUSPEVDFT B TUSPOH QFOBMUZ UP BQQSPYJNBUFMZ �� � PG BMM FOTFNCMF NPEFM TPMV�
UJPOT 	'JHVSF ��
�t �� "T NFOUJPOFE BCPWF
 'JHVSF �� MBDLT B DMFBS EFTDSJQUJPO� * EP OPU TFF XIBU JO 'JHVSF �� TVQQPSUT
UIJT
 CVU * BN TVSF UIF BVUIPST DPVME HJWF NPSF FYQMBOBUJPO GPS IFMQJOH UIF SFBEFS UISPVHI UIJT�

3FQMZ� 8F BQPMPHJ[F
 CFDBVTF XF NJTQMBDFE BO FYUSB 	'JHVSF��
 IFSF� 5IJT TFOUFODF JT BDUVBMMZ SFGFSSJOH UP 'JHVSF
	4�v4�
 	OPX 'JHVSF 	4�v4�

 JO UIF QSFWJPVT TFOUFODF� 8F IBWF SFNPWFE UIF NJTQMBDFE 	'JHVSF ��
 OPX�

"EEJUJPOBM SFNBSLT
* BN XPOEFSJOH XIZ LFFQJOH UIF RVBSUFS PG UIF ��� TJNVMBUJPOT XJUI UIF IJHIFTU 	XPSTU
 DPTU WBMVFT JO BMM UIF BOBMZTFT
 BOE

OPU LFFQJOH POMZ UIF ��� UP ��� CFTU POFT 

3FQMZ� 5IJT JT B GBJS BOE NFBOJOHGVM DPNNFOU
 CFDBVTF JU SFbFDUT BO BTQFDU XF BMTP EJTDVTTFE JOUFSOBMMZ� 8F DPO�
DMVEFE UIBU PVS BOBMZTFT TIPVME JOWPMWF B HMPCBM 	UPUBM � GVMM
 TFOTJUJWJUZ BOBMZTJT 	TFOTJUJWJUJFT UP BMM WBSJBUJPOT
JO UIF GVMM QBSBNFUFS�DPTU GVODUJPO NBOJGPME

 SBUIFS UIBO MPDBM TFOTJUJWJUZ BOBMZTFT JO UIF WJDJOJUZ BSPVOE UIF

�



USBEF�Pê TPMVUJPOT� 5IJT XBZ XF UIJOL XF SFWFBM JOGPSNBUJPO BCPVU UIF GVMM NPEFM CFIBWJPVS� 'SPN PVS JO�
UFSOBM EJTDVTTJPO XF MFBSOFE UIBU BOPUIFS EJëDVMUZ XPVME CF UP KVTUJGZ B UISFTIPME MJNJU BSPVOE UIF WJDJOJUZ

XIJDI CFDPNFT FWFO NPSF TVCKFDUJWF JO PVS TJUVBUJPO XIFSF UIF NJOJNB 	sCFTUt
 EP OPU FYBDUMZ NBUDI UIF
USBEF�Pê TPMVUJPOT� 5IFSF JT OP KVTUJaDBUJPO GPS XIZ XF DPVME VTF POMZ UIF CFTU ���
 ���
 ���
 PS ��� TPMV�
UJPOT GPS PVS BOBMZTJT� 8F IBWF EFDJEFE JOTUFBE UP BEE BO FYQMBOBUJPO PO Q� �
 MJOFT ���v���� s8F LFFQ BMM ���
TJNVMBUJPOT CFDBVTF XF XBOU UP PCUBJO UIF TFOTJUJWJUZ JOGPSNBUJPO GPS UIF GVMM QBSBNFUFS SBOHFT�t�

5FDIOJDBM DPSSFDUJPOT
.JOPS DPNNFOUT BOE UZQPT�

-JOFT ��v��� s0VS OFX FDPTZTUFN NPEFM <���> PêFST OFX GFBUVSFT BOE JU JNQSPWFT UIF SFQSFTFOUBUJPO PG TPNF CJPHFPDIFNJDBM
USBDFST PO UIF HMPCBM TDBMF 	TFF BDDPNQBOZJOH TUVEZ
 1BIMPX FU BM�
 ����
t �� 8IJDI CJPHFPDIFNJDBM USBDFST (JWF
FYBNQMFT JO CSBDLFUT�

3FQMZ� 8F QSPWJEF FYBNQMFT IFSF
 TP OPX UIF TFOUFODF SFBET s0VS OFX FDPTZTUFN NPEFM <e> PêFST OFX GFBUVSFT BOE JU
JNQSPWFT UIF SFQSFTFOUBUJPO PG TPNF CJPHFPDIFNJDBM USBDFST PO UIF HMPCBM TDBMF 	F�H�
 OFU DPNNVOJUZ QSPEVDUJPO 	/$1

BOE QBSUJDVMBUF $�/�1 JO UIF TVSGBDF XBUFS
 TFF 1BSU *
 1BIMPX FU BM�
 ����
�t PO Q� �
 MJOFT ��v���

-JOFT ��v��� s5IJT NPEFM BQQSPBDI ZJFMET NBTT bVY FTUJNBUFT XJUI TQBUJBM BOE UFNQPSBM WBSJBUJPOT JO UIF FMFNFOUBM $�/�1
TUPJDIJPNFUSZ PG CPUI JOPSHBOJD OVUSJFOUT BOE PSHBOJD NBUUFS�t �� "EE BU UIF FOE PG UIJT TFOUFODF� sBT PCTFSWFE JO
TJUVt BOE HJWF TPNF SFGFSFODFT UP KVTUJGZ 	F�H� .BSUJOZ
 "�$�
 7SVHU
 +�"�
 1SJNFBV
 '�8�
 -PNBT
 .�8�
 ����� 3FHJPOBM
WBSJBUJPO JO UIF QBSUJDVMBUF PSHBOJD DBSCPO UP OJUSPHFO SBUJP JO UIF TVSGBDF PDFBO� (MPCBM #JPHFPDIFN� $ZDMFT ��
 �v��


3FQMZ� 8F IBWF BEEFE sBT PCTFSWFE JO TJUVt BOE DJUF .BSUJOZ FU BM� 	����
 BOE -PI FU BM� 	����
 OPX PO Q� �
 MJOF ���

-JOF ��� s0VS TFUVQ DPNQSJTFT FOTFNCMFT PG ��� TJNVMBUJPOT GPS FBDI PG UXP NPEFM DPOaHVSBUJPOT� 5IF UXP NPEFM DPOaHV�
SBUJPOT EJêFS JO IPX UFNQFSBUVSF BêFDUT EJB[PUSP� QIZ�t �� 5IJT DPVME CF SFQMBDFE CZ s0VS TFUVQ DPNQSJTFT FOTFNCMFT
PG ��� TJNVMBUJPOT GPS FBDI PG UIF UXP NPEFM DPOaHVSBUJPOT UIBU EJêFS JO IPX UFNQFSBUVSF BêFDUT EJB[PUSPQIZ�t

3FQMZ� %POF
 OPX UIF TFOUFODF JT PO Q� �
 MJOFT ��v���

-JOF ���� sUIF QBSBMMFM TFUVQ XJUI EJêFSFOU QBSBNFUFS DPNCJOBUJPOT IBT B TPNF BEWBOUBHFTt �� 3FNPWF sBt�

3FQMZ� %POF
 OPX UIF TFOUFODF JT PO Q� �
 MJOF ����

-JOF ���� 3FQMBDF s*OEJWJEVBMt CZ sJOEJWJEVBMt�

3FQMZ� %POF
 OPX JU JT PO Q� �
 MJOF ����

-FHFOE PG 'JHVSF �� 3FQMBDF sNJONVN�DPTUt CZ sNJOJNVN�DPTUt�

3FQMZ� %POF�

-JOF ���� B TQBDF JT NJTTJOH BGUFS UIF UFSN sRVPUBt�

3FQMZ� %POF
 OPX UIF TQBDF JT PO Q� ��
 MJOF ����

-JOF ���� sPVS TJNVMBUJPOT� " NPSF JOUFOTFet SFQMBDF s"t CZ sBt�

3FQMZ� %POF
 OPX JU JT PO Q� ��
 MJOF ����

�



-JOF ���� :PV NBZ XBOU UP DIBOHF sEP DPOUSJCVUF TPNF WBSJBUJPOT UP NPTU PG UIF USBDFSTt CZ sEP DPOUSJCVUF UP TPNF WBSJBUJPOT
PG NPTU PG UIF USBDFSTt

3FQMZ� %POF
 OPX UIF TFOUFODF JT PO Q� ��
 MJOFT ���v����

-JOF ���� 'JHVSF � JOTUFBE PG 'JH� � 	GPS IPNPHFOFJUZ
�

3FQMZ� %POF
 OPX JU JT PO Q� ��
 MJOF ����

-JOF ���� s 5IF NFBO HMPCBM FTUJNBUFT �� TUBOEBSE EFWJBUJPO JO 01&. BOE 01&.�) BSFet�� :PV NBZ XBOU UP SFQMBDF
s��t CZ s�t�

3FQMZ� %POF
 OPX JU JT PO Q� ��
 MJOF ����

-JOF ���� sBOEt JOTUFBE PG sBEOt

3FQMZ� %POF
 OPX JU JT PO Q� ��
 MJOF ����

�



8F UIBOL UIF SFGFSFF GPS UIF DPOTUSVDUJWF SFWJFX� 5IF DPNNFOUT BOE RVFTUJPOT BSF VTFGVM
 XIJDI IFMQFE VT UP
JOUSPEVDF DIBOHFT BOE JNQSPWF PVS NBOVTDSJQU� 8F MJTUFE PVS SFTQPOTFT UP BMM PG ZPVS QPJOUT CFMPX BOE IPQF UIF
NBOVTDSJQU JT OPX TBUJTGBDUPSZ�

(FOFSBM DPNNFOUT
5IJT QBQFS BJNT UP PQUJNJ[F BOE DBMJCSBUF JNQPSUBOU QBSBNFUFST VTFE JO UIF MPXFS USPQIJD NBSJOF FDPTZTUFN DPNQPOFOU PG
67JD�&4. BOE JT B DPNQBOJPO QBQFS UP UIF NPEFM EFTDSJQUJPO QBQFS 	1BIMPX FU BM�
 ����
� *O UIJT TUVEZ
 BVUIPST TFU VQ DPTU
GVODUJPOT UP NJOJNJ[F UIF NJTaU CFUXFFO NPEFM PVUQVUT BOE PCTFSWBUJPOT GPS OJUSBUF
 QIPTQIBUF
 EJTTPMWFE PYZHFO
 BOE TVSGBDF
DIMPSPQIZMM�B� 0G UIF �� QBSBNFUFST UIFZ IBWF DIPTFO UP DBMJCSBUF
 UIF TVCTJTUFODF/ RVPUB PG QIZUPQMBOLUPO BOE SFNJOFSBMJ[BUJPO
SBUF IBWF UIF IJHIFTU TFOTJUJWJUZ� 0WFSBMM
 UIF QBQFS JT OJDFMZ XSJUUFO BOE PSHBOJ[FE� 0QUJNJ[BUJPO TDIFNFT BSF XFMM EFTDSJCFE
BOE UIF QBSBNFUFST BSF DBMJCSBUFE SJHPSPVTMZ� )PXFWFS
 * EP IBWF TPNF JNQPSUBOU QPJOUT UIBU OFFE UP CF DMBSJaFE CFGPSF * BN
SFBEZ UP SFDPNNFOE QVCMJDBUJPOT PG UIJT QBQFS JO UIF (.%�

�� 8IBU JT UIF sCFTUt NPEFM DIPJDF 5IF BVUIPST TUBUF JO MJOF � v s'PS JEFOUJGZJOH UIF sCFTUt NPEFM XF UIFSFGPSF BMTP DPOTJEFS
e XBUFS�DPMVNO EFOJUSJaDBUJPOt� * XBT OPU VMUJNBUFMZ DMFBS BGUFS SFBEJOH UIJT QBQFS
 XIBU UIF sCFTUt NPEFM DIPJDF JT�
*T JU 01&.�01&.�) XJUI UIF MPXFTU PWFSBMM UPUBM DPTU GVODUJPO PS sUSBEF�Pêt NPEFM XIJDI EPFT OPU OFDFTTBSJMZ IBWF
UIF MPXFTU DPTU GVODUJPO 	�UI CFTU
 CVU EPFT CFTU BU SFQSFTFOUJOH / DZDMF * NBZ IBWF NJTTFE UIJT CVU JG XBUFS�DPMVNO
EFOJUSJaDBUJPO BOE /� aYBUJPO BSF JOEFFE WFSZ JNQPSUBOU
 XIZ EJE ZPV OPU JODMVEF UIFTF JO ZPVS DPTU GVODUJPO 
3FQMZ� 5IF sCFTUt NPEFM TPMVUJPOT JO MJOF � SFGFS UP UIF USBEF�Pê TJNVMBUJPOT JO FBDI PG UIF 01&. BOE01&.�
) DPOaHVSBUJPOT� 8F DIBOHFE sCFTU NPEFM TPMVUJPOTt PO Q� �
 MJOF � UP sSFGFSFODF QBSBNFUFS TFUTt UP BWPJE
UIJT DPOGVTJPO� 8F BMTP NPEJaFE Q� �
 MJOFT �v� UP� s5IF TJNVMBUJPOT DMPTFTU UP UIF EBUB XJUI SFTQFDU UP PVS NFUSJD
FYIJCJU WFSZ MPX SBUFT PG HMPCBM /� aYBUJPO BOE EFOJUSJaDBUJPO
 JOEJDBUJOH UIBU JO PSEFS UP BDIJFWF SBUFT DPOTJTUFOU XJUI
JOEFQFOEFOU FTUJNBUFT
 BEEJUJPOBM DPOUSBJOUT IBWF UP CF BQQMJFE JO UIF DBMJCSBUJPO QSPDFTT� 'PS JEFOUJGZJOH UIF SFGFSFODF
QBSBNFUFS TFUTet %VSJOH PVS BOBMZTJT XF IBE DPOTJEFSFE UIF JNQMFNFOUBUJPO PG PCTFSWFE /2 aYBUJPO SBUFT UP
PVS DPTU GVODUJPO
 BT TVHHFTUFE CZ UIF SFGFSFF� #VU XF RVJDLMZ MFBSOFE UIBU UIJT JT OPU TUSBJHIUGPSXBSE
 NBJOMZ
CFDBVTF PG UIF TDBSDJUZ PG PCTFSWFE SBUFT PO UIF HMPCBM TDBMF
 XIJDI JOUSPEVDFT B MBSHF JNCBMBODF 	CFUXFFO UIF
NBOZ UFSNT GPS FBDI PG /0�

v 
 0�
 BOE %*$
 BOE UIF POF UFSN GPS HMPCBM /� aYBUJPO
 JO PVS DPTU GVODUJPO� 5IF
TQBUJBM BOE UFNQPSBM DPWFSBHF PG UIFTF EBUB JT WFSZ EJêFSFOU GSPN UIF NPOUIMZ SFTPMWFE USBDFS DPODFOUSBUJPOT
XF DPOTJEFS GPS PVS DPTU GVODUJPO� 4VDI BO JNCBMBODF SFRVJSFT UIF JOUSPEVDUJPO PG TPNF SFHVMBSJ[BUJPO
 XIJDI
XPVME NBLF UIF DPTU GVODUJPO MFTT PCKFDUJWF UIBO JU JT OPX� *OTUFBE
 XF JOUFSQSFUFE UIF JEFOUJaFE NPEFM
TPMVUJPOT JO UFSNT PG B NVMUJ�PCKFDUJWF PQUJNJTBUJPO� *O UIJT NBOOFS
 UIF DPOTJEFSBUJPO PG HMPCBM /2 aYBUJPO
SBUFT JT USFBUFE BT B TFDPOE PCKFDUJWF
 JO BEEJUJPO UP PVS DPTU GVODUJPO CFJOH UIF aSTU PCKFDUJWF� 5IJT JT UIF
SFBTPO XIZ XF SFGFS UP UIFTF NPEFM SFTVMUT BT USBEF�Pê TPMVUJPOT� 8F BEESFTT UIF QSPCMFN OPXNPSF FYQMJDJUMZ
PO QQ� ��v��
 MJOFT ���v���� s*ODPSQPSBUJOH /2 aYBUJPO BT B TJOHMF HMPCBM SBUF FTUJNBUF JOUP PVS -JLFMJIPPE�CBTFE DPTU
GVODUJPO BT B TJOHMF BEEJUJPOBM UFSN XPVME
 XJUIPVU TPNF EJëDVMU�UP�EFaOF SFHVMBSJ[BUJPO
 CFDPNF PWFSXIFMNFE CZ UIF
NBOZ USBDFS BOE WBSJBODF UFSNT EFaOFE JO &RT� 	�
 BOE 	�
� 3BUIFS
 UIF BEEJUJPOBM JOGPSNBUJPO JT USFBUFE BT B TFDPOE
PCKFDUJWF
 OBNFMZ UIBU HMPCBM /� aYBUJPO TIPVME CF HSFBUFS UIBO ��5H/ZS�� 	TFF BCPWF

 XIJDI JT TJNJMBS UP BQQMZJOH
B NVMUJ�PCKFDUJWF BQQSPBDI GPS NPEFM DBMJCSBUJPO 	F�H�
 4BVFSMBOE FU BM�
 ����

 XIFSF B USBEF�Pê CFUXFFO UXP PS NPSF
PCKFDUJWFT 	DPTU GVODUJPOT
 JT SFTPMWFE�t

�� 8IBU JT UIF TFMMJOH QPJOU PG UIJT sPQUJNJ[FEt bFYJCMF $�/�1 NPEFM "VUIPST TUBUF UIBU NPTU /1;% NPEFMT EP OPU BEF�
RVBUFMZ EFTDSJCF UIF CFIBWJPS PG QMBOLUPO QIZTJPMPHZ TVDI BT OPO�3FEaFMEJBO QMBOLUPO TUPJDIJPNFUSZ� )PXFWFS
 PVUTJEF
UIF 67JD GSBNFXPSL
 UIFSF BSF RVJUF B GFX &4.T JO UIF NBSLFU BMSFBEZ XJUI bFYJCMF $�/�1 JODMVEJOH UIPTF JO $.*1� 	TFF
#PQQ FU BM�
 ����
 BOE $.*1� 	TFF "SPSB FU BM�
 ����
� 5IFSF BSF BMTP TPNF TUVEJFT UIBU VUJMJ[F 1BIMPXrT QIZUPQMBOLUPO
NPEFM 	,XJBULPXTLJ FU BM�
 ����
 ����
� .Z RVFTUJPO UIFO JT XIBU JT UIF TFMMJOH QPJOU PG UIJT NPEFM PWFS PUIFS FYJTUJOH

�



NPEFMT PVU UIFSF *T JU UIF DPNQVUBUJPOBM FëDJFODZ BOE IPX VTFGVM JT UIJT NPEFM GPS TUVEZJOH DMJNBUJD DPOEJUJPOT TVDI
BT UIF MBTU HMBDJBM NBYJNVN PS GVUVSF QSPKFDUJPOT 	MJOFT ��
 * UIJOL TPNF EJTDVTTJPOT PO NPEFM DPNQBSJTPOT XPVME CF
VTFGVM�
3FQMZ� 5IF DPNCJOBUJPO PG PQUJNBMJUZ�CBTFE OJUSPHFO aYBUJPO 	1BIMPX FU BM�
 ����
 BOE PQUJNBM DVSSFOU GFFE�
JOH GPS [PPQMBOLUPO 	1BIMPX
 ����

 UPHFUIFS XJUI UIF bFYJCMF $�/�1 TUPJDIJPNFUSZ BSF UIF OPWFM GFBUVSFT JO
UIF 01&.� ,XJBULPXTLJ FU BM� 	����
 ����
 BEPQUFE B QSFWJPVT PQUJNBMJUZ�CBTFE NPEFM GPS QIZUPQMBOLUPO
HSPXUI 	1BIMPX FU BM�
 ����
 UIBU EPFT OPU JODMVEF PQUJNBM SFTPVSDF BMMPDBUJPO GPS OJUSPHFO aYBUJPO� *U BMTP
MBDLT UIF PQUJNBM DVSSFOU GFFEJOH NPEFM PG [PPQMBOLUPO� /POF PG UIF CJPHFPDIFNJDBM NPEVMFT PG UIF PDFBO
NPEFMT JO $.*1� BOE $.*1� SFTPMWF EZOBNJDT XJUI SFTQFDU UP UIF PQUJNBMJUZ DPOEJUJPOT BQQMJFE JO 01&.�
1&-"(04 	7JDIJ
 1JOBSEJ
 BOE .BTJOB
 ����
 JT UIF POMZ NPEFM BQQMJDBUJPO XJUI WBSJBCMF $�/�1 JO QIZUP�
QMBOLUPO JO $.*1� 	#PQQ FU BM�
 ����
 BOE $.*1� 	"SPSB FU BM�
 ����
� *U EPFT OPU DPOTJEFS EJB[PUSPQIZ
 BOE
PUIFS NPEFMT SFTPMWF FJUIFS WBSJBCMF /�1 	501";�
 %VOOF FU BM�
 ����
 PS WBSJBCMF $�1 	."3#- 	$&4.�


%BOBCBTPHMV FU BM�
 ����
� *O BEEJUJPO UP UIF WBSJBCMF $�/�1 TUPJDIJPNFUSZ
 UIF PQUJNBMJUZ�CBTFE GPSNVMBUJPOT
PG QSJNBSZ QSPEVDFST BOE [PPQMBOLUPO IBWF B EFNPOTUSBUFE BCJMJUZ UP EFTDSJCF QSPDFTTFT PCTFSWFE JO UIF
MBCPSBUPSZ BT XFMM BT JO NFTPDPTN TUVEJFT BOE IFODF QSPWJEF B TUSPOH NFDIBOJTUJD GPVOEBUJPO GPS 01&.� 8F
IBWF BEEFE B DPNQBSBUJWF EFTDSJQUJPO JO UIF JOUSPEVDUJPO JO UIJT NT PO Q� �
 MJOFT ��v��� s1&-"(04 	7JDIJ
FU BM�
 ����

 UIF POMZ PDFBO NPEFM XJUI WBSJBCMF $�/�1 JO QIZUPQMBOLUPO JO $.*1� 	#PQQ FU BM�
 ����
 BOE $.*1�
	"SPSB FU BM�
 ����

 IBT OP EJB[PUSPQIT
 PUIFST FJUIFS IBWF POMZ WBSJBCMF /�1 	501";�
 %VOOF FU BM�
 ����

 PS WBSJ�
BCMF $�1 	."3#-
 %BOBCBTPHMV FU BM�
 ����
� 8IJMF TPNF PG UIF FYJTUJOH NPEFMT IBWF B WBSJBCMF $�/�1 CBTFE PO UIF
PQUJNBMJUZ�CBTFE NPEFM GPS QIZUPQMBOLUPO HSPXUI 	,XJBULPXTLJ FU BM�
 ����
 ����

 PQUJNBMJUZ�CBTFE /� aYBUJPO JT OPU
JODMVEFE�t
 BT XFMM BT FYUFOEFE UIBU JO 1BSU * PO Q� �
 MJOFT ��v��� s8F WJFX UIF JNQMFNFOUBUJPO PG 01&. BT POF TUFQ
UPXBSET UIF VMUJNBUF HPBM PG SFDPODJMJOH QMBOLUPO�PSHBOJTN CFIBWJPVS BT PCTFSWFE JO UIF MBCPSBUPSZ XJUI HMPCBM NBSJOF
CJPHFPDIFNJTUSZ� 5IFSFGPSF
 UIF WBSJBCMF TUPJDIJPNFUSZ PG QSJNBSZ QSPEVDFST TIPVME CF DPOTJEFSFE CVU POF
 BMCFJU DFOUSBM

BTQFDU PG UIF NFDIBOJTUJD GPVOEBUJPO PG 01&.�t JO 1BIMPX FU BM� 	����
�

�� )PX TFOTJUJWF JT sTFOTJUJWFt "VUIPST EJTDVTT UIF TFOTJUJWJUZ PG FBDI QBSBNFUFS JO 4FDUJPO ��� CVU POF UIJOH * aOE QSPC�
MFNBUJD JT UIBU BMM UIF HSBQIT JO 'JHVSF � v � IBWF EJêFSFOU Z�TDBMF JODSFNFOUT� 4JODF TFOTJUJWJUZ JT OPO�EJNFOTJPOBM
 UIFZ
TIPVME JEFBMMZ BMM IBWF UIF TBNF BYJT GPS B GBJS DPNQBSJTPO TJODF BVUIPST GSFRVFOUMZ TBZ UIJOHT MJLF s4FOTJUJWJUZ PG 999
JT MPXt 	F�H�
 MJOF ���
 PS s/P TJOHMF QBSBNFUFS EPNJOBUFT TFOTJUJWJUZt 	MJOF ���
� "MUIPVHI TVDI SJHPSPVT TUBUJTUJDBM
USFBUNFOUT NBZ OPU CF FYQFDUFE GPS UIJT LJOE PG NPEFMJOH XPSL
 * XBOU TPNF HFOFSBM DMBSJaDBUJPOT PO IPX BVUIPST JOUFS�
QSFUFE XIFUIFS TPNFUIJOH JT WFSZ TFOTJUJWF PS OPU�
3FQMZ� 5IF EJêFSFOU TDBMFT PG UIF Z�BYFT SFTVMU GSPN PVS EFaOJUJPO PG TFOTJUJWJUZ JO &R� 	�

 JO XIJDI UIF
USBDFS EJêFSFODF JT EJWJEFE CZ UIF BWFSBHF� 4PNF USBDFST
 F�H�
 %*$ PS EJTTPMWFE 'F
 WBSZ NVDI MFTT SFMBUJWF UP
UIFJS BWFSBHF DPODFOUSBUJPO
 CFDBVTF UIFZ BSF NPSF TUSPOHMZ EFUFSNJOFE CZ CPVOEBSZ DPOEJUJPOT 	BJS�TFB FY�
DIBOHF
 BUNPTQIFSJD EFQPTJUJPO
 PS FYIJCJU B IVHF CBDLHSPVOE DPODFOUSBUJPO 	%*$
 UIBU JT
 PO UIF UJNFTDBMFT
DPOTJEFSFE
 OPU BêFDUFE CZ CJPUJD PS QIZTJDBM QSPDFTTFT� /BUVSBMMZ
 XF FYQFDU UIBU PVS NFBTVSF PG TFOTJUJWJUZ

BMUIPVHI OPSNBMJTFE BOE UIVT CFJOH EJNFOTJPOMFTT
 WBSJFT PO EJêFSFOU TDBMFT GPS EJêFSFOU USBDFST PS SBUFT�
8F TFF OP SFBTPO GPS XIZ UIJT NBZ BQQFBS QSPCMFNBUJD
 TJODF PVS GPDVT IFSF JT PO DPOUSBTUJOH UIF FêFDUT PG
UIF EJêFSFOU QBSBNFUFST BOE OPU PG UIF EJêFSFOU USBDFST� *O GBDU
 JU JT JNQPSUBOU GPS VT UP UBLF BEWBOUBHF PG
UIF EJêFSFOU Z�BYJT TDBMFT� %PJOH TP SFbFDUT NPSF DMFBSMZ IPX TFOTJUJWF FBDI JOEJWJEVBM USBDFS JT UP WBSJBUJPOT
JO UIF EJêFSFOU QBSBNFUFST� 5IF JOGPSNBUJPO PG UIF EJêFSFODFT CFUXFFO UIF USBDFSTr HFOFSBM TFOTJUJWJUJFT UP
QBSBNFUFS WBSJBUJPOT JT NBJOUBJOFE
 CVU BDDPSEJOH UP PVS DIPTFO TUZMF PG QSFTFOUBUJPO UIF FNQIBTJT JT PO UIF
TFOTJUJWJUZ UP WBSJBUJPOT JO UIF JOEJWJEVBM QBSBNFUFST�
8F BHSFF XJUI UIF SFGFSFF UIBU XF OFFE UP CF NPSF DBSFGVM XJUI TUBUFNFOUT MJLF sUIF TFOTJUJWJUZ PG 9 JT MPXt

JO QBSUJDVMBS
 JG XF DBOOPU QSPWJEF B DPNNPO SFGFSFODF QPJOU� *U JT NPSF BQQSPQSJBUF UP SFGFS UP SFMBUJWF EJG�
GFSFODFT JO UIF TFOTJUJWJUJFT
 XIJDI XF IBWF DPOTJEFSFE JO PVS DPSSFDUJPOT� 5IVT
 XF OPX VTF QISBTFT MJLF

�



sTFOTJUJWJUZ PG 9 JT MPXFS UIBO :t� 5IF UFYU PG UIF EFTDSJQUJPO PG s/P TJOHMF QBSBNFUFS EPNJOBUFT TFOTJUJWJUZt
GPS /2 aYBUJPO IBT CFFO DPSSFDUFE BDDPSEJOHMZ� 5IF SFQISBTFE EFTDSJQUJPO PO Q� ��
 MJOFT ���v���
 OPX SFBET�
s5IF TJNVMBUFE HMPCBM /2 aYBUJPO SBUF JT TFOTJUJWF UP NBOZ QBSBNFUFST
 BQBSU GSPN A0 BOE QP

0 EJB� 4JNJMBS SFMBUJWF
DIBOHFT PG NPTU QBSBNFUFS WBMVFT JOUSPEVDF DIBOHFT UP UIF HMPCBM /2 aYBUJPO SBUF UIBU BSF PG TJNJMBS NBHOJUVEF� *OUFS�
FTUJOHMZ
 /� aYBUJPO JT TFOTJUJWF BMTP UP [PPQMBOLUPO QBSBNFUFST
 JOEJDBUJOH UIBU [PPQMBOLUPO HSB[JOH PO EJB[PUSPQIT JT
BO JNQPSUBOU GBDUPS DPOUSPMMJOH OPU KVTU EJB[PUSPQI CJPNBTT CVU BMTP /� aYBUJPO�t

�� 5IF IJHIFTU TFOTJUJWJUZ PG $�/ PWFS $�1 BOE /�1 3FHBSEJOH UIF TFOTJUJWJUZ
 * XBT RVJUF TVSQSJTFE MPPLJOH BU 'JHVSF �
UIBU $�/ IBT NVDI MBSHFS TFOTJUJWJUZ DPNQBSFE UP $�1 BOE/�1� 5IF DVSSFOU VOEFSTUBOEJOH JO UIF TDJFOUJaD DPNNVOJUZ JT
UIBU $�/ JT NPSF IPNFPTUBUJD DPNQBSFE UP $	/
�1 GPS BVUPUSPQIT
 IFUFSPUSPQIT
 BOE GPS EFUSJUVT 	(BMCSBJUI BOE.BSUJOZ

����� (FJEFS BOE -B 3PDIF
 ����� .BSUJOZ FU BM�
 ����� 4UFSOFS BOE &MTFS
 ����
� -PPLJOH BU UIF DPNQBOJPO QBQFS CZ
1BIMPX FU BM� 	����

 TUFBEZ�TUBUF $�/ BMTP TFFNT UP PWFSFTUJNBUF PCTFSWBUJPO 	5BCMF � BOE 'JHVSF �
� * UIJOL UIJT JT BO
JNQPSUBOU QPJOU UP BEESFTT HJWFO UIBU $�/ 	BOE UIFSFGPSF 2P/
 BêFDUT BMM BTQFDUT PG UIF NPEFM PVUQVU BOE UIBU UIF XIPMF
QPJOU PG UIJT NPEFM JT JODPSQPSBUJOH bFYJCMF $�/�1�
3FQMZ� 5IF aOEJOH UIBU $�/ JT NPSF IPNFPTUBUJD UIBO $�1 PS /�1 GPS QBSUJDVMBUF NBUUFS BQQMJFT UP UIF TQBUJP�
UFNQPSBM WBSJBCJMJUZ JO UIF DVSSFOU PDFBO BOE UIVT DPVME CF DPNQBSFE UP PVS USBEF�Pê 	SFGFSFODF
 TJNVMBUJPOT

XIJDI JT UIF UPQJD PG 1BSU � 	1BIMPX FU BM�
 ����
� 5IF QSFTFOU BSUJDMF
 IPXFWFS
 EFTDSJCFT TFOTJUJWJUJFT PG
HMPCBMMZ�BWFSBHFE FMFNFOUBM SBUJPT UP QBSBNFUFS WBSJBUJPOT BNPOH ��� TJNVMBUJPOT XJUI EJêFSFOU QBSBNFUFS
TFUUJOHT� 5IVT
 UIF TFOTJUJWJUJFT EJTDVTTFE IFSF IBWF B WFSZ EJêFSFOUNFBOJOH UP UIF TQBUJP�UFNQPSBM WBSJBCJMJUZ
PG UIF FMFNFOUBM SBUJPT JO UIF TVSGBDF PDFBO� 1BSUJDVMBUF $�/ BOE $�1 BSF OPU POMZ EJSFDUMZ BêFDUFE CZ Q/

�
 QIZ
BOE Q1

�
 QIZ
 CVU BMTP CZ UIF /0�
v BOE 10�

�v JOWFOUPSJFT� 5IF NBSJOF /0�
v JOWFOUPSZ WBSJFT TUSPOHMZ PXJOH

UP /� aYBUJPO BOE EFOJUSJaDBUJPO� *O DPOUSBTU
 UIF 10�
�v JOWFOUPSZ JT DPOTFSWFE JO UIF 67JD NPEFM
 BMMPXJOH

POMZ TIJGUT JO UIF TQBUJP�UFNQPSBM EJTUSJCVUJPO PG 10�
�v � )FODF
 UIF TFOTJUJWJUZ PG HMPCBMMZ BWFSBHFE QBSUJDVMBUF

$�/ BDSPTT TJNVMBUJPOT XJUI EJêFSFOU QBSBNFUFS TFUT JT HSFBUFS UIBO UIBU PG $�1� 8F IBWF BEEFE B EJTDVTTJPO
UP DMBSJGZ UIJT JTTVF BOE BWPJE B QPTTJCMFNJTVOEFSTUBOEJOH PG UIF OBUVSF PG UIFTF WBSJBUJPOT JO FMFNFOUBM SBUJPT
JO UIFNBOVTDSJQU PO Q� ��
 MJOFT ���v���� s5IF TUSPOH JNQBDU PGQ/

�
 QIZ PO UIF /0�
v JOWFOUPSZ BOE HMPCBMMZ BWFSBHFE

QIZUPQMBOLUPO $�/ DBVTFT B IJHIFS TFOTJUJWJUZ PG HMPCBMMZ BWFSBHFE $�/ UIBO $�1 	'JHVSF �
� " IJHIFSQ/
�
 QIZ SFTVMUT JO

B IJHIFS /0�
v JOWFOUPSZ BOE B MPXFS QIZUPQMBOLUPO $�/
 CPUI UFOEJOH UP MPXFS QBSUJDVMBUF $�/ BOE WJDF WFSTB� 0O UIF

PUIFS IBOE
 $�1 JT OPU BT TFOTJUJWF CFDBVTF XF IBWF B DPOTUBOU 10�
�v JOWFOUPSZ JO UIF 67JD NPEFM� 4VSGBDF QBSUJDVMBUF

NBUUFS $�/ JT MFTT WBSJBCMF DPNQBSFE UP $�1 BOE /�1 JO aFME PCTFSWBUJPOT BMPOH SFHJPOBM HSBEJFOUT 	(BMCSBJUI BOE
.BSUJOZ
 ����� (FJEFS BOE 3PDIF
 ����� .BSUJOZ FU BM�
 ����� 4UFSOFS BOE &MTFS
 ����

 XIJDI JT BO BQQBSFOU DPOUSBTU
UP PVS SFTVMUT
 XIFSF UIF TFOTJUJWJUZ PG $�/ UPQ/

�
 QIZ JT UIF IJHIFTU BNPOH UIF QBSUJDVMBUF FMFNFOUBM SBUJPT� )PXFWFS
 PVS
TFOTJUJWJUJFT BSF XJUI SFTQFDU UP QBSBNFUFS WBSJBUJPOT BNPOH NBOZ TJNVMBUJPOT
 SBUIFS UIBO TQBUJBM PS UFNQPSBM HSBEJFOUT
JO UIF POF SFBM PDFBO�t
5IF PWFSFTUJNBUFE TUFBEZ�TUBUF $�/ JO 1BSU * 	1BIMPX FU BM�
 ����
 SFTVMUT GSPN /� aYBUJPO JO UIF USBEF�Pê
TJNVMBUJPOT CFJOH NVDI MPXFS UIBO JO UIF DVSSFOU PDFBO EVF UP UIF MBDL PG CFOUIJD EFOJUSJaDBUJPO� -PXFS
/� aYBUJPO SFTVMUT JO B MPXFS TVQQMZ PG OJUSPHFO BOE DPOTFRVFOUMZ BO PWFSBMM IJHIFS QBSUJDVMBUF $�/ BU MPX
MBUJUVEFT� 8F IBWF BEEFE B EJTDVTTJPO PO Q� ��
 MJOFT ���v���� s"MTP
 UIJT NFBOT UIBU HMPCBM /� aYBUJPO 	TBNF
BT HMPCBM EFOJUSJaDBUJPO JO PVS TQVO�VQ TUFBEZ�TUBUF TJNVMBUJPOT
 JT VOEFSFTUJNBUFE
 BOE TJODF JU PDDVST NPTUMZ BU ���4
UP ���/ 	TFF 'JH� �� JO 1BSU *
 1BIMPX FU BM�
 ����

 QBSUJDVMBUF DBSCPO UP OJUSPHFO 	$�/
 SBUJPT DPVME CF PWFSFTUJNBUFE
EVF UP B NJTTJOH JOQVU PG OJUSPHFO UP UIF TVSGBDF PDFBO� 5IJT DPVME FYQMBJO UIF PWFSFTUJNBUFE TVSGBDF QBSUJDVMBUF $�/ BU
MPX MBUJUVEFT 	TFF 5BCMF � BOE 'JHVSF �� JO 1BSU *
 1BIMPX FU BM�
 ����
�t 8F IBWF BMTP BEEFE B TUBUFNFOU BCPVU
UIJT UPQJD JO 1BSU * 	1BIMPX FU BM�
 ����
 PO MJOFT ���v���� s#PUI UIF IJHI TVSGBDF $�/ BOE MPX 1�$ JO NJE�MBUJUVEF
SFHJPOT NJHIU SFTVMU GSPN UIF VOEFSFTUJNBUJPO PG /� aYBUJPO
 PXJOH UP UIF MBDL PG CFOUIJD EFOJUSJaDBUJPO� &OIBODFE /�
aYBUJPO XPVME BEE aYFE / UP UIF TVSGBDF PDFBO
 QBSUMZ SFMFBTJOH QIZUPQMBOLUPO GSPN / MJNJUBUJPO BOE JOUFOTJGZJOH 1
MJNJUBUJPO
 BOE DPVME UIVT CSJOH $�/ BOE $�1 SBUJPT DMPTFS UP UIF PCTFSWBUJPOT�t

�



8F EJTBHSFF XJUI UIF TUBUFNFOU UIBU sUIF XIPMF QPJOU PG UIJT NPEFM JT JODPSQPSBUJOH bFYJCMF $�/�1�t 'MFYJCMF
$�/�1 DBO CF 	BOE IBT CFFO
 JNQMFNFOUFE JO TFWFSBM XBZT� "MUIPVHI XF DPOTJEFS UIF SFQSFTFOUBUJPO PG
WBSJBCMF $�/�1 JO UIF 01&. WFSZ JNQPSUBOU
 PVS NBJO HPBM IFSF JT
 OFWFSUIFMFTT
 JNQSPWJOH UIF NFDIBOJTUJD
GPVOEBUJPO PG CJPUJD QSPDFTT EFTDSJQUJPOT JO &BSUI TZTUFN NPEFMT�

4QFDJaD DPNNFOUT
&RVBUJPOT� %JB[PUSPQIZ SBUF JODSFBTFT JOEFaOJUFMZ XJUI UFNQFSBUVSF XJUI UIJT GPSNVMBUJPO� #VU UIF HSPXUI SBUF PG EJB[PUSPQIT

TIPVME IJU UIF MJNJU BU TPNF PQUJNBM WBMVF 	F
H�
 �� EFHSFFT $FMTJVT GPS 5SJDIPEFTNJVN� #SFJUCBSUI
 &�
 "� 0TDIMJFT

BOE +� -B3PDIF 	����

 1IZTJPMPHJDBM DPOTUSBJOUT PO UIF HMPCBM EJTUSJCVUJPO PG 5SJDIPEFTNJVN�FêFDU PG UFNQFSBUVSF PO
EJB[PUSPQIZ
 #JPHFPTDJFODFT 	#(

 �	�

 ��v��
� 8IBU JT UIF KVTUJaDBUJPO PG UIJT UFNQFSBUVSF GPSNVMBUJPO * GFFM MJLF
&QQMFZ 	����
 JT OPU RVJUF VQ UP EBUF�

3FQMZ� #FDBVTF UIFSF JT OP FRVBUJPO OVNCFS JOEJDBUFE
 UIF RVFTUJPO JT OPU DMFBS UP VT� *O &RVBUJPO � UIF SBUF PG /�
aYBUJPO JOEFFE JODSFBTFT JOEFaOJUFMZ XJUI UFNQFSBUVSF� 8IJMF XF BHSFF JO QSJODJQMF UIBU &QQMFZ 	����
 JT OPU
RVJUF VQ UP EBUF
 UIJT JT FYBDUMZ UIF SFBTPO GPS JOUSPEVDJOH &RVBUJPO �
 XIJDI JT CBTFE PO PCTFSWBUJPOT
 XIFSF
NBYJNVN EJB[PUSPQIZ SBUF PDDVST BSPVOE �� �$� )PXFWFS
 &QQMFZ 	����
 JT UIF UFNQFSBUVSF GVODUJPO JO UIF
PSJHJOBM 67JD
 BOE XF XBOUFE UP CF DMFBS BCPVU XIJDI DIBOHFT JO NPEFM CFIBWJPVS BSF EVF UP UIF PQUJNBMJUZ�
CBTFE
 WBSJBCMF�TUPJDIJPNFUSZ GPSNVMBUJPOT
 BOE XIJDI BSF EVF UP UIF OFX UFNQFSBUVSF GVODUJPO� 5IVT
 XF
TFU VQ UXP NPEFM DPOaHVSBUJPOT UP JEFOUJGZ UIF JObVFODF PG UIF UFNQFSBUVSF EFQFOEFODF PG EJB[PUSPQIZ PO
NPEFM CFIBWJPVS�

-JOF ��� 5IF UFNQFSBUVSF EFQFOEFODF PG OJUSPHFOBTF BDUJWJUZ JO UIF UFSSFTUSJBM TZTUFN XBT VTFE� "SF UIFSF OPU BOZ EBUB GSPN
NBSJOF FDPTZTUFN MJUFSBUVSF 

3FQMZ� /P
 BU MFBTU XF BSF OPU BXBSF PG BOZ�

5BCMF �� )PX BSF UIF s3BOHFt DIPTFO GPS UIFTF QBSBNFUFST 

3FQMZ� 5IF QBSBNFUFS SBOHFT BSF CBTFE PO MJUFSBUVSF WBMVFT� 8F IBWF SFWJTFE UIF EFTDSJQUJPO PO Q� �
 MJOFT ���v����
s8F WBSZ �� QBSBNFUFST JO UPUBM
 XJUIJO UIF WBSJBUJPOBM SBOHFT TIPXO JO 5BCMF �
 XIJDI BSF CBTFE PO SFGFSFODF SBOHFT
BDDPSEJOH UP MJUFSBUVSF WBMVFT�t BOE BEEFE SFGFSFODFT GPS UIF QBSBNFUFST JO 5BCMF ��

5BCMF �� .BZCF JU XPVME CF OJDF UP IBWF TPNF sUBSHFUt WBMVFT GPS DPNQBSJTPO GSPN 80" ���� PS PUIFS EBUBTFUT�

3FQMZ� 8F IBWF BEEFE UIF WBMVFT GPS UIF 80" ���� BOE PUIFS EBUBTFUT GPS SFGFSFODF�

-JOF ���� 8IBU BSF UIF TJOLT GPS %'F 

3FQMZ� 8F IBWF B TJOL GPS %'F UP UIF TFEJNFOU
 XF BEEFE UIJT UP UIF UFYU
 OPX PO Q� ��
 MJOF ���� eJSPO IBT B aYFE
TPVSDF GSPN BUNPTQIFSJD EFQPTJUJPO BOE B TJOL JO UIF TFEJNFOU
e

'JHVSF �� 1IZUPQMBOLUPO 	�TU DPMVNO
 BOE EJB[PUSPQIT 	�OE DPMVNO
 IBWF EJêFSFOU Z�BYJT SBOHF� 'PS B GBJS DPNQBSJTPO
 UIFZ
TIPVME IBWF UIF TBNF Z SBOHF 	BU MFBTU GPS UIF TBNF HJWFO SPX
�

3FQMZ� "T FYQMBJOFE BCPWF JO PVS SFQMZ UP UIF UIJSE HFOFSBM DPNNFOU
 XF IBWF EFDJEFE UP LFFQ UIF Z�BYJT SBOHFT BT
UIFZ XFSF� 5P BWPJE DPOGVTJPO
 XF BEEFE s/PUF UIF EJêFSFOU Z�BYJT SBOHFT JO UIF EJêFSFOU QBOFMT�t UP UIF DBQUJPO�

-JOF ���� sUIFJS CJPNBTT JT IJHIFSt� 8IBU JT sCJPNBTTt *T JU $ RVPUB PS $�/�1 PS $IM * EP OPU TFF sCJPNBTTt JO 'JHVSF
��

�



3FQMZ� 8FVTF UIF UFSN CJPNBTT UP SFGFS UP $
 TP IJHIFS CJPNBTTNFBOT IJHIFS 10$ DPOUFOU� 5IF IJHIFS EJB[PUSPQI
CJPNBTT 	$BSCPO
 WFSUJDBMMZ�JOUFHSBUFE BOE UFNQPSBMMZ�BWFSBHFE CJPNBTT
 NNPM$N��
 DBO CF TFFO JO 'JH� ��
JO 1BIMPX FU BM� 	����
 	OPX 1BIMPX FU BM�
 ����
� 8F SFWJTFE UIF TFOUFODF UP sJT HFOFSBMMZ MBSHFS CFDBVTF PG UIF
HSPXUI PG EJB[PUSPQIT BU IJHI MBUJUVEFT 	TFF 'JH� �� JO 1BSU *
 1BIMPX FU BM�
 ����
t PO Q� ��
 MJOFT ���v��� UP JOEJDBUF
UIJT� /PUF UIBU XF DIBOHFE 1BIMPX FU BM� 	����
 UP 1BIMPX FU BM� 	����
 JO UIF NBOVTDSJQU�

-JOF ���v���� 5IF MPHJDBM CFIJOE FYQMBJOJOH $�1 QBUUFSO JT OPU DMFBS� 8IZ EPFT /0��10� TVQQMZ TUPJDIJPNFUSZ POMZ BêFDU
MPX MBUJUVEFT 8IZ UIBU GBDU 1�MJNJUBUJPO JT OPU QSFTFOU JO 4� 0DFBO FYQMBJO UIF OFHBUJWF DPSSFMBUJPO CFUXFFO $�1 BOE
Q/

�
 QIZ 

3FQMZ� 5P DMBSJGZ UIF FYQMBOBUJPO
 XF SFWJTFE UIJT QBSU BT� s"U MPX MBUJUVEFT
 UIF FêFDUT PG Q1
�
 QIZ BSF TVQQSFTTFE CZ

WBSJBUJPOT JO QIZUPQMBOLUPO $
 XIJDI JT BêFDUFE CZ Q/
�
 QIZ BOE UIF DPOTFRVFOU DIBOHF JO OJUSBUF DPODFOUSBUJPO� /JUSBUF

BOE QIPTQIBUF BSF OPU MJNJUJOH JO UIF IJHI�MBUJUVEF 4PVUIFSO 0DFBO XIFSF
 VOEFS /� BOE 1�SFQMFUF DPOEJUJPOT
 DFMMVMBS
$�1 JT NBJOMZ EFUFSNJOFE CZ Q1

�
 QIZ BOE B IJHIFS Q1
�
 QIZ XPVME SFTVMU JO B IJHIFS DFMMVMBS 1�$ 	MPXFS $�1
� 5IFSFGPSF


UIF HMPCBM $�1 PG UPUBM QBSUJDVMBUF NBUUFS
 XIJDI JT EPNJOBUFE CZ PSEJOBSZ QIZUPQMBOLUPO
 JT OFHBUJWFMZ DPSSFMBUFE XJUI
Q1

�
 QIZ�t PO Q� ��
 MJOFT ���v����

-���� 5IF EFTDSJQUJPO PG sUSBEF�Pê TPMVUJPOTt� * XFOU UP 1BIMPX FU BM� 	����
 CVU * DPVME OPU FBTJMZ MPDBUF XIFSF UIF EJTDVTTJPO
JT� $PVME ZPV EJSFDU NF TQFDJaDBMMZ UP XIFSF JU JT 

3FQMZ� 5IF UXP DBMJCSBUFE SFGFSFODF TJNVMBUJPOT JO 1BIMPXFU BM�
 	����
 BSF UIF sUSBEF�Pê TPMVUJPOTt JO UIJTNBOVTDSJQU�
8F DIBOHFE sJO UIF DPNQBOJPO QBQFS 1BIMPX FU BM� 	����
t UP sJO 1BSU * 	SFGFSFODF TJNVMBUJPOT JO 1BIMPX FU BM�

����
t PO Q� ��
 MJOF ��� UP BWPJE TVDI DPOGVTJPO�

'JHVSFT � BOE �� 8IBU EPFT sMPX OJUSBUFt BOE sIJHI OJUSBUFt NFBO * NBZ IBWF NJTTFE JU CVU BSF UIFZ EJêFSFOU NPEFM
DPOaHVSBUJPOT PS BSF UIFZ UBLFO GSPN EJêFSFOU PDFBOPHSBQIJD SFHJPOT 

3FQMZ� 5IF sMPX OJUSBUFt BOE sIJHI OJUSBUFt BSF UIF TJNVMBUJPOT XJUI UIF MPXFTU BOE IJHIFTU HMPCBMMZ BWFSBHFE
OJUSBUF DPODFOUSBUJPOT JO UIF 01&. DPOaHVSBUJPO� 8F SFWJTFE UIF EFTDSJQUJPO JO UIF DBQUJPO PG 'JHVSF � BT�
s;POBMMZ BWFSBHFE /0�

v JO UIF 8PSME 0DFBO "UMBT ���� 	"

 UIF TJNVMBUJPOT XJUI UIF MPXFTU BOE IJHIFTU /0�
v JOWFO�

UPSZ 	#
 %

 BOE UIF USBEF�Pê TJNVMBUJPO 	$
 JO UIF 01&. DPOaHVSBUJPO� (MPCBMMZ BWFSBHFE /0�
v DPODFOUSBUJPOT BSF

TIPXO JO FBDI QBOFM� 4JNVMBUJPOT TIPXO IFSF BSF NBSLFE XJUI TPMJE CMBDL BOE PQFO SFE USJBOHMFT JO 'JHVSF �� /PUF UIBU
UIF PVUQVUT GSPN 01&. BOE 01&.�) BSF WFSZ TJNJMBS BOE POMZ 01&. SFTVMUT BSF TIPXO IFSF�t BOE JO UIF UFYU PO
Q� ��
 MJOFT ���v���� s'JHVSFT � BOE � TIPX [POBMMZ BWFSBHFE /0�

v BOE 0� JO TJNVMBUJPOT XJUI UIF MPXFTU BOE IJHIFTU
/0�

v BOE UIF USBEF�Pê TJNVMBUJPO JO UIF 01&. DPOaHVSBUJPO�t � 8F OPX TIPX UIF DPSSFTQPOEJOH TJNVMBUJPOT
JO 'JHVSF �� 8F POMZ TIPX TJNVMBUJPOT GSPN UIF 01&. OPX
 CFDBVTF EJTUSJCVUJPOT JO UIF 01&.�) BSF WFSZ
TJNJMBS UP UIF 01&.�

"MTP 'JHVSFT � BOE �� *U XPVME CF OJDF UP IBWF B [POBM BWFSBHF GSPN 80" ���� GPS DPNQBSJTPO�

3FQMZ� 8F BEEFE [POBM BWFSBHFT GSPN UIF80"���� BOE SFNPWFE TJNVMBUJPOT PG UIF 01&.�) DPOaHVSBUJPO TJODF
UIF EJTUSJCVUJPOT BSF WFSZ TJNJMBS UP UIPTF PG 01&.�

-JOF ���� /�1 PG EJB[PUSPQIT JT DSJUJDBMMZ JNQPSUBOU GPS EFUFSNJOJOH UIF PVUDPNF PG DPNQFUJUJPO CFUXFFO EJB[PUSPQIT BOE
OPO�EJB[PUSPQIT TP JU TIPVME CF EJTDVTTFE JO NPSF EFQUIT IFSF 	F�H�
 8FCFS BOE %FVUTDI
 ����
�

3FQMZ� 8IJMF /�1 PG EJB[PUSPQIT XBT QSPQPTFE UP CF WFSZ JNQPSUBOU GPS EFUFSNJOJOH UIF PVUDPNF PG DPNQFUJUJPO
CFUXFFO EJB[PUSPQIT BOE OPO�EJB[PUSPQIT
 SFTVMUT PG PVS TFOTJUJWUZ BOBMZTJT PG UIF 01&.EP OPU TVQQPSU UIJT�
*O 'JHVSF � XF DBO TFF XIJMF /�1 PG EJB[PUSPQIT JT NPTU TFOTJUJWF UP EJB[PUSPQI TVCTJTUFODF 1 RVPUB 	Q1

�
 EJB


EJ[PUSPQIT CJPNBTT 	DBSCPO
 JUTFMG JT NVDI MFTT TFOTJUJWF UP Q1

�
 EJB UIBO UP Q/
�
 QIZ BOE UP Q/

�
 EJB� *O PVS WJFX


�



UIF DPNQFUJUJWF BCJMJUJFT GPS / BOE 1 BSF NPSF JNQPSUBOU UIBO UIF /�1 SBUJP GPS EFUFSNJOJOH UIF PVUDPNF
PG TVDI DPNQFUJUJPO� 8F IBWF BEEFE B EJTDVTTJPO BCPVU IPX /�1 BêFDUT DPNQFUJUJPO BOE /� aYBUJPO PG
EJB[PUSPQIT PO Q� ��
 MJOFT ���v���
 XIJDI OPX SFBET� s%JB[PUSPQI TVCTJTUFODF / BOE 1 RVPUBT 	Q/

�
 EJB BOEQ1
�
 EJB


JO HFOFSBM IBWF NVDI MFTT JObVFODF PO QBSUJDVMBUF TUPJDIJPNFUSZ UIBO Q/
�
 QIZ BOE Q1

�
 QIZ CFDBVTF EJB[PUSPQIT BSF NVDI
MFTT BCVOEBOU UIBO PSEJOBSZ QIZUPQMBOLUPO� )PXFWFS
 EJB[PUSPQI CJPNBTT 	DBSCPO
 JUTFMG JT NPSF TFOTJUJWF UPQ/

�
 EJB UIBO
Q/

�
 QIZ
 XIJDI TIPXT UIBU UIF EJB[PUSPQI TVCTJTUFODF RVPUBT BSF TUJMM JNQPSUBOU GPS CPUI UIFJS FMFNFOUBM TUPJDIJPNFUSZ BOE
BCJMJUZ UP DPNQFUF XJUI PSEJOBSZ QIZUPQMBOLUPO� 8IJMF FMFNFOUBM TUPJDIJPNFUSZ IBT CFFO TVHHFTUFE UP CF BO JNQPSUBOU
GBDUPS GPS EFUFSNJOJOH UIF PVUDPNF PG UIF DPNQFUJUJPO CFUXFFO EJB[PUSPQIT BOE OPO�EJB[PUSPQIT
 BOE DPOTFRVFOUMZ /�
aYBUJPO 	%FVUTDI BOE 8FCFS
 ����� 8FCFS BOE %FVUTDI
 ����

 XF aOE UIBU /� aYBUJPO JT OP NPSF TFOTJUJWF UP Q/

�
 EJB
UIBO UP UIF SFNJOFSBMJTBUJPO SBUF 	⌫EFU

 Q/

�
 QIZ
 PS [PPQMBOLUPO HSB[JOH QBSBNFUFST 	gNBY
 �QIZ
 BOE �EJB
� /FWFSUIFMFTT

PVS BOBMZTJT BHSFFT XJUI UIF BSHVNFOU UIBU HMPCBM /� aYBUJPO JT NBJOMZ EFUFSNJOFE CZ SBUFT PG aYFE�/ MPTT 	8FCFS BOE
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Abstract.
We analyse 400 perturbed-parameter simulations for two configurations of an optimality-based plankton-ecosystem model

(OPEM), implemented in the University of Victoria Earth-System Climate Model (UVic-ESCM), using a Latin-Hypercube

sampling method for setting up the parameter ensemble. A likelihood-based metric is introduced for model assessment and

selection of the model solutions closest to observed distributions of NO3
– , PO4

3 – , O2, and surface chlorophyll a concentrations.5

According to our metric the optimal model solutions comprise
:::
The

::::::::::
simulations

::::::
closest

::
to

:::
the

::::
data

::::
with

:::::::
respect

::
to

:::
our

::::::
metric

::::::
exhibit

::::
very low rates of global N2 fixation and denitrification. These two rate estimatesturned out to be poorly constrained by

the data
:
,
::::::::
indicating

::::
that

::
in

::::
order

::
to

:::::::
achieve

::::
rates

::::::::
consistent

::::
with

:::::::::::
independent

::::::::
estimates,

:::::::::
additional

::::::::
contraints

::::
have

::
to

::
be

:::::::
applied

::
in

:::
the

:::::::::
calibration

::::::
process. For identifying the “best” model solutions

::::::::
reference

::::::::
parameter

::::
sets we therefore also consider the

model’s ability to represent current estimates of water-column denitrification. We employ our ensemble of model solutions in a10

sensitivity analysis to gain insights into the importance and role of individual model parameters as well as correlations between

various biogeochemical processes and tracers, such as POC export and the NO3
– inventory. Global O2 varies by a factor of

two and NO3
– by more than a factor of six among all simulations. Remineralisation rate is the most important parameter

for O2, which is also affected by the subsistence N quota of ordinary phytoplankton (QN
0, phy) and zooplankton maximum

specific ingestion rate. QN
0, phy is revealed as a major determinant of the oceanic NO3

– pool. This indicates that unraveling the15

driving forces of variations in phytoplankton physiology and elemental stoichiometry, which are tightly linked via QN
0, phy, is a

prerequisite for understanding the marine nitrogen inventory.

1 Introduction

Earth system climate models (ESCMs) are powerful tools for analysing variations in climate, while resolving interdependencies

between changes in the atmosphere, on land, and in the ocean (Flato, 2011; Prinn, 2013). In this regard, the dynamics of marine20

ecosystems is a critical link. On long timescales it regulates atmospheric CO2 on the basis of biotic uptake of carbon dioxide

(CO2) over vast oceanic regions and due to the export of photosynthetically fixed carbon into the deep ocean, which affects

the Earth’s climate (Reid et al., 2009; Sigman and Boyle, 2000). Plankton ecosystem models are widely applied to understand

marine biogeochemical cycles, by estimating fluxes of major elements, e.g., nitrogen, phosphorus, and carbon, as well as the
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sources and sinks of marine oxygen (Maier-Reimer et al., 1995; Six and Maier-Reimer, 1996; Schmittner et al., 2005; ?; Vallina et al., 2017; Everett et al., 2017; Ward et al., 2018)25

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Maier-Reimer et al., 1995; Six and Maier-Reimer, 1996; Schmittner et al., 2005; Bopp et al., 2013; Vallina et al., 2017; Everett et al., 2017; Ward et al., 2018)

.

The basic structure of most marine ecosystem models has been designed for resolving mass fluxes between nutrients, phy-

toplankton, zooplankton and detritus, typically referred to as NPZD models. Mathematical formulations that describe growth

and fate of marine phytoplankton and zooplankton biomass have been successfully applied over a range of scales, from local30

0D-ecosystem models (e.g., Fasham et al., 1990; Edwards, 2001) to global 3D models (Sarmiento et al., 1993; Keller et al.,

2012; Nickelsen et al., 2015). However, most of these NPZD models lack a sound mechanistic foundation, preventing them

from explicitly accounting for the organisms’ regulation of their internal physiological state. For example, N2 fixation by algae

is often diagnosed from the availability of dissolved nutrients, so that it only occurs when the ratio of nitrate-to-phosphate

concentrations falls below the Redfield ratio of 16:1 (Deutsch et al., 2007; Ilyina et al., 2013). As these assumptions neglect35

a number of environmental and ecological controls (e.g., grazing, often also temperature), they do not adequately describe

the behaviour of plankton organisms and their sensitivity to changes in their environment. With the introduction of refined

mechanistic (physiological) descriptions we here aim at alleviating this deficiency. In this study we introduce a new marine

ecosystem model coupled to the University of Victoria Earth System Climate Model (UVic-ESCM, based on the configurations

of Keller et al., 2012; Getzlaff and Dietze, 2013; Nickelsen et al., 2015). Doing so we anticipate the model not only to provide40

improved mass flux estimates, but also to exhibit more realistic sensitivities of these fluxes to varying climate conditions, e.g.,

in simulations of the last glacial maximum or in future projections.

In order to better represent plankton physiology, the new ecosystem model relies on optimality-based considerations for phy-

toplankton growth, including N2 fixation (Pahlow et al., 2013; Pahlow and Oschlies, 2013), as well as zooplankton behaviour

(Pahlow and Prowe, 2010). These two optimality-based models have been shown to be superior to traditional model approaches45

in reproducing phytoplankton and zooplankton growth and grazing under various environmental conditions (e.g., Fernández-

Castro et al., 2016). Our new ecosystem model, the optimality-based plankton ecosystem model (OPEM v1.0) coupled to the

UVic-ESCM, offers new features and it improves the representation of some biogeochemical tracers
::::::::
properties on the global

scale (see accompanying study, ?)
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g., net community production (NCP) and particulate C:N:P in the surface water, see Part I, Pahlow et al., 2020)

. One of the novel features is the representation of variable quotas of carbon (C), nitrogen (N), and phosphorus (P) in ordinary50

phytoplankton, diazotrophs, and particulate organic matter (detritus) exported to the deep ocean. This model approach yields

mass flux estimates with spatial and temporal variations in the elemental C:N:P stoichiometry of both inorganic nutrients and

organic matter
::
as

:::::::
observed

::
in

:::
situ

:::::::::::::::::::::::::::::::::::::
(Loh and Bauer, 2000; Martiny et al., 2013b).

::::::::::
PELAGOS

:::::::::::::::
(Vichi et al., 2007)

:
,
:::
the

::::
only

:::::
ocean

:::::
model

::::
with

:::::::
variable

:::::
C:N:P

::
in

::::::::::::
phytoplankton

::
in

::::::
CMIP5

::::::::::::::::
(Bopp et al., 2013)

:::
and

:::::::
CMIP6

:::::::::::::::
(Arora et al., 2019)

:
,
:::
has

::
no

:::::::::::
diazotrophs,

:::::
others

:::::
either

:::::
have

::::
only

:::::::
variable

::::
N:P

:::::::::
(TOPAZ2,

:::::::::::::::::
Dunne et al. (2013)

:
),

::
or

:::::::
variable

::::
C:P

::::::::::::::::::::::::::::::
(MARBL, Danabasoglu et al., 2020)

:
.55

:::::
While

:::::
some

::
of

:::
the

:::::::
existing

:::::::
models

::::
have

::
a
:::::::
variable

::::::
C:N:P

:::::
based

:::
on

:::
the

::::::::::::::
optimality-based

::::::
model

:::
for

::::::::::::
phytoplankton

:::::::
growth

::::::::::::::::::::::::::
(Kwiatkowski et al., 2018, 2019)

:
,
::::::::::::::
optimality-based

:::
N2 ::::::

fixation
::
or

:::::::::::
zooplankton

::::::::
behaviour

:::
are

:::
not

::::::::
included.

Here we analyse the
:::
new

:
model’s performance and evaluate model-ensemble results against observations. Since the model

is based on plankton
:::::::::::::::
plankton-organism

:
physiology, it includes new parameters whose values have not been estimated for

2



global model applications. Also, we set up two configurations, OPEM and OPEM-H, with different temperature dependences60

:::::::::::
dependencies for diazotrophs to investigate the effects of different

::::::::
empirical temperature functions on distributions of dia-

zotrophs and N2 fixation. Our analysis relies on ensembles of solutions of the two different model configurations, where every

single simulation within each ensemble is subject to a different combination of parameter values. The ensembles allow assess-

ing the sensitivity of biogeochemical tracer distributions and budgets to variations of the model’s parameters. We introduce a

likelihood-based metric that quantifies the global misfit between model results and observations. Amongst the ensemble simu-65

lations we regard those model solutions as the best that yield low misfits according to the metric and are also close to current

estimates of water-column denitrification. The specific objectives of the present paper are (1) to identify and compare those

model solutions that correspond to the best representation of observed tracer concentrations and (2) to specify the sensitivity of

simulations to variations of the model’s parameter values. We make inferences about the model’s overall behavior, especially

focusing on data constraints, limitations and advantages of resolving variable C:N:P stoichiometry for estimations of global70

net primary production (NPP), net community production (NCP), biogenic C export, and the global O2, N, and C inventories.

2 Materials and Methods

2.1 The non-Redfield, optimality-based plankton ecosystem model in the UVic-ESCM

The optimality-based plankton ecosystem model (OPEM) has been implemented into the UVic-ESCM (Weaver et al., 2001;

Eby et al., 2013), version 2.9, in the configuration of Nickelsen et al. (2015) with the isopycnal diffusivity modifications by75

Getzlaff and Dietze (2013), vertically increasing sinking velocity of detritus (Kriest, 2017), and several bug-fixes (some of

which were already introduced by Kvale et al., 2017). The UVic-ESCM comprises three components including a simple one-

layer atmospheric energy-moisture balance model (Weaver et al., 2001), a terrestrial model and a three-dimensional general

ocean circulation model. The horizontal resolution of the land and ocean model components is 1.8° latitude ⇥ 3.6° longitude,

and the ocean has 19 vertical levels with a thickness ranging from 50m in the surface layer to 590m in the deep ocean.80

The OPEM and its implementation into the UVic-ESCM , are described in the companion paper (?)
:::
Part

:
I
:::::::::::::::::
(Pahlow et al., 2020)

. Briefly, the major new features of the new model include (1) an optimality-based model of phytoplankton growth and diazotro-

phy with variable C:N:P stoichiometry (Pahlow et al., 2013), (2) the optimal current-feeding model for zooplankton (Pahlow

and Prowe, 2010), and (3) variable stoichiometry in detritus. The focus on physiology in the construction of the OPEM enables

us to study how biogeochemical tracer distributions and fluxes respond to different assumptions about plankton physiology.85

2.1.1 Simulation setup

Our setup comprises ensembles of 400 simulations for each of two model configurations . The two model configurations
:::
that

differ in how temperature affects diazotrophy. The original temperature dependence of diazotrophs (fdia(T )) in the UVic-

ESCM (and other models, e.g., Aumont et al., 2015), which we also employ for the OPEM configuration, limits both growth

3



and N2 fixation of diazotrophs to above 15 °C,90

fdia(T )_OPEM = max(1.066T � 2.6,0)/2 (1)

where T is seawater temperature. In the OPEM-H configuration, the temperature dependence of nitrogenase activity in terres-

trial systems by Houlton et al. (2008) is implemented as affecting only N2 fixation,

fdia(T )_OPEM-H = 0.0266 ⇤ (1.066T )(4.22�1.3166⇤ln(1.066T ))[4.22�1.3166⇤ln(1.066T )]
::::::::::::::::::

(2)

while growth and nutrient uptake of diazotrophs follow the same temperature dependence as ordinary phytoplankton (see ?95

).
:::::::::::::::::::::::::
(see Part I, Pahlow et al., 2020).

:::::
Both

::
of

:::::
these

::::::::
equations

::::
are

::::::::
empirical

::::::::
functions

:::::::
directly

:::::::::
simulating

::::::::
expected

::
or

::::::::
observed

::::::::::
temperature

:::::::::::
dependencies

::
of

:::
N2 :::::::

fixation.
:::
We

:::::::
consider

::::
Eq. (2)

::::
more

:::::::
realistic

::::
and

:::::
hence

::::::
analyse

:::
its

:::::
effect

::
on

::::::
model

:::::::::
behaviour.

::::::::
However,

:::::
since

:::
the

:::::::::
parameters

:::
in

:::::
these

::::
two

::::::::
equations

:::::
have

::
no

:::::::
clearly

:::::::::
identifiable

::::::::::::
physiological

::::::::
meaning,

:::
we

::::::::
consider

::
a

::::::::
sensitivity

:::::::
analysis

:::
of

:::
the

:::::::::
parameters

::
in
:::::

Eqs. (1)
:::
and

:
(2)

::::::
beyond

:::
the

:::::
scope

::
of
::::

the
::::::
present

:::::
study.

:
Note that some models do

not enforce any temperature limitation on nitrogen fixation (e.g., Dunne et al., 2012; Ilyina et al., 2013; Jickells et al., 2017)100

:::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g., Dunne et al., 2013; Ilyina et al., 2013; Jickells et al., 2017). In the present ocean, waters colder than about 15 °C are gen-

erally replete with fixed inorganic nitrogen. For existing parameterisations of N2 fixation, which are functions of the nitrate

deficit with respect to phosphate, there has been little indication of substantial impacts of the formulation of temperature control

at low temperatures on the distribution of nitrogen fixation (Somes and Oschlies, 2015; Landolfi et al., 2017). Such differences

in formulation may, however, gain importance in environmental conditions different from today’s.105

For all simulations we impose preindustrial (A.D. 1850) boundary conditions with a CO2 concentration of 284 ppm. The

models have been integrated over a period of at least 10,000 years, until they reached steady-state.

The 400 parameter combinations are obtained via Latin Hypercube Sampling (LHS) (McKay et al., 1979). We vary 15 pa-

rameters in total, within the
::::::::
variational

:
ranges shown in Table 1,

::::::
which

:::
are

:::::
based

::
on

:::::::::
reference

:::::
ranges

:::::::::
according

::
to

::::::::
literature

:::::
values. In order to reduce the number of possible parameter combinations, we vary nutrient affinities for macronutrient up-110

take and half-saturation concentration for iron uptake for ordinary phytoplankton and diazotrophs in constant proportions

(A0 :A0, D = 4 : 3, KFe :KFe, D = 1 : 2), so that diazotrophs have a lower nutrient affinity (Pahlow et al., 2013) and higher Fe

half-saturation concentration (Dutkiewicz et al., 2012; McGillicuddy Jr., 2014; Ward et al., 2013) than ordinary phytoplankton.

Since our parameter sets are independent of each other, the simulations can be carried out in parallel. Apart from the compu-

tational time, the parallel setup with different parameter combinations has a some advantagescompared to systematic (often115

iterative)
::::
some

::::::::::
advantages

::::::::
compared

:::
to

:::::::
iterative model calibration approaches, e.g., parameter-optimisation: (i) Individual

::::::::
individual model simulations do not depend on any other (i.e. previous) combinations of parameter values, (ii) the ensemble

results can always be re-evaluated with different metrics, perhaps with substantial differences between selected “best” solu-

tions, depending on the error model applied, and (iii) the ensembles provide insight to the sensitivities and thus to uncertainties

of particular model results with respect to parameter variations.120
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2.2 Sensitivity Analysis and Model Calibration

2.2.1 Sensitivity analysis

The sensitivity (SensitivityT ) of a tracer T to a parameter P is defined here as

SensitivityT =
�T

�P
⇥ P

T
(3)

where the � indicates the change and the overbar the
:::::::
ensemble

:
mean of P or T . If SensitivityT < 0, the tracer and the parameter125

vary in opposite directions. We evaluate the sensitivities of globally and annually averaged net primary production (NPP), net

community production (NCP), particulate organic carbon (POC) export, nitrogen fixation by diazotrophs (N2 fixation), and

the concentrations of oxygen (O2), nitrate (NO3
– ), DIC, POC, dissolved and particulate iron (DFe and PFe), Chl, ordinary

phytoplankton, diazotrophs, particles (ordinary phytoplankton + diazotrophs + zooplankton + detritus) and their elemental

stoichiometry to the parameters listed in Table 1.
:::
We

::::
also

:::::::
evaluate

:::
the

:::::::::
sensitivities

::
of
:::::::
surface

:::::::::
particulate

::::::::
elemental

:::::
ratios

:::::
(C:N,130

:::
C:P

::::
and

::::
N:P),

:::
as

::::
well

::
as

::::::
nitrate

::
to

:::::::::
phosphate

:::::
ratios

:::
for

:::::::
different

:::::::
latitude

:::::
bands

::
(40°

:
S
:::

to 40°
::
N,

:
60°

::
S

::
to 70°

::
S,

:::
and

:::::::::
globally).

::::
This

:
is
:::::::
because

::::::::
dissolved

::::
and

:::::::::
particulate

::::::::
elemental

:::::
ratios

::
in

:::::::
general

::::
show

::::
very

::::::::
different

::::::::
behaviour

::::::::
between

:::::
lower

:::
and

::::::
higher

:::::::
latitudes

::::::::::::::::::
(Martiny et al., 2013a)

:
.
:::
We

::::
keep

:::
all

:::
400

::::::::::
simulations

:::::::
because

::
we

:::::
want

::
to

:::::
obtain

:::
the

:::::::::
sensitivity

::::::::::
information

:::
for

::
the

::::
full

::::::::
parameter

::::::
ranges.

:

2.2.2 Likelihood-based metric assessing global biogeochemical model results135

We consider four different types of observations for quantitatively assessing the model simulations. The first three are the

objectively analysed monthly (upper 550m) and annual (below 550m) concentrations of nitrate, phosphate, and oxygen of

the World Ocean Atlas 2013 (WOA 2013, Garcia et al., 2013a, b). The fourth is the monthly mean chlorophyll concentration

derived from remote sensing data (MODIS/Aqua level 3), based on monthly climatologies for 10 years from 2008 to 2017,

provided by the ocean biology processing group (Ocean Biology Processing Group, 2014). The satellite-derived chlorophyll140

(Chl) concentrations are used for data-model comparison only for the UVic model’s top layer, i.e. the upper 50m.

We define our metric in terms of spatial averages of 17 distinct biogeochemical biomes, as derived and described by Fay

and McKinley (2014). The individual biomes are regarded as regions of common biogeochemistry and thus account for spatial

differences between ocean regions on the largest possible (global) scale. Using 56 biogeochemical provinces, as defined by

Longhurst (2007), might have hampered our data-model comparison, because a higher resolution of individual regions can145

accentuate spatial pattern errors in tracer concentrations, resulting from differences
:::::
model

:::::
errors in advection and mixing. In

our view the biomes of Fay and McKinley (2014) are coarse enough for avoiding this problem, but still sufficiently informative

for identifying representative parameter values.

:::
The

:::::::::
underlying

::::
error

::::::
model

::
of

:::
the

:::::::::
likellihood

:::::
based

:::::
metric

:::::::
assumes

:
a
::::::::
Gaussian

::::::::
(normal)

::::::::::
distribution,

:::::
which

::
is

:::
well

::::::::::
represented

::
by

:::::
using

:::
the

:::
first

:::
two

::::::::
moments

::
of

:::::::::::::
log-transformed

:::::
tracer

:::::::::::::
concentrations,

::
in

::::::::
particular

:::
for

::
the

:::::
upper

:::::
ocean

::::::
layers

::::::::::::::::::
(Schartau et al., 2017)150

:
. For every depth-level of the UVic model (k 2 {1, 2, 3, . . . , 19}), average log-transformed

:::::::::::::::
log10-transformed tracer concen-

trations (lnX
::::::
log10 X) of type X are determined as spatial arithmetic means for our 17 biomes (indexed as j in Eq. 4) for the

5



Table 1. Parameter names,
::::::
reference

::::
and

::::::::
variational ranges, identified “best” values for

::
the trade-off simulations in (OPEM and OPEM-H),

units and descriptions.
:::
Note

:::
that

:::
the

:::::::
trade-off

::::::::
simulations

:::::
share

::
the

::::
same

::::::::
parameter

::::::::::
combination.

Symbol Range
::::::::
Reference

::::::::
Variational

:
OPEM/ OPEM-H Units Definition

::::
range

: ::::
range

: :::::::
OPEM-H

:

A0, phy :::::::
70–1000a 120–280 229 m

3
(molC)

�1
d
�1 phytoplankton potential nutrient affinity

QN
0, phy :::::::::

0.038–0.086a
:

0.04–0.06 0.04128 mol(molC)
�1 phytoplankton subsistence N quota

QN
0, dia ::::

0.13a
:

0.06–0.12 0.067 mol(molC)
�1 diazotroph subsistence N quota

QP
0, phy :::::::::::

0.0008–0.002a 0.0013–0.0023 0.0022 mol(molC)
�1 phytoplankton subsistence P quota

QP
0, dia :::::

0.0027a
:

0.0025–0.0035 0.00271 mol(molC)
�1 diazotroph subsistence P quota

kFe, phy :::::::::
0.035–0.12c-g

:
0.04–0.08 0.066 µmolm

�3 phytoplankton half-saturation constant for Fe

gmax :::::
0.49–5a

:
1–2 1.75 d

�1 zooplankton maximum specific ingestion rate

�phy :::::::
174–765h 100–200 118 m

3
(molC)

�1 capture coefficient of phytoplankton

�dia ::::::::
1.05 ·�phy

i
:

150–250 232 m
3
(molC)

�1 capture coefficient of diazotrophs

�det :::::
�phy

c–f 20–100 94 m
3
(molC)

�1 capture coefficient of detritus

�zoo ::::::
0–3230h

:
100–200 118 m

3
(molC)

�1 capture coefficient of zooplankton

�0, phy =M0, dia :::::::::::
0.001–0.015c-f 0.01–0.03 0.018 d

�1 specific mortality rate

⌫det :::::::::
0.05–0.07c-g 0.04–0.09 0.087 d

�1 remineralization rate

a(Pahlow, 2005; Pahlow et al., 2013), b(Pahlow and Prowe, 2010), c(Keller et al., 2012), d(Somes and Oschlies, 2015), e(Somes et al., 2017)
f(Landolfi et al., 2017), g(Landolfi et al., 2015), h(Su et al., 2018), i(Wang et al., 2019)

observations and model results:

�
log10 X

�
jk

=
1

Njk

NjkX

n=1

✓
lnlog10

::::


max(X(n),X(0))

X(0)

�◆
, X 2 {Chl, O2, NO3

– , PO4
3 –} (4)

where Njk is the number of available data points within biome j in depth level k. Prior to log-transformation
::
the

:::::::::::::::::
log10-transformation,155

all tracer concentrations have been normalised to lower detection (uncertainty) thresholds (X(0)) respectively. Measured or de-

rived concentrations below these thresholds are treated as noise and therefore remain unresolved. Thus, the log-transformed

:::::::::::::::
log10-transformed normalised concentrations are non-negative. The threshold-values are: Chl(0) = 0.1mgm

�3, O2(0) = 1mmolm
�3,

NO3
�
(0) = 0.05mmolm

�3, and PO4
3�

(0) = 0.01mmolm
�3.

Our metric is derived from a likelihood, assuming a Gaussian error distribution for the residuals, which describe the discrep-160

ancy between mean values derived from observations (lnX(obs)
:::::::::
log10 X(obs)) and model simulations (lnX(mod)

::::::::::
log10 X(mod)).
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Hereafter we refer to this metric as our cost function (J). Our cost function is split up into two major parts:

J =

5X

k=1

J (u)
k +

19X

k=6

J (l)
k (5)

J (u)
k =

12X

i=1

17X

j=1

⇥
dT R�1 d

⇤
ijk

+

⇣
v(obs) �v(mod)

⌘T

ijk
V �1
ijk

⇣
v(obs) �v(mod)

⌘

ijk
(6)

J (l)
k =

17X

j=1

⇥
dT R�1 d

⇤
jk

+

⇣
v(obs) �v(mod)

⌘T

jk
V �1
jk

⇣
v(obs) �v(mod)

⌘

jk
(7)165

where d is the residual vector (see Eq. (8) below), R the covariance matrix (Eq. 9), v(obs) and v(mod) the spatial variance

estimates of the
:::::::::::::::
log10-transformed observed and modelled tracers, and V �1 are diagonal matrices with the variances (uncer-

tainties) of v(obs). The first part (J (u)
k ) of the cost function resolves seasonal changes between the surface and 550m depth,

corresponding to the upper five depth-levels of the model. The second part (J (l)
k ) represents the lower depth range below 550m

and does not account for seasonal changes, as only annual mean data are available.170

The residual vector (d) (whose components represent the tracer types X) used for J describes the differences between the

log-transformed
:::::::::::::::
log10-transformed observations and their model counterparts:

dijk =

⇣
log10X

(obs)
ijk � log10X

(mod)
ijk

⌘
(8)

where i and j are the month and biome indices, respectively. We recall that d has four components only for the UVic model’s

top layer (k = 1) where chlorophyll data are regarded as well. For k > 1 the residual vector contains three components: O2,175

NO3
– , and PO4

3 – . Both parts of the cost function (J (u)
k and J (l)

k ) in turn contain two terms, one with respect to the residuals,

as defined in Eq. (8), and another that accounts for the differences between the spatial variances (vectors v(obs)
ijk and v(mod)

ijk )

within each biome (and month for J (u)
k ) at each depth-level. The covariance matrices Rijk account for temporal correlations

(Cjk) between different variables (X(obs)), that are specified for every biome and depth level separately:

Rijk = Sijk ·Cjk ·Sijk (9)180

where the elements of the diagonal matrices Sijk are the standard errors of the mean log-transformed
:::::::::::::::
log10-transformed tracer

concentrations (lnX(obs)
ijk :::::::::

log10 X(obs)
ijk ) calculated in Eq. (4) for every month i, biome j, and depth level k. For J (l)

k the Rjk

contain only the squared standard errors of the annual data as diagonal elements (Rjk = S2
jk).

With the consideration of standard errors instead of standard deviations, we implicitly impose weights to differences in the

spatial expansion (i.e.
:
number of data points of the gridded product used) of individual biomes. Overall, the final cost function185

J resolves spatial differences between regions (biomes) as well as temporal differences for those depth levels where monthly

data are available. It is thus a trade-off in combining
::::::::::
combination

::
of

:
time-varying and spatial information for the assessment

of our biogeochemical model results on a global scale.

::
In

::::
order

::
to

:::::::
estimate

::::::::::
uncertainty

:::::
ranges

:::
for

:::::::
selected

:::::
model

::::::
results

:::::::::::::::
(globally-averaged

:::
N2 :::::::

fixation,
::::::
NO3

– ,
:::
O2,

:::
DIC

:::::::::::::
concentrations,

::::
NPP,

::::::
NCP),

:::
we

:::::
apply

:
a
::::::::
bootstrap

:::::::
method

::
to

::::::
obtain

::
an

::::::::::
uncertainty

::::::::::::
quantification

:::
for

:::
our

::::::::
simulated

::::::
values

:::::
based

:::
on

:::
the

::::
400190
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:::::::
available

::::::::
ensemble

::::::
model

::::::::::
simulations.

::::
We

:::::
collect

::::
the

:::
best

::::::::
solutions

:::::::
(lowest

::::
cost

:::::::
function

:::::
value)

:::
of

::::
1000

:::::::::
randomly

:::::::
selected

::::::
subsets

::
of

:::
100

:::
out

::
of

:::
our

::::
400

::::::::
ensemble

::::::::
members.

:::
The

:::::
mean

:::
and

::::
95%

:::::::::
confidence

:::::::
interval

::
of

::::
these

:::::::
subsets

::::::
provide

::
an

::::::::::
uncertainty

::::
range

::
in
:::
the

:::::::
vicinity

::
of

:::
the

:::::
value

::
of

:::
the

:::
full

::::::::
ensemble

:
.

3 Results

Table 2 lists the ranges of selected simulated tracers and processes for the full ensemble of parameter values generated by195

the Latin Hypercube Sampling for the OPEM and OPEM-H configurations. Our results exhibit wide ranges of tracer con-

centrations and fluxes in these two configurations. In particular, globally-averaged NO3
– concentrations range from 10.2 to

66.2mmolm
�3 and integrated N2 fixation from 0 to 518TgNyr

�1. Tracers in OPEM and OPEM-H show similar ranges,

except for globally averaged NO3
– , which ranges from 10.2 to 66.2mmolm

�3 in OPEM and 13.0 to 55.0mmolm
�3 in

OPEM-H.200

Table 2. Ranges of global averages of major tracer concentrations or fluxes in the OPEM and OPEM-H configurations. Chl concentrations

::::::::::
concentration

::
is

::
for

:::
the

:::::
upper

::
50

::
m

:::::::
(surface

::::
layer

::
of

:::
the

::::
UVic

::::
grid)

:::
and

::::
NCP

::
is
:::
for

:::
the

::::
upper

::::
100

::
m.

::::::::::
Observations

:::
and

::::::::
reference

:::::
model

::::::::
simulations

:
are depth integrated

::::
listed

::
in

::
the

::::::::
Reference

::::::
column.

Tracer OPEM OPEM-H
:::::::
Reference

:
Units

Oxygen 99.6–219 103–214
::::
176a

mmolm
�3

Nitrate 10.2–66.2 13.0–55.0
::
31b

:
mmolm

�3

DIC 2.239–2.439 2.248–2.430
::::

2.317c
:

molm
�3

DFe 0.47–0.71 0.47–0.69
::::
0.57d µmolm

�3

PFe 0.44–0.75 0.44–0.70
::::
1.17d

nmolm
�3

Chl 37.6–101.2
:::::::::
0.123–0.332 38.0–103.5

:::::::::
0.128–0.336

::::
0.309e

:
mgm

�2�3
:

NPP 27.8–88.0 27.2–88.0
::
52f

PgCyr
�1

NCP 0.86–3.01
::::::
8.0–16.4 0.79–3.20

::::::
7.8–16.2

::::
13.5g

PgCyr
�1

N2 Fixation 0–480 0–518
::::
140h

TgNyr
�1

aWOA 2013 (Garcia et al., 2013a)
bWOA 2013 (Garcia et al., 2013b)
cGLODAPv2 (Olsen et al., 2016)
d(Nickelsen et al., 2015),
eMODIS/Aqua level 3, 2008–2017 (Ocean Biology Processing Group, 2014)
f(Westberry et al., 2008)
g(Li and Cassar, 2016)
h(Luo et al., 2012)
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3.1 Sensitivity to Model Parameters

3.1.1 Biogeochemical tracer inventories and governing processes

The sensitivities of globally averaged biogeochemical properties to the variations of each of the 13 parameters in Table 2 are

comparable for OPEM and OPEM-H (Figure 1). Global mean oxygen concentration is most sensitive to ⌫det (remineralization

rate). Higher ⌫det increases oxygen consumption in shallow water, where oxygen resupply from the atmosphere is stronger. Less205

oxygen is consumed below the surface ocean, hence the total oxygen inventory increases. Maximum ingestion rate (gmax) and

grazing rate on ordinary phytoplankton (�phy) also correlate positively with oxygen. Higher gmax or �phy means more ordinary

phytoplankton is grazed and less particles are formed, which then decreases oxygen consumption through remineralization.

Oxygen is less sensitive to �dia, because the biomass of diazotrophs is much smaller than that of ordinary phytoplankton.

A surprising finding is that oxygen is sensitive to, and positively correlated with, the subsistence nitrogen quota of ordinary210

phytoplankton (QN
0, phy). From a classic point of view, oxygen levels in the ocean are dominated by physical supply processes as

well as biogeochemical consumption processes such as remineralization (Feely et al., 2004). Nevertheless, in our simulations

the sensitivity to QN
0, phy is more than half (58%) of that to ⌫det in OPEM and 48% in OPEM-H (Figure 1). In our model, QN

0, phy

has no effect on the spatial distribution of cellular C:N ratios in phytoplankton, which is determined by ambient light and nutri-

ent conditions. However, QN
0, phy affects the average phytoplankton C:N ratio. The average phytoplankton C:N ratio decreases215

when QN
0, phy increases, with less carbon being fixed for the same NO3

– supply. Oxygen consumption (due to remineralization)

per mole of nitrogen thus decreases in consequence. QN
0, phy in turn affects NO3

– : A higher QN
0, phy yields a higher oxygen level

and hence less denitrification in oxygen deficient zones (ODZs) and therefore leads to more NO3
– . In fact, we identify this as a

major process that controls the NO3
– inventory in our simulations (Figure 1). While NO3

– is also sensitive to other parameters,

its sensitivity to QN
0, phy is more than twice that to any other parameter (Figure 1).220

The sensitivity of dissolved inorganic carbon (DIC) is generally low, because of the relatively large DIC pool compared to

the variations in fluxes among the different parameter sets. Similar to oxygen, DIC is most sensitive to ⌫det, QN
0, phy, gmax and

�phy. Faster carbon recycling in the surface layer due to higher ⌫det generates a higher surface DIC concentration and hence

more outgassing, which decreases the DIC inventory. A somewhat lower DIC inventory is also induced by a larger QN
0, phy, as

less carbon is fixed and exported per unit nitrogen in phytoplankton, and by enhanced zooplankton grazing with larger gmax.225

Dissolved iron (DFe) is most sensitive to the remineralisation rate (⌫det). Unlike NO3
– , which has dynamic source (N2

fixation) and sink (denitrification) processes, iron has a fixed source from atmospheric deposition and the
:
a
::::
sink

::
in

:::
the

:::::::
sediment

:
,

:::
and

:::
the size of the DFe pool is mainly determined by its internal cycle. A higher remineralisation rate prolongs the residence

time and thus increases the DFe pool. The parameter ⌫det also indirectly affects the internal DFe cycle via its effect on O2.

While the detritus remineralisation rate drops when O2 falls below 5mmolm
�3 (Nickelsen et al., 2015), scavenging of DFe230

stops below the same oxygen threshold. Detritus remineralisation rate dominates variations in DFe when globally averaged

O2 is above 135mmolm
�3, in which case DFe is positively correlated with ⌫det and O2. When globally averaged O2 is below

135mmolm
�3, the wide-spread ODZs (below 5mmolm

�3) inhibit the scavenging of DFe and this effect dominates. As

a result, DFe becomes anti-correlated with O2. Particulate iron (PFe) is also positively correlated with ⌫det when globally
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Figure 1. Sensitivities of globally averaged O2, NO3
– , dissolved inorganic carbon, dissolved iron, particulate iron, N2 fixation, net primary

production (NPP), Chlorophyll, and net community production (NCP) integrated from 0 to 980m to individual model parameters, computed

according to Eq. (3). Note the different vertical scales
::::
y-axis

::::::
ranges in the different panels.

averaged O2 is above 135mmolm
�3, but below that PFe shows no correlation with ⌫det. When globally averaged O2 is below235

135mmolm
�3, inhibition of scavenging of DFe in ODZs decreases PFe there but a higher DFe increases PFe elsewhere,

because PFe is coupled to DFe through scavenging and remineralisation. As mentioned above, QN
0, phy controls the average

nitrogen quota in phytoplankton and thus in particles. Since PFe is proportional to the amount of nitrogen in particles, QN
0, phy
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also affects PFe. This (positive) sensitivity is much stronger than the indirect (negative) effect via DFe leading to opposite

sensitivities of DFe and PFe to QN
0, phy. Other than ⌫det and QN

0, phy, PFe is also sensitive to �dia because dead diazotrophs enter240

the particulate pool (detritus) and diazotrophs are very sensitive to �dia (Figure 2).

No single parameter dominates the sensitivity of N2 fixation in the simulations (Figure 1), which resembles the result of

Tang et al. (2019) that no single environmental property predicts
:::
The

:::::::::
simulated

:::::
global

:::
N2:::::::

fixation
::::
rate

::
is

:::::::
sensitive

:::
to

:::::
many

:::::::::
parameters,

:::::
apart

:::::
from

:::::
A0, phy::::

and
::::::
QP

0, dia.
:::::::
Similar

::::::
relative

::::::::
changes

::
in

:::::
most

:::::::::
parameters

::::::::
introduce

::::::::
changes

::
to

:::
the

:
global N2

fixation , even with a data-based machine-learning method
:::
rate

::::
that

:::
are

::
of

::::::
similar

:::::::::
magnitude. Interestingly, other than ⌫det and245

QN
0, phy, N2 fixation is also sensitive

:::::::
sensitive

:::
also

:
to zooplankton parameters, indicating that zooplankton grazing on diazotrophs

is an important factor controlling not just diazotroph biomass but also N2 fixation. Compared to QN
0, phy, gmax, �zoo and ⌫det,

N2 fixation is not very sensitive to the iron half-saturation constant kFe, phy, probably because iron limitation occurs mainly in

regions where relatively high nitrate concentrations impede N2 fixation anyway.
:
.

Of particular interest are the sensitivities of global net primary production (NPP) and net community production (NCP).250

Particle fluxes in marine biogeochemical models tend to agree most closely with sediment trap data for depths of about 1000m

or below (Kriest et al., 2012). Therefore,
:::::::
different

::::
from

:::::
Table

:::
2,

:::::::
showing

:::::
NCP

:::
for

:::
the

:::::
upper

:
100m

::
for

::::::::::
comparison

:::::
with

::::::::::
observations

::::
and

::::
other

::::::::::
(reference)

:::::
model

:::::::::::
simulations,

::::
here we integrate NCP from 0 to 980m (7th layer of the ocean in the

UVic-ESCM), which in steady state is equivalent to POC export flux at 980m. NPP is sensitive to ⌫det and QN
0, phy. A higher ⌫det

causes faster nutrient recycling in surface waters, which increases NPP and reduces particle export and hence NCP. Increasing255

QN
0, phy lowers both NPP and NCP and hence also the fixed-carbon inventory. A higher ingestion rate of zooplankton (gmax)

removes more particles and thus is negatively correlated with NCP. Chl is the principal agent of C fixation in the OPEM and

hence Chl has a similar sensitivity pattern as NPP except for gmax and �phy.

3.1.2 Ordinary phytoplankton, diazotrophs, particles, export and their elemental stoichiometry

First we discuss the proportions of carbon, nitrogen and phosphorus in ordinary phytoplankton and diazotrophs, since variations260

in elemental stoichiometry in autotrophs originate in differential uptake of nutrients under different environmental conditions.

Globally averaged C, N, P concentrations and ratios of globally averaged N and P of ordinary phytoplankton and diazotrophs

are sensitive to ⌫det, QN
0, phy, �phy and �dia (Figure 2). As expected, C, N and P of ordinary phytoplankton and diazotrophs in-

crease for higher ⌫det, which generates higher nutrient concentrations in the surface ocean. They are also sensitive to zooplank-

ton grazing, especially to �phy and �dia. QN
0, phy and QP

0, phy are negatively correlated with ordinary phytoplankton C, indicating265

that the negative effect of higher subsistence quotas on competitive ability dominates their effect on biomass. A similar behav-

ior is found in diazotrophs except that QN
0, dia is also negatively correlated with diazotroph N and hence also nitrogen fixation

(Figure 1). Although an increase in QN
0, phy makes ordinary phytoplankton less competitive, it also raises the oceanic NO3

–

inventory, which eventually leads to more phytoplankton N (Figure 2) and less nitrogen fixation (Figure 1).

Diazotroph C, N and P are generally more sensitive to parameter variations than phytoplankton, due to the much smaller270

total biomass of diazotrophs, which is also the reason why diazotrophs are less sensitive in OPEM-H, the model configuration in

which their biomass is generally larger (Figure 2)
::::::
because

::
of

:::
the

::::::
growth

::
of

::::::::::
diazotrophs

::
at

:::
high

::::::::
latitudes

:::::::::::::::::::::::::::::::::
(see Fig. 15 in Part I, Pahlow et al., 2020)
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Figure 2. Parameter sensitivities of globally averaged concentrations of ordinary phytoplankton and diazotrophs carbon, nitrogen, phospho-

rus, and ratios of globally averaged N and P. Black and grey shading denote OPEM and OPEM-H configurations, respectively.
::::
Note

:::
the

::::::
different

:::::
y-axis

:::::
ranges

::
in

:::
the

::::::
different

::::::
panels.

. Since ordinary phytoplankton dominates autotrophic biomass, it tends to control nutrient distributions. This explains why or-

dinary phytoplankton parameters such as QN
0, phy and �phy have strong effects on diazotrophs but not vice versa. The zooplankton

grazing preferences �phy and �dia drive the competition between ordinary phytoplankton and diazotrophs and hence have strong275

and opposing effects on their biomass. Owing to the relatively small total biomass, diazotroph C is more sensitive to changes

in �phy and �dia than ordinary phytoplankton C.

Particulate C:N and N:P ratios are most sensitive to QN
0, phy (Figure 3). This sensitivity is related to biomass, as we see from the

OPEM-H configuration, where
::::::
(non-N2::::::

fixing)
:
diazotrophs are abundant in high latitudes

:
at

::::
high

:::::::
latitudes

::::::::::::::::::::::::::::::::::
(see Fig. 15 in Part I, Pahlow et al., 2020)

and consequently the sensitivity of high-latitude C:N to QN
0, dia is high, even higher than to QN

0, phy (Figure 3). We do not find280

this behavior for high-latitude regions in the OPEM configuration, as well as low-latitude regions, where diazotrophs are not
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as abundant. The parameter QP
0, phy was expected to be the most important parameter for particulate C:P ratios, just like QN

0, phy

is for the C:N ratio. However, this is only true for
::
the

:
OPEM at high latitudes.

At low latitudes, and for the global ocean, particulate C:P ratios are most sensitive to QN
0, phy (Figure 3). The supply of nitrate

and phosphate at different latitudes is the major reason for this pattern. Phosphate is not a limiting nutrient
::
At

:::
low

::::::::
latitudes,

:::
the285

:::::
effects

:::
of

:::::
QP

0, phy:::
are

::::::::::
suppressed

::
by

:::::::::
variations

::
in

::::::::::::
phytoplankton

::
C,

::::::
which

::
is

:::::::
affected

::
by

::::::
QN

0, phy::::
and

:::
the

:::::::::
consequent

:::::::
change

::
in

:::::
nitrate

::::::::::::
concentration.

::::::
Nitrate

:::
and

:::::::::
phosphate

:::
are

:::
not

:::::::
limiting in the high-latitude Southern Ocean

:::::
where,

:::::
under

:::
N-

:::
and

::::::::
P-replete

:::::::::
conditions,

::::::
cellular

::::
C:P

::
is

::::::
mainly

:::::::::
determined

:::
by

::::::
QP

0, phy :::
and

:
a
::::::
higher

::::::
QP

0, phy :::::
would

:::::
result

::
in

::
a

:::::
higher

:::::::
cellular

:::
P:C

::::::
(lower

::::
C:P).

Therefore, the cellular
:::::
global C:P ratio of

:
of

:::::
total

:::::::::
particulate

::::::
matter,

:::::
which

::
is
:::::::::
dominated

:::
by

:
ordinary phytoplankton, which

dominates total particles, is negatively correlated with QP
0, phy. The effects of QP

0, phy are suppressed by the prevalence of N290

limitation in low latitude regions, and hence QN
0, phy affects particulate C:P variations more than QP

0, phy. .
:

The sensitivities of dissolved N:P ratio to parameters in the three geographical settings (low, high latitudes and global)

follow similar patterns. However, we find sensitivities to be generally higher in the low-latitudes, especially to variations of

the phytoplankton parameters. Again this is because NO3
– is often limiting in lower latitudes, particularly in the oligotrophic

gyres, where the dissolved nitrogen pool is more sensitive to changes in phytoplankton as well as N2 fixation. This is also why295

grazing pressure on diazotrophs (�dia) has a much stronger effect at low than at high latitudes.

3.2 Cost function values of the ensemble simulations

3.2.1 Constraining global rate estimates and inventories

The cost function (introduced in Section 2.2.2) was devised for identifying the best solutions among the ensemble runs. For the

model’s upper layers (0 – 550m) observational monthly mean concentrations of nitrate and phosphate enter the cost function,300

thereby reflecting regional and seasonal variations in the N:P uptake ratio of ordinary phytoplankton and diazotrophs. Variations

in nitrate and phosphate availability affect the growth of diazotrophs and thus determine global N2 fixation in both OPEM and

OPEM-H. In our UVic configurations, water column denitrification is the only fixed-N loss term. Therefore, the simulated N2

fixation is expected to match water column denitrification under a steady-state nitrogen cycle. Nevertheless, the simulation with

the lowest cost yields a global N2-fixation rate estimate of 38.8TgNyear
�1 (Figure 4A), much lower than recent estimates of305

water column denitrification (55.8 - 72.9TgNyear
�1; Somes et al., 2017; Wang et al., 2019).

The cost function penalises solutions that yield N2 fixation rates greater than 90TgNyear
�1, but shows no clear rela-

tion to N2 fixation at lower rates (Figure 4A). For example, among the simulations with the 5 lowest cost function values

in the OPEM configuration, the global ocean N2 fixation rate varies between 8 and 40TgNyear
�1. These model solutions

also differ with respect to their O2 inventories. The tendency of the cost function to favor very low global N2 fixation is310

caused by a compensatory effect, whereby improving NO3
– deteriorates O2 and vice versa (see also ? and the Discussion

section below)
::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(see also Part I, Pahlow et al., 2020, and the Discussion section below). Thus, instead of selecting the reference

parameter sets based only on the cost function, we also take the ability to yield reasonable N2 fixation rates into account,

whereby we deem rates of about as reasonable
:::::
ignore

::::::::::
simulations

::::
with

::::
rates

::::::
below 60TgNyear

�1, since this matches current
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Figure 3. Parameter sensitivities of averaged
:::::
surface

:::
(0–130m

:
) particulate elemental C:N, C:P, and N:P ratios for different latitude bands

:
(40°

:
S
::
to

:
40°

::
N,

:
60°

:
S
::
to

:
70°

::
S, and the global ocean

:
).

:::::::
Asterisks

::::::
indicate

:::::::::
sensitivities

:::
that

:::
are

::::
very

:::::::
different

::::::
between

::::::
OPEM

:::
and

::::::::
OPEM-H.

:::
Note

:::
the

:::::::
different

:::::
y-axis

:::::
ranges

::
in

::
the

:::::::
different

:::::
panels.
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Figure 4. Costs vs. tracer concentrations and fluxes for annual N2 fixation (A), globally averaged NO3
– (B), O2 (C) and dissolved inorganic

carbon (DIC) (D) concentrations, as well as annual net primary production (NPP) (E) and net community production (NCP,
::::

here
::::::::
integrated

:::
over

:::
the

::::
depth

:::::
range

:
0
::
to
:
980m) (F). Red and blue symbols and lines are for OPEM (triangles) and OPEM-H (circles), respectively. Solid

and open symbols represent minmum-cost
:::::::::::
minimum-cost

:
and trade-off simulations, respectively. Vertical solid and dashed lines represent

mean and 95% confidence interval of best solutions of 1000 randomly selected subsets of 100 ensemble members. Red parabolas fit the

lowest costs at different rates or tracer concentrations. 15
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Figure 5. Globally averaged oxygen vs. nitrate in OPEM and OPEM-H. Color represents cost value. Solid red triangle and blue circle

annotate the simulations with minimum cost in OPEM and OPEM-H, respectively, and open red triangle and blue circle are the trade-off

simulations. The green squareindicates
:
,
:::::::
horizontal

:::
and

::::::
vertical

::::
lines

::::::
indicate

:::::
mean

:::::
oxygen

:::
and

:::::
nitrate

:::::::::::
concentrations

::
of 0.176molm

�3
:::
and

0.031molm
�3

:
,
:::::::::
respectively,

::
in the WOA 2013 value

::::
2013.

::::
Solid

::::
black

:::::::
triangles

:::::::
highlight

:::
the

:::::
lowest

:::
and

::::::
highest

::::
NO3

–
:::::::::
simulations

::::
used

::
in

:::::
Figure

:
6
:::
and

:
7.
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:
is
:::
the

:::::
lower

:::::::::
boundary

::
of

::::::
current

:::::::::
data-based

:
estimates of water-column denitrification (Somes et al., 2017; Wang et al., 2019)315

:::::::::::::::::
(DeVries et al., 2012). As these solutions represent a somewhat subjective trade-off between low cost and reasonable N2 fixa-

tion, we refer to them as trade-off solutions and details of their behaviour are shown and discussed in the companion paper ?
::
in

:::
Part

:
I
:::::::::::::::::::::::::::::::::::::

(reference simulations in Pahlow et al., 2020). For OPEM the trade-off solution corresponds to the seventh-lowest cost

function value, and the fourth-lowest for OPEM-H.

To understand the uncertainty range of our model results, we apply a bootstrap method to obtain an uncertainty quantification320

for our N2 fixation rate estimates, based on the available ensemble model runs. We collect the best solutions (lowest cost

function value) of 1000 randomly selected subsets of 100 ensemble members. Mean and 95% confidence interval of these

estimates provide an uncertainty range in the vicinity of the N2 fixation rate estimate of the full ensemble. Globally averaged N2

fixation rates of our trade-off solutions of OPEM and OPEM-H are just outside and within this uncertainty range, respectively

(Figure 4A). In the following we will describe the lowest-cost solutions together with the trade-off solutions, as well as respec-325

tive uncertainty ranges
:::::::
obtained

::::
from

:::
the

::::::::
bootstrap

:::::::
method

::::::::
described

::
in

:::
the

::::::::
Materials

:::
and

::::::::
Methods

::::::
section. The width of the

uncertainty ranges (95% confidence intervals) in Figure 4 indicates the metric’s ability to constrain the inventory or rate under

consideration.

:::::::
Globally

::::::::
averaged

:::
N2:::::::

fixation
::::
rates

:::
of

:::
our

::::::::
trade-off

::::::::
solutions

:::
of

::::::
OPEM

::::
and

::::::::
OPEM-H

:::
are

::::
just

::::::
outside

::::
and

::::::
within

::::
this

:::::::::
uncertainty

::::::
range,

::::::::::
respectively

:::::::
(Figure

::::
4A).

:
The global NO3

– inventory turns out to be remarkably well constrained (Fig-330

ure 4B). The mean global estimates are 30.6mmolNm
�3 and 31.4mmolNm

�3 for OPEM and OPEM-H, respectively.

Ensemble solutions that deviate from these estimates have high costs and therefore the uncertainty ranges remain narrow.

The trade-off and minimum-cost solutions are hardly distinguishable. The uncertainty of the simulated global O2 is com-

parable to that of the NO3
– inventory. Global mean O2 concentrations of OPEM and OPEM-H are 186mmolO2m

�3 and

187mmolO2m
�3. Our metric effectively constrains global DIC estimates, 2.290molCm

�3 for OPEM and 2.287molCm
�3335

for OPEM-H (Figure 4D), although DIC data have not been explicitly considered in the cost function.

While the trade-off solutions exhibit NO3
– , O2 and DIC inventories well within their respective uncertainty ranges, we find

somewhat larger deviations for the predicted global mean net primary production (NPP, Figure 4E). For OPEM and OPEM-H

the trade-off solutions produce a, respectively, 30% and 14% higher NPP than the minimum-cost solutions. The net community

production (NCP,
::::
here

:::::::::
integrated

::::
over

:::
the

:::::
depth

:::::
range

:
0
::
to

:
980m) estimates in Figure 4F are better constrained than NPP for340

both configurations. The trade-off solution of OPEM corresponds to a global NCP of 1.043TgCyear
�1, which is close to the

trade-off estimate of OPEM-H, where NCP = 1.039TgCyear
�1.

Figure 5 shows globally averaged concentrations of O2 versus NO3
– of all ensemble members. The spread of the ensembles

differs between the two tracers (by a factor of two for O2 and by a factor of six for NO3
– ). Most solutions overestimate the

global average NO3
– concentration obtained from the WOA 2013 (Garcia et al., 2013a, b) and underestimate O2. Solutions345

where both tracers strongly underestimate the WOA 2013 data are penalised by the cost function (Figure 5). The minimum-cost

and trade-off solutions of OPEM and OPEM-H are close to the WOA 2013 estimates. The respective optimal solutions have

slightly higher global mean O2 concentrations than the WOA 2013 and are in good agreement with respect to NO3
– . In spite of

larger costs, the trade-off solutions of both OPEM and OPEM-H are closer to the WOA 2013 estimate than the minimum-cost
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Figure 6. Zonally averaged NO3
– in low-

::
the

:::::
World

:::::
Ocean

::::
Atlas

::::
2013

::::
(A),

::
the

:::::::::
simulations

::::
with

::
the

:::::
lowest

:
and high-

:::::
highest NO3

–
:::::::
inventory

::
(B,

:::
D),

:
and the trade-off simulations for OPEM

:::::::
simulation

:
(upper row

:
C) and OPEM-H (lower row)

::
in

:::
the

:::::
OPEM

::::::::::
configuration. Globally

averaged NO3
– concentrations are shown in each panel.

:::::::::
Simulations

:::::
shown

::::
here

:::
are

::::::
marked

::::
with

::::
solid

::::
black

::::
and

::::
open

:::
red

:::::::
triangles

::
in

:::::
Figure

:
5.
::::

Note
::::
that

::
the

::::::
outputs

::::
from

:::::
OPEM

:::
and

::::::::
OPEM-H

::
are

::::
very

::::::
similar

:::
and

:::
only

::::::
OPEM

:::::
results

::
are

::::::
shown

::::
here.

solutions (Figure 5). Overall, we stress that the minimum-cost and trade-off solutions appear at the margin of the full spread of350

the ensembles, which could be interpreted as indicating a model deficiency
:::
The

::::::::
ensemble

:::::::
solutions

:::
are

::::::::
unevenly

::::::
spread

::::::
around

::
the

::::::
WOA

::::
2013

:::::::::
data-based

:::::::::
estimates.

::::
This

:::::::::
highlights

:::
that

::::
our

:::::::
trade-off

::::::::
solutions

:::::
could

:::
not

:::::
have

::::
been

::::::::
identified

::::
had

:::
we

::::
only

:::::::::
considered

:::
the

::::::::
ensemble

:::::
means.

Figures 6 and 7 show zonally averaged NO3
– and O2 in simulations with low and high

:::
the

:::::
lowest

::::
and

::::::
highest

:
NO3

– and the

trade-off simulations
::::::::
simulation

::
in

:::
the

::::::
OPEM

:::::::::::
configuration. The high-NO3

– simulations have
::::::::
simulation

:::
has

:
similar NO3

– and355

O2 patterns to the trade-off simulations
:::::::::
simulation, despite the very different mean NO3

– and O2 concentrations. The patterns

are different in the low-NO3
– simulations

::::::::
simulation

:
because of stronger deoxygenation and denitrification, which occur

mostly in North Pacific deep water. The greater similarity of global mean O2 than NO3
– reflects the influence of atmospheric

O2 but also indicates that NO3
– is more sensitive to changes in the physiology of

:::
the diazotrophs.
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Figure 7. Same
::::::::
simulations

:
as

::
in Figure 6 but

::::::
showing

::
the

:::::
results

:
for O2.

3.2.2 How well can model parameters be constrained?360

Cost is conspicuously correlated only with ⌫det, QN
0, phy, and �dia (Figure 8). O2 and NO3

– are sensitive to ⌫det and QN
0, phy but

not to �dia (Figure 1), which indicates that �dia becomes more important at lower-cost simulations. The minimum-cost and

trade-off simulations in OPEM and OPEM-H are usually closer to each other when parameters show strong correlations with

costs (Figure 8).

Figure 9 shows how different biomes contribute to the misfit and variance parts of the total cost. For simulations with365

high cost function values (J > 10
10), we find the variance term to be dominant in the deep ocean (below 550 m). Among

the 17 biomes this is well expressed in NP.SPSS (North Pacific subpolar seasonally stratified), NP.STSS (North Pacific sub-

tropical seasonally stratified), NP.STPS (North Pacific subtropical permanently stratified), Pac.EQU.E (Eastern Pacific equa-

torial), Pac.EQU.W (Western Pacific equatorial), and IND.STPS (Indian Ocean subtropical permanently stratified) biomes,

overwhelming contributions from all other parts of the cost function and all other biomes for the 100 simulations with the370

highest total costs. These high-cost simulations tend to have low NO3
– and O2 concentrations (Figure 5). Low NO3

– con-

centrations are coupled to low O2 because of intense denitrification in the ODZs
::::::
oxygen

::::::::
deficient

:::::
zones

::::::
(ODZs). Accordingly,
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Figure 8. Lower parts (cost < 10
8.2) of cost-value distributions for the parameter ranges in Table 1. Solid red triangles and blue circles

represent the minimum-cost simulations in OPEM and OPEM-H, respectively, and open red triangles and blue circles are the trade-off

simulations.
::::
Note

:::
that

:::
the

::::::
trade-off

:::::::::
simulations

::::
share

:::
the

::::
same

::::::::
parameter

:::::::::
combination

:::
but

::::
have

:::::
slightly

:::::::
different

:::::::::
cost-values.
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Bottom: Map of biome locations.
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simulations with very low NO3
– inventories suffer from widespread ODZs, occupying much of the deep water in the northern

and equatorial Pacific as well as the Indian Ocean (Figure 6
::
S1). This is the main reason for the high variance in the deep water

of these biomes (Figure 9).375

4 Discussion

4.1 Parameter sensitivities

4.1.1 Remineralisation rate ⌫det and phytoplankton subsistence nitrogen quota QN
0, phy

Remineralisation rate (⌫det) and phytoplankton subsistence nitrogen quota (QN
0, phy) are the two parameters with the strongest

correlations for most tracers as well as particulate elemental stoichiometry. The importance of ⌫det was expected, because it380

is an important driver of nutrient recycling in the surface ocean (Thomas, 2002; Anderson and Sarmiento, 1994; Eppley and

Peterson, 1979), which strongly affects NPP, NCP, Chl, DIC, DFe and N2 fixation (Kriest et al., 2012). ⌫det also determines the

rate of O2 consumption, hence also the NO3
– level, due to denitrification in ODZs (Cavan et al., 2017). The strong influence

of QN
0, phy, however, was unexpected. The subsistence quota was first introduced by Droop (1968) in phytoplankton growth

models. While it has been applied in Earth System Models (Kwiatkowski et al., 2018; Wang et al., 2019), a sensitivity analysis385

similar to the present study has not been done before. A higher QN
0, phy implies that more nitrogen is required for phytoplankton

growth, but it also can be interpreted as a lessening of carbon fixation for a given nitrogen supply. Our results demonstrate

a strong effect of QN
0, phy on NPP, Chl, POC export (NCP,

::::
here

:::::::::
integrated

::::
over

:::
the

:::::
depth

:::::
range

::
0

::
to 980m) and consequently

oxygen consumption and denitrification.

These results also put forward a new point of view on the relation between NO3
– inventory and carbon export. In classic bio-390

geochemistry, a larger NO3
– inventory in the ocean stimulates primary production and POC export. This feedback is intuitive

and easy to understand, as for a given C:N in phytoplankton, carbon is proportional to the nitrogen pool. This feedback is well

recognized and has been widely applied in marine sciences, especially since it forms the foundation of one of the hypotheses

explaining the lower atmospheric pCO2 during the last glacial maximum (LGM) (McElroy, 1983; Falkowski, 1997). However,

our analysis
::
of

:::
the

:::::
model

::::::::
ensemble

::::
with

:::::::
different

:::::::::
parameter

:::::::::::
combinations suggests another, very different point of view. NO3

–395

concentration is positively correlated with QN
0, phy, but negatively with NPP and POC export (NCP, Figure 1), which means that

an increased NO3
– inventory can be related to a lower POC export if caused by a change in QN

0, phy. The dynamic C:N ratio in

our model explains part of this negative correlation. When the NO3
– inventory increases due to an increase in QN

0, phy, the ni-

trogen demand in phytoplankton also increases, which yields a lower C:N ratio in phytoplankton, and hence changes in carbon

fixation due to increases in NO3
– inventory remain relatively small. The increase in QN

0, phy increases nitrogen in phytoplankton400

structure and decreases the C:N ratio in phytoplankton as well as detritus. The two effects together both lower POC production

and raise the NO3
– inventory. Changes in ⌫det also contribute to the negative correlation between NO3

– and POC export (NCP)

in our simulations: A
:
a more intense remineralisation in the surface ocean reduces POC export, and thus decreases oxygen

consumption and denitrification, resulting in a larger nitrate inventory.
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:::
The

::::::
strong

::::::
impact

::
of

::::::
QN

0, phy:::
on

:::
the

:::::
NO3

–
::::::::
inventory

::::
and

:::::::
globally

::::::::
averaged

::::::::::::
phytoplankton

::::
C:N

::::::
causes

:
a
::::::
higher

:::::::::
sensitivity405

::
of

:::::::
globally

:::::::
averaged

::::
C:N

::::
than

::::
C:P

::::::
(Figure

:::
3).

::
A

::::::
higher

:::::
QN

0, phy::::::
results

::
in

::
a

:::::
higher

::::::
NO3

–
::::::::
inventory

:::
and

::
a

:::::
lower

::::::::::::
phytoplankton

::::
C:N,

::::
both

:::::::
tending

::
to

:::::
lower

::::::::::
particulate

::::
C:N

:::
and

::::
vice

::::::
versa.

:::
On

:::
the

:::::
other

:::::
hand,

::::
C:P

::
is

:::
not

:::
as

:::::::
sensitive

::::::::
because

:::
we

::::
have

::
a

:::::::
constant

:::::
PO4

3 –
::::::::
inventory

:::
in

:::
the

::::
UVic

::::::
model.

:::::::
Surface

:::::::::
particulate

:::::
matter

::::
C:N

::
is
::::
less

:::::::
variable

::::::::
compared

::
to

::::
C:P

:::
and

::::
N:P

::
in

::::
field

::::::::::
observations

:::::
along

:::::::
regional

:::::::
gradients

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Galbraith and Martiny, 2015; Geider and Roche, 2002; Martiny et al., 2013a; Sterner and Elser, 2002)

:
,
:::::
which

::
is
:::
an

::::::::
apparent

:::::::
contrast

::
to

:::
our

:::::::
results,

:::::
where

::::
the

:::::::::
sensitivity

::
of

::::
C:N

::
to
::::::
QN

0, phy::
is
::::

the
::::::
highest

::::::
among

::::
the

:::::::::
particulate410

::::::::
elemental

:::::
ratios.

:::::::::
However,

:::
our

::::::::::
sensitivities

::::
are

::::
with

::::::
respect

:::
to

:::::::::
parameter

::::::::
variations

::::::
among

::::::
many

::::::::::
simulations,

::::::
rather

::::
than

:::::
spatial

::
or

::::::::
temporal

::::::::
gradients

::
in

:::
the

:::
one

::::
real

:::::
ocean.

:

4.1.2 Zooplankton parameters

While in many global biogeochemical models zooplankton is described by non-mechanistic formulations, such as Holling-type

functions (Holling and Buckingham, 1976), in this study we apply a more realistic zooplankton model (Pahlow and Prowe,415

2010). Among the five zooplankton parameters, the maximum specific ingestion rate (gmax) and the capture coefficients of

phytoplankton (�phy) and diazotrophs (�dia) are the most important, whereas the preference for detritus (�det) is generally less

important. Grazing on zooplankton itself (�zoo) counters the effect of gmax because it lowers zooplankton biomass and thus

total ingestion. These parameters together dominate controls on N2 fixation and Chl (Figure 1), and C, N and P of ordinary

phytoplankton and diazotrophs (Figure 2). It is interesting that zooplankton parameters also exert some control on particulate420

N:P as well as the dissolved nutrient pools (Figure 3). This can be understood via their controls on N2 fixation and the ensuing

changes in N:P in the dissolved and particulate pools.

4.1.3 Other parameters and the OPEM-H configuration

Other parameters in the sensitivity analysis appear less important for the tracer distributions, but this does not necessarily

mean that they are negligible. Specific mortality rate (�0, phy) and the phytoplankton half-saturation constant for Fe (kFe, phy) do425

contribute some variations to
::
do

:::::::::
contribute

::
to

:::::
some

::::::::
variations

::
of most of the tracers (Figure 1), and particulate C:P is somewhat

sensitive to potential nutrient affinity (A0). Phytoplankton subsistence P quota (QP
0, phy) affects major tracers much less than

phytoplankton subsistence N quota (QN
0, phy), but it is still important for particulate C:P and particulate N:P ratios, particularly

at high latitudes and globally (Figure 3). Diazotroph subsistence N quota (
::
and

::
P
::::::
quotas

:
(QN

0, dia ) and diazotroph subsistence P

quota (
::
and

:
QP

0, dia) in general have much less influence
::
on

:::::::::
particulate

::::::::::::
stoichiometry than QN

0, phy and QP
0, phy because diazotrophs430

are much less abundant than ordinary phytoplankton. Nevertheless, they
:::::::
However,

:::::::::
diazotroph

:::::::
biomass

::::::::
(carbon)

::::
itself

::
is

:::::
more

:::::::
sensitive

::
to

:::::
QN

0, dia::::
than

:::::::
QN

0, phy,
:::::
which

::::::
shows

:::
that

:::
the

:::::::::
diazotroph

::::::::::
subsistence

::::::
quotas are still important for N2 fixation and the

elemental stoichiometry of diazotrophs
::::
both

::::
their

::::::::
elemental

::::::::::::
stoichiometry

:::
and

::::::
ability

::
to

:::::::
compete

::::
with

:::::::
ordinary

:::::::::::::
phytoplankton.

:::::
While

::::::::
elemental

::::::::::::
stoichiometry

:::
has

::::
been

:::::::::
suggested

::
to

:::
be

::
an

::::::::
important

::::::
factor

:::
for

::::::::::
determining

:::
the

:::::::
outcome

:::
of

:::
the

::::::::::
competition

:::::::
between

:::::::::
diazotrophs

::::
and

::::::::::::::
non-diazotrophs,

:::
and

:::::::::::
consequently

::
N2:::::::

fixation
::::::::::::::::::::::::::::::::::::::::::::
(Deutsch and Weber, 2012; Weber and Deutsch, 2012)435

:
,
::
we

::::
find

::::
that

::
N2:::::::

fixation
::
is

::
no

:::::
more

::::::::
sensitive

::
to

:::::
QN

0, dia::::
than

::
to

:::
the

::::::::::::::
remineralisation

:::
rate

:::::
(⌫det),:::::::

QN
0, phy,

::
or

::::::::::
zooplankton

:::::::
grazing
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:::::::::
parameters

::::::
(gmax,

::::
�phy,

::::
and

:::::
�dia).

::::::::::::
Nevertheless,

:::
our

::::::::
analysis

:::::
agrees

:::::
with

:::
the

::::::::
argument

::::
that

::::::
global

:::
N2:::::::

fixation
::

is
:::::::

mainly

:::::::::
determined

::
by

:::::
rates

::
of

:::::::
fixed-N

:::
loss

:::::::::::::::::::::::
(Weber and Deutsch, 2014),

:::::
which

:::
in

:::
our

:::::
model

::
is

::::::
largely

:::::::
affected

::
by

::::
⌫det :::

and
::::::
QN

0, phy.

In general, tracer sensitivities to parameters in OPEM-H configuration are similar to those in OPEM. O2 and NO3
– levels are

slightly less sensitive to the remineralisation rate, QN
0, phy, and gmax in OPEM-H because this configuration allows (facultative)440

diazotroph to grow in high-latitude cold waters, hence the overall biomass of diazotrophs is greater (?)
::::::::::::::::::::::
(Part I, Pahlow et al., 2020)

. This is also the reason why QN
0, dia and QP

0, dia exert a stronger effect on surface-particle elemental stoichiometry at high lati-

tudes in OPEM-H (Figure 3).

Several studies have revealed that N2 fixation occurs at high latitude regions (Sipler et al., 2017; Harding et al., 2018;

Shiozaki et al., 2018; Mulholland et al., 2019), which supports a wider temperature range of N2 fixation, similar to what445

we have in OPEM-H. In the trade-off simulation for OPEM-H we do find some N2 fixation in the eastern North Pacific and

the Arctic Ocean (?)
::::::::::::::::::::::
(Part I, Pahlow et al., 2020). The different temperature function for diazotrophy is also the reason for the

differences in the sensitivities of particulate C:N:P to diazotroph subsistence quotas in high-latitude regions (Figure 3).

4.2 Model limitations

The strong correlation between O2 and NO3
– (Fig.

:::::
Figure 5) indicates that O2 and denitrification are tightly coupled. Lack of450

benthic denitrification leaves water column denitrification as the only loss of NO3
– and O2 becomes the primary factor control-

ling the NO3
– inventory. This also implies that sensitivities of NO3

– to the model-parameters could be different when benthic

denitrification is incorporated in our model.
::::
Also,

::::
this

:::::
means

::::
that

::::::
global

:::
N2 :::::::

fixation
:::::
(same

::
as

::::::
global

::::::::::::
denitrification

::
in

::::
our

::::::
spun-up

::::::::::
steady-state

:::::::::::
simulations)

:
is
:::::::::::::
underestimated,

::::
and

::::
since

::
it

:::::
occurs

::::::
mostly

::
at 40°

:
S
::
to 40°

::
N

:::::::::::::::::::::::::::::::::
(see Fig. 13 in Part I, Pahlow et al., 2020)

:
,
::::::::
particulate

::::::
carbon

::
to

:::::::
nitrogen

:::::
(C:N)

:::::
ratios

:::::
could

::
be

::::::::::::
overestimated

:::
due

::
to
::
a
::::::
missing

:::::
input

::
of

:::::::
nitrogen

::
to

:::
the

::::::
surface

::::::
ocean.

::::
This455

::::
could

:::::::
explain

:::
the

:::::::::::
overestimated

::::::
surface

:::::::::
particulate

::::
C:N

::
at

:::
low

:::::::
latitudes

::::::::::::::::::::::::::::::::::::::::::::::
(see Table 3 and Figure 16 in Part I, Pahlow et al., 2020)

:
.

::
To

:::::::
evaluate

::::
how

::::::::::::
water-column

:::::::::::
denitrification

::::::
affects

:::
our

::::
cost

::::::::
function,

:::
we

::::::
arrange

:::
our

::::::::::
simulations

::
in

:::
the

:::::
order

::
of

::::
their

::::
cost

:::::
values

::::
and

:::
plot

:::
the

:::::::
volume

::
of

:::::::
oxygen

:::::::
deficient

:::::
zones

:::::::
(ODZs)

:::::::
against

:::
cost

:::
for

:::::
both

:::
the

::::::
OPEM

:::
and

:::::::::
OPEM-H

::::::::::::
configurations

::
in

::::::
Figure

::::
10A

::
to

::
C
:
. Several of our simulationshave ,

::::::
mostly

:::::::
among

:::::
those

::::
with

:::
the

::::
200

::::::
lowest

::::
cost

::::::
values

::::::
(Figure

::::::
10A),460

::::
have

:
a
:

relatively small misfit in O2 and NO3
– compared to the WOA 2013, and have high N2 fixation rates, compara-

ble to those estimated in previous model simulations (e.g., Somes et al., 2017; Wang et al., 2019). On the one hand
::::::
studies

:::::::::::::::::::::::::::::::::::
(e.g., Somes et al., 2017; Wang et al., 2019)

:
.
:::
For

::::
these

:::::::::::
simulations, low O2 is connected with high rates of water-column deni-

trification in the eastern equatorial Pacific Ocean (Pac.EQU.E), causing a depression of NO3
– concentration and a rather high

variance in NO3
– concentration, both of which conflict with the observations. Hence cost in this biome is very high, especially465

in the upper 550m
::::::
(Figure

::
9), where denitrification is strongest. On the other hand, although the volume of oxygen deficient

zones (ODZs )
:::::
ODZs

:
in the minium-cost simulations in OPEM and OPEM-H is greater than in the WOA 2013 (Figure 10C),

they yield rather low N2 fixation rates (38.8 and 35.1TgNyear
�1 for OPEM and OPEM-H, respectively). ODZ volumes in

the trade-off simulations are more than twice that in the WOA 2013 (Figure 10) and yield global N2 fixation rates close to

current estimates of water-column denitrification (about 70TgNyear
�1, Somes et al., 2017; Wang et al., 2019). The mismatch470
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between ODZ volume and N2 fixation rate indicates that a refined description of water-column denitrification setting may be

needed (Sauerland et al., 2019). Clearly,
:::::
While

:::
the

:::::::
physical

::::::::::
component

::::::
(ocean

::::::::::
circulation)

::
of

:::
the

:::::
UVic

::::::
model

::
is

::::
also

::::
very

::::::::
important

:::
for

:::
the

:::::
global

::::::::::
distribution

::
of

:::::::
oxygen

:::
and

::::::
nitrate,

::::
our

:::::
results

:::::::
suggest

::::
that,

::::::
clearly,

:
only by considering all major ni-

trogen sources and sinks, such as atmospheric deposition and benthic denitrification, a better representation of N2
::
N2:fixation

and the global marine nitrogen cycle can be achieved.475

4.3 Likelihood-based metric

4.3.1 Applicability of the cost function and usefulness of introducing variance information

The cost function introduced above is a metric that quantifies the discrepancy between objectively analyzed observational data

and simulation results. Our cost function proves useful for exploring the 400 ensemble model solutions and identifies model

solutions that reproduce deep ocean gradients in the NO3
– :PO4

3 – ratio better than a classic fixed-stoichiometry model (?)480

::::::::::::::::::::::
(Part I, Pahlow et al., 2020). In addition, the optimal model solutions yield improved NCP rate estimates

::::::::
integrated

::::
over

:::
the

:::
top

:::::
100m

::::::::::::::::::::::
(Part I, Pahlow et al., 2020). In particular, the trade-off solutions of OPEM and OPEM-H can resolve observed latitudinal

patterns in dissolved and particulate C:N:P within the upper productive ocean layers (0–, ?)
:::::::::::::::::::::::::::::::::
(0–130m, see Part I, Pahlow et al., 2020)

. The consideration of monthly mean O2, NO3
– , PO4

3 – data for the upper 550m and surface Chl remote sensing data intro-

duces important constraints on the representation of the relation between light and nutrient limitation, thereby also specifying485

the degrees of N and P limitation.

Even within the 5% of the simulations with the lowest costs, the estimates of global N2 fixation rate vary considerably. The

mean global estimates ±1
:
± standard deviation in OPEM and OPEM-H are (37± 26)TgNyr

�1 and (51± 29)TgNyr
�1,

respectively. We initially expected that the NO3
– and PO4

3 – data in the cost function would effectually constrain N2 fixation.

This is clearly not the case and additional information has to be considered. One explanation may be that considerable N2490

fixation can occur during short periods and may also be confined to regions smaller than the biomes. Regional differences with

respect to N2 fixation remain unresolved if only biome-specific monthly mean NO3
– and PO4

3 – data are considered for the

upper layers in the cost function.

Also, the minimum-cost solution yields very low global N2 fixation rates. Thus, for the identification of the trade-off solutions

we had to consider prior information about global water column denitrification, whose rate is balanced by N2 fixation according495

to our models. Incorporating N2 fixation as a single global rate estimate into our Likelihood-based cost function as a single

additional term would,
:::::::
without

:::::
some

::::::::::::::
difficult-to-define

::::::::::::
regulatization,

:
become overwhelmed by the many tracer and variance

terms defined in Eqs. (6) and (7). Rather, the additional information is treated as a second objective,
::::::
namely

:::
that

::::::
global

:::
N2

::::::
fixation

::::::
should

:::
be

::::::
greater

::::
than 60TgNyr

�1
:::
(see

:::::::
above), which is similar to applying a multi-objective approach for model

calibration (e.g., Sauerland et al., 2019), where a trade-off between two or more objectives (cost functions) is resolved. A500

refined cost function may incorporate monthly mean N:P ratios or N* values based on WOA 2013 data (e.g., for the upper

130m) for clustered sub-regions of some biomes. Such addition to the cost function would require some careful preprocessing,

e.g., cluster analysis of the spatial N:P or N* patterns, but may suffice to constrain simulated N2 fixation rates.
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Figure 10. Cost values across all parameter sensitivity simulations ordered from low to high for the two model configurations. Cost values

in both misfit and variance (A) and the contributions of variance (B). Black and red lines are for OPEM and OPEM-H, respectively. Total

cost versus volume of ODZ (oxygen deficient zone < 5mmolOm
�3) in the simulations (C), color represents the simulation order as shown

in (A) and (B)
:
.
:::
The

:::
red

::::::
vertical

:::
line

:::::::
indicates

::::
ODZ

::::::
volume

::
in

:::
the

::::
WOA

:::::
2013

::::::::::::
(7.45⇥ 10

14m3), Solid
:::
the

::::
solid red triangle and blue circle

annotate
::::::
represent

:
the simulations with minmum

:::::::
minimum cost in OPEM and OPEM-H, respectively, and open red triangle and blue circle

are the trade-off simulations.
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A peculiarity of our cost function is that it complements the data-model misfit, i.e. the residuals of spatial mean log-transformed

:::::::::::::::
log10-transformed values, with an additional term that resolves differences in spatial variances. How the neglect of this term505

affects the global mean tracer concentrations and flux estimates is depicted in Figures (S1
::
S2 – S6

::
S7) in the supplemental

material. The cost function’s variance term introduces a strong penalty to approximately 30% of all ensemble model solu-

tions(Figure 10). The highest cost-function values (J > 10
9) are associated with discrepancies in spatial variances that exceed

the misfits in the log-transformed
::::::::::::::
log10-transformed

:
tracer concentrations. For large parts of the ensemble solutions the vari-

ance term contributes between 15 and 20% to the total costs. Interestingly, for those model solutions that yield low cost510

function values (J < 4⇥ 10
7) the relative contribution rises again when the misfit in the log-transformed

:::::::::::::::
log10-transformed

tracer concentrations gradually decreases (Figure 10B).

4.3.2 Contribution
::::::::::::
Contributions of biomes

The 17 biomes derived by Fay and McKinley (2014) represent a scale similar to that addressed in global efforts to establish

surface-ocean air-sea carbon-flux estimates (Wanninkhof et al., 2013; Rödenbeck et al., 2015). Accordingly, our cost function515

can be easily extended by incorporating air-sea CO2 flux estimates in the future. Further improvements may be possible by

introducing sub-regions in some biomes, e.g., for constraining N2 fixation rate estimates, as discussed above.

For low cost function values the contribution of the variance term is generally small in most biomes for the deep layers

(Figure 9), where variances of the log-transformed
:::::::::::::::
log10-transformed tracer concentrations compare very well between the

simulations and the WOA 2013. For high costs this term can become dominant, e.g., for some biomes in the North Pacific as520

well as the Indian Ocean. A remarkable exception is the North Pacific Arctic biome (NP-ICE), where the deep layer’s variance

term remains dominant for most of the ensemble solutions. This is somewhat different in the Arctic biome of the North Atlantic

(NA-ICE) and the Southern Ocean (SO-ICE), where the variance term remains low throughout almost the entire ensemble. For

SO-ICE the cost function is mainly affected by the misfit in log-transformed
:::::::::::::::
log10-transformed tracer concentrations. The

misfit is associated mainly with discrepancies between observed and simulated NO3
– within the SO-ICE biome. Interestingly,525

these misfits in both upper and deeper layers drop again after around the 280th simulation. Simulations with high NO3
– do not

result in total cost values as high as in simulations with very low NO3
– (Figure 5), but they have larger misfits for NO3

– in

SO-ICE. A similar behaviour can be seen in the other Southern Ocean biome (SO-SPSS) as well as in NA-ICE.

The upper layer’s variance term contributes strongly for low costs in North Atlantic biomes. This is particularly striking

for the Equatorial Atlantic biome (Atl-EQU). The main reason is water column denitrification that results in a high variance530

in NO3
– . Likewise the Eastern Equatorial Pacific biome (Pac-EQU-E) reveals major model limitations in the upper layers.

Overall, the unfolding of biome-specific contributions to the cost function clearly points to those regions where improving

model performance appears most worthwhile. Our present cost function may then be reapplied to quantify and highlight

specific model improvements.
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5 Conclusions535

We demonstrate sensitivities of various tracers and processes to parameters in two configurations of a new optimality-based

plankton-ecosystem model (OPEM) in the UVic-ESCM. While OPEM-H predicts a wider geographical range for N2 fixation

(?)
::::::::::::::::::::::
(Part I, Pahlow et al., 2020) and shows some differences in the sensitivities of diazotroph C, N and P to parameters when

compared to OPEM, the tracer sensitivity to model parameters is very similar in both configurations. The trade-off simulations

in the OPEM and OPEM-H happen to have the same parameter set. Among our model simulations, varying model parameters540

within reasonable ranges results in variations in O2 by a factor of two and in NO3
– concentration by a factor of six. The

sensitivity analysis provides important information regarding the new models’ behaviour. The O2 inventory is mainly influenced

by the remineralisation rate (⌫det) as well as phytoplankton subsistence nitrogen quota (QN
0, phy) and zooplankton maximum

specific ingestion rate (gmax). Changes in QN
0, phy strongly impact the NO3

– inventory, as well as the elemental stoichiometry

of ordinary phytoplankton, diazotrophs and detritus. QN
0, phy also affects N2 fixation, Chl, DIC and iron levels. Furthermore,545

our sensitivity analysis resolves correlations between various biogeochemical tracers. For example, POC export is negatively

correlated with the NO3
– inventory. We would like to point out that these changes in model behaviour are solely caused by

variations in parameters. Thus, the correlations between tracers and rates might not stand when tracer variations are caused

by other factors. For example, an increase in the NO3
– inventory due to anthropogenic emissions may be accompanied by an

increase in POC export (Fernández-Castro et al., 2016). Also, although we did evaluate sensitivities of particulate elemental550

stoichiometry at different latitudes, most tracer sensitivities and correlations should be considered valid only for global but not

regional scales.

We introduce a new likelihood-based metric for model calibration. The metric appears capable of constraining globally

averaged O2, NO3
– and DIC concentrations as well as NCP. In particular, the minimum-cost and trade-off model solutions

resolve observed latitudinal patterns in particulate C:N:P within the surface layers (0 – 130m). However, the metric does not555

effectually constrain the models’ global N2 fixation rate estimates. Incorporating additional terms such as monthly mean N*

in the surface layer into the cost function might provide an additional constraint on simulated N2 fixation rates. Individual

contributions of the biomes to the cost function provide details of how tracer distributions in each biome respond differently

under different ecosystem settings. The consideration of spatio-temporal variations in the stoichiometry of NO3
– , PO4

–
:::::
PO4

3 – ,

and O2 in our metric favours model solutions with low N2 fixation rates that are solely balanced by
:::
low

:::::
rates

::
of

:
water col-560

umn denitrification. From our findings we conclude that an explicit consideration of benthic denitrification and atmospheric

deposition seem critical for improving the representation of the complete global nitrogen cycle in our model.

Code availability. The University of Victoria Earth System Climate Model version 2.9 (Original Model) is available at http://www.climate.

uvic.ca/model/. The OPEM v1.0 code is available at http://dx.doi.org/10.3289/SW_1_2020. The instructions needed to reproduce the model

results described in this article are in the supplemental material.565
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